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(mtDNA) disease and the frequency of cardiac involvement, at 
least 1 in 10–15,000 of the general population will be affected.4 
In 1991, the first mtDNA point mutation in the MT-TL1 gene 
associated with an MCM was described.5 Since then, several 
mutations, mostly in mitochondrial tRNA genes, have been as-
sociated with different MCM phenotypes. At the end of the 20th 
century, mutations in several nuclear genes encoding complex 
IV (CIV) assembly factors, such as SCO2 and SURF1, were 
identified.6 Since then, the number of nuclear genes involved 
in MCM has increased considerably.7–13 Taking into account 
that cardiac involvement is an important manifestation among 
patients with MD and that its prevalence is probably underval-

itochondrial disorders (MD) are multisystem diseases 
that may arise at any age, as a result of dysfunction 
of the respiratory chain (RC). The most frequently 

and severely affected organs are those that place high demands 
on aerobic metabolism, such as brain and skeletal and cardiac 
muscle. Mitochondrial dysfunction frequently affects the heart 
and may cause cardiomyopathies (CM) or cardiac conduction 
abnormalities.1 The predominance of neurologic and neuro-
muscular manifestations in MD has generally masked the pres-
ence of other clinical phenotypes, such as cardiac complications, 
which may have prevented the diagnosis of mitochondrial CM 
(MCMs).2,3 Based on the prevalence of mitochondrial DNA 
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Background: Mitochondrial disorders (MD) are multisystem diseases that arise as a result of dysfunction of the oxi-
dative phosphorylation system. The predominance of neuromuscular manifestations in MD could mask the presence 
of other clinical phenotypes such as cardiac dysfunction. Reported here is a retrospective study, the main objective of 
which was to characterize the clinical and molecular features of a cohort of patients with cardiomyopathy and MD.

Methods and Results: Hospital charts of 2,520 patients, evaluated for presumed MD were reviewed. The clinical 
criterion for inclusion in this study was the presence of a cardiac disturbance accompanied by a mitochondrial dysfunc-
tion. Only 71 patients met this criterion. The mitochondrial genome (mtDNA) could be sequenced only in 45 and the 
pathogenicity of 2 of the found changes was investigated using transmitochondrial cybrids. Three nucleotide changes 
in mtDNA that may be relevant and 3 with confirmed pathogenicity were identified but no mutations were found in the 
13 nuclear genes analyzed.

Conclusions: The mtDNA should be sequenced in patients with cardiac dysfunction accompanied by symptoms 
suggestive of MD; databases should be carefully and periodically screened to discard mitochondrial variants that 
could be associated with MD; functional assays are necessary to classify mitochondrial variants as pathogenic or 
polymorphic; and additional efforts must be made in order to identify nuclear genes that can explain some as yet 
uncharacterized molecular features of mitochondrial cardiomyopathy.  (Circ J 2013; 77: 2799 – 2806)
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for each echocardiographic parameter. Patterns of hypertrophy 
were defined in accordance with previously published methods.14

Muscle Histochemistry and Enzymatic Activities of  
Mitochondrial RC Complexes
Samples from patients were obtained in accordance with the 
Helsinki Declaration of 1975, as revised in 2000. The Ethics 
Committees of the 12 de Octubre Hospital and the Puerta de 
Hierro Hospital approved the study. Serial muscle sections were 
histochemically investigated for the presence of MD as described 
previously.15 Mitochondrial RC complexes activities were mea-
sured on spectrophotometry in total muscle homogenates as 
described previously.16

Molecular Genetic Analysis and Haplogroup Determination
Total DNA was extracted using phenol-chloroform standard 
procedures. The presence of large-scale rearrangements, deple-
tion, and the most frequent mtDNA point mutations were eval-
uated and ruled out as previously described.17 Subsequently, 
the entire mtDNA was amplified from total DNA in 24 over-
lapping 800–1000-bp-long polymerase chain reaction (PCR) 
fragments. Primers were carefully designed using the revised 
human mtDNA Cambridge reference sequence.18 The PCR frag-
ments were sequenced using an ABI 3710 (Applied Biosystems, 
Foster City, CA, USA) sequencer and a dye terminator cycle 
sequencing kit (Applera, Rockville, MD, USA). Using all iden-
tified mtDNA sequence variations, samples were classified into 
mtDNA haplogroups.

