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ABSTRACT: A retrospective, multicenter study of 180 children
with cytochrome c oxidase (COX) deficiency analyzed the clinical
features, prognosis, and molecular bases of the COX deficiency.
Clinical symptoms including failure to thrive, encephalopathy, hy-
potony, Leigh syndrome, cardiac involvement, and hepatopathy ap-
peared in most patients early after birth or in early childhood. Two
thirds of all children died. Biochemical examination revealed an
isolated COX deficiency in 101 children and COX deficiency com-
bined with disturbances of other respiratory chain complexes in 79
children. Blood and cerebrospinal fluid lactate increased in 85% and
81% of examined cases, respectively. Pathogenic mutations in mito-
chondrial or nuclear DNA were established in 75 patients. Mutations
in surfeit locus protein 1 gene (SURF1) were found in 47 children
with Leigh syndrome; 2bp deletion 845-846delCT was found in 89%
of independent alleles. Mutations in a mitochondrial copper-binding
protein (SCO2) gene were found in nine children with encephalo-
myopathy and/or cardiomyopathy; all of them were homozygotes or
heterozygotes for 1541G�A mutation. Different mitochondrial DNA
(mtDNA) deletion or depletion were found in nine children, mtDNA
mutation 3243A�G in six, mtDNA mutation 8363G�A in two
children with Leigh syndrome and mtDNA mutations 8344A�G, and
9205-9206delTA in one child each. COX deficiency represents a
heterogeneous group of diseases with unfavorable prognosis. Marked
prevalence of two nuclear DNA mutations (845-846delCT in the
SURF1 gene and 1541G�A in the SCO2 gene) associated with COX
deficiency in a Slavonic population suggests the existence of regional
differences in the genetic basis of COX deficiency. (Pediatr Res 59:
21–26, 2006)

COX (respiratory chain complex IV, EC 1.9.3.1.) is the
terminal enzyme of the mitochondrial respiratory chain

that catalyses the transfer of reducing equivalents from cyto-
chrome c to molecular oxygen. This exergonic reaction is
coupled with COX-mediated proton translocation from matrix
to cytosol. Thus, the chemical energy of substrates is con-

verted into electrochemical potential of proton gradient
�mH�, which in turn drives adenosine triphosphate (ATP)
synthesis by mitochondrial ATPase (1). The mammalian COX
is a heterooligomer composed of 13 subunits (2). The three
largest subunits forming the catalytic core of the enzyme are
encoded by the mtDNA. The other 10 evolutionarily younger,
nuclearly encoded subunits are involved in the assembly and
regulation of the enzyme. The function of mammalian COX
can be physiologically modulated by several ligands, and the
enzyme represents important regulatory site of energy metab-
olism. The key event in this �second mechanism of respiratory
control� is the phosphorylation of subunit IV and activity of
phosphorylated COX is regulated at the level of efficiency of
proton translocation by ATP/ADP ratio according to the ATP
utilization (3).

Nuclear-encoded subunits IV, VIa, and VIIa of mammalian
COX exist in tissue- and developmentally specific isoforms.
Their role is related to specific energetic demands of different
tissues and also to ontogenetic development. They differ in
regulatory properties, which are well illustrated by subunit
VIa. Heart isoform (VIaH) expressed in heart and skeletal
muscle contains a binding site (sensor) for adenine nucleotides
and at high ATP/ADP ratios the H�/e� stoichiometry of COX
is decreased from 1 to 0.5. The enzyme containing the liver
isoform, which is found in most tissues, translocates protons at
a low stoichiometry of 0.5, independently of the ATP/ADP
ratio (3). The dissipation of energy by COX containing VIaL
is thought to be involved in thermogenesis (4). In addition,
VIa subunit plays a role in the development of cardiac and
skeletal muscle. At early embryonic stages, the VIaL isoform
is predominant in all tissues, but increased VIaH expression is
observed during differentiation of myogenic cells and late
foetal stages of heart development (5).
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In addition to the structural subunits, numerous other pro-
teins encoded by nuclear DNA are required for efficient
assembly and maintenance of human COX (6). COX10 (far-
nesyl transferase) and COX15 are involved in the synthesis of
heme A before its insertion into subunit I; SCO1, an SCO2,
COX 11, and COX 17 control the incorporation of the copper
atoms into subunits I and II, and SURF1 facilitates the assem-
bly step from S2 to S3 intermediate, which is the addition of
subunit II to a subunit I�IV subcomplex. Recently, an LRP-
PRC protein (leucine-rich pentatricopeptide repeat cassette)
was identified that is involved in the translation or stability of
the mRNA for mitochondrially encoded COX subunits (7).

