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Abstract

Leigh syndrome is a genetically heterogeneous disorder resulting from deficient oxidative energy 

biogenesis. The syndrome is characterized by subacute episodic decompensations, transiently 

elevated lactate, and necrotizing brain lesions most often in the striatum and brainstem. Acute 

decompensation is often triggered by viral infections. Sequalae from repeated episodes leads to 

progressive neurological deterioration and death. The severity of Leigh syndrome varies widely, 

from a rapid demise in childhood to rare adult presentations. Although the causes of Leigh 

syndrome include genes affecting a variety of different pathways, more than 75 of them are 

nuclear or mitochondrial encoded genes involved in the assembly and catalytic activity of 

mitochondrial respiratory complex I.

Here we report the detailed clinical and molecular phenotype of two adults with mild presentations 

of NDUFS3 and NDUFAF6-related Leigh Syndrome. Mitochondrial assays revealed slightly 

reduced complex I activity in one proband and normal complex I activity in the other. The proband 

with NDUFS3-related Leigh syndrome was mildly affected and lived into adulthood with novel 

biallelic variants causing aberrant mRNA splicing (NM_004551.2:c.419G > A; p.Arg140Gln; 

NM_004551.2:c.381 + 6 T > C). The proband with NDUFAF6-related Leigh syndrome had 

biallelic variants that cause defects in mRNA splicing (NM_152416.3:c.371 T > C; p.Ile124Thr; 

NM_152416.3:c.420 + 2_420 + 3insTA). The mild phenotypes of these two individuals may be 

attributed to some residual production of normal NDUFS3 and NDUFAF6 proteins by NDUFS3 
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and NDUFAF6 mRNA isoforms alongside mutant transcripts. Taken together, these cases reported 

herein suggest that splice-regulatory variants to complex I proteins could result in milder 

phenotypes.
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1. Introduction

Leigh syndrome (LS), with an incidence of 1 per 40,000 live births, is one of the most 

common presentations of mitochondrial diseases [1]. A genetically heterogeneous disorder, 

LS can result from monogenic mutations in one of more than 75 nuclear or mitochondrial 

genes [2]. These mutations alter proteins that either form subunits of mitochondrial 

respiratory complexes or assist in their assembly and regulation, causing defects in the 

oxidative phosphorylation pathway and thereby inhibiting cellular ATP production [3]. 

NADH/ubiquinone oxidoreductase, the first mitochondrial respiration complex in the 

electron transport chain, transfers electrons from NADH to ubiquinone. NDUFS3, which 

denotes NADH/ubiquinone oxidoreductase core subunit 3, catalyzes the in vivo assembly of 

complex I in the mitochondrial matrix and provides it with the capacity to act as a 

hydrogenase [4]. NDUFAF6, or NADH/ubiquinone complex I assembly factor 6, also plays 

a role in the early assembly of complex I by regulating the biogenesis of mitochondrial 

subunit ND1 [5].

The clinical presentation of LS varies with each patient’s nuclear DNA or mitochondrial 

DNA (mtDNA) mutation(s). Chief diagnostic indicators of LS include bilateral striatal 

necrosis revealed by high T2 signal intensities cerebral MRI [1]. Symmetrical lesions in the 

brain-stem are also common. Additional supporting evidence for LS diagnosis includes 

decreased mitochondrial respiratory complex assembly and activity, as well as raised lactate 

concentration in the blood or cerebrospinal fluid. Patients can be diagnosed with Leigh-like 

syndrome if they also present with peripheral neurological symptoms or non-neurological 

manifestations, such as diabetes or abnormalities in the cardiovascular, renal, or 

gastrointestinal systems. Clinically, LS often presents in infancy with episodic 

decompensations, frequently triggered by acute viral infections, with symptoms such as poor 

sucking, loss of motor skills, dystonia, ataxia, abnormal eye movements, and peripheral 

neuropathy. As LS progresses, psychomotor regression and neurological deficits worsen and 

patients may succumb to respiratory or cardiac failure. Prognoses for LS patients are usually 

poor, and most patients do not live past mid-childhood or adolescence. Adult presentations 

of LS occur rarely [2].

