American Journal of Pathology, Vol. 153, No. 5, November 1998
Copyright © American Society for Investigative Pathology

Mitochondrial DNA Mutations and Mitochondrial
Abnormalities in Dilated Cardiomyopathy

Eloisa Arbustini,* Marta Diegoli,* Roberta Fasani,*
Maurizia Grasso," Patrizia Morbini,*

Nadia Banchieri,* Ornella Bellini,*

Barbara Dal Bello,* Andrea Pilotto,*

Giulia Magrini,* Carlo Campana,*

Paolo Fortina,® Antonello Gavazzi,*

Jagat Narula,” and Mario Vigano!

From the Cardiovascular Pathology and Molecular Diagnostic*
and Research Transplantation Laboratories’ and the
Departments of Cardiology* and Cardiac Surgery, Istituto di
Ricovero e Cura a Carattere Scientifico (IRCCS) Policlinico San
Matteo, Pavia, Italy; Children’s Hospital of Philadelphia,’
University of Pennsylvania, and Allegheny University Hospitals of
Health Sciences," Philadelphia, Pennsylvania

Mitochondrial (mt)DNA defects, both deletions and
tRNA point mutations, have been associated with car-
diomyopathies. The aim of the study was to determine
the prevalence of pathological mtDNA mutations and
to assess associated defects of mitochondrial enzyme
activity in dilated cardiomyopathy (DCM) patients
with ultrastructural abnormalities of cardiac mito-
chondria. In a large cohort of 601 DCM patients we
performed conventional light and electron micros-
copy on endomyocardial biopsy samples. Cases with
giant organelles, angulated, tubular, and concentric
cristae, and crystalloid or osmiophilic inclusion bod-
ies were selected for mtDNA analysis. Mutation
screening techniques, automated DNA sequencing,
restriction enzyme digestion, and densitometric as-
says were performed to identify mtDNA mutations,
assess heteroplasmy, and quantify the amount of mu-
tant in myocardial and blood DNA. Of 601 patients (16
to 63 years; mean, 43.5 * 12.7 years), 85 had ultra-
structural evidence of giant organelles, with abnor-
mal cristae and inclusion bodies; 19 of 85 (22.35%)
had heteroplasmic mtDNA mutations (9 tRNA, 5
rRNA, and 4 missense, one in two patients) that were
not found in 111 normal controls and in 32 DCM
patients without the above ultrastructural mitochon-
drial abnormalities. In all cases, the amount of mu-
tant was higher in heart than in blood. In hearts of
patients that later underwent transplantation, cyto-
chrome c¢ oxidase (Cox) activity was significantly
lower in cases with mutations than in those without
or controls (P = 0.0008). NADH dehydrogenase activ-
ity was only slightly reduced in cases with mutations
(P = 0.0388), whereas succinic dehydrogenase activ-

ity did not significantly differ between DCM patients
with mtDNA mutations and those without or controls.
The present study represents the first attempt to de-
tect a morphological, easily identifiable marker to
guide mtDNA mutation screening. Pathological
mtDNA mutations are associated with ultrastructur-
ally abnormal mitochondria, and reduced Cox activ-
ity in a small subgroup of non-otherwise-defined, id-
iopathic DCMs, in which mtDNA defects may
constitute the basis for, or contribute to, the develop-
ment of congestive heart failure. (Am J Pathol 1998,
153:1501-1510)

In the last few years mitochondrial (mt)DNA deletions” or
transfer (t)RNA point mutations® '° have been identified
in cardiomyopathies phenotypically characterized by hy-
pertrophy, atrio-ventricular block, or congestive heart fail-
ure.’" Although some cardiomyopathies associated with
mtDNA defects have been reported as clinically isolated
disorders,? * they may also be associated with periph-
eral myopathies®” or with multisystem syndromes;®~'" in
these latter cases, cardiac involvement may be the major
determinant of poor outcomes.'©""