Mammalian COX has been shown to exist in several native
structural forms: monomers, dimers, and supercomplexes with
respiratory chain complexes I and III. It is very likely that
these forms also differ functionally. Increasing knowledge of
the complexity of COX activity regulation in humans (which
involves a large number of already known and probably many
other yet unknown genes/proteins) helps to elucidate the cause
of a large spectrum of clinical presentations of mitochondrial
disorders associated with COX deficiency. In childhood, COX
deficiency represents a heterogeneous group of disorders that
predominantly affect tissues with a high-energy demand, es-
pecially the brain, muscle, and heart (8). Also genetically
COX deficiency is rather complicated as the pathogenetic
mutations are found in mtDNA as well as in nuclear genes (9).

Data from medical records of 180 COX-deficient children
identified in Poland, Czech Republic, and Slovakia were
analyzed in this retrospective, multicenter study to assess the
clinical features, prognosis, and molecular bases of the COX
deficiency in this region.

METHODS

Patients. This retrospective, multicenter study included all 180 COX-
deficient children aged 1 mo to 18 y from 147 families identified within past
10 years in Poland, Czech Republic, and Slovakia, representing in total a
population of 53 million inhabitants. Fifty-eight boys and 55 girls were born
in Poland (113 cases/38 million inhabitants) and 36 boys and 31 girls were
born in the Czech Republic and Slovakia (67 cases/15 million inhabitants).
The overall male/female ratio was 1.09. The medical reports from all 180
children at the time of diagnosis of COX deficiency were available in
participating centers. After the diagnosis had been made, 138 children were
followed at our institutions. No information about the present status of the
remaining 42 children was available due to lost contact with the families and
referring hospitals.

Ethics. The study was carried out in accordance with the Declaration of
Helsinki of the World Medical Association and was approved by the Com-
mittees of Medical Ethics at all collaborating institutions. Informed consent
was obtained from parents before any biopsies or molecular analyses were
performed.

Clinical symptoms. The following clinical symptoms relevant to the
course of the disease were defined: failure to thrive, a growth rate below 3
percentiles during infancy and early childhood and in older children markedly
decreased growth rate crossing two major growth percentiles (i.e. from above
the 75th to below the 25th percentile) (10); encephalopathy, functional
impairment of the central nervous system with developmental delay and/or
regression, repeated seizures, pathologic pyramidal, extrapyramidal or cere-
bellar symptoms and cortical and periventricular atrophy, hypotonic syn-
drome with generalized peripheral hypo- or hyperreflexia, Leigh syndrome
with typical symmetric necrotic lesions in basal ganglia and/or in the brain-
stem using magnetic resonance imaging or at autopsy; cardiac involvement, a
“generally or partially hypertrophic” left ventricle in two-dimensional echo-
Doppler investigation, changed dimension of the left ventricle posterior wall,
and/or the intraventricular septum in diastole measured by M mode beyond 2
SD (hypertrophic cardiomyopathy) (11), or isolated heart conduction abnor-

malities; hepatopathy, acute and chronic liver disease (liver failure, fibrosis,
cirrhosis, steatosis) or isolated persistent increase in serum alanine-
aminotransferase and aspartate-aminotransferase without elevation of serum
creatine kinase; endocrinopathy, such as diabetes mellitus, hypothyroidism,
pituitary dysfunction, or adrenal insufficiency; and nephropathy, presenting as
tubulopathy (proximal disfunction of Fanconi type, hypomagnesuria) or
progressive renal failure.

