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Abstract Complex I deficiency, the most common cause
of mitochondrial disorders, accounts for a variety of clin-
ical symptoms and its genetic heterogeneity makes identi-
fication of the disease genes particularly tedious. Indeed,
most of the 43 complex I subunits are encoded by nuclear
genes, only seven of them being mitochondrially encoded.
In order to offer urgent prenatal diagnosis, we have stud-
ied an inbred/multiplex family with complex I deficiency
by using microsatellite DNA markers flanking the putative
disease loci. Microsatellite DNA markers have allowed us
to exclude the NDUFS7, NDUFS8, NDUFVI and NDUFS1
genes and to find homozygosity at the NDUFS4 locus. Di-
rect sequencing has led to identification of a homozygous
splice acceptor site mutation in intron 1 of the NDUFS4
gene (IVS1nt —1, G—A); this was not found in chorion villi
of the ongoing pregnancy. We suggest that genotyping mi-
crosatellite DNA markers at putative disease loci in inbred/
multiplex families helps to identify the disease-causing mu-
tation. More generally, we suggest giving consideration to
a more systematic microsatellite analysis of putative disease
loci for identification of disease genes in inbred/multiplex
families affected with genetically heterogeneous conditions.

Introduction

Reduced nicotinamide adenine dinucleotide (NADH): ubi-
quinone oxidoreductase (complexI) catalyzes electron
transfer from NADH to ubiquinone. This enzyme, the
largest complex of the mitochondrial respiratory chain, con-
tains more than 40 subunits (Fearnley and Walker 1992).
Complex I deficiency, the most common cause of mito-
chondrial disorders, represents one third of all cases of
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respiratory chain deficiency (von Kleist-Retzow et al. 1998;
Kirby et al. 1999). This disease accounts for a variety of
clinical symptoms, ranging from neurological disorders to
cardiomyopathy, liver failure and myopathy (von Kleist-
Retzow et al. 1998; Loeffen et al. 2000; Smeitink et al.
2001). Most of the 43 complex I subunits are encoded by
nuclear genes; only seven of them are mitochondrially en-
coded. This genetic heterogeneity makes diagnosis of the
disease genes in affected families particularly tedious. In-
deed, mutations in a number of nuclear complexI genes
have been identified in patients with Leigh syndrome
(NDUFS8, NDUFS4, NDUFS7, NDUFVI, NDUFSI;
Loeffen et al. 1998; van den Heuvel et al. 1998; Budde
et al. 2000; Petruzzella et al. 2001;Triepels et al. 1999;
Schuelke et al. 1999; Bénit et al. 2001) and cardiomyopa-
thy/encephalomyopathy (NDUFS2; Loeffen et al. 2001).

Here, we show that genotyping microsatellite DNA
markers at putative disease loci in inbred/multiplex fami-
lies helps to solve this genetic complexity and has allowed
us to identify rapidly a novel homozygous nonsense mu-
tation of the NDUFS4 gene in a sibship with Leigh dis-
ease and severe complex I deficiency. More generally, we
suggest giving consideration to a microsatellite-based ex-
clusion of putative disease loci for prenatal diagnosis of
genetically heterogeneous conditions.

Materials and methods

Nomenclature

Gene mutation nomenclature used in this article follows the rec-
ommendations of den Dunnen and Antonarakis (2001). Gene sym-
bols used in this article follow the recommendations of the HUGO
Gene Nomenclature Committee (Povey et al. 2001).

Patients

Patients II-2 and II-4 were born to first cousin Moroccan parents
after a term pregnancy and normal delivery. Three brothers are
healthy (II-1, II-3, II-5; Fig. 1). The first girl (patient II-2) did well
in her first 2 months of life (birth weight: 3 kg, occipito-frontal cir-
cumference: 34 cm). Poor sucking, drowsiness and floppiness were
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Fig.1 Pedigree and haplotype analysis of the complex I deficient
family (w wild-type, m mutant). Haplotypes are given for loci
D5S1968, D551969, D5S2037 and D5S2087 (top to bottom)

first noted at 10 weeks of age. She had trunk hypotonia, poor spon-
taneous movements, poor reactivity, a squint and absent deep ten-
don reflexes but no other organ involvement was noted. Elevated
plasma lactates (6—7 mmol/l, normal: less than 2 mmol/l) and bilat-
eral hypodensity of the periventricular white matter on brain com-
puter tomography (CT) were suggestive of Leigh syndrome of
metabolic origin. She died at 4 months of age of major swallowing
difficulties, hypoventilation and severe brainstem involvement.
Her sister (patient 1I-4) was small for gestational age (birth weight:
1700 g) but she did well until the age of 3 months. At 3.5 months,
psychomotor regression with drowsiness and floppiness were noted.
She could not smile or follow objects with her eyes and presented re-
current attacks of bradycardia and bradypnea, suggestive of severe
brainstem involvement. Brain CT scan showed cortical atrophy
and bilateral hypodensity of the pedoncles and striatum, suggestive
of Leigh syndrome (plasma lactate 2.5-3.3 mmol/l; cerebrospinal
fluid lactate 3.9 mmol/l, normal: less than 2.4 mmol/l). The preg-
nant mother requested prenatal diagnosis at 10 weeks of gestation.