Mitochondrial tRNA gene mutations variably affect ac-
tivity of the respiratory chain complexes. Activity of com-
plex Il is not affected as it is entirely encoded by nuclear
DNA, whereas cytochrome C oxidase (Cox) activity (or
complex IV), which is partially encoded by mtDNA genes
and constitutes the electron transport chain along with
complex |, is frequently reduced in patients with mtDNA
tRNA mutations. Pathological tRNA mutations are char-
acteristically heteroplasmic and absent from controls and
affect highly conserved regions;'>"® tRNA mutations
have been reported in patients with hypertrophic cardio-
myopathy, particularly in those who develop late conges-
tive heart failure™ or with not otherwise defined cardio-
myopathies and congestive heart failure.>®° Rarely,
missense mutations in polypeptide-coding genes have
been linked to multisystem syndromes.'® Ultrastructural
mitochondrial changes and enzyme defects characterize
affected tissue in mtDNA-related disorders.”'"'216 Sim-
ilar ultrastructural mitochondrial changes and enzyme
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Table 1. Heteroplasmic Mutations in DCM Patients with Ultrastructural Abnormalities of Mitochondria*
. - o
Mismatch RE digestion Mutant %

Base change S/F Gene RE +/— primer™ Mutant Wild type Blood Heart n

A3260G F tRNARCUUUR - Xmnl + R: AAA3267- 93 bp + 50 bp 143 bp 55 75 1
9TTC
T4314A S tRNA'e Msel — 292 bp + 61 bp 134 bp + 158 bp + 61 bp 60 85 1
A4315G S tRNA'e Msel — 292 bp + 61 bp 134 bp + 158 bp + 61 bp 30 65 1
A5600T S tRNAAE Hinfl + F: AB597G 24 bp + 234 bp 258 bp 74 90 1
T7581C S tRNAAsP Mnll + R: TA7584-5CC 125 bp + 82 bp + 27 bp 125 bp + 109 bp 52 75 1
C14684T S tRNACGU Nialll + 118 bp + 147 bp 265 bp 75 85 1
T15889C S tRNAT™ Avall —  F: T15887G 25 bp + 227 bp 252 bp 50 70 1
A15902G S tRNAT™ Mael + F: A15899C 25 bp + 215 bp 240 bp 55 75 1
A15935G F  tRNATH Mboll + F: TG15932-3GA 23 bp + 182 bp 205 bp 54 92 1
T1571G S 12SrRNA  Mspl + F: TG1568-9CC 31 bp + 182 bp 213 bp 62 82 1
A1692T S 16 SrBRNA  Mnll + 29 bp + 141 bp + 60 bp 29 bp + 201 bp 75 88 1
C1703T S 16 SrRNA  PAiMI + R: TA1704-5GG 175 bp + 38 bp 213 bp 60 72 1
T3197CS S 16 SrBRNA  Maell — F: TA3194-5AC 27 bp + 195 bp 222 bp 52 90 1
T3228G S 16 SrRNA  Nalll + F: GG3225-6CA 22 bp + 87 bp + 77 bp 109 bp + 77 bp 75 88 1
G3316A-Ala Thr F ND1 Eael — 222 bp 147 bp + 75 bp 61 77 1
G3337A-Val lle S ND1 Rsal — 222 bp 170 bp + 52 bp 56 81 1
G3357A-Met lle S NDf Eael — R(::QLTSSGO- 189 bp + 32 bp 147 bp + 42 bp + 32 bp 70 85 1
2
Ball —

A5510C-Leu Phe S ND2 Mboll + 57 bp + 280 bp + 45 bp 377 bp + 45 bp 85/78 95/90 2

* All of these mutations were absent in the control series. S/F, sporadic/familial; RE +/—, restriction enzyme gain or loss.

T Combined with the corresponding primer either forward (F) or reverse (R).

