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Mitochondrial diseases are an expanding group of clinically heterogeneous disorders associated with mitochondrial DNA
(mtDNA) mutations or nuclear gene defects. Whatever the mechanism, the final common step in mitochondrial disorders is
a defect of energy production resulting from respiratory chain impairment. The complexity of the biochemical and genetic
features of the respiratory chain accounts for the extraordinarily wide range of clinical presentations of mitochondrial disor-
ders. In general, organs with high aerobic demand, such as skeletal muscle, brain and heart, are the most affected. However,
virtually any organ or tissue in the body may be affected and the disorders can be multisystemic (mitochondrial encephalomy-
opathies) or confined to a single tissue. Moreover, mitochondrial diseases can be sporadic or transmitted by mendelian (nu-
clear genes) or maternal inheritance (mutations in mtDNA). Precise diagnosis is often a challenge; we go through the
traditional steps of the diagnostic process, starting with study of inheritance in the family, clinical manifestations in the in-
dividual, electrophysiology and imaging techniques at organ level, down to biochemistry, pathology and molecular genetics
at tissue, cell and DNA level, respectively. In fact the ultimate goal is to reach, whenever possible, a definitive molecular di-
agnosis, which can permit rational therapeutic approach and a genetic counseling.
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ders. In general, organs with high aerobic demand,
such as skeletal muscle, brain and heart, are the most
affected. However, virtually any organ or tissue in the
body may be affected (4) (Fig.1).

Phenotypes of mitochondrial diseases include sen-
sorineural hearing loss, myoclonic seizures, ataxia, di-
abetes, muscle weakness, loss of vision,
cardiomyopathy, short stature, ophthalmoplegia, stroke
and headaches. In general, postmitotic and metaboli-
cally active cells are usually more affected in mtDNA
disease, and examples include cochlear hair cells, my-
ocytes, neurons and pancreatic islet cells.

CLASSIFICATION OF MITOCHONDRIAL DISEASES
Identification of mutations in mtDNA and nuclear
genes related to oxidative phosphorylation (OXPHOS)
has provided the basis for the current classification of
mitochondrial disorders.

The first group of illnesses is characterized by muta-
tions in mtDNA, that can be either sporadic or mater-
nally transmitted. A second group of disorders is
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Fig.1: Any organ or tissue in the body can be affected in mitochon-
drial encephalomyopathies. Source: N Engl J Med. 1995; 333 (10):638-44

Fig.2: The mitochondrial defect may be due to mutations in
mtDNA or in nuclear genes.
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caused by mutations in nuclear genes that make up or
control OXPHOS (Fig.2). Because many OXPHOS-re-
lated nuclear genes are still unkown in humans, sev-
eral of these illnesses are classified only on the basis of
biochemical alterations, revealed by analysis of affected
tissue (especially skeletal muscle).

MITOCHONDRIAL GENETICS

Individual cells contain many mitochondria and each
mitochondrion contains 2-10 copies of the mtDNA
molecule. Human mtDNA is a circular, double-
stranded molecule of 16569 base pairs; it contains 37
genes, including 13 protein-encoding genes, 22 trans-
fer RNA genes and 2 ribosomal RNA genes (Fig.3). All
13 protein-encoding genes are components of the mi-
tochondrial respiratory chain, which is located in the
inner membrane of mitochondria (Fig.4).

Because of its cytoplasmic location, its high copy num-
ber and the lack of repair mechanisms, the mtDNA has

Fig.3
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unique genetics:

1) mtDNA is maternally inherited (5). Therefore, a
mother carrying an mtDNA mutation is expected to
pass it on to all her children, but only her daughters
will transmit it to their progeny (Fig. 5).

2) mtDNA has a very high mutation rate. Mutations
in mtDNA are 5-10 times more frequent than those
in nuclear genes. This means that the mtDNA se-
quence of any person differs from that of any other
person in the world by an average of 25 base pair
substitutions (6).