Biochemical analyses. In all patients, COX deficiency was analyzed
biochemically in skeletal muscle and/or cultivated fibroblasts. In some pa-
tients, the deficiency was also detected in other tissues. COX deficiency was
defined as a decreased activity �30% with decreased COX/CS (citrate
synthase) ratio �30% of the mean of age-related controls (12). The diagnostic
procedures have been improved in the study period. First, enzymatic assay in
muscle homogenates was applied and/or histochemical COX staining was
performed. Later on, cultivated fibroblasts and isolated muscle mitochondria
were used for enzymatic analyses. Muscle mitochondria were isolated ac-
cording to Makinen and Lee (13) without the use of protease. Respiratory
chain complex, NADH-coenzyme Q10 oxidoreductase (complex I), succinate-
coenzyme Q10 oxidoreductase (complex II), coenzyme Q10-cytochrome c
oxidoreductase (complex III), COX (complex IV) and NADH-cytochrome c
reductase (complex I�III), and CS activity was measured with spectropho-
tometry (14,15). Protein was determined by the method of Lowry et al. (16).
The ratio between the activity of individual respiratory chain complexes and
CS was calculated to eliminate the possible effect of changes in the number of
mitochondria in patient cells. The quality of the enzymatic assays protocol
was confirmed by the 1st European laboratory ring external quality test (Dr.
Gellerich, Martin Luther University, Halle, Germany). Two-dimensional
electrophoresis (BN-PAGE/SDS-PAGE) and/or Western blot analysis (17,18)
was performed to assess the amount and composition of respiratory chain
complexes. In cases of Polish patients, respiratory chain complexes activity
was measured in tissue homogenates as above and the procedure was not
changed during the study. Only the COX deficiency analyses by two inde-
pendent methods (spectrophotometry and histochemistry) in fibroblasts and
muscle were included in the study.

Molecular methods. One or more molecular analyses were performed in
170 children. In most patients, the PCR screening for large deletions in
mtDNA and PCR-RFLP analyses for mtDNA mutations 3243A�G and
8344A�G were performed. Patients with negative screening were divided
into smaller groups according to their clinical profiles. With the use of cyclic
sequencing, SURF1, SCO2, SCO1, and COX10 genes or whole mtDNA were
analyzed in corresponding groups. Southern blot analyses were used for
identification of large-scale deletions in mtDNA or mtDNA depletion. Not all
currently indicated and available DNA analyses were performed in each of the
COX-deficient children due to inaccessibility or insufficient amounts of DNA
samples.

RESULTS

The age at the onset, the frequency of clinical symptoms,
and the course of the disease in 180 children with COX
deficiency are shown in Tables 1 and 2. An underlying genetic
defect was detected in 56 of 101 patients with isolated COX
deficiency and 19 of 79 patients with COX deficiency com-
bined with disturbances of other respiratory chain complexes.
The results of molecular analyses in probands are shown in
Table 3. Many of the patients had normal birth weight and
length and deteriorated after respiratory tract infection or other
stress-bearing events. Generally, the first symptoms were
failure to thrive and hypotony.

Progressive encephalopathy was observed in most of the
patients, but the kind of neurologic symptoms and their se-
verity differed largely. As apparent from Table 1, Leigh
syndrome was found in all SURF1 patients, none of SCO2
patients, and only in four of 43 cases of isolated COX defect
without known DNA mutation. In combined defects, only four
cases of 79 patients presented with Leigh syndrome, two of
which harbored mtDNA mutation 8363G�A. In other pa-
tients, the neurologic features and neuroimaging were not
specific for mitochondrial disorder, and a muscle biopsy was
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performed due to the coexistence of increased blood lactate.
MELAS-like stroke episodes and progressive external oph-
thalmoplegia were seen only in a few adolescents. Hypertri-
chosis was a common finding, especially in children with
Leigh syndrome. The course of the disease was usually pro-
gressive and unfavorable; 66% of patients died.

