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Abstract
The genetic causes of Leigh syndrome are heterogeneous, with a poor genotype–phenotype correlation. To date, more than
50 nuclear genes cause nuclear gene-encoded Leigh syndrome. NDUFS6 encodes a 13 kiloDaltons subunit, which is part of
the peripheral arm of complex I and is localized in the iron-sulfur fraction. Only a few patients were reported with proven
NDUFS6 pathogenic variants and all presented with severe neonatal lactic acidemia and complex I deficiency, leading to
death in the first days of life. Here, we present a patient harboring two NDUFS6 variants with a phenotype compatible with
Leigh syndrome. Although most of previous reports suggested that NDUFS6 pathogenic variants invariably lead to early
neonatal death, this report shows that the clinical spectrum could be larger. We found a severe decrease of NDUFS6 protein
level in patient’s fibroblasts associated with a complex I assembly defect in patient’s muscle and fibroblasts. These data
confirm the importance of NDUFS6 and the Zn-finger domain for a correct assembly of complex I.

Introduction

Mitochondrial complex I in mammals is composed of
45 subunits encoded by both the mitochondrial and nuclear
genomes [1]. Mature mitochondrial complex I is associated
with respiratory complexes III and IV to form respiratory
chain supercomplexes [2–4]. The NDUFS6 gene encodes a
13 KDa subunit, which is part of the peripheral arm and is
localized in the iron-sulfur fraction of the complex I.

Complex I deficiency is associated with a wide range of
clinical presentations, including marked and often fatal
lactic acidosis, cardiomyopathy, leukoencephalopathy, pure
myopathy, and hepatopathy with tubulopathy [5]. Complex

I deficiency is the most frequently observed abnormality
and accounts for ~30% of the cases of Leigh syndrome [6].

The symptoms of Leigh syndrome are highly variable,
but usually include psychomotor arrest or regression,
hypotonia, dystonia, seizures, ocular movements, and
respiratory failure. Onset is typically between 3 and
12 months; about 50% of affected individuals die by 3 years
of age. Biochemically, elevated lactate levels in the blood
and cerebral spinal fluid are frequently encountered. The
genetic causes of Leigh syndrome are heterogeneous, with a
poor genotype–phenotype correlation. To date, >50 nuclear
genes cause nuclear gene-encoded Leigh syndrome [7].
Diagnostic rates have improved considerably following the
adoption of next-generation sequencing (NGS) technolo-
gies, but are still far from perfect. Even using whole-exome
sequencing, around 50% of cases remain without molecular
diagnosis [8]. To improve this rate, novel approaches using
phenomic annotation have been described, highlighting the
challenges associated with integrating phenomic technolo-
gies into clinical practice [9]. Moreover, Ogawa et al. [8]
demontrasted the importance of combining multiple meth-
ods of diagnosing Leigh/Leigh-like patients. Combining
genetic analysis and enzyme assay, mitochondrial respira-
tory chain defect were confirmed in 82% of cases.

To date, only a few patients were reported with
NDUFS6 pathogenic variants. Most of them presented
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with severe neonatal lactic acidemia and complex I defi-
ciency leading to death in the first days of life [10–13]
(Table 1). Recently, Ogawa et al. [8] reported a patient
with Leigh syndrome who harbored two novel NDUFS6
variants, c.309+ 5 G > A and c.343 T > C (p.Cys115Arg).
However, they did not report any detailed clinical infor-
mation and the pathogenicity of both variants was not
functionally proven. Here, we provide a clinical and
molecular description of another patient, bearing the same
NDUFS6 variants and presenting with a phenotype com-
patible with Leigh syndrome. We show that the two var-
iants lead to a disassembly of complex I in patient’s
muscle and fibroblasts and explain why those patients
exhibit a relatively milder phenotype.