3) When a new mutation occurs in an mtDNA mol-
ecule, it creates a mixed intracellular population of
mutant and normal mtDNAs, known as hetero-
plasmy (when the mtDNA molecules are all iden-
tical, we use the term “homoplasmy”). When a
heteroplasmic cell divides, the mutant and normal
mtDNAs are randomly distributed into the daugh-
ter cells. This replicative segregation process can
therefore generate all possible percentages of mu-
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tant and normal mtDNAs in cells, tissues, organs
or family lineages. Most pathogenic mtDNA muta-
tions in humans are heteroplasmic, but the hetero-
plasmic state is not always pathogenic.
4) Different organs rely on mitochondrial energy to
different extents. Thus, if oxidative phosphoryla-
tion is reduced by genetic insult or environmental
stress, it will ultimately fall below the minimum
energy threshold necessary for different organs and
tissues to function normally (threshold effect)
(Fig.6) (7). The mechanisms determining the
thresholds for expression are likely to be different
for different mtDNA mutations.
Heteroplasmy, threshold effect, site, percentage and
inter- and intra-tissue distribution of mtDNA muta-
tions contribute to phenotype, but do not explain the
overall clinical heterogeneity, a crucial point in the
study of the encephalomyopathies.

Fig.6: Threshold effect
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MtDNA mutations are divided into: large-scale re-
arrangements (sporadic, maternally inherited or
mendelian inherited) and point mutations (maternally
inherited) (8). About 200 mutations have been de-
scribed (Mitomap: http://www.mitomap.org) associ-
ated with an extremely heterogeneous spectrum of
clinical manifestations.

In many cases, mutations of mtDNA are consistently
related to well defined clinical entities: Chronic Pro-
gressive External Ophtalmoplegia (CPEO), Kearns-
Sayre Syndrome (KSS), Encephalomyopathy, Lactic
Acidosis and Stroke-like Episodes (MELAS), My-
oclonic Epilepsy with Ragged-Red Fibers (MERRF),
Neuropathy, Ataxia and Retinitis Pigmentosa (NARP)
and Leber’s Hereditary Optic Neuropathy (LHON).
Since overlap syndromes and unusual or aspecific phe-
notypes are frequent (9), the correlation between geno-
type and phenotype is not yet clearly understood.

The clinical and biochemical variability of many
mtDNA mutations may be caused by different mito-
chondrial or nuclear “gene backgrounds” or both (10).
In turn, deleterious mutations may promote accumula-
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tion of somatic changes through generation of OX-
PHOS-related mutagens. This phenomenon may trig-
ger a positive feedback loop contributing to
progression of the mitochondrial dysfunction (11).

MUTATIONS IN NUCLEAR GENES

Over 90% of mitochondrial proteins are expressions of
nuclear genes. It is therefore surprising that the num-
ber of illnesses and syndromes associated with OX-
PHOS-related nuclear genes is quite small compared
to the number caused by mtDNA mutations. On the
other hand, a growing number of hereditary degener-
ative diseases, especially neurological disorders, have
been linked to mutations in genes encoding proteins
that enter mitochondria and are more or less directly
correlated with OXPHOS.

The proteins encoded by these genes belong to three
categories.

1. structural components of the respiratory chain

2. proteins that control OXPHOS or mtDNA metabo-
lism

3. proteins indirectly correlated with OXPHOS

1. Defects in structural components of the respira-
tory chain
e Complex I defects (Leigh’s syndrome,Leukodys-
trophy, myoclonus)
e Complex IT defects (Leigh’s Syndrome, Heredi-
tary Paragangliomas)
e defects in the synthesis of coenzyme Q (Ataxia,
myoglobinuria, seizures)

2. Defects in factors controlling OXPHOS or
mtDNA metabolism
e defects of SURF1 (Leigh’s Syndrome)
e defects in SCO1 (infantile encephalomyopathy)
e defects in SCO2 (infantile cardiomyopathy)
e defects in COX10 (infantile encephalomyopathy)
e defects in COX15 (cardiomyopathy)
e defects in DGUOK (mitochondrial DNA-deple-
tion sindrome, hepatocerebral form)
e defects in TK2 (mitochondrial DNA-depletion
sindrome, myopathy)
¢ defects in POLG1 (progressive external ophtal-
moplegia, Alpes sindrome)
e defects in BCSI disorder (infantile encephalomy-
opathy, tubulopathy, hepatopathy)
e defects in ANTI, Twinkle, POLG1 (autosomal
dominant external ophtalmoplegia)
¢ Defects of Thymidine Phosphorylase (Mitochon-
drial Neuro-Gastro-Intestinal Encephalomyopathy,
MNGIE)

3. Disorders of nuclear genes indirectly correlated
with OXPHOS
e defects in OPA1 (dominant optic atrophy)
e defects in frataxin (Freidreich’s Ataxia)
e defects in paraplegin (hereditary spastic paraple-
gia)
e defects of Tim 8/9 transporters (X-linked deaf-
ness-dystonia syndrome)
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e Mendelian heredity

DIAGNOSIS OF MITOCHONDRIAL DISEASES
Mitochondrial disease is caused by a mitochondrial ab-
normality. Since the mitochondrion is the major energy
source in the cell, mitochondrial abnormalities ulti-
mately lead to defects in energy metabolism. There are
several structural levels of mitochondrial abnormality,
whose expression is different at each level. Each level
requires a different detection method, starting with
study of inheritance in the family, clinical manifesta-
tions in the individual, electrophysiology and imaging
techniques at organ level, down to biochemistry,
pathology and molecular genetics at tissue, cell and
DNA level, respectively.