* Fragment size in mutant and wild-type DNA after restriction enzyme (RE) digestion.
§ Reported by Hess et al®® associated with A3243G MELAS mutation in a patient with MELAS and ischemic colitis.
T Reported by Nakagawa et al*® associated with non-insulin-dependent diabetes mellitus.

defects may be found in part of the cardiomyopa-
thies.2’4'9'17‘18

Although molecular mitochondrial abnormalities con-
stitute an attractive basis of development of dilated car-
diomyopathy (DCM), the prevalence and characteristics
of mtDNA mutations have not been extensively studied.
In the present study, we attempted to determine the
prevalence of mitochondrial abnormalities associated
with mtDNA mutations in a large cohort of patients with
idiopathic DCM and to assess whether mtDNA mutations
were unique, heteroplasmic, localized to conserved re-
gions, and absent in healthy controls, thus fulfilling the
requisites for being accepted as having a pathological
role. The genetic analysis was performed to identify mu-
tations in tRNA, ribosomal (r)RNA, and flanking regions of
mtDNA. The selection of cases for molecular analyses
was based on mitochondrial ultrastructural changes in
the endomyocardial biopsies (EMBs) of the patients. The
study also evaluated the activity of oxidative enzyme
complex (Cox, succinate dehydrogenase, (SDH), and the
reduced form of nicotinamide-adenine dinucleotide
(NADH) dehydrogenase).

Table 2. Heteroplasmic Polymorphisms in DCM Patients

Materials and Methods
DCM Patients and Control Subjects

A 10-year series of 601 consecutive DCM patients was
evaluated in the Department of Cardiology at the IRCCS
Policlinico San Matteo, Pavia, Italy. All patients underwent
clinical examination, biochemical investigations (creat-
ine-phosphokinase (CPK) and lactic dehydrogenase
(LDH)), electrocardiography, chest x-rays, two-dimen-
sional and Doppler echocardiography, right and left heart
catheterization, coronary angiography, and right ventric-
ular EMB.

Biopsy specimens from all patients, in addition to rou-
tine histological study, were evaluated ultrastructurally
and immunohistochemically. Of the 601 patients, 85
(ages 16 to 63 years; mean age, 43.5 = 12.7; 67 males
and 18 females) had a combination of the following pe-
culiar mitochondrial ultrastructural abnormalities: mito-
chondrial proliferation and variable matrix density asso-
ciated with giant ring-shaped mitochondria, concentric,
angulated, and tubular cristae, crystalloid and osmio-

RE digestion* Mutant %

Base change Gene RE +/— Mutant Wild Type Blood Heart DCM Controls
T4336CT tRNAG"C  Avall+ 153bp+200bp 353 bp 50 72 1/85 0/111
T10034C* tRNA GV Alul+ 110bp+117bp 227 bp 75 90 1/85 0/111
A10398G*-Thr Ala  ND3 Ddel+ 37bp+38bp+160bp 37bp+198bp 58 75 1/85 0/111

RE +/—, restriction enzyme gain or loss.

* Fragment size in mutant and wild-type DNA after restriction enzyme (RE) digestion.

T Described as a polymorphism in LHON patients and in normal controls.*’

* Reported as neutral polymorphisms in encephalomyopathy patients and in normal controls.*?
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Figure 1. Electron micrographs showing characteristic ultrastructural changes of mitochondria in patients with pathological mtDNA mutations. a: Ring
mitochondria; b: giant mitochondria with membrane fusion and circular cristae; ¢: concentric cristae; d and e: giant organelles with irregularly whorled and
undulated cristae. Uranyl acetate, lead citrate; magnification, X5600 and (a and d), X16,000 (b) and X9600 (c and e).
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Table 3. Mitochondrial Enzyme Activity in Normal Donor Heart Samples (7 = 6) and in DCM Explanted Hearts from Patients

without (7 = 12) and with (7 = 5) mtDNA Mutations

Controls DCM* without mtDNA mutations DCM with mtDNA mutations P values
Cytochrome ¢ oxidase 170.450 143.917 86.117 0.0008
NADH dehydrogenase 1401.5 1475.083 1278.600 0.0388
Succinic dehydrogenase 49.217 42.730 49.750 NS