Increased blood lactate was found in 85% and increased
blood alanine in 65% of patients. The CSF lactate level was
elevated in 81% of examined cases. Lactic acidosis occurred
regularly in patients with combined respiratory chain defects
and known mtDNA mutations. In the children with Leigh
syndrome, increased lactate level was associated often with
respiratory alkalosis and hypocapnia (19). There were some
SURF1-deficient Leigh patients without lactic acidosis (10%),
with normal lactate concentration in cerebrospinal fluid (8%).

Mutations in the SURF1 gene occurred exclusively in chil-
dren with Leigh syndrome; the 2bp deletion 845-846delCT in
SURF1 gene was detected in 89% of independent alleles
(Table 3). The mutations in the SCO2 gene were identified in
nine children with encephalomyopathy and/or cardiomyopa-
thy, the mutation 1541G�A in SCO2 was found in 83% of
independent alleles. mtDNA mutations were found in 19

children with combined COX deficiency. The heteroplasmic
mtDNA mutation 3243A�G was present in six unrelated
children, mtDNA mutation 8363G�A was found in two un-
related children with Leigh syndrome, and mtDNA mutation
8344A�G (20) and 9205-9206delTA (21) in one child each.
The same mtDNA mutations with various levels of hetero-
plasmy were detected in the patients’ mothers and other
maternal relatives (not included in the study). mtDNA large-
scale deletions were found in eight children with multiorgan
involvement including encephalomyopathy, endocrinopathy,
and heart conduction impairment and in one child with Pear-
son syndrome (Table 3). All of them were sporadic and
heteroplasmic deletions; in five cases, we found single dele-
tions of 4.9–5.6 kb, in one child deletion/insertion was found
and two cases harbored multiple mtDNA deletions. mtDNA
depletion was detected in a boy with Alpers syndrome (22).

The missing molecular diagnosis in our group of patients
was due to technical problems due to accessibility of material
or the underlying genetic defect is still not known. Among
children with COX deficiency without known molecular de-
fect, we found both mild and severe reduction of COX activity
as well as differences in severity of clinical phenotype.

Table 1. Frequency of clinical symptoms in 180 children with isolated or combined COX deficiency

Isolated (n � 101) Combined* (n � 79)

COX deficiency
mutations In SURF1 gene In SCO2 gene

DNA defect
not known In mtDNA

DNA defect
not known Total

Affected children 47 9 45 19 60 180
Affected families 35 6 35 19 52 147
Failure to thrive 40/46 (87%) 6/8 (75%) 22/38 (58%) 16/19 (84%) 22/48 (46%) 106/159 (67%)
Hypotony 41/46 (89%) 9/9 (100%) 27/39 (69%) 10/18 (56%) 30/48 (63%) 117/160 (73%)
Encephalopathy 47/47 (100%) 9/9 (100%) 36/43 (84%) 15/19 (79%) 49/55 (89%) 156/173 (90%)
Leigh syndrome† 47/47 (100%) 0 4/43 (9%) 2/19 (11%) 2/55 (4%) 55/173 (31%)
Cardiac involvement 4/47 (9%) 4/9 (44%) 8/37 (22%) 11/19 (58%) 12/53 (23%) 39/165 (24%)
Hepatopathy 0/46 3/9 (33%) 17/39 (44%) 4/19 (21%) 16/54 (30%) 40/167 (24%)
Endocrinopathy 0/47 0/8 1/39 (3%) 6/19 (32%) 2/54 (4%) 9/167 (5%)
Fanconi syndrome 0/47 0/9 1/38 (3%) 0/19 1/37 (3%) 2/150 (1%)
Renal failure 0/47 0/9 1/38 (3%) 2/19 (11%) 4/55 (7%) 7/168 (4%)

* COX deficiency combined with disturbances of one or more other respiratory chain complexes.
† Patients with encephalopathy and bilateral necrotic lesions in basal ganglia and/or in the brainstem recognized by magnetic resonance imaging or at autopsy.