A very small subset of LS patients present with relatively mild symptoms, manifesting some 

symptoms in childhood and survive into adulthood. Per the most recent review of long 

survival in complex IV-related LS, a total of eighteen patients with mutations in SURF1, an 

important gene in complex IV assembly, that presented in childhood have lived past age 

fourteen [6]. Recently, one adult-onset LS patient with a mutation in MT-ND3 (m.10197 G > 
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A) recovered on treatment with coenzyme Q10 [7]. Long survival in childhood-onset LS has 

also been described in singular reports of patients with mutations to NDUFAF5 (33 years), 

MT-ND3 (20 years), and MT-ATP6 (58 years) [8,9]. Long survival in complex-I related LS 

is also poorly documented. Patients with mild symptoms are often prime candidates for 

missed diagnoses in the absence of strong radiological or biochemical findings. As a result, a 

recent review identified only two patients that have lived past the age of twenty following 

childhood-onset of complex-I related LS in a cohort of 130 [8].

Herein, we present the detailed phenotype of two adult LS probands with mild and 

monophasic/oligophasic presentations caused by splicing variants in NDUFS3 and 

NDUFAF6.

2. Materials and methods

The probands were admitted to the National Institutes of Health Clinical Center (NIH-CC) 

and enrolled in protocol 76-HG-0238, “Diagnosis and Treatment of Patients with Inborn 

Errors of Metabolism or Other Genetic Disorders,” approved by the National Human 

Genome Research Institute’s Institutional Review Board. After the parent gave written 

informed consent for proband A and proband B gave assent, the probands underwent a 5-day 

clinical evaluation.

2.1. Molecular analysis

DNA was extracted from peripheral whole blood samples and exome libraries were prepared 

using the Agilent SureSelect v5 PostCap or Nimblegen v3 protocols [10]. Exome 

sequencing was completed with the Illumina HiSeq2000 platform resulting in raw sequence 

FASTQs. Alignment to the human reference assembly hg19, variant calling, and joint 

genotyping were performed using the Illumina DRAGEN BioeIT Platform (v2.6). The VCF 

file was annotated using the Variant Effect Predictor (VEP v95) [6] and vcfanno (v0.2.9) [7], 

and Gemini (v0.20.1) [8] was used to query variants of interest. Each recessive variant was 

filtered for gnomAD population frequency < 1% and a gnomAD homozygote count fewer 

than 10. Variants in genes with known disease associations in Online Mendelian Inheritance 

in Man (OMIM) database (including NDUFAF6) were prioritized [9]. Sanger sequencing 

was performed to confirm the segregation of identified variants.

2.2. Cell culture

Primary dermal fibroblast cells were cultured from proband skin biopsies. Unaffected sex-

matched primary dermal fibroblast cell lines GM23972 (Control A) and GM08398 (Control 

B) (Coriell Institute for Medical Research, Camden, NJ) were used as controls. Control A 

fibroblasts were submitted to a research study as a normal control with clinically normal 

brain MRI scans, neurological exam, and neuropsychological testing. Control B fibroblasts 

were sampled from the inguinal area and described as an “apparently healthy collection.” 

Fibroblasts were cultured at 37 °C with 5% CO2 in standard growth media: 90% DMEM – 

Dulbecco’s Modified Eagle Medium (11,995, Gibco/Thermofisher), 10% FBS – Fetal 

Bovine Serum (100–500, GeminiBio), and 1× PenStrep Glutamine (10,378,016, Gibco/

Thermofisher). Fibroblasts were cultured until 70–80% confluency.
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2.3. RNA extraction and reverse transcription

Adherent cells were collected from T75 flasks through trypsinization using TrypLE 

(A1285901, Gibco/Thermofisher) and homogenized through QIAshredder columns 

(Qiagen). Total RNA was extracted using the RNeasy Mini Kit (74,106, Qiagen) and 

residual genomic DNA was removed using the DNA-free™ DNA Removal Kit (AM1906, 

Thermofisher). Reverse transcription was conducted using High-Capacity RNA-to-cDNA™ 

Kit (4,387,406, ThermoFisher) for using 2 µg RNA per reaction for qPCR analysis.