Materials and methods

Case report

The proband was born at term following uneventful preg-
nancy of healthy unrelated parents of French origin. He had
one healthy older sister. After birth, he presented a con-
genital torticollis, edema of the eyelid during 15 days, and
feeding difficulties with significant gastroesophageal reflux.
Head control was acquired at 4 months. A bilateral diver-
gent strabismus and nystagmus were then observed, without
anomaly associated at ophthalmological examination. Brain
MRI (magnetic resonance imaging) performed at 5 months
of age was normal (Fig. 1a, b). At 6 months, neurological
examination showed a central hypotonia with axial hypo-
tonia and peripheral hypertonia and a poor maintenance of
eye contact. At 7 months, he exhibited a sudden neurolo-
gical deterioration, during a viral infection with, progres-
sively over a few days, many episodes of unconsciousness
with severe hypotonia and respiratory disorders, evolving to
a coma with hypoventilation, requiring endotracheal intu-
bation, and persistent high blood pressure. After correction
of the respiratory acidosis, the biological analyses showed a
lactic acidosis with hyperlactatemia (4.73 mmol/L, n: 0.6–
2.2 mmol/L), elevated lactate/pyruvate ratio (27, n < 10) and
hyperlactatorachia (2.77 mmol/L, n: 1.2–2 mmol/L). Brain
MRI showed symmetric lesions of corticospinal tracts into
the medulla (bulbo–protuberantial junction) with hyper-
intensity T2-weighted images (Fig. 1c, d) and hypointensity
T1 (Fig. 1e) and mild hyperintensity T2 of globi pallidi
(Fig. 1f).

Patient derived fibroblasts were examined for the activity
of the respiratory chain enzymes by spectrophotometric
analysis, which did not show any defect (Fig. 3a), while
spectrophotometric analysis of patient’s muscle revealed a
defect in complexes II and IV activities compared to con-
trols (Fig. 3b).

His evolution was afterwards slowly favorable. He was
able to play with toys and to hold his head but axial
hypotonia and peripheral hypertonia persisted with occur-
rence of a bilateral ophtalmoplegia. At 11 months, a new
sudden neurological deterioration occurred leading to his
death.

Custom targeted panel analysis

Informed consent for diagnostic and research studies was
obtained from proband’s parents in accordance with the
Declaration of Helsinki protocols. We designed a custom
panel of genomic regions corresponding to 281 genes,
known in 2016 to be involved in mitochondrial disorders.
Sequencing and filtering were performed as described
before [14]. In short, we designed RNA probes to capture
the transcribed sequences of genes with Agilent SureSelect
kit (Agilent, Santa Clara, California, USA). Ion PI chips V3
were sequenced on the Ion Proton, using Ion PI Hi-Q
sequencing kit (Thermo Fisher, Foster City, CA, USA). The
sequences were mapped to the hg19 reference genome and
variant calling was then performed using variant caller
version 5.0.4.0. Common variants were filtered out based on
frequency of < 1% in the 1000 genomes project or in the
5000 exomes european-american (NHLBI ESP). We
focused on predicted missense, frame-shift, stop-gain or
stop-loss, and splice-site variants. Variants identified by
NGS were validated by Sanger sequencing.

NDUFS6 Sanger sequencing

Amplicons were amplified by using standard PCR condi-
tions with 5′-GGTGGAGACTCGGGTGATAG-3′ forward
primer and 5′-CGGGAGCAGGTAGAGAAGAG-3′
reverse primer for exon 3, and 5′-GAGATCGACAGTCTG
CATTCT-3′ forward primer and 5′-CACAGAACCA
GCGAGCTTC-3′ reverse primer for exon 4. PCR products
were purified with Illustra ExoProStar enzyme (GE
Healthcare, Little Chalfont, England), processed with a
BigDye® Terminator Cycle Sequencing kit (Thermo Fisher,
Foster City, CA, USA) and analyzed on an ABI3130XL
automated sequencer (Thermo Fisher).