PCR Amplification and Sequencing of Candidate Nuclear Genes
In all patients in whom no mtDNA mutations were found, sev-
eral candidate nuclear genes were sequenced. These included 
genes encoding subunits of complex I (NDUFV2, NDUFS2, 
NDUFA2), elongation factors (EFTs, EFTu), the mitochon-
drial adenine nucleotide translocator ANT1, the mitochondrial 
transcription factor TFAM, the apoptosis-inducing factor AIF, 
the catalytic subunit of DNA polymerase gamma POLG1, and 
genes related to cytochrome c oxidase assembly, SURF1, SCO2, 
COX10 and COX15.6–13 Exons of all the genes were amplified 
from genomic DNA of patients using specific primers derived 
from the 5’ and 3’ intronic sequence. All primers (available upon 
request) were designed avoiding unspecific and polymorphic 
positions.

PCR/Restriction Fragment Length Polymorphism (RFLP)
The level of heteroplasmy of the identified mutations was de-
termined by last-hot cycle PCR as described previously.19 PCR 
conditions were, in all cases, 95°C for 30 s, 61°C for 30 s, and 72°C 
for 30 s. After 35 cycles, 1.8×105 Bq of α-32P-dCTP (9.25× 
1013 Bq/mmol) was added and a last cycle was performed. 
PCR products were digested with the corresponding enzymes 
and electrophoresed on non-denaturing polyacrylamide gels.

Cell Culture and Transmitochondrial Cybrids
To homogenize nuclear and environmental factors, transmito-
chondrial cybrids were constructed in the osteosarcoma 143B 
rho0 nuclear background. For this purpose, enucleated fibro-
blasts were fused to human 143B cells lacking mtDNA (rho0 
cells), as described elsewhere.20 Cybrids were grown in DMEM 
supplemented with 10% dialysed FBS and 100 µg/ml bromode-
oxyuridine. DNA was extracted from each isolated clone, and 
the mtDNA was analyzed on restriction fragment length poly-
morphism RFLP and sequencing.

ued, we report here a retrospective study, the main objective of 
which was to characterize the clinical and molecular features of 
patients with suspected MCM.

Methods
Patient Characteristics
Hospital charts of 2,520 patients evaluated for suspected mito-
chondrial disease in the Hospital 12 de Octubre (Madrid, Spain) 
between January 2000 and December 2007, were retrospectively 
reviewed. Cardiac dysfunction was observed only in 127 patients. 
The clinical criterion for inclusion in this study was the presence 
of an MCM-plus phenotype; this means a CM accompanied by 
symptoms or signs of mitochondrial disease. Among them: psy-
chomotor delay, failure to thrive and hypotonia in pediatric 
patients, and encephalomyopathy, neuromuscular symptoms, 
gastrointestinal dysfunction, deafness and optic atrophy in both 
pediatric and adult patients. From the 127 patients with CM only 
71 met a clinical MCM-plus phenotype. In these 71 patients 
available cardiac, neuroradiological, pathologic, biochemical 
(particularly lactate concentration in blood) and molecular data 
were retrospectively reviewed. In this report, to evaluate the pres-
ence of mutations in the mtDNA or nuclear genes, frozen skel-
etal muscle biopsies could be recovered only from 45 patients.

Cardiac Evaluation
Cardiac study included a standard 12-lead electrocardiogram and 
transthoracic 2-D echocardiogram. Echocardiography was per-
formed in the left lateral decubitus position using a Philips iE33 
system (Philips Medical Systems, Eindhoven, The Netherlands). 
Standard techniques were used to obtain M-mode, 2-D, and 
Doppler measurements. The mean of 3 measurements was taken 

Table 1. MCM-Plus Patient Clinical Characteristics (n=45)

Patients
n (% total)

Age of MCM presentation (range: 0–56 years)

  0–10 28 (62.2)

  11–20   6 (13.3)

  21–30 3 (6.7)

  31–40   2 (4.45)

  41–50 4 (8.9)

  >50   2 (4.45)

Non-cardiac symptoms/signs†

  Psychomotor delay 10 (22.2)

  Failure to thrive   6 (13.3)

  Dysmorphia   8 (17.8)

  Hypotonia   7 (15.6)

  Neurologic 21 (46.7)