Statistical analysis was performed with the Student’s t-test. NS, not significant.

philic inclusion bodies, and glycogen or lipid inclusions.
Cristolysis, swelling, and variable size of mitochondria
were considered as nonspecific changes. In the 67 male
patients, defects of dystrophin immunolabeling with spe-
cific anti-COOH-terminus, NH-terminus, and rod domain
antibodies (Novocastra, Newcastle, UK) were not identi-
fied. The biopsy specimens from these 85 patients were
subjected to molecular analysis for mutations in mtDNA,
tRNA, rBRNA, and flanking regions. Of the 516 DCM pa-
tients without the ultrastructural changes considered for
screening, 32 random cases (25 males; mean age,
41.3 = 10.7 years) were selected as affected controls.
Controls for mtDNA analysis were enrolled from the blood
donor pool (see below). For comparative enzyme activity
tests, normal myocardial tissue samples were obtained
as right ventricular biopsies from in-hospital donor hearts
before transplantation (EKG, echo, clinical, and biochem-
ical evaluation; n = 6; 5 males; mean age, 38 = 11 years)
when total ischemic time was =60 minutes.

Endomyocardial Biopsy and Pathological Study

Five to seven right ventricular EMB samples were ob-
tained for each patient and processed for light micros-
copy and ultrastructural study. 22 Sections were exam-
ined with a Zeiss 902 electron microscope. One frozen
sample was used for nucleic acid extraction and genetic
analysis. In 17 DCM cases (5 with mtDNA mutations and
12 without mtDNA mutations) that underwent cardiac
transplantation later on in the course of the disease, we
evaluated the mitochondrial Cox, NADH dehydrogenase,
and SDH activity in myocardial tissue.?*2° Pretransplant
biopsies of six normal donor hearts were used as controls.

Mitochondrial DNA Study

Molecular analysis of mitochondrial DNA was performed
both in the EMB samples as well as in peripheral blood of
the 85 patients with ultrastructural mitochondrial abnor-
malities. Control blood samples were obtained from 111
healthy, age- and sex-matched blood donors (ages, 18 to
60 years; mean age, 39 = 8 years; 83 males and 28
females). The control subjects were ensured to have

normal electrocardiogram and biochemical parameters
including CPK and LDH. Whenever a mtDNA mutation
was identified, all available maternal relatives of the pro-
bands were also tested for the given mutation (n = 49 for
the 85 patients).

For molecular analysis, total genomic DNA was ex-
tracted from EMBs and from peripheral blood samples.
Specific oligonucleotide primers were synthesized. The
selected regions were amplified by polymerase chain
reaction (PCR) and subjected to denaturing gradient gel
electrophoresis (DGGE) for tRNA and rRNA or to single-
strand conformational polymorphism (SSCP) for coding
regions?® for mutation screening. The abnormal conform-
ers underwent direct DNA sequencing for identification of
mutation sites, followed by restriction enzyme digestion
to assess heteroplasmy of each given mutation and by
repeated densitometric analysis to quantify the amount of
mutant in the heart and peripheral blood DNA (Tables 1
and 2).

DNA Extraction and Oligoprimer Synthesis

Total genomic DNA was isolated from heart and blood
samples with conventional methods.?” Oligonucleotide
primers encompassing the 22 tRNA, 2 rRNA, and coding
genes were designed,®® synthesized with a 392 DNA-
RNA synthesizer (Applied Biosystems, ABI, Foster City,
CA), and purified with oligonucleotide purification car-
tridges (Applied Biosystems). Primers with GC clamps
were synthesized for DGGE.