Until recently, the diagnosis of mitochondrial en-
cephalomyopathies was largely based on altered lac-
tate:pyruvate ratio in serum and on detection of
ragged-red fibers (RRF) due to accumulations of struc-
turally abnormal subsarcolemmal mitochondria, that
stain red with the Gomori Trichrome stain in muscle
biopsy (12). COX stain (cytochrome C oxidase histo-
chemical reaction) also provides useful information.
An important advance towards the identification and
characterization of these disorders was the develop-
ment of methods to measure the activities of individual
respiratory enzymes by spectrophotometer. This can be
performed in lymphocytes, cultured skin fibroblasts or
muscle biopsies (13). Finally, since the identification
of mtDNA and nDNA mutations, genetic studies have
provided further pathogenetic insights and new diag-
nostic clues for many of these disorders.

RESULTS

In Neurogenetics Laboratory, at Department of Neuro-
logical and Behavioural Sciences (University of Siena),
in the last ten years we have conducted genetic molec-
ular analysis of blood and muscle samples of about 900
patients suspected of diseases with mitochondrial
pathogenesis. Molecular diagnoses were obtained for
a large number of patients with mitochondrial en-
cephalomyopathies, helping to broaden the spectrum
of mutations of the mtDNA molecule and of nuclear
genes implicated in the pathogenesis of these diseases.
In fact, in our laboratory, we not only analyse the
mtDNA molecule but also many nuclear genes, some
of which are involved in mitochondrial metabolism; in
particular POLG1, OPA1, OPA3 and TP.

We also tried to clarify the correlation between geno-
type and phenotype and the importance of exogenous
factors that contribute to onset of symptoms.

The study produced interesting results that have been
the subject of many papers in international journals
(9,14-32). Since the amount of work done has been
considerable, here we only illustrate one of the many
cases recently studied and published by us (32).

CASE REPORT
A 50-year old woman patient presented with a one-
year history of palpebral ptosis. Family history was

positive for myocardial infarction in the paternal line
(grandfather/grandmother and uncle). A sister and two
daughters of 25 and 12 years were apparently in good
health (no muscle biopsies was available). Low stature
was a family feature. Psychophysical development was
normal. Remote medical history included gynecologi-
cal disorders, pituitary adenoma and sight problems.
Fatigability was ascribed to low serum levels of fer-
ritin. Plasma levels of CPK were 165 U/l (normal value:
70-140 U/1). Neuropsychological assessment was neg-
ative. Neurological examination showed left palpebral
ptosis with limited eye movements (paralysis of hori-
zontal, mostly right, and vertical conjugate movements,
progressive external paralysis). Sporadic episodes of
dysphagia and hyposthenia of the muscles of facial ex-
pression were reported.

Ophthalmological examination showed left palpebral
ptosis, limited eye movement and typical progressive
external ophtalmoplegia. Brain NMR with gadolinium
contrast showed a faint vascular striation in the right
frontal region extending from the anterior horn to the
brain surface on the same side, suggesting venous dys-
plasia. A striking, prevalently cystic formation was ob-
served in the sella, deforming the sellar cavity and
displacing the pituitary stalk to the right. Audiometric
examination was not normal, with slight auditory loss
at high frequencies. ECG and cardiological examina-
tion were normal.

MATERIALS AND METHODS

Morphological analysis of skeletal muscle was con-
ducted as previously described (33). DNA was ex-
tracted from skeletal muscle, lymphocytes, mouth and
urinary tract epithelium and hair roots using QIAmp
DNA Mini kits (Qiagen). MtDNA was analysed for
deletions by southern blot using DNA extracted from
muscle and Pvull digestion. The following mtDNA
fragments, including the 22 genes for mitochondrial
tRNA, were amplified by PCR: from nucleotide 503 to
1400, 1322 to 2197, 2901 to 3797, 3701 to 4649, 5408
to 6350, 7100 to 7900, 7750 to 8598, 9850 to 10675,
11880 to 12780, 14052 to 14900 and 15451 to 16299.
PCR products were purified directly with QIAquick
PCR Purification kits (Qiagen) and analysed with an
automatic sequencer.