2.4. qPCR

Quantitative real-time PCR was performed using Taqman specific primers for NDUFS3 
(Hs00190028_m1, Thermofisher), NDUFAF6 (Hs00901868_m1, Thermofisher), and 

RPL13A (Hs04194366_g1). cDNA derived from proband and control fibroblasts was 

amplified using TaqMan universal PCR master mix and analyzed using CFX96 Touch Real-

Time PCR Detection System (C1000, Bio-Rad) for gene expression analysis. Amplification 

conditions followed the Taqman standard curve protocol; results were normalized to 

RPL13A and analyzed using the ΔΔCt method.

2.5. PCR and gel electrophoresis

From proband-derived fibroblasts, mRNA was isolated using the RNeasy Mini Kit (74,106, 

Qiagen) and cDNA was reverse transcribed using the High-Capacity RNA-to-cDNA™ Kit 

(4,387,406, ThermoFisher). A PCR of the proband’s cDNA was run alongside two controls 

following the Platinum PCR Supermix protocol (11306–016, Invitrogen), using the 

following primer sequences: NDUFS3, NM_004551.2: 5’-

ACTGTCAGACCACGGAATGA-3′ (forward) and 3’-GGATGTCCCTCGAAGCCATA-5′ 
(reverse); NDUFAF6, NM_152416.3: 5′- CTGGGGCACTGACCACTACT −3′ (forward) 

and 3’-TGCTTTAGGT GCAAGTGTGC-5′ (reverse). PCR product was electrophoresed on 

a 2% agarose gel using a Bio-Rad PowerPac (1,645,050, Bio-Rad). PCR products or gel-

extracted bands were cloned using the TOPO kit (250,184, Invitrogen) following the 

manufacturer’s protocol, and sequenced using M13 primers.

2.6. Protein extraction

Adherent cells were washed twice with ice-cold PBS Buffer (RGF-3200, KD Medical) and 

scraped into RIPA Buffer (R0278, Sigma) supplemented with Halt Protease Inhibitor 

Cocktail Single Aliquots-Use (100×) (78,425, Thermofisher) for 30 min on ice to collect 

whole cell lysates. Protein lysates were quantified using a BCA assay (23,227, 

Thermofisher).

2.7. Western blot

Control and proband proteins were boiled with NuPAGE™ LDS Sample Buffer (4×) 

(NP0007, Invitrogen) and NuPAGE™ Sample Reducing Agent (10×) (NP0009, Invitrogen) 

for 5 min at 95 °C. The samples were resolved on 4–12% Bris-Tris Gels, 1.5 mm, 10-well 

(NP0335BOX, Invitrogen), transferred to a nitrocellulose (NC) membrane, and incubated 

overnight at 4 °C with the following antibodies: NDUFS3 (ab177471, Abcam) and β-actin 

(ab8226, Abcam). Bands were detected by incubation with IRDye® and VRDye™. 
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Secondary antibodies were imaged on the Odyssey® CLx Infrared Imaging System. 

Densitometry analysis was performed using the Odyssey® imaging system. Experiments 

were performed in triplicate.

2.8. Respiratory chain complex activity

These activity assays were performed by a commercial clinical laboratory (Baylor Genetics). 

Electron transport chain enzymes in cells were assayed at 30 °C in duplicate using a 

temperature-controlled spectrophotometer. The activities of complex I (NADH:Ferricyanide 

dehydrogenase), complex II (succinate dehydrogenase), complex I + III (NADH:cytochrome 

c oxidoreductase), complex II + III (succinate:cytochrome c reductase), and complex IV 

(cytochrome c oxidase) were measured using different electron acceptors/donors. The 

increase or decrease of cytochrome c at 550 nm was measured for complex I + III, complex 

II + III, or complex IV. The activity of complex I was measured by following the oxidation 

of NADH at 340 nm. For complex II, the reduction of 2,6-dichloroindophenol (DCIP) at 600 

nm was measured. Citrate synthesis was used as a marker for mitochondrial content. 