Methods

Spectrophotometric assays of respiratory chain enzymes were per-
formed on muscle and liver homogenates and on cultured skin fi-
broblasts as described (Rustin et al. 1994). For haplotyping, the mi-

crosatellite DNA markers of the Genethon map flanking the puta-
tive disease loci were tested in the parents, the affected and the un-
affected sibs. The most informative flanking microsatellites were
used from chromosome?2 (D2S155-NDUFSI1-D2S369-D2S2358),
chromosome 5 (D5S1968-0.3¢cM-D5S1969-0.4cM-NDUF S4-0.3cM-
D5S2037-8.2¢cM-D5S2087), chromosome 11 (D11S4191-D11S4113-
NDUFS8-NDUFVI-D11S4139-D11S4136) and chromosome 19
(D19S886-NDUFS7-D19S883-D19S878).

Linkage analysis was performed using version 5.1 of the Link-
age program (Lathrop et al. 1985). Pairwise linkage was performed
between the disease locus and marker loci. Haplotype studies were
performed at each possible disease locus and the most likely hap-
lotype was inferred by minimizing the number of crossover events
in the sibship. Homozygosity mapping based on genetic analysis
of the inbred family relies on the finding that, in an affected child
born to consanguineous parents, the region spanning the disease
locus is homozygote by descent (Lander and Botstein 1987). Ho-
mozygosity depends on (1) the distance between the marker and
the disease locus, (2) the degree of inbreeding, (3) the mutant gene
frequency and (4) the allele frequency for each locus tested.

When the two affected children were homozygous and hap-
loidentical at polymorphic loci flanking a putative disease gene,
the corresponding genomic DNA was sequenced in the proband by
using the Big Dye terminator cycle sequencing kit (ABI Prism).
Total RNAs were extracted from cultured skin fibroblasts by using
the Rnasin Kit (Quiagen) and reverse-transcribed with random
hexamers (GenAmp RNA PCR core kit, Perkin-Elmer). The reverse
transcription/polymerase chain reaction (RT-PCR) amplification
of the NDUFS4 cDNA was carried out with forward (5’-AGTG-
TTTGCCTGCAGCAAG-3’) and reverse (5’-CATCAAAGGAT-
TTTCCCATCGC-3’) primers.

Results

Enzyme investigations on skeletal muscle and liver ho-
mogenate revealed a severe complex I deficiency in pa-
tient II-4 accompagnied by increased activity of most re-
spiratory chain complexes, especially in skeletal muscle,
suggestive of a mitochondrial accumulation (Table 1). Mi-
crosatellite DNA markers flanking NDUFS7 (pairwise lod-
score Z=—1.24 at a recombination fraction 6=0.05 at the
D19S886 locus), NDUFSS-NDUFV1 (Z=—1.7 at 6=0.05
at the D11S4139 locus) and NDUFS1 (Z=—o at 6=0 at the

Table1 Respiratory chain en-
zyme activities in skeletal mus-
cle and liver homogenate of

Enzyme

Muscle Liver

patient I1-4 and in controls. Patient II-4  Controls Patient II-4  Controls
Abnormal values are in bold. (n=51) (n=51)
In the liver, the activity of Activiti Vmi .
oligomycin-sensitive ATPase ctivities (nmol/min per mg protein)
(complex V) was found to be NADH quinone reductase 8 10-23 11 15-28
low compared with that of cy-  Succinate quinone dichlorophenol 64 21-44 168 111-167
tochrome ¢ oxidase, a frequent indophenol reductase
feature in frozen samples Decylubiquinone cytochrome ¢ reductase 690 248-453 437 289-453
Cytochrome ¢ oxidase 303 85-214 340 125-231
ATPase - - 72 61-105
Activity ratios
Cytochrome ¢ oxidase/NADH quinone 48.2 9.2+1.2 31.5 8.613.1
reductase
Cytochrome ¢ oxidase/succinate quinone 4.7 5.310.2 2 1.5t.4
dichlorophenol indophenol reductase
Cytochrome ¢ oxidase/decylubiquinone 0.4 0.5+0.1 0.8 0.6x.1
cytochrome c reductase
Cytochrome ¢ oxidase/ATPase - - 4.7 2.2t4
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D2S2358 locus) genes allowed us to exclude these genes,
based on heterozygosity of II-2 and II-4 at these loci (not
shown). By contrast, the two patients were homozygous
for polymorphic markers flanking the NDUFS4 gene on
chromosome 5 (Z max=2.1 at 6=0 at the D5S2087 locus),
whereas their parents and their unaffected sibs were het-
erozygous at these loci (Fig. 1). Sequencing genomic DNA
of the affected sibs revealed a homozygous splice acceptor
site mutation of intron 1 of the NDUFS4 gene (IVSInt -1,
G—A), whereas the carrier parents were heterozygous for
this mutation. RT-PCR analysis of cultured skin fibroblasts
of patient II-2 detected a shorter NDUFS4 cDNA (279 bp)
compared with that of the control (358 bp) and sequencing
this amplification product disclosed a 76-bp deletion cor-
responding to the complete skipping of exon 2. This splic-

ing mutation resulted in a shortened RNA transcript en-
coding a predicted truncated protein of only 39 amino acids
(controls: 175 amino acids), containing an altered mito-
chondrial targeting sequence and missing the cleavage
site required for the proper maturation of the preprotein
(Fig. 2).This mutation was not found in chorion villi of the
ongoing pregnancy as the fetus II-6 was found to have in-
herited the two wild-type alleles at the NDUFS4 locus.