PCR

Selected mtDNA regions were amplified by PCR from
0.1 ug of the total DNA in an automated thermal cycler
(Perkin Elmer Cetus Gene Amp PCR system 9600). Am-
plifications were performed in 50 ul of reaction solution
containing 100 ng of genomic DNA, 200 mmol/L each
dNTP, 1 mmol/L each primer, 1.25 U of AmpliTag Gold
DNA polymerase (Perkin Elmer), and PCR buffer (10
mmol/L TrisHCI, pH 8.4, containing 50 mmol/L KCI, 1.5
mmol/L MgCl,, and 0.01% gelatin) after denaturation for
10 minutes at 94°C. PCR conditions are available on

Figure 2. Enzyme cuts show higher amount of mutants in heart than in blood DNA. 1: Middle, A3260G, tRNA""VVR, |eft, Xmnl digestion in blood and in heart
DNA; right, ultrastructural characteristics of the heart mitochondria with inclusion polygonal bodies. 2: Middle, T4314A, t(RNA"; left, Msel digestion in blood and
in heart DNA; right, ultrastructural characteristics of the heart mitochondria with ring organelles. 3: Middle, A4315G, tRNA''; left, Msel digestion in blood and in
heart DNA; right, ultrastructural characteristics of the heart mitochondria with crystallized compacted cristae and osmiophilic bodies. 4: Middle, A5600T, tRNA*?,;
left, Hinfl digestion in blood and in heart DNA; right, ultrastructural characteristics of the heart mitochondria with large organelles, devoid of cristae and often
full of glycogen. 5: Middle, T7581C, tRNA*P; left, Mnll digestion in blood and in heart DNA; right, ultrastructural characteristics of the heart mitochondria with
giant organelles, peripheral cristolysis, and central compacted cristae. 6: Middle, C14684T, t(RNAS!; left, Nalll digestion in blood and in heart DNA; right,
ultrastructural characteristics of the heart mitochondria with concentrically arranged and undulated cristae. Uranyl acetate, lead citrate; magnification, X6000.
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request. Amplified fragments were separated by electro-
phoresis on 2% agarose gel and stained with ethidium
bromide.

DGGE and SSCP

Screening for mutations was performed with DGGE
and/or SSCP analysis.??3° Single-stranded DNA was Vi-
sualized with standard silver nitrate staining. Cases with
abnormal DGGE or SSCP conformers were selected for
automated DNA sequencing.

Automated DNA Sequencing

The double-stranded DNA fragments were purified
with Centri-sep columns (ABI Perkin EImer) and used for
cyclic sequencing with the Tag DyeDeoxy Terminator
cycle sequencing kit in a 373A DNA sequencer (ABI
Perkin Elmer) under conditions recommended by the
manufacturer. Sequence comparison and analyses were
performed with the Sequencher TM 3.0 software (Gene
Codes Corp., Ann Arbor MI).

Heteroplasmy Assessment

Although heteroplasmy can be suspected on DGGE
pattern, most heteroplasmic mutations with a high
amount of mutated DNA appeared to be homoplasmic
according to the sequencing pattern. Thus, to assess the
heteroplasmy of any given mutation, we used restriction
enzyme analysis; for mutations that gained or lost restric-
tion enzyme sites, the PCR fragments were digested with
the enzyme and electrophoresed through an 8% nonde-
naturing polyacrylamide gel. For mutations that did not
modify the restriction enzyme map, we synthesized a
forward or reverse mismatch primer that, in combination
with any given mutation, gained or lost a restriction en-
zyme site. Then, both digestion and electrophoresis were
performed as above. The relative amounts of the mutant
mitochondrial genomes were quantitated with a Bio-pro-
file Bio-1D blot analyzer (Vilber Lourmat Biotechnology
Division, Marne La Vallee, France). The mismatch sites
for pathological mutations found in the study are detailed
in Tables 1 and 2.