Mismatch Restriction Fragment Length Polymorphism
(RFLP)-PCR analysis was done to assess the degree of
heteroplasmy of the various tissues of the patient and
to look for the mutation in 110 controls. Since there is
no restriction site that can distinguish mutant from nor-
mal DNA, we modified an oligonucleotide that created
a restriction site for the enzyme Hhal on normal
mtDNA. The oligonucleotides used were:

“forward” 12211-12230:
AAGCTCACAAGAACTGCTAA;
“reverse”12351-12316:
AGTGTGCATGGTTATTACTTTTATTTGGAGTTGCG
(modified nucleotide underline).

Normal mtDNA was thus cut into two fragments of 105
and 35 base pairs. The fragments were separated by
8% polyacrylamide gel electrophoresis and visualised
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with UV light after staining
with ethidium bromide. The
proportion of mutant mtDNA
was calculated by densitome-
try using a Biorad Gel Doc
2000 image analyzer. A last-
cycle hot PCR was also per-
formed and the digested
products were run on a 8%
polyacrylamide gel. The re-
sulting percentage of the mu-
tation was obtained by a
phosphor imager (Molecular
analyst, Bio-Rad).
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RESULTS

Muscle biopsy

Histological observation
showed a variation in fiber
size (the diameter ranged
from 16 to 96 pm), 10% nu-
clear internalization and
about 15% of fibers negative
to cytocrome ¢ oxidase stain-
ing. Gomori trichrome stain-
ing showed 5% Ragged Red Fibers (RRFs).

Molecular genetic analysis

Southern blot was negative. Direct sequencing for
tRNAs and adjacent regions of all 22 genes showed
seven variations of the revised Cambridge reference se-
quence (rCRS) (34): A750G, Al1438G, A1937C,
T12254C, G12316A, C14239T and C14766T. These
variations were compared with the public “MITO-
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Fig.8 (above):

Proposed two-dimensional structure of human tR-
NALeu(CUN) showing the position of the G12316A
mutation in the TYC branch of the molecule.

Fig.7 (left):

Direct sequencing of mitochondrial tRNALeu(CUN)
gene from buccal epithelium (bottom panel) and
muscle (top panel). Electropherograms of nu-
cleotide position 12311-12322 showing heteroplas-
mic G to A transition at position 12316 in muscle
mtDNA and its absence from mouth epithelium
mtDNA.

Fig.9 (below):

Homology of mitochondrial tRNALeu(CUN) among
different species: human, gorilla, bovine, mouse,
Xenopus laevis and sea urchin. The mutated base in
the patient at position 12316 is underlined.

TYC Stem | TYC Loop | TYC Stem

Patient TTTGA | TGCAACT |[CCAAA

Human TTTGG TGCAACT |CCAAA

Gorilla TTTGG TGCAACT |CCAAA

Bovine ATTGG TGCAACT [CCAAA

Mouse CTTGG TGCAAAT [CCAAA

Xenopus |. CTTGG TGCAAAT |CCAAA

Sea Urchin | GAGGG | TTCAACT |CCTTC
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MAP” and “Uppsala mtDB” databases which indicated
that they were known polymorphisms, except for
A1937C on the rRNA 16S gene and G12316A on the
tRNALeu(CUN) gene. The first is in homoplasmic state
and affects a region that is relatively exempt from path-
ogenic mutations. The other mutation in nucleotide po-
sition 12316 (Fig.7) is in heteroplasmic state and
destroys G-C base coupling in the TYC branch of the
tRNALeu(CUN) molecule (Fig.8). This base pair is
highly conserved from sea urchin to human during
evolution (Fig.9).

PCR-RFLP anlyses, with and without hot last cycle,
and densitometry confirmed that 40% of muscle, 10%
of urinary epithelium and 3% of blood mtDNA carried
the mutation, which was absent from mtDNA extracted
from mouth epithelium and hair roots (Fig. 10) as well
as in 110 patients with various encephalopathies.