Reverse transcription PCR (RT-PCR) analysis

Total RNAs were extracted by using the Trizol reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. Complementary DNA (cDNA) synthesis was
performed using the Kit Transcriptor first strand cDNA
Synthesis (Roche Diagnostics, Mannheim, Germany) and
was followed by PCR amplification using 5′-AAAGGCC
AGCGGCGCAAA-3′ forward primer and 5′-ACACCC
TTTATTCAGCACCAG -3′ reverse primer.
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Sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE), blue native
polyacrylamide gel electrophoresis (BN-PAGE)

SDS-PAGE using a 12% SDS gel and BN-PAGE using a 4–
13% acrylamide gradient gel were performed as previously
described [15].

The following primary antibodies were used: NDUFS6
(Abcam, Cambridge, UK; ab195807), NDUFA13/

GRIM19 and NDUFB6 for complex I (Abcam; ab110240
and ab110244, respectively), SDHA for complex II
(Abcam; ab14715), UQCRC2 for complex III (Abcam;
ab14745), MTCO1 for complex IV (Abcam; ab14705),
ATPB for complex V (Abcam; ab14730), a cocktail of
anti-human total OXPHOS complex antibodies (Mitos-
ciences, Eugene, Oregon, USA), and GRIM19 subunit of
complex I, SDHA subunit of complex II,
UQCRC2 subunit of complex III, MTCO1 subunit of

Fig. 1 Brain magnetic resonance
imaging. Normal brain MRI
performed at 5 months of age (a,
b). At 7 months of age,
symmetric lesions of
corticospinal tracts into medulla
(bulbo–protuberantial junction)
with hyperintensity T2-weighted
images (c, d), hypointensity T1
(e) and mild hyperintensity T2
of globi pallidi (f). Lesions are
shown with arrows
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complex IV and ATP5A subunit of complex V (Mitos-
ciences) for BN-PAGE analysis.

OXPHOS spectrophotometric measurements

Enzymatic spectrophotometric measurements of the
OXPHOS (oxidative phosphorylation) respiratory chain
complexes and citrate synthase were performed at 37 °C on
patient’s muscle according to standard procedures using a
spectrophotometer Cary50 (Varian) [16]. Proteins were
measured according to Bradford microassay [17].

Results

Identification of two NDUFS6 variants

A pathogenic variant of mitochondrial DNA was first ruled
out by NGS sequencing from muscle sample (Table sup
data). Then, sequencing of a panel of 281 nuclear genes
involved in mitochondrial disorders led to the identification
of two variants of the NDUFS6 gene: c.343 T > C (p.
Cys115Arg) and c.309+ 5 G > A. Both variants were pre-
viously identified in a patient presenting with Leigh syn-
drome [8]. However, their pathogenic effect was not
functionally proven. The c.343 T > C was inherited from the
father while the c.309+ 5 G >A was inherited from the
mother confirming that our proband is compound hetero-
zygous for both variants (Fig. 2a, b). The c.343 T > C
substitution changes a highly conserved cysteine (Cys) into
an arginine (Arg) at amino acid position 115 (Fig. 2c). A
pathogenic substitution was previously described at this
position changing the cysteine into a tyrosine instead [10].
The c.343 T > C variant was not found in the Genome
Aggregation Database (GnomAD) (http://gnomad.broa
dinstitute.org
/) and was predicted to be “disease causing” based upon in
silico analysis with SIFT (http://sift.jcvi.org/), PolyPhen2
(http://genetics.bwh.harvard.edu/pph2/), and Mutation
Taster (http://www.mutationtaster.org/).

Cryo-EM structure of human respiratory complex I
matrix arm (PDB code: 5XTB) was used to analyze the
functional impact of the p.Cys115Arg variant. The cysteine
residue at position 115 is part of the Zn-binding site needed
for assembly and stability of complex I. The p.Cys115Arg
substitution is predicted to alter the interactions necessary
for proper complex I assembly and function (Fig. 2d).