Results

Ultrastructural examination of a 601-EMB-sample series
identified 85 cases in which the mitochondria not only
were increased in number but also showed abnormal
matrix, increased size (giant organelles), abnormal cris-
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tae pattern, and inclusion bodies (Figure 1). Of the 85
patients, 19 (22.35%) had mtDNA mutations that were not
found in normal and diseased controls (Table 1). Cox
enzyme activity (Table 3) was severely affected, with
significantly lower mean levels in the myocardium of pa-
tients with mtDNA mutations compared both with that of
nonmutated DCM patients without mitochondrial abnor-
malities and with that of normal controls (P = 0.0008).
NADH dehydrogenase activity was slightly reduced in
DCM with mtDNA mutations (P = 0.0388), whereas dif-
ferences in SDH activity in patients and controls did not
reach significant values.

Pathological mtDNA Mutations from the 85
Patients (Table 1)

We identified nine tRNA, five rRNA, and five missense
mutations. In addition, polymorphic changes were seen
both in controls (n = 111) and in DCM subjects with (n =
85) and without (n = 32) mitochondrial ultrastructural
changes.

Transfer RNA Mutations

Of the 85 patients, 9 had heteroplasmic mutations in 6
of the 22 tRNA (Figures 2 and 3). Five mutations affected
tRNA stems, and four affected the loops. The tRNA mu-
tations were present both in blood and in heart mtDNA,
but the amount of mutated DNA was higher in heart than
in blood and varied from case to case (Figures 2 and 3).
All nine patients had unique mutations. Two patients had
familial cardiomyopathy. The seven remaining patients
had sporadic forms. Most mutations occurred in bases
that are highly or moderately conserved through evolu-
tion (alignments are available on request).

Ribosomal RNA Mutations

Heteroplasmic mutations in the 12 S rRNA and in the
16 S rRNA were found in five unrelated patients with
sporadic DCM (Figure 3). Analogously to tRNA muta-
tions, the amount of mutated DNA was higher in heart
than in blood. All five mutations were not seen in control
myocardial or blood samples.

Missense Mutations

Missense heteroplasmic mutations, with a higher
amount of mutant DNA in heart than in blood, were iden-
tified in five cases. One (G3316A) was familial (sister and
mother died of DCM). Two unrelated patients shared an

Figure 3. Left column shows the heteroplasmy and the higher amount of mutant in heart than in blood DNA. 1: Middle, T15889C, tRNA™"; left, Avall + digestion
in blood and in heart DNA; right, ultrastructural characteristics of the heart mitochondria with concentric cristae and giant mitochondria. 2: Middle, A15902G,
tRNA™"; left, Mael digestion in blood and in heart DNA; right, ultrastructural characteristics of the heart mitochondria with giant organelles and undulated cristae.
3: Middle, A15935G, tRNA™™; left, Mboll digestion in blood and in heart DNA; right, ultrastructural characteristics of the heart mitochondria with undulated,
compacted cristae. 4: Middle, A1692T, 16 S rRNA; left Mnil digestion in blood and in heart DNA; right, ultrastructural characteristics of the heart mitochondria with
giant organelles and crystallized compacted cristae. 5: Middle, C1703T, 16 S rRNA; left, Z/IMI digestion in blood and in heart DNA; right, ultrastructural
characteristics of the heart mitochondria with giant organelles, peripheral cristolysis, and central compacted cristae. 6: Middle, T3197C, 16 S rRNA; left, Maell
digestion in blood and in heart DNA; right, ultrastructural characteristics of the heart mitochondria with giant organelles and undulate, swollen cristae. Uranyl

acetate, lead citrate; magnification, X6000.
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identical mutation (A5510C) in the ND2 gene; these two
patients also had similar clinical history, morphology, and
outcome.