Enzyme activities were normalized against citrate synthase (CS) activity when CS activity 

was greater than one standard deviation above or below the control mean.

3. Results

3.1. Clinical cases

Proband A was born after an uneventful, full-term pregnancy to healthy unrelated African-

American parents (Fig. 1A). At age five, he developed a weeklong episode of ataxia and 

motor deterioration and was admitted for a neurological and metabolic evaluation. Metabolic 

analyses were normal apart from elevated serum lactate of 4.1 mmol/L (normal, < 2.0), 

consistent with metabolic acidosis. Cerebral MRI showed abnormal bilateral T2 signal 

hyperintensities in the medulla and mild vermian atrophy. Genetic analyses for MELAS, 

MERRF, NARP, and mitochondrial deletion analysis were negative. The boy was diagnosed 

with subacute cerebellar ataxia and discharged, making a full recovery. He went on to 

acquire normal motor abilities but had learning difficulties, requiring an individualized 

education program at school. By the age of eighteen, he had spasmodic torticollis with a 6–8 

Hz head tremor and neck pain leading to social withdraw. A neurological evaluation at age 

nineteen indicated torticollis, mild dystonic hand tremor, nystagmus, and mild bradykinesia. 

His sister also had developed episodic neurological deterioration related to infections in 

childhood and was reported to have an abnormal gait. The proband’s cranial MRI revealed a 

small cavitary lesion in the tail of the right caudate nucleus, as well as two punctate foci of 

cavitation and gliosis in the tail of the left caudate nucleus (Fig. 1B). He was referred to the 

Undiagnosed Diseases Program (UDP) at the National Institutes of Health (NIH) for further 

evaluation [11–13]. Comprehensive metabolic screening included electron transport chain 

(ETC) studies in fibroblasts (complex I activity = 66% of control mean) and a lactate and 

amino acid profile in the CSF, which was normal. Exome and mtDNA sequencing were 

performed. Fig. 1, Supplementary Fig. S1, Supplementary Fig. S2, Supplementary Fig. S3 

and Supplementary Fig. S4.
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Proband B was born after an uneventful pregnancy to unaffected, non-consanguineous 

Hispanic parents (Fig. 1E). Prenatal and perinatal history was normal. At the age of 4, he 

and his one-year younger sister developed a high fever in the context of an acute viral 

illness. Both were admitted to the hospital for observation, had negative CSF examinations, 

and were discharged one week later. Within four weeks, both began to exhibit neurological 

symptoms including tiptoeing and increasingly severe focal hand dystonia which eventually 

became generalized. CT scan and MRI showed cavitary lesions of the putamina without 

mass effect or contrast enhancement. No white matter abnormalities were noted (Fig. 1F). 

Lactate and pyruvate levels were normal. Over the years, proband B underwent multiple 

investigations including a muscle biopsy that did not reveal abnormalities. He was treated 

empirically with riboflavin, ubiquinone, and carnitine to no symptomatic benefit. He has 

normal cognition, achieving a higher education degree, and is proficient in communicating 

in several languages but is profoundly impaired by symptoms of generalized dystonia. 

Bilateral deep brain stimulation (DBS) implants into internal globus pallidus (GPi) were of 

no symptomatic benefit. He was evaluated at age 27 by the NIH UDP. Other than his original 

episode at age four, he had no other episodes of acute neurological decline or metabolic 

decompensation. A comprehensive metabolic investigation including serum amino acids, 

pyruvate and lactate levels, and CSF lactate was normal. ETC studies were normal (complex 

I activity = 126% of the control mean). Mitochondrial DNA sequencing and WES were 

undertaken.