Di1SCUSSION

The clinical phenotype of our patient meets all the cri-
teria for mitochondrial CPEO which is commonly as-
sociated with large scale mtDNA deletions. Up to date
17 point mutations in six of the 22 genes for mitochon-
drial tRNAs have been described in association with
CPEO (Mitomap: http://www.mitomap.org) (35,36).
In this patient we identified a novel base change in the
mitochondrial tRNALeu(CUN)gene. Although we did
not sequence the whole mtDNA molecule, G12316A
fullfills all pathogenetic criteria for mutations involv-
ing genes codifying component of mithocondrial pro-
tein synthesis machinery. First of all, the mutation
splits a G-C base pair in the T¥C branch of the mole-
cule which is highly conserved during the phyloge-

netic scale. This change could damage coding of the
correct secondary and possibly tertiary structure of
tRNA. Secondly, the mutation has never been reported
among polymorphisms and was not found in 110 pa-
tients with different encephalomyopathies. Third, the
mutation is heteroplasmic and detectable only on mus-
cle, urinary tract epithelium and blood (fig 4), with de-
creasing percentages. Unfortunately we were unable to
assess the mutational status in the asymptomatic ma-
ternal line relatives (who denied their consent to per-
form genetic analyses). Finally, this change affects the
nucleotide immediately adjacent to the G12315A path-
ogenic mutation (37,38). The already described
G12315A and the G12316A affect the TYC branch of
the molecule in two highly conserved sites. Our patient
and the ones described in Fu et al. (37) and Karadimas
et al. (38) present with a similar clinical phenotype. It
is highly possible that the underlying pathogenetic
mechanisms could be similar.

A peculiar feature of our case was the rather low degree
of mutant mtDNA in muscle, which we estimated to be
40% of total mtDNA, compared to four other cases of
CPEO, a case of mitochondrial myopathy, one of
MELAS and two of dilated cardiomyopathy, associated
with point mutations of tRNALeu(CUN), in which the
percentage of mutant mtDNA was in the range 59.8%
to 94% (37-43). This recessive trait is common to most
point mutations of mitochondrial tRNAs, the threshold
for biochemical and clinical expression of which is
usually quite high. However some exception have
been reported. Similar data have been described also
for the transition A3243G in tRNALeu(UUR) found in
about 80% of MELAS patients, and for other pheno-

Fig.10 (below):

(a) PCR-RFLP analysis with electrophoresis on 8% poly-
acrylamide gel. The mutation did not alter natural restric-
tion sites, and a modified primer was used to create a
restriction site for the enzyme Hhal, that cuts the normal
mtDNA into two fragments of 105 and 35 bp (not visible in
the picture), distinguishing mutant and wild-type mtDNAs.
The following tissues were studied: buccal epithelium (B);
hair root (H); skeletal muscle (M); lymphocytes (L); urinary
epithelium (U).

(a

Mutate
wild

(b) An autoradiogram shows Hhal-digested 32P-labeled
PCR products electrophoresed through a 8% non-denatur-
ing polyacrylamide gel, performed on the tissues of the
proband. UN = uncut PCR; C = control DNA.
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types (deafness, diabetes mellitus, KSS, myopathy, en-
cephalopathy without stroke, MERRF/MELAS, LS and
CPEO) (44). For this mutation a clear relation between
percentage of mutant mtDNA and clinical phenotypes
is described. Several studies confirm that higher per-
centages of mutant mtDNA in muscle are associated
with a higher frequency of clinical signs, so that indi-
viduals with high percentages in muscle have stroke-
like episodes at a young age, whereas those with low
heteroplasmy develop myopathy and external ophthal-
moplegia at a later age (44-47). Two other mutations,
tRNALeu(CUN) GI12276A and tRNASer(UCN)
G7506A, have also been found in CPEO patients with
low heteroplasmy: about 18% for the former (35) and
30% for the latter (36).

In our patient, the rather low percentage of mutant
mtDNA in muscle is in line with the late onset of
CPEO and the mild nature of symptoms, suggesting a
low threshold for phenotypic expression.

Although we do not have genetic data for the patient’s
two daughters, they may have inherited the mutation
from their mother (if the germinal line is affected) and
may develop symptoms at a future time, considering
the late onset in their mother and the fact that point
mutations of mtDNA may accumulate in time, even in
postmitotic muscle (40). Indeed, age-dependent de-
cline in oxidative phosphorylation may add to the
deleterious effects of the mutation on respiratory chain
function.

In conclusion, we could demonstrate a new mtDNA
pathogenic point mutation in a tRNA gene causing
CPEO. With this report the total number of
tRNALeu(CUN) rises to ten. The clinical and morpho-
logical characteristics are in line with the molecular ge-
netic results that show segregation of the mutation
prevalently in muscle. Since the clinical phenotype as-
sociated with tRNALeu(CUN) point mutations is ex-
tremely heterogeneous (Mitomap: http://www.
mitomap.org) (35) a peer molecular dissection is utter-
most important.
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