  Muscle weakness and/or myopathy 11 (24.4)

  Ptosis/ophthalmoplegia 2 (4.4)

  Liver dysfunction   6 (13.3)

  Gastrointestinal   5 (11.1)

  Kidney dysfunction 2 (4.4)

  Deafness 3 (6.7)

  Optic atrophy 1 (2.2)

  Lipomas 1 (2.2)

  Lactic acidemia 3 (6.7)

†More than 1 tissue may be affected in the same patient.
MCM-Plus, cardiomyopathy accompanied by symptoms or signs of 
mitochondrial disease.
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Table 2. MCM-Plus Patient Histochemical and Biochemical Characteristics (n=45)

NA Normal SOD RRF High CS CI CIV CI/IV CIII/IV CI/III/IV

Muscle biopsy 8 (17.9) 16 (35.5) 10 (22.2) 11 (24.4)

MRC deficiency 8 (17.8) 25 (55.5) – – 3 (6.7) 4 (8.9) 2 (4.5) 1 (2.2) 1 (2.2) 1 (2.2)

Data given as n (%).
CI–IV, complex I–IV; CS, citrate synthase; MRC, mitochondrial respiratory chain; NA, not available; RRF, ragged red fibers; SOD, subsarcolem-
mal oxidative deposits. Other abbreviation as in Table 1.

Table 3. MCM-Plus Patient Profile and mtDNA Sequence Variations (n=45)

Patient Age at onset 
(years) Gender MB RC Serum lactate 

(nmol/L)§ ECG Echo BMRI

CM18   2 F N N   9.7 N LVH NA

CM19 13 F N N   4.2 N DCM,↓LVEF 
Heart transplant

Abnormal  
(parieto-occipital white matter)

CM39 32 M N CI, CIV   9.7 Sinus rhythm, left 
bundle branch block

Cardiomegaly,  
LVH

Cortical and cerebellar atrophy,  
hyperintensities in the basal ganglia

CM47 12 F N CI, CIII   5.3 N RCM,↓LVEF Stroke-like images in occipital lobe;  
hyperintensities on basal ganglia

CM48 14 M N CI <2 Incomplete right 
bundle branch block

HCM NA

CM53 0,3 M NA NA   8.5 N DCM,↓LVEF NA

CM55 42 F RRF CI NA N DCM,↓LVEF Basal ganglia calcifications

CM68   2 F NA CIV   4.6 Abnormal  
repolarization

LVH agenesis of corpus callosum and  
cortico-subcortical atrophy

CM74 0,2 M NA CI, CIV 18.4 NA DCM NA

Patient Extracardiac symptoms and signs Follow-up (months)  
and status

Sequence  
variation Gene affected Haplogroup

CM18 Seizures, hypotonia, anemia 2.1, deceased (RF) m.9448A>Ga  
(p.Tyr81Cys)

MT-CO3 K

CM19 Cognitive deficit, slow speech,  
dyspraxia, ligamentous laxity

To date, alive m.1291T>Cb MT-RNR1 V

CM39 Gastrointestinal dysmotility, cachexia, tandem  
gait, sensory neuropathy, encephalopathy 

120, deceased (RF) m.1644G>A‡c MT-TV X

CM47 Psychomotor delay, learning  
difficulties, left-sided hemiplegia

To date, alive m.12923G>Td  
(p.Trp196Leu)

MT-ND5 W

CM48 Short stature, PEO, pigmentary  
retinitis, muscle atrophy

To date, alive m.1628C>T‡b MT-TV L

CM53 Renal failure, hypotonia, muscle atrophy 3, deceased (CSK) m.8519G>Ad  
(p.Glu52Lys)

MT-ATP8 I

CM55 Cognitive deficit, deafness, DM Alive m.3243A>Gc MT-TL1 NA

CM68 Psychomotor delay, short  
stature, microcephaly, hypotonia 

61, deceased m.7896G>Ac  
(p.Trp104Stop)

MT-CO2 NA

CM74 Hypotonia, coma 0, deceased (MOF) m.3721A>Gb  
(p.Thr139Ala)