Discussion

Taking advantage of consanguinity, we first excluded the
NDUFSI1, NDUFVI, NDUFS7 and NDUFSS genes but
not the NDUFS4 gene in an inbred family requesting pre-

Table 2 Mutations in nuclear DNA associated with complex I deficiencies

Gene Mutations Clinical presentation Chromosome References
localisation
NDUFVI1 R59X/T423 M Encephalomyopathy 11q13 Schuelke et al. (1999)
A341V/A341V Leukodystrophy and myoclonic - Schuelke et al. (1999)
epilepsy
E214 K/IVS8nt+4 Leigh syndrome - Bénit et al. (2001)
A432P/del nt 989-990 Leigh syndrome - Bénit et al. (2001)
Y204C/C206G Leigh syndrome - Bénit et al. (2001)
NDUFS1 D252G/del codon 222 Leukodystrophy 2q33-34 Bénit et al. (2001)
R241 W/R557X Leigh syndrome - Bénit et al. (2001)
M?707 V/large scale deletion ~ Leigh syndrome - Bénit et al. (2001)
NDUFS2 R228Q/228 Hypertrophic cardiomyopathy 1923 Loeffen et al. (2001)
and encephalomyopathy
P229Q/P229Q Hypertrophic cardiomyopathy - Loeffen et al. (2001)
and encephalomyopathy
S413P/S413P Hypertrophic cardiomyopathy - Loeffen et al. (2001)
and encephalomyopathy
NDUFS$4 Homozygous 5 bp Leigh syndrome 5ql1 van den Heuvel et al.
duplication (1998)
WIo6X/WI6X Leigh-like syndrome - Petruzzella et al.
(2001)
R316X/R316X Leigh-like syndrome - Budde et al. (2000)
NDUFS7 V122 M/V122 M Leigh syndrome 19p13 Tripels et al. (1999)
NDUFS8 P79L/R102H Leigh syndrome 11q13 Loeffen et al. (1998)
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natal diagnosis for Leigh disease and complex] defi-
ciency. We found an hitherto unreported NDUFS4 splic-
ing mutation of intron 1 (IVS1nt —1) causing the complete
skipping of exon 2 in the NDUFS4 mRNA. This splicing
mutation resulted in a shortened RNA transcript encoding
a predicted truncated protein of only 39 amino acids, con-
taining an altered mitochondrial targeting sequence and
missing the cleavage site required for the proper matura-
tion of the preprotein (Fig.2). Based on this finding, we
were able to carry out a rapid prenatal diagnosis for the
next pregnancy.

Over the years, the genetic heterogeneity of clinically
homogeneous conditions has become a major issue of med-
ical genetics, particularly for prenatal diagnosis and ge-
netic counselling of inherited diseases. On the other hand,
most of the disease genes have been (or are being) mapped
and identified. For this reason, the systematic sequencing
of all putative disease genes in inbred families may not be
mandatory, as studying the segregation of informative mi-
crosatellite DNA markers flanking the disease loci should
help to exclude several genes, i.e. by focusing mutation
search on loci of haploidentity and/or shared homozygosity
in affected individuals. Similarly, haploidentity of healthy
and affected individuals and/or divergences between af-
fected individuals at a given locus allow(s) a particular lo-
cus to be rapidly excluded. Based on this approach, the
number of disease genes to be sequenced should be
markedly reduced. Because of the small size of each sin-
gle inbred family, it should be borne in mind, however,
that one expects exclusions and indications of consistence
rather than significant linkage at putative disease loci.

Finally, this approach may prove particularly reward-
ing in cases of major genetic heterogeneity, such as in
Leigh disease where at least six complex I nuclear genes
and two mitochondrially encoded complex I subunits may
be involved. The first mutation identified in a nuclear en-
coded complexI gene was a 5-bp NDUFS4 duplication
found in a patient with Leigh-like syndrome (van den
Heuvel et al. 1998). Other NDUF S4 mutations have been
subsequently reported in patients with Leigh disease or
Leigh-like presentation (Table 2). The systematic study of
nuclear encoded subunits has detected disease-causing
mutations in several other genes in cases of complex I de-
ficient Leigh syndrome (NDUFSI, NDUFVI, NDUFS7,
NDUFS8) and in cardiomyopathy (NDUFS2; Table 2).

In conclusion, because of the increasing genetic com-
plexity of inherited diseases and the cost of screening pro-
cedures requested for genetic counselling and prenatal di-
agnoses, we suggest giving consideration to a more sys-
tematic genetic analyses of putative disease loci in inbred
families with genetically heterogeneous conditions.
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