Polymorphic mtDNA Changes in DCM Patients
and Controls

A series of known neutral polymorphisms, most of
which were homoplasmic, was identified in both patients
and controls (mutations and relative frequencies in cases
and in controls are available on request). Three tRNA
neutral polymorphisms in three different patients
(T4336C, T10034C, and A10398G) were absent in con-
trols and heteroplasmic at repeated restriction enzyme
digestions (Table 2). In addition, three other patients
carried the T4216C, Tyr-Lys homoplasmic LHON muta-
tion, which was also found in three controls. Three ho-
moplasmic mutations, T14766C lle-Thr (16.4% of patients
versus 14.4% of controls), T14798C Phe-Leu (10.5% of
patients versus 12.6% of controls), and G15884A Ala-Thr
(1.1% of patients versus 0.9% of controls), were missense
and were found in patients but also in healthy controls. All
other mutations in polypeptide-coding genes were syn-
onymous.

Discussion

In a large cohort of idiopathic DCM, we have identified a
small subgroup of patients with either known or novel
pathological mutations in mtDNA. These mutations were
found in 22.35% of idiopathic DCM cases with ultrastruc-
tural mitochondrial changes consisting of giant or-
ganelles combined with abnormally arranged cristae
and/or intraorganelle inclusions.

All pathological mutations were heteroplasmic, had a
higher proportion of mutant in the affected heart than in
the corresponding blood, and were not detected in con-
trols. Some of the mutations occurred at nucleotide po-
sitions highly conserved through evolution (ie, A5600T
tRNA™®), whereas other mutations affected moderately
(such as A4315G tRNA"®) or less conserved (such as
T7581C tRNA”SP, or A15902G tRNA™™) positions. Previ-
ously described mtDNA mutations with similar evolution-
ary conservation (eg, T3271C) have been proven to be
involved in the pathogenesis of mitochondrial encepha-
lomyopathies.®' The nucleotide position of the mutation in
any given tRNA may be related to the effects; in the tRNA
stems, the mutations disrupt highly conserved base
pairs, whereas in the tRNA loops, the mutations adversely
affect the clover leaf structure of tRNAs. The functional
relevance of rRNA mutations is less clear. As ribosomes
are fundamental for translation mechanisms, rRNA muta-
tions may cause major assembly defects or interfere with
tRNA protection activity.>? Additional studies are needed
to elucidate the possible pathogenic role of rRNA muta-
tions.

We attributed a pathological significance only to het-
eroplasmic mutations with a higher amount of mutated
DNA in heart than in peripheral blood (Table 1). In gen-
eral, the threshold of mutated DNA in the affected organ

varies from one mutation to the other and is influenced by
the functional significance of a given base change. Myo-
cardial samples from the maternal relatives of our pa-
tients were not available, and mutations could be evalu-
ated only in their peripheral blood DNA. Due to the
heteroplasmic characteristics of the mutations, the differ-
ence in mutant DNA in blood of patients and of unaf-
fected relatives does not necessarily reflect identical gra-
dients in myocardial tissue. Therefore, the evaluation of
the amount of mutant DNA in blood of relatives does not
provide any information about the likelihood of occur-
rence of cardiomyopathy. We are following up unaffected
mutated relatives. If the cardiomyopathy phenotype in-
deed is related to the amount of mutated mtDNA in the
affected organ as in encephalomyopathies,® clinical fol-
low-up of mutated but healthy relatives should allow early
detection of disease. A recent study done in 58 unrelated
patients with DCM showed that mtDNA point mutations
are significantly more frequent in patients than in con-
trols. Of the 43 mutations identified, 4 were heteroplasmic
and affected evolutionarily conserved regions.*® None of
these mutations, as well as none of the mutations previ-
ously reported in patients with cardiomyopathy, was
identified in our series, supporting the uniqueness of
missense mutations found to date in cardiomyopathies.