MT-ND1 J

§Normal reference level, <2 nmol/L; ‡mtDNA mutations previously identified by our group [25]. aDefinite polymorphism; bprobable mutation; 
cdefinite mutation; dprobable single-nucleotide polymorphism. BMRI, brain magnetic resonance imaging; CI, CIV, significantly decreased mito-
chondrial complex I and complex IV activity, respectively; CSK, cardiogenic shock; DCM, dilated cardiomyopathy; DM, diabetes mellitus; ECG, 
electrocardiogram; Echo, echocardiogram; HCM, hypertrophic cardiomyopathy; LVEF, left ventricular ejection fraction; LVH, left ventricular hyper-
trophy; MB, muscle biopsy; MOF, multiple organ failure; MT-RNR1, mitochondrially encoded 12S rRNA; MT-ND5, mitochondrially encoded NADH 
dehydrogenase subunit 5; MT-CO2, MT-CO3, mitochondrially encoded cytochrome c oxidase II and III; MT-ATP8, mitochondrially encoded ATP 
synthase 8; MT-TV, mitochondrially encoded tRNA Val; MT-TL1, mitochondrially encoded tRNA leucine 1; N, normal; PEO, ptosis and external 
ophthalmoplegia; RC, respiratory chain; RCM, restrictive cardiomyopathy; RF, respiratory failure. Other abbreviations as in Tables 1,2.
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patients (22.2%) the subtype of CM was not registered. Due to 
the fact that this is a retrospective study this information cannot 
be recovered. These patients were included, however, because 
of the presence of CM accompanied by symptoms or signs of 
mitochondrial disease. The clinical MCM-plus phenotype en-
compassed a wide range of symptoms, with involvement of more 
than 1 organ in some cases (Table 1).

Skeletal muscle biopsy data were registered. Serial muscle 
sections were morphologically and histochemically examined 
for the presence of MD in the 45 patients. The activity of the dif-
ferent complexes of the mitochondrial RC was assessed in mus-
cle homogenates obtained from the biopsies whenever possible. 
In some pediatric patients, premature death or lack of sample 
prevented the obtaining of these results. Reviewed data are 
given in Table 2.

MtDNA Sequencing and PCR-RFLP
As already noted, frozen skeletal muscle biopsies could be recov-
ered only in 45 patients with the MCM-plus phenotype. MtDNA 
from these patients was completely sequenced, and putative 
mutations with respect to the revised Anderson mtDNA sequence 
were identified in 9 patients (Table 3). The analysis of mito-
chondrial haplogroups showed that all patients had a European 
origin except the sample containing the m.1628C>T mutation, 
which was of African origin (Table 3). The level of heteroplas-
my of the identified mutations was evaluated, and all mutations 
were homoplasmic except 1, previously described by our group, 
identified in the MT-CO2 gene (m.7896G>A; p.Trp104Stop) 
that was heteroplasmic in different tissues. This mutation was 
not detectable in blood from the subject’s mother or her sister.25 
With respect to the homoplasmic mutations it was impossible 
to obtain samples from the different families to check the pres-
ence of the mutations.

Generation of Transmitochondrial Cybrids
To study the pathogenicity of mtDNA sequence variations, trans-
mitochondrial cybrids were generated. Cryopreserved fibroblasts 
obtained before patients died, were available only for 2 patients 
(CM18 and CM68). For that reason, cybrids could be done 
only for these patients. It was not possible to obtain fibroblasts 
from the other patients because some patients did not want to 
collaborate in the biopsy sampling, and others were not alive 
at the time that the analysis was done, and there was no cryo-
preserved sample available. Due to the fact that the m.7896G>A 
mutation (patient CM68) was heteroplasmic, these cybrids were 
isogenic with respect to both the nuclear and the mitochondrial 
genome. The m.9448A>G (patient CM18) sequence change, 
however, was homoplasmic, and a wild-type (WT) cybrid line, 
with the same mitochondrial haplogroup as the present patient, 
was used as control. To rule out major nuclear influences and 
to avoid clonal effects, we generated 2 independent clones per 
mutation (C1 and C2) and confirmed that the correct mtDNA 
had been introduced by complete sequencing. To be sure that 

Quantification of mtDNA in Cybrid Cell Lines
mtDNA content was measured with a multiplex real-time PCR 
method using the Applied Biosystems StepOnePlus PCR System 
(Applied Biosystems) as previously described.21 The target 
genes were the 12S ribosomal gene of mtDNA and the RNAseP 
nuclear gene (TaqMan RNAseP Control Reagent Kit; Applied 
Biosystems).