Table 2. Age at onset of clinical symptoms and the course of the disease in 180 children with isolated or combined COX deficiency

Isolated (n � 101) Combined* (n � 79)

COX deficiency
mutations In SURF1 gene In SCO2 gene

DNA defect
not known In mtDNA

DNA defect
not known Total

No. 47 9 45 19 60 180
Age at onset of affected children

�3 mo 5/47 (11%) 5/9 (56%) 20/39 (51%) 5/17 (29%) 28/52 (54%) 63/164 (38%)
4–18 mo 37/47 (79%) 4/9 (44%) 9/39 (23%) 4/17 (24%) 12/52 (23%) 66/164 (40%)
1.5–4 y 5/47 (11%) 0/9 7/39 (18%) 7/17 (41%) 7/52 (13%) 26/164 (16%)
�14 y 0/47 0/9 3/39 (8%) 1/17 (6%) 5/52 (10%) 9/164 (5%)

Died 33/40 (83%) 8/8 (100%) 16/30 (53%) 11/19 (58%) 23/42 (56%) 91/138 (66%)
Died at age

�3 mo 0 1 3 0 8
4–18 mo 0 7 7 3 11
1.5–14 y 30 0 4 4 2
�14 y 3 0 2 4 2

Alive 7/40 0 14/30 7/18 19/42 47/138 (34%)
Data not available 7 1 15 0 19 42/180 (23%)

* COX deficiency combined with disturbances of one or more other respiratory chain complexes.
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DISCUSSION

Clinical manifestation. The age at onset of clinical symp-
toms in patients with disturbances of oxidative phosphoryla-
tion system (OXPHOS) is extremely variable, but OXPHOS
disorders in childhood are characterized by early onset of the
disease in general (8,23). The true prevalence of mitochon-
drial disorders in Europe is uncertain, but the minimum
prevalence of clinically affected adults with mtDNA point
mutations or deletions in the northeast of England is 1:10,000.
The prevalence of those affected or at risk is even 2.9:10 000
(24). Our study in 180 children with COX deficiency goes
back 10 y and also includes patients referred to us by other
hospitals. Therefore, not all children underwent full clinical
and biochemical evaluation. Nevertheless, this study repre-
sents one of the largest groups of children with COX defi-
ciency described so far. About 16 new COX-deficient children
are identified yearly in Poland and the Czech and Slovak
Republics. This may suggest the frequency of 1:35,000 births,
but we are aware that this figure is underestimated.

Similarly to other studies (25,26), the most common clinical
problems in our group of children with COX deficiency are
the functional impairments of the brain, muscle, and heart.
From a clinical point of view, the major and most important
discriminator for mitochondrial disorders with COX defi-
ciency in childhood is encephalopathy characterized as func-
tional impairment of the central nervous system combined

with failure to thrive and any impairment of any other tissue
or even more tissues. Quite often the encephalopathy presents
specifically with typical bilateral necrotic lesions in the basal
ganglia or brainstem characterized as Leigh syndrome, which
may discriminate subgroups with the most severe COX de-
fects. Interestingly, Leigh syndrome was almost exclusively
found in patients with mutations found in SURF1 gene.

In our children, the first clinical symptoms developed early
after the birth in more than one third of patients and 78% of
patients were already clinically affected within the first 18 mo
of life. Children with earlier onset of the disease, especially
patients with Leigh syndrome due to mutations in the SURF1
gene and patients with encephalopathy and cardiomyopathy
due to mutations in the SCO2 gene, developed more severe
course of the disease, as was previously described (23). They
also died earlier than the children with combined respiratory
chain defects.