3.2. Bioinformatic and molecular data

Proband A.—Research analysis of exome sequencing data of proband A and his 

unaffected father confirmed compound heterozygous variants in NDUFS3 
(NM_004551.2:c.419G > A; p.Arg140Gln; NM_004551.2:c.381 + 6 T > C) (Fig. S1A, B) in 

the proband. The c.419G > A variant in exon 5 (Fig. S2A) was identified in gnomAD with 

low frequency (0.000007952). The intronic 381 + 6 T > C variant was not identified in 

gnomAD, but a splice site mutation nearby was seen and was associated with LS in ClinVar 

(RCV000389911.1, RCV000332963.1). Neither variant is described as pathogenic in the 

literature. Sanger sequencing confirmed that the exonic c.419G > A variant was inherited 

from proband A’s father; it is pathogenic by in silico predictions: Complete Annotation 

Dependent Depletion (CADD) (see URLs) Phred-scaled score of 26.1; “Deleterious” (Score: 

0.0) by SIFT (see URLs); and “Disease-Causing” (Probability: 1) by MutationTaster (see 

URLs). The arginine residue at position 140 of NDUFS3’s amino acid sequence is well 

conserved across multiple species (Fig. S1C). Proband A’s intronic variant 

(NM_004551.2:c.381 + 6 T > C) could be inherited from proband A’s mother or could be de 
novo. Neither the mother nor the affected sister could provide samples for sequencing 

analysis.

Alamut Visual’s splicing predictor, which synthesizes output from splice predictor 

bioinformatics software SpliceSiteFinder, MaxEntScan, NNSPLICE, and GeneSplicer, 

projected that the c.381 + 6 T > C could affect the nearest splice site, the donor site at the 3′ 
end of exon four. The exonic c.419G > A variant is predicted to cause the production of a 

new splicing acceptor site at the position of the exonic change, which is thirty-eight base 

pairs (bp) downstream from the start of exon five.
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Proband B.—Exome sequencing of proband B, his parents, and an affected sister 

confirmed compound heterozygous variants in NDUFAF6 (NM_152416.3) (Fig. S3A, B) 

that were both identified in ClinVar as pathogenic: c.371 T > C, p.Ile124Thr and c.420 + 

2_420 + 3insTA. The c.371 T > C in exon 3 (Fig. S4A) leads to a threonine change in a 

conserved amino acid (Fig. S3C) that has been described in a report detailing LS patients 

[19].

Alamut Visual’s splicing predictor projected that the intronic variant (NM_152416.3:c.420 + 

2_420 + 3insTA) disrupts mRNA splicing by altering the splice donor site at the 3′ end of 

NDUFAF6’s exon 3.

3.3. Splicing variant analysis and expression studies

To test the in-silico splicing predictions, expression studies were conducted.

Proband A (NDUFS3).—On RT-PCR of cDNA derived from proband A’s fibroblasts 

visualized by gel electrophoresis, two distinct bands were seen, i.e., one shared with the 

controls, and one that was only present in the proband (Fig. S1D). Sanger sequencing of the 

gel-extracted PCR products revealed a 39 bp deletion beginning at the 5′ end of exon five 

(Fig. S2B) in 60% of analyzed transcripts (n = 25) that aligned with the in-silico predictions 

made regarding the c.419G > A variant. This results in an in-frame deletion of 13 amino 

acids (p.(Val129_Ile141del). Two other new transcript alterations were found related to the 

c.381 + 6 T > C variant (Fig. S2B): a 31 bp retention from intron four (c.381 + 5_381 + 

6ins31); and a 19 bp deletion (c.215_233del) that spans 5′ end of three and 3′ end of exon 

four, which results to a frameshift variant (p.(Tyr72Cysfs*7)).