Quantification of mtRNA Level in Cybrid Cell Lines
Total RNA was isolated from exponentially growing cells using 
a standard protocol. Subsequently, 1 µg of total RNA was reverse 
transcribed into cDNA using the High capacity cDNA reverse 
transcription kit (Applied Biosystems). Levels of mtRNA of 
MT-ND5, MT-CO1, MT-CO2, MT-CO3, MT-ATP6, and MT-
CYB were determined in triplicate in 3 independent experiments 
on quantitative real-time PCR using the StepOnePlus Real-Time 
PCR system. Expression levels were normalized using 18S rRNA 
and the comparative Ct (cycle threshold) method was used for 
relative quantification of gene expression.22

Spectrophotometry of the OXPHOS Complexes
Spectrophotometry of the RC complexes activities was done 
in 10×106 cells as previously described.23 The pellet was resus-
pended in 2 ml buffer (250 mmol/L sucrose, 2 mmol/L EDTA, 
10 mmol/L Tris-HCl, 100 U/L heparin, pH 7.4) and then soni-
cated 3 times in ice-cold water for 10 s with 30-s rests in between. 
To eliminate cell debris, the sample was centrifuged and the su-
pernatant was used as reaction sample for spectrophotometric 
analysis. In the present study, RC activities were not normalized 
for the activity of citrate synthase because this matrix enzyme 
is also expressed at high levels in the rho0 mitochondria of the 
host cells.

Blue Native Electrophoresis
Blue native (BN) 3–13% polyacrylamide gradient gels were 
loaded with 60 μg of mitochondrial protein and processed as de-
scribed in detail.24 After electrophoresis, proteins were trans-
ferred to a nitrocellulose membrane at 35 V overnight and hy-
bridized with specific antibodies.

Results
Clinical Presentation
In the present cohort of 45 analyzed patients, 24 male (53.3%) 
and 21 female (46.7%), the MCM-plus phenotype presented 
especially among children <10 years old (Table 1). Forty-two 
patients (93.3%) were Caucasian, and 3 (6.7%) were Moroccan. 
The overall mortality rate in the present series was 20%. Taking 
into account only pediatric patients, a higher mortality rate was 
observed, given that 88.9% of deaths occurred before the age 
of 2 years. Following cardiac evaluation, 13 patients (28.9%) 
were diagnosed with dilated CM (DCM), 21 (46.7%) with hy-
pertrophic CM (HCM), 1 with restrictive CM (2.2%), and in 10 

Table 4. MRC Complexes in Cybrid Cell Lines

Cell line Complex I Complex II Complex III Complex IV CS

WT 7.18±0.27 39.30±7.39 39.37±15.0 33.81±3.83 164.40±17.85

C1 6.51±2.20 32.00±9.70 24.97±6.54   　5.23±1.27* 165.20±7.45　　
C2 5.60±3.73 30.80±8.02 24.60±5.52   　4.63±1.72* 166.27±16.12

Data given as mean ± SD. *P<0.001 with respect to WT cell line (2-tailed, Mann-Whitney U-test for unpaired samples). 
Specific enzyme activity is expressed as nmol · min–1 · mg prot–1; each individual clone was analyzed 3 times. C1 and 
C2, mutant cybrids containing the m.7896G>A sequence variation and its corresponding isogenic WT control (WT).
CS, citrate synthase; WT, wild-type. Other abbreviation as in Table 2.
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Spectrophotometry of the Mitochondrial RC Complexes
Mitochondrial RC complex activities were assessed on spec-
trophotometry in cybrids. Significant differences in enzymatic 
activities were not detected between the COX3 (m.9448A>G) 
mutant cybrids and their control (data not shown). There was, 
however, a clear defect of the mitochondrial RC CIV with a 
mean residual activity of 14% (P<0.001) in the COX2 mutant 
(m.7896G>A) clones (C1 and C2) when compared with the WT. 
Interestingly, the activity of the other complexes was unaffected 
(Table 4).