Hypertrophic cardiomyopathy was found in 24% of our
patients, similar to observations of other authors (9,11). In
contrast to other reports (23), echocardiographic investiga-
tions revealed mild hypertrophic cardiomyopathy also in four
of 47 children with Leigh syndrome due to mutations in the
SURF1 gene, but cardiomyopathy developed only in children
surviving more than 10 y, whereas the majority of children
with Leigh syndrome died much earlier. One boy with late-
onset cardiomyopathy of unknown molecular background un-

Table 3. Frequency of mutations in SURF1 and SCO2 genes in 41 probands with isolated COX deficiency and the frequency of mtDNA
mutations in 19 probands with combined COX deficiency (data in siblings are not shown)

Gene Probands Mutation type Frequency

nDNA SURF1* 35 845-846delCT/845-846delCT 18x
845-846delCT/? 6x
845-846delCT/312-321del10insAT 3x
845-846delCT/574C�T 1x
845-846delCT/756delCA 1x
845-846delCT/704T�C 1x
845-846delCT/821A�G 1x
821-838del18/821-838del18 1x
821-838del18/312-321del10insAT 1x
312-321del10insAT/? 1x
688C�T/688C�T 1x

SCO2† 6 1541G�A/1541G�A 4x
1541G�A/1280C�T 1x
1541G�A/1518delA 1x

mtDNA Point mutation‡ 10 3243A�G MELAS 6x
8344A�G MERRF 1x
8364G�A 2x
9205-9206delTA� 1x

mtDNA deletion§ 8 Single deletion (Southern blot) 4977 bp �5,6 kb,
heteroplasmy 70–80%

4x

Deletion/Insertion 8035 bp, heteroplasy 80% 1x
Multiple deletion (long-range PCR) heteroplasmy �10% 2x
PCR screening of the common deletion 5,6 kb in the region

of mtDNA 8150-14276 bp
1x

mtDNA depletion 1 In liver and brain, the mtDNA amount was reduced to 11
and 15%

1x

* Mutation in SURF1 gene was found in 35 probands and 12 affected siblings.
† Mutation in SCO2 gene was found in six probands and three affected siblings.
‡ mtDNA mutations were also found in mothers and other maternal relatives.
§ mtDNA deletion/duplication was not found in parents.
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derwent heart transplantation before COX deficiency was
established in his affected younger brother. Conduction heart
defects, although common in adult patients with mitochondrial
disorders, were found in our cohort in only eight children
older than 7 y with a large-scale mtDNA deletion or common
MELAS mutation. However, recently, mitochondrial cardio-
myopathy has been more often suspected by local physicians
referring children to us with multiorgan involvement and
hyperlactatemia for diagnosis. In our patients, eyelid ptosis
and progressive external ophthalmoplegia were rare.

Renal involvement in children with COX deficiency is quite
rare. We observed chronic renal insufficiency in less than 5%
of patients. One boy with Kearns-Sayre syndrome underwent
kidney transplantation before the diagnosis of COX deficiency
was made and mtDNA deletion was recognized. Fanconi
syndrome is also quite rare in children with mitochondrial
disorders. Caruso et al. (27) described Fanconi syndrome in
three of 60 patients with respiratory chain defects; we have
seen it only in two of 180 children. However, the results of our
retrospective study indicated that most of COX-deficient pa-
tients in our study were not investigated properly to determine
mild dysfunction of renal tubules.

The prognosis in children with COX deficiency is generally
unfavorable, the course of the disease is usually progressive,
and the current therapeutic possibilities are very limited.
Vitamin cocktails, coenzyme Q10, and sodium-dichloroacetate
were tried in our patients without any significant clinical
improvement, and 66% of our patients died in childhood,
nearly half of them within the first 18 mo of life. A similarly
poor prognosis was observed in Italian patients with COX
deficiency; 50% of them died in early childhood (27).
Biochemical analyses. In children with mitochondrial dis-

orders, the clinical course of the disease may be associated
with excessive production of lactic acid and development of
metabolic acidosis. Hyperlactacidemia was found in more
than 80% of our children, usually together with an increased
lactate:pyruvate ratio. Biochemical diagnoses in children with
the clinical suspicion on COX deficiency usually rely on
spectrophotometric or polarographic analyses of COX activ-
ity, especially in muscle biopsies or cultivated fibroblasts. The
analyses in isolated muscle mitochondria from the fresh mus-
cle biopsy as done in one of our laboratories are preferred, but
analyses of muscle homogenate from frozen muscle biopsy
have also a diagnostic value in routine practice. In accordance
with other studies, the most profound decrease of COX activ-
ity both in muscle tissue and fibroblasts was found in all
children with mutations in SURF1 gene. In all patients with
mutations in SCO2 gene, COX activity was low in muscle
tissue but practically normal in the cultivated fibroblasts. In
other cases, the spectrum of enzymatic changes was very
broad and included COX defects that were more pronounced
in muscle as well as defects that dominated in fibroblasts.
DNA analyses. A significant percentage of consanguinity in