We then measured the expression of NDUFS3 mRNA transcripts by quantitative PCR 

(qPCR) and protein by Western blot. Proband-derived fibroblasts showed decreased 

expression of NDUFS3 mRNA and protein relative to two unaffected, healthy control 

samples (Fig. 1C, S1E). Since the NDUFS3 mRNA is reduced by ~50%, we predict that the 

alternate transcripts resulting from the c.381 + 6 T > C variant, which cause shifts in the 

reading frame, are targeted for nonsense-mediated decay (NMD). This is supported by our 

Western blot analysis using different amounts of protein loaded, which shows that proband 

A produces a reduced amount of total NDUFS3 protein (Fig. 1E). It is possible that the 

c.419G > A 39 bp deletion could result in a slightly shorter protein with no changes to the 

reading frame. Therefore, the barely-truncated mutant isoform is likely functional, not 

targeted for NMD, but less stable than the WT protein, which may help explain the 

proband’s residual complex I activity.

Proband B (NDUFAF6).—RT-PCR of cDNA derived from proband B’s fibroblasts 

visualized by gel electrophoresis showed several alternate mRNA transcripts (Fig. S3D). The 

presence of aberrant transcripts was confirmed by Sanger sequencing cloned cDNA. Mutant 

transcripts (Fig. S4B) included exon three skipping (33%), exon three skipping plus a 4 bp 

(GCTG) insertion, and a 4 bp insertion (Fig. S4B). NDUFAF6 mRNA expression, however, 

suggests that the production of both normal and aberrant transcripts remains unaffected by 

NMD (Fig. 1G). Future studies are required to confirm the role of NMD in transcript 

regulation in both probands.
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4. Discussion

The prognosis for LS is usually very poor, with much of LS survival depending on which 

mitochondrial complex is affected and the extent to which the complex is deficient. For most 

complexes, individuals with partial deficiencies can be expected to live until their sixth or 

seventh year, while more complete deficiencies often result in infantile death. Rarely do 

patients live into their teenage years, and fewer still survive to adulthood. The probands 

described here are unusual given the relatively mild and oligosymptomatic nature of their 

decompensation episodes; they deviate significantly from the complex-I LS norm and are the 

only two known to live independently into their third decade of life despite presenting in 

childhood.

The probands’ mild clinical presentation is likely conferred by their normal (proband B) and 

near-normal (proband A) complex I activity resulting from their splicing variants, which are 

likely less deleterious than other types of variants reported in LS to date. Therefore, linking 

both probands’ neuroradiological and clinical phenotype to their respective splicing variants, 

in line with the diagnostic criteria for LS [1], was fundamental in preparing molecular 

diagnoses.

Although both of proband B’s variants had already been described and verified as 

pathogenic by other studies [19], our experiments showed that both of proband A’s variants 

can also be classified as pathogenic, per ACMG guidelines [14]. The intronic variant 

(NM_004551.2:c.381 + 6 T > C; pathogenic: PSV1, PS3, PM2, PM6) alters the canonical 

donor site at the 3′ end of exon four and results to two alternate transcripts, one of which 

leads to a frameshift variant (c.215_233del, p.(Tyr72Cysfs*7)). This variant might be de 
novo, although maternal inheritance cannot be excluded. The exonic variant 

(NM_004551.2:c.419G > A; p.Arg140Gln; pathogenic: PS3, PM1, PM2, PM4, PP2, PP3) 

activates an acceptor site in exon five, resulting in an in-frame deletion, and, presumably, 

shorter protein (c.384_422del, p.(Val129_Ile141del). Additionally, the variants combine to 

produce a damaging effect in functional studies as evidenced by functional studies showing 

reduced NDUFS3 protein production. Finally, multiple lines of computational evidence, 

including in-silico splicing predictors and conservation analyses (Fig. S1C, S3C) suggest a 

deleterious effect on the gene product. Nonetheless, our results could be bolstered by 

complementation assays, especially since both of our probands have normal and near-normal 

complex I activities in fibroblasts. It will also be important for future studies to evaluate 

complex I activities in muscle tissues to analyze potential differential expression.