Assembly of Mitochondrial Supercomplexes
To verify if the m.7896G>A mutation affects the assembly of 
single RC complexes in the formation of supercomplexes, BN 
polyacrylamide gel electrophoresis (BN-PAGE) assays with mu-

mtDNA level had been restored after the cybridization pro-
cess, it was monitored until the system had reached steady-
state equilibrium. When comparing the mtDNA levels of mu-
tant and WT cybrids, we did not observe significant differences 
(data not shown).

Mitochondrial Transcripts in the Cybrid Cell Lines
In the cybrid cell lines mtDNA gene expression level was mea-
sured. For that purpose, different oligonucleotides along the 
mtDNA sequence were designed and validated (Table S1). The 
results showed that there were no significant differences in RNA 
level when comparing the mutant cybrids and their correspond-
ing WT controls.

Figure.  Analysis of mitochondrial supercomplexes in transmitochondrial cybrids containing the m.7896G>A mutation. BN-PAGE 
was carried out using 2 independent cybrid clones (C1 and C2) containing the m.7896G>A sequence variation in the MT-CO2 
gene and their wild-type isogenic control (WT). Gels were blotted and Western blot was performed with antibodies against the 
indicated OXPHOS subunits. (A) Western blot analysis using antibodies against the complex I (CI) subunit (NDUFA9), the CIII 
subunit (CORE2) and the CIV subunit (COX5A). SC, supercomplex. *Approximately 830-kDa subcomplex of CI. (B) Membranes were 
stripped and rehybridized using antibodies against the CII subunit (SDHA) as a protein loading control.
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cal presentation, and because of this MD was suspected in both 
cases. In addition, the heteroplasmy percentage is higher in skel-
etal muscle of patients with MCM and mutations in the MT-TV 
gene than in patients without heart defects and mutations in the 
same gene.35–40 For that reason, around a 100% mutant level in 
skeletal muscle is probably required to affect the myocardium 
in patients with MD associated with mutations in the MT-TV 
gene. This was the situation in the present patients.

The m.3243A>G mutation identified in the MT-TL1 gene was 
found in 1 patient with DCM, cognitive deficit, deafness and 
diabetes. Although neuromuscular phenotypes usually dominate 
the clinical presentation of patients harboring this mutation, many 
of them develop CM, which is often overlooked until it reach-
es an advanced stage, as was the case for this patient who was 
42 years old when she was diagnosed with MCM.41

The variant m.12923G>T (p.Trp196Leu), found in a patient 
with restrictive CM, stroke-like images in the occipital lobe and 
hyperintensities in basal ganglia, and the variant m.8519G>A 
(p.Glu52Lys), found in a patient with DCM, renal failure, hy-
potonia and muscle atrophy, were initially considered as pos-
sible novel mutations for several reasons: (1) they were not 
found in healthy controls or in available databases at the time 
they were identified; (2) both nucleotide variations are associ-
ated with a mitochondrial clinical phenotype; (3) the variant 
m.12923G>T is located in the MT-ND5 gene, and mutations in 
this gene have been observed in patients with clinical pheno-
types similar to that of the present patient42 (the other mutation, 
m.8519G>A, is located in the MT-ATP8 gene, and a mutation 
in this gene was found in a patient with MCM and muscular 
symptoms);43 (4) m.12923G>T is an evolutionary fully conserved 
variant, but the variant m.8519G>A is conserved only in mam-
mals; and (5) a combined enzyme deficiency of RC complexes 
I, III and IV was observed in the patient with the m.12923G>T 
nucleotide variation. Both variants, however, were recently hap-
logroup-associated on Phylotree, a phylogenetic tree of global 
human mtDNA variations (http://www.phylotree.org/);44 the 
m.12923G>T variant was described as being associated with 
the haplogroup W. In a similar way, Phylotree described the 
m.8519G>A variation as being associated with the European 
mitochondrial haplogroup I.44 Both haplogroups coincide with 
the assigned haplogroups in the present patients (Table 3), 
which suggests that probably both mutations are mtDNA poly-
morphisms. A formal demonstration by means of a transmito-
chondrial cybrid approach would, however, be necessary to 
unequivocally classify these variations as mutations or poly-
morphisms.