The c.309+ 5 G > A variant changes a highly conserved
nucleotide closed to the canonical splice donor site in intron
3. This base substitution was reported only once in Gno-
mAD. It was predicted to drastically decrease the intrinsic
strength of the exon 3 donor splice-site by using the splice-
site prediction algorithm Human Splicing Finder

(http://www.umd.be/HSF/). The Sanger sequencing of the
entire NDUFS6 cDNA with a forward primer in exon 1 and
a reverse primer in the last exon (exon 4) showed an
aberrantly spliced mRNA, missing exon 3, in the patient
compared with the control (Fig. 2e). We also checked if the
c.309+ 5 G > A variant could leave some amount of nor-
mally spliced product. We sequenced the cDNA of our
patient using a forward primer 5′-GTATATAAACT
TGGACAAAGAAACA-3′, spanning the exon 3/exon 4
boundary, and a reverse primer in exon 4, 5′-CCCT
TTATTCAGCACCAGGA-3′. We observed the variant
c.343 C but also, in a smaller proportion, the wild-type
allele c.343 T (Fig. 2f). This result suggests that a small
proportion of mRNA is normally spliced and allows a
certain proportion of normal NDUFS6 protein to be trans-
lated and in fine a normally functioning complex I.

NDUFS6 variants lead to decrease of NDUFS6 level
and complex I assembly defect

In patient’s fibroblasts, we observed a clear decrease of
NDUFS6 level compared with the control by western-blot
analysis confirming the impact of both variants on the
NDUFS6 expression (Fig. 3c).

BN-PAGE analysis, with the GRIM19/NDUFA13 anti-
body, showed an assembly defect of complex I in fibro-
blasts (Fig. 3d) and in muscle (Fig. 3e). However, in
fibroblasts, we observed a small amount of fully assembled
complex I. We also performed BN-PAGE analysis, with
another antibody against NDUFB6 subunit, which con-
firmed the loss of fully assembled complex I in the patient’s
muscle compared with control (Fig. 3e). No assembly
intermediates could be observed.

Discussion

Spiegel and Kirby have first described children with
pathogenic variants in the NDUFS6 gene [10, 11]. All of
them died in the first month of life. Later, other patients
with lethal infantile mitochondrial disease were reported
[13, 18] (Table 1). Those patients harbored frame-shift
NDUFS6 variants. Only one patient, with an apparently
progressive course of the disease and muscular hypotonia,
was reported [12]. This patient harbored a homozygous
nonsense mutation. More recently, Ogawa et al. [8] reported
a study of 106 Japanese patients with Leigh syndrome,
including one patient who harbored both c.309+ 5G>A and
c.343T>C (p.Cys115Arg) NDUFS6 variants. However, we
had no detailed clinical information about this patient and
the pathogenicity of both variants was not functionally
proven. Herein, we gave a full clinical description of one
more patient presenting with Leigh syndrome and harboring
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c.343T>C, p.Cys115Arg/+c.309+5G>A/+

c.309+5G>A / c.343T>C, p.Cys115Arg

c.309+5G>A

c.343T>C

A B

C

E

F

I

II

1 2

1 2

E3 GTGCG AGAG

+5G>A

E4E2E1 GTAG

E3E2E1 E4

E2E1 E4

G T C A G A A A G A G G T G A A T G A A A A C T 

G T C A G A A A G A G G A C A A A G A A A C C A

* WT sequence

Exon 4
** Mutated sequence

Exon 3Exon 2

343T>C

c.343T>C

E3E2E1 E4

343T>C

Cys 115

NDUFS6 (Zinc finger domain)