Mutations in NDUFS3 have been identified as causing LS in two previous articles [15,16], 

both of which reported biallelic protein-coding non-synonymous missense mutations in 

patients who presented with severe symptoms (Table 1) and died at two and thirteen years of 

age, respectively. This contrasts with the presentation of proband A, who is now twenty-

seven years old and who completed secondary education. However, the neuroimaging 

findings in proband A were consistent with the neuroradiological profiles of the other 

reported cases and the neuroimaging diagnostic criteria for LS in general [1,2]. A second 

cerebral MRI of the infantile NDUFS3-related LS patient, taken one year later, displayed 

severe disease progression [16] that included increased bilateral striatal necrosis and 
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cerebellar atrophy, in contrast to the mild progression in proband A observed at a repeat 

MRI thirteen years after disease onset.

The compound heterozygous mutations to protein-coding regions presented by previous 

reports on NDUFS3-related LS produced a more severe phenotype and disease progression, 

potentially by rendering the mutant protein isoform nonfunctional, as evidenced by severely 

reduced complex I activity [15]. Indeed, the mutant NDUFS3 reported in [15] appeared 

more prone to aggregation than the WT isoform [4]. Proband A’s splicing variants may lead 

to the production of normal transcripts or semi-functional mutants that are still able to 

participate in complex I biogenesis, leaving a residual level of WT NDUFS3 protein or 

functional mutant protein that allows the probands’ mitochondria to retain near-normal 

oxidative function, at least in patient-derived fibroblasts. This may explain why the missense 

variants in previous studies [15,16] are more pathogenic than proband A’s splicing variants, 

but future studies will be required to support this hypothesis.

LS-causing mutations to NDUFAF6, in comparison with those to NDUFS3, are more 

common (Table 2), with some reports of splicing variants. For instance, two affected siblings 

with an intronic mutation (420 + 748C > T) and their resultant splicing defects have been 

described [18]. These patients, along with proband B, presented with prominent dysarthria 

but preserved cognitive functions. In contrast to proband B, they displayed complex I 

deficiency in fibroblasts and presented with more severe symptoms; no assertions can be 

made about survival or quality of life, as these siblings are five and seven years of age at the 

time of this report. Nonetheless, part of proband B’s presentation is consistent with that of 

other patients with NDUFAF6-related LS, including dystonia [17,18] and a neuroimaging 

finding of focal basal ganglia signal abnormalities.

LS diagnosis may be missed in other individuals with mild phenotypes. Identifying patients 

with NDUFS3 and NDUFAF6 variants and additional cases with milder or 

oligosymptomatic presentations of LS would help clinicians understand the phenotypic 

spectrum of this syndrome and the factors that influence severity. This information could 

provide knowledge generalizable to the entire spectrum of LS presentations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Clinical and Genetic Findings. (A) Pedigree for proband A’s family; affected members are 

shaded with black, and arrow points to proband A. (B) MRI images showing the 

characteristic T2 signal intensities in the basal ganglia of proband A (arrows). (C) mRNA 

expression analysis for NDUFS3 in proband A’s dermal fibroblasts as compared to unrelated 

control fibroblasts. Proband A displayed both a statistically significant reduction of mRNA 

compared to controls (****P < 0.001 in comparison to control A, **P < 0.01 in comparison 

to control B). Paired t-tests were conducted using GraphPad Prism8 software where asterisks 

indicate statistical significance. mRNA analysis was normalized to RPL13A. (D) Protein 

expression analysis show reduced amount of NDUFS3 (predicted to be at 25 kDa) in 

proband A as compared to control, normalized with (42 kDa). Three different protein 

amounts were loaded. (E) Pedigree for proband B’s family; affected members are shaded 

with black, and arrow points to proband B. (F) MRI images showing the characteristic T2 
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signal intensities in the basal ganglia of proband B (arrows). (G) mRNA expression analysis 

for NDUFAF6 in proband B’s dermal fibroblasts as compared to two unrelated control 

fibroblasts; mRNA analysis was normalized to RPL13A. Paired t-tests were conducted using 

GraphPad Prism8 software where asterisks indicate statistical significance (****P < 0.0001; 

**P < 0.01).
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