Something similar occurred with the m.9448A>G (p.Tyr81Cys) 
sequence change identified in MT-CO3 (Table 3). At the begin-
ning of the present study it was considered a possible mutation, 
but functional analysis by means of transmitochondrial cybrids 
indicated that all biochemical parameters studied were normal, 
suggesting that this is a polymorphic mtDNA variation (Table 4). 
In agreement with this, when we revised all mitochondrial da-
tabases, we found 3 mtDNA sequences containing the m.9448A>G 
variant that belong to the same haplogroup (K) as the present 
sample.45

The m.1291T>C sequence variation, located in the MT-TRN1 
gene in homoplasmy, was found in a single patient. Although 
functional analysis of this mutation was not possible due to the 
lack of sampling, several data indicate that this sequence vari-
ation could be relevant from a functional point of view: (1) the 
mutation is associated with a mitochondrial phenotype of DCM, 
heart transplant, and cognitive deficit, dyspraxia and ligamen-
tous laxity; (2) mutations in the same mitochondrial gene have 
been observed in a patient with a rare variety of HCM;46 (3) it 

tant and control cybrids were carried out. As shown in Figure A, 
mutant cybrid clones lack the COX5A subunit of CIV, indicat-
ing a defect in the assembly of supercomplexes compared to 
the WT control. These analyses also showed that mutants did 
not have fully assembled CIV- and COX-containing supercom-
plexes (I+III2+IV and CIII2+CIV), although they did accumu-
late the I+III2 supercomplex and also the dimer of complex III 
(CIII2). Remarkably, a subcomplex of complex I of approxi-
mately 830 kDa accumulates in the mutant cybrid cells. As a 
protein loading control, membranes were rehybridized with a 
subunit of complex II (CII) lacking subunits encoded by mtDNA. 
The steady-state level of CII was similar in the COX2 mutant 
and control cybrids (Figure B).

The same analysis was carried out for the COX3 mutant cy-
brids, but in this case no significant differences were detected 
in the assembly of single RC complexes into supercomplexes 
(data not shown).

Molecular Diagnosis of Candidate Nuclear Genes
In 39 patients in whom no mtDNA mutations were found, 13 
nuclear genes, previously associated with MCM, were sequenced 
and analyzed, but no mutations were found in any of these genes.

Discussion
We report here the results of a large-scale mutational screening 
of the mitochondrial genome and 13 candidate nuclear genes in 
a cohort of 45 selected patients with suspected MCM. From a 
clinical point of view, patients included in this study illustrate 
the classical presentation of MD, that is, “any age, any symptom, 
any organ”.17,26 The frequency of MCM in the present children 
(75%) is similar to that reported by other groups.27,28 The fre-
quency of the different non-cardiac symptoms (Table 1) is sim-
ilar to previous studies of pediatric patients with MD, especially 
with regard to neuromuscular manifestations.29 With respect to 
laboratory parameters, 6.7% of the current patients presented 
with lactic acidemia, which is lower than observed in other stud-
ies30 and, remarkably, most of these patients had MCM and 
probable mutations in the mtDNA (Table 3). Finally, the high 
mortality rate in the present pediatric patients is coincident with 
several studies, but not with 1 other study.30 Such discrepancies 
of cardiac dysfunction frequency in MD, non-cardiac manifes-
tations, and mortality rate between studies show that MCM re-
mains incompletely characterized and that additional studies are 
necessary to understand the complete spectrum of MCM in pa-
tients with MD.

Diagnostic processes based on biochemical and histochem-
ical analyses in the present study illustrate the complexity of the 
diagnosis of MD. On the 1 hand, around 40% of the present 
MCM-plus patients did not present RC defects, as is common in 
pediatric patients;30 on the other hand, most of the present pa-
tients had normal histochemical data (Table 2). For that reason, 
in order to properly diagnose MCM in the present series and to 
avoid bias in selection, we decided to use clinical criteria, that is, 
the MCM-plus phenotype, to select patients.

On molecular analysis we identified 9 potentially causative 
variants in mtDNA (Table 3). Two of them, m.1628C>T and 
m.1644G>A, were recently published by our group.31 Functional 
analysis showed a selective reduction of the steady-state level of 
mitochondrial tRNAVal in the patient harboring the m.1644G>A 
variant.31 MDs caused by mutations in the MT-TV gene are not 
very common, but 3 of the 7 point mutations described so far in 
this gene have been associated with HCM.32–34 In accordance 
with these 3 reported cases, 2 of the present patients developed 
cardiac conduction abnormalities and HCM within a neurologi-
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tive therapies in the future.
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