FMN
NADP

ISC

D

Fig. 2 Identification of NDUFS6 variants. a Pedigree of the proband
(II-2). b Sanger sequencing showing c.309+ 5 G >A (upper panel)
and c.343 T > C (lower panel) variants in the proband. c Interspecies
amino acid comparison showing that the cysteine (c) at position 115 is
highly conserved (red box). d Cryo-EM structure of human respiratory
complex I matrix arm (PDB code: 5XTB), ISC: iron–sulfur clusters.
The NDUFS6 protein (blue) and the residue Cys 115 (red) are indi-
cated. e RT-PCR and sequencing analysis for the c.309+ 5 G > A
variant. The genomic DNA segment tested is shown schematically
above the panel. E1 to E4 represent exons of the NDUFS6 gene. On

the left, agarose gel loaded with RT-PCR products from control (C)
and proband (P) using forward primer in exon 1 and reverse primer in
exon 4. The sequence chromatograms of the two bands from the
proband’s RT-PCR products are shown (*wild type allele, **mutated
allele). Splicing patterns are shown schematically alongside the right-
hand margin of the sequences. M, molecular weight marker; P, patient;
C, control subject; (-): negative PCR control. f RT-PCR and sequen-
cing analysis using a forward primer spanning the exon 3/exon 4
boundary, and a reverse primer in exon 4
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both c.309+ 5G>A and c.343T>C (p.Cys115Arg)
NDUFS6 variants. This presentation is milder than the
neonatal lethal forms previously reported, yet it is clearly
associated with serious neurological manifestations and a
grave prognosis. Moreover, although the neuropathology of
a previously reported proband could be suggestive of Leigh
syndrome with prominent congestion of the basal ganglia,
thalamus, and periventricular tissue of the brainstem, the
lesions were also compatible with severe hypoxia and
typical lesions of Leigh disease such as vascular prolifera-
tion, loosening of the neuropil, and preservation of neurons
were not observed [19]. In our proband, the first clinical
signs appeared during the second month of life and both
clinical evolution and brain MRI were compatible with
Leigh syndrome. Interestingly, brain MRI exhibited pro-
minent bulbo–protuberantial junction lesions in correlation
with the clinical signs of brainstem dysfunction observed,
and basal ganglia involvement was less prominent than
classically observed in Leigh syndrome. Our report under-
lines the neurological phenotype caused by NDUFS6 while
confirming Leigh syndrome to be part of its spectrum.

We have strong arguments for the pathogenicity of both
identified NDUFS6 variants. The c.309+ 5G>A variant
induces an abnormal splicing between exons 2 and 4,
leading to exon 3 skipping. Concerning the c.343T>C (p.
Cys115Arg) variant, its highly conservation, in silico

predictions and its localization are clearly in favor of its
pathogenicity. NDUFS6 is part of the zf-CHCC domain
(location :82→ 119) and has a C-terminal CX8–9HX14–

15CX2C zinc finger motif. This motif has been shown to be
essential for zinc binding in NUMM, the Y. lipolytica
ortholog of NDUFS6 [20]. The integrity of the Zn-binding
site is needed for proper assembly and stability of complex
I. The single Zn(II) ion is coordinated by three cysteine
residues, including Cys 128 which corresponds to human
NDUFS6 Cys 115, and one histidine. The Zn is in close
vicinity of two Fe-S clusters. Interestingly, it has been
shown that cluster N4 is missing from complex I in mutant
C128A [20]. In human, mutations leading to the exchange
of one of the three conserved cysteine residues were shown
to cause fatal diseases [10, 11]. So we can assume that, as
for Cys 128 in the Y. lipolytica ortholog, Cys 115 in the
human NDUFS6 protein could be essential for stable
insertion of Fe-S cluster N4 and thus for proper complex I
assembly and function. Our results support this hypothesis
by showing complex I disassembly in the patient’s muscle
and fibroblasts.