All pathological heteroplasmic mutations were absent
from our normal and diseased control subjects. However,
it would not be surprising if some of these mutations were
subsequently considered as polymorphic changes. For
instance, Lauber et al originally proposed that the
A12308G transition in the tRNAX“CYN gene in four pa-
tients with mitochondrial encephalomyopathy was asso-
ciated with the disease because it occurred at a site that
had been highly conserved in various species during
evolution and was not present in the general popula-
tion.>* A subsequent study showed that this mutation,
with a frequency of 16%, was also present in the general
population.®® The same considerations applies to the
LHON 4216 mutation, which seems to contribute to the
disease only when interacting with other mutations;'>3°
such a mutation has not been considered, by itself, to be
pathological in our patients.

Although the heart was the only clinically affected or-
gan in our patients, we cannot exclude the presence of
subclinical skeletal myopathies, particularly in the patient
with the A3260G mutation.® Clinically overt peripheral
myopathy did not occur in the other cases with family
history of cardiomyopathy and congestive heart failure of
the present series. Furthermore, none of our patients had
diabetes mellitus or other disorders that may be associ-
ated with pathological mtDNA mutations. Compared with
severe mitochondrial phenotypes affecting children
(such as MELAS), our mutations were associated with a
relatively milder phenotype. Most of our patients were
young adults or adults, and most of them had a slowly
evolving illness. It is not unlikely that in addition to the
dose of mutant DNA in the affected myocardial tissue, the
unique characteristics of the tissue itself could influence
the phenotype. As such, post-mitotic or slowly dividing
tissue cells that are highly dependent on mitochondrial
oxidative function (such as myocardium) may be affected



only when the proportion of the mutated DNA is consid-
erably high. The resulting dysfunction in the overall
mtDNA activity could impair oxidative phosphorylation
processes and reduce the supply of the energy neces-
sary for the contractile function of cardiac myocytes, thus
leading to chronic heart failure. Although the mitochon-
drial cardiomyopathies may appear less severe than
most encephalomyopathies, they often show inexorable
progression of chronic heart failure and may be equally
fatal.

mtDNA mutations fulfilling pathological criteria oc-
curred in approximately one-fourth of our DCM patients
with ultrastructural mitochondrial abnormalities. Further-
more, biochemical study showed a significant decrease
in Cox activity and in NADH dehydrogenase activity in
myocardial tissue obtained from patients who subse-
quently underwent heart transplantation. For the remain-
ing three-fourths of cases with abnormal mitochondrial
ultrastructure, either nuclear DNA mutations or signaling
defects can be hypothesized, based on the mitochon-
drial and nuclear DNA interactions and on the nuclear
DNA contribution to the synthesis of the respiratory chain
enzymes.®%:37

A limit of the present study is that we cannot exclude a
priori that DCM patients with nonspecific mitochondrial
changes carry mtDNA mutations. However, no patholog-
ical mutation was identified in the 32 DCM cases with
nonspecific ultrastructural mitochondrial changes.

Furthermore, it cannot be stated that mtDNA mutations
were the only DNA defects in these patients. In a recent
report we have described the association of mtDNA mu-
tations plus B-myosin heavy chain gene mutations in
patients with hypertrophic cardiomyopathies compli-
cated by congestive heart failure evolution.®® In these
hypertrophic cardiomyopathy patients we also found a
severe reduction in Cox activity in the heart and a wide
spectrum of mitochondrial ultrastructural abnormalities.
Therefore, we cannot exclude that mtDNA mutations may
act as cofactors to unidentified pathological nuclear gene
mutations.

The present study provides evidence that pathological
mtDNA mutations may occur in a small proportion of
otherwise idiopathic DCM cases. These mutations carry
the same characteristics that define pathogenicity in mi-
tochondrial encephalomyopathies and are associated
with ultrastructurally abnormal mitochondria and de-
creased Cox activity. The findings support the hypothesis
that in a small subset of patients, mitochondrial DNA
defects may constitute the basis for, or contribute to, the
development of dilated cardiomyopathy and congestive
heart failure.
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