affected families of COX-deficient children emphasized in
some reports (25) indicates the major role of nDNA mutations
in comparison with mtDNA mutation in this age group, but in
our study, consanguinity was not a common finding. Genetic
counseling in families with COX deficiency may be difficult,

especially if the diagnosis in the proband was confirmed only
at the enzymatic level. A molecular defect of COX deficiency
is usually recognized in fewer than half of the patients.
mtDNA mutations in children with isolated COX deficiency
were described in mtDNA genes encoding the three main
COX subunits I, II, and III, but these mtDNA mutations are
quite rare (28). Until now, no mutations in nuclear genes
encoding 10 other structural COX subunits were described.

In contrast, an increasing number of mutations in genes
encoding the COX assembly-specific factors are recognized as
a cause of isolated COX deficiency in childhood. They include
mutations in the SURF1 gene in children with Leigh syndrome
(29), mutations in the SCO1 gene in neonates with acute liver
failure (30), mutations in the SCO2 gene in children with fatal
hypertrophic cardiomyopathy and encephalopathy (31), muta-
tions in the COX10 gene in children with tubulopathy (30),
mutations in the COX15 gene in the child with cardiomyop-
athy (32), and mutations in the LRPPRC gene in the Leigh
syndrome of the French-Canadian type (33).

In our group of children with isolated COX deficiency,
more than 45% of patients presented with Leigh syndrome and
had mutations in SURF1 gene. The deletion 845-846delCT in
SURF1 gene was prevalent. On the contrary, the deletion
312-321del10insAT in SURF1 gene is prevalent in the non-
Slavonic population of children with Leigh syndrome and
COX deficiency (23). In children with encephalopathy and
cardiomyopathy with mutations in SCO2 gene, the mutation
1541G�A was found in all cases, making this mutation also
prevalent, at least in our Slavonic population. We did not find
any mutation in the COX10 gene analyzed in small subgroup
of patients with renal disease, and no mutations in the SCO1
gene were found in another small subgroup of patients with
liver disease.

The most common genetic abnormalities in children with
combined COX deficiency are usually linked to the mutations
in mtDNA. In our patients with combined COX deficiency,
the most harbored the large-scale mtDNA deletions and
mtDNA point mutation 3243A�G. Altogether, mtDNA mu-
tations or deletions were found in 24% of our patients with
combined COX deficiency. These numbers are much lower
than in any group of adult patients with mitochondrial disor-
ders, in whom a higher percentage of mtDNA mutations may
be found (34). The increasing frequency of mtDNA mutations
with respect to age may be explained by delayed onset of
disease in the patients with mtDNA mutations in comparison
with children with isolated COX deficiency caused by muta-
tions in genes encoding the COX assembly factors. COX
deficiency combined with other respiratory chain complex
deficiencies may also arise from mutations in nuclear genes
involved in mtDNA replication, translation, and transcription.
Mutations in nuclear DNA were found for example in the
POLG1 gene for mtDNA polymerase gamma (35) in children
with Alpers syndrome and mtDNA depletion, in the gene for
deoxyguanosine kinase (36) associated with hepatocerebral
form of mtDNA depletion, and in the thymidine kinase-2 gene
(37) associated with myopathy.
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CONCLUSIONS

The results of our study suggest that COX deficiency in
childhood is not rare in our Slavonic population. Understand-
ing of the molecular basis of COX deficiencies in childhood is
of key importance not only for noninvasive diagnostics, but
for the genetic counseling and prenatal diagnostics in affected
families.
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