Surprisingly, differing from the previous reported
NDUFS6 defects, in the patient’s fibroblasts, we did not
observed any defect, while spectrophotometric analysis of
patient’s muscle revealed combined OXPHOS defect that
included complex II and IV. Most of previous reported
patients had isolated complex I deficiency [10, 11] and one
patient had a combined complex I and IV deficiency [8].
Multiple deficiencies of OXPHOS complexes have been
described before in patients with Leigh syndrome and
mutations in complex I subunits genes. Complex III was
mostly involved but decrease of complex II, complex IV
and complex I+ III and II+ III activities were also
observed [8, 21–25]. Complex IV deficiency could be
explained by the interaction between complex I and com-
plexes III and IV to form supercomplexes. Indeed, the lack
of complex I has been shown to lead to a decrease of the I/
III2 and I/III/IVn supercomplexes [2, 25–27]. However,
complex II is the only enzyme of the respiratory chain,
which does not associate with the other respiratory com-
plexes and complex II deficiency could not be explained by
supercomplexes destabilization. As we observed this com-
bined defect only in the muscle, it could correspond to a
secondary mitochondrial dysfunction, not directly linked to
the complex I assembly defect, but caused by additional
factors including damage induced by the environment or
somatic mutations in modifier genes, which can either
exacerbate or compensate for the primary mutation. Indeed,
there is a fine line between primary and secondary dys-
function, with a significant overlap, and many articles
underlined the difficulty to distinguish primary and sec-
ondary mitochondrial dysfunction [28]. Furthermore, even
similar missense variants in one and the same complex I

Fig. 3 OXPHOS, BN-PAGE, and western-blot analysis in muscle and
fibroblasts of the patient. a, b Mitochondrial respiratory enzyme
activities in fibroblasts (a) and in muscle (b) from patient and controls.
The decreased values are in bold. c Western blot performed with a
NDUFS6 antibody in fibroblasts from patient (P) and control indivi-
dual (C). GAPDH and Hsp60 were used as loading controls. d, e BN-
PAGE performed in fibroblasts (d) and in muscle (e) from patient (P)
and control individual (C)
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subunit have been shown to differentially affect complex I
assembly and lead to a spectrum of deficiency rather than an
identical cellular phenotype [25].

The deleterious effect on complex I is demonstrated by
BN-PAGE analysis showing an assembly defect, like pre-
viously described by Kirby et al. [11], in two patients har-
boring a large homozygous deletion and a homozygous
splicing variant, leading to the loss of the NDUFS6 protein.
However, in our proband, we observed a residual amount of
NDUFS6 protein by western-blot and a small proportion of
fully assembled complex I by BN-PAGE in fibroblasts.
Furthermore, given that both patients with Leigh syndrome
harbored the same c.309+ 5 G >A variant, we checked if
the milder clinical phenotype observed, could be explained
by a residual amount of normally spliced mRNA. We
sequenced the normally spliced mRNA using a primer
spanning the exon 3/exon 4 boundary and we could observe
the mutated c.343 C variant, located in exon 4, but also, in a
smaller proportion, the wild type allele c.343T. In accor-
dance with the western-blot and BN-PAGE results, it sug-
gests that a small proportion of mRNA is normally spliced
and allows a normally functioning complex I in basal
conditions.

Moreover, Ogawa et al. [8] described that inconsistencies
between materials have been frequently observed in nuclear
DNA mutated cases and relatively high numbers of enzyme
assays return negative results in genetically verified cases of
Leigh or Leigh-like syndrome [27]. All together, these
reports highlight that biochemical defects can be misleading
and imply that a normal result in muscle and/or fibroblast
cell line does not exclude the possibility of a primary
mitochondrial disorder. Our report also highlights the
interest of BN-PAGE analysis in diagnosis to help in gen-
otype/phenotype correlation.

In conclusion, this report expands the clinical spectrum
associated with NDUFS6 pathogenic variants, highlight the
difficulty to establish phenotype–genotype correlation and
the importance of functional tests. Finally, these data con-
firm that the presence of NDUFS6 and the integrity of the
Zn-finger domain are essential for correct assembling of
complex I.
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