
RESEARCH ARTICLE OPEN ACCESS

Identification of Intronic Variants in NDUFA3 as 
a Cause of Leigh Syndrome by Whole Genome 
Sequencing and RNA Sequencing
Kohta Nakamura, 1 Yoshihito Kishita, 1,2 Ayumu Sugiura, 1 Kokoro Ozaki, 1,3 Yukiko Yatsuka, 1 

Naoyuki Matsumoto, 1 Atsuko Okazaki, 1 Holger Prokisch, 4,5 Koichi Maruyama, 6 Hiroyasu Iwasa, 7 

Kei Murayama, 1,8 Hiroshi Matsumoto, 9 Akira Ohtake, 9,10 Yuichi Shiraishi, 11 and Yasushi Okazaki 1,3

Neurol Genet 2026;12:e200330. doi:10.1212/NXG.0000000000200330

Correspondence

Prof. Okazaki 

ya-okazaki@juntendo.ac.jp

Abstract
Background and Objectives
Leigh syndrome is an important manifestation of childhood-onset primary mitochondrial 
disease. Panel sequencing and whole exome sequencing are cost-effective for diagnosing mi-
tochondrial diseases; however, more than half of mitochondrial disease cases remain genetically 
undiagnosed. This study aimed to demonstrate that combining whole genome sequencing 
(WGS) and RNA sequencing (RNA-seq) analyses can identify disease-causing variants that 
would otherwise be missed.

Methods
We performed WGS and RNA-seq on a patient with Leigh syndrome. Chromosomal phasing 
using Sanger sequencing of parental and patient blood samples was conducted to confirm 
compound heterozygous variants. RNA-seq data were analyzed for splicing abnormalities. 
Overexpression studies of wild-type NDUFA3 in patient-derived fibroblasts were performed to 
assess restoration of mitochondrial function.

Results
We discovered compound heterozygous intronic variants (c.86-16_86-15del in intron2 and 
c.164-362G>A in intron3) of the NDUFA3 gene. RNA-seq data analysis revealed intron re-
tention and exonization in NDUFA3. Exonization was related to a variant involving the mobile 
element Alu that resulted in complex abnormal splicing events. Overexpression of wild-type 
NDUFA3 restored mitochondrial dysfunction in patient-derived fibroblasts, confirming 
NDUFA3 as a Leigh syndrome causative gene.

Discussion
This study highlights the importance of combining WGS and RNA-seq and provides new 
insights into detecting abnormalities in deep intronic regions, particularly those involving 
mobile elements, such as Alu. This approach can play a crucial role in identifying genetic 
variations and elucidating transcriptional control mechanisms that are not readily achieved by 
conventional methods, especially in the context of mobile element-induced complexities.

Introduction
Mitochondrial diseases are among the most common congenital metabolic disorders and, in 
many cases, are intractable systemic diseases. 1,2 Despite advances in genetic diagnostics, the
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diagnostic rate for mitochondrial diseases remains relatively 
low, ranging from 30% to 40%. 3 This is partly due to limi-
tations in detecting deep intronic variants that can cause 
splicing abnormalities, as well as other factors such as struc-
tural variants and copy number variations. 4,5 Leigh syndrome 
is one of the most common mitochondrial diseases and is 
a severe, chronic, progressive neurologic disorder that typi-
cally presents in infancy and early childhood. It is associated 
with diverse genotypes and complex multisystem clinical 
symptoms that result in a poor prognosis with death occurring 
within a few years after onset. 6 Leigh syndrome can be caused 
by genetic defects in either mitochondrial or nuclear DNA, 
with over 110 genes implicated thus far. 7 Genetic analysis of 
166 Japanese Leigh syndrome patients diagnosed between 
2007 and 2017 showed that NDUFAF6, ECHS1, and SURF1 
are common causative nuclear genes. 8 Mitochondrial re-
spiratory chain complex I (NADH ubiquinone oxidoreduc-
tase) functions in electron transfer from NADH to 
ubiquinone through proton pumping, thereby establishing 
the electrochemical gradient across the inner mitochondrial 
membrane during ATP synthesis. Mitochondrial respiratory 
chain complex I composed of 44 subunits and can be divided 
into several structural modules. 9,10 The ND1 module is lo-
cated at the heel of the L-shaped complex 11 and is formed 
from MT-ND1, NDUFA3, NDUFA8, and NDUFA13. 12 Of 
the genes that encode these proteins, pathogenic variants in 
MT-ND1, NDUFA8, and NDUFA13 are known to cause 
mitochondrial disease. 13-15 Recently, Li et al. identified 
compound heterozygous variants in NDUFA3 (NM_004542: 
c.10+1G>T and c.66_68del) in 3 siblings with Leigh syn-
drome, providing the first evidence linking this gene to the 
disease. Their study included a minigene assay demonstrating 
a splicing defect for the c.10+1G>T variant. However, the 
pathogenicity of the c.66_68del in-frame deletion was not 
fully elucidated, and the study did not definitively establish 
NDUFA3 as a bona fide Leigh syndrome susceptibility gene 
according to stringent ClinGen criteria. This study builds on 
this foundation by providing comprehensive RNA sequencing 
(RNA-seq), robust functional rescue experiments, and de-
tailed biochemical analyses, thereby strengthening the evi-
dence supporting NDUFA3 crucial role in mitochondrial 
function and Leigh syndrome pathogenesis. 16 Panel se-
quencing and whole exome sequencing (WES) are commonly 
used for clinical diagnosis. However, these methods do not 
comprehensively cover intronic regions, potentially leading to 
the oversight of pathogenic intronic variants. Such variants 
can affect normal gene expression and splicing patterns 
through mechanisms such as aberrant splicing or structural 
variants. A subset of these intronic regions involves Alu

elements. Alu elements are short interspersed nuclear ele-
ments about 300 base pairs in length and are the most 
abundant repetitive elements in the human genome. 17 Be-
cause Alu elements are short interspersed repetitive sequences 
approximately 300 base pairs in length and are the most 
abundant in the human genome, frequently located within 
intronic and intergenic regions, Alu elements and variants are 
often missed by standard WES. 18 The application of whole 
genome sequencing (WGS) for genetic diagnosis is becoming 
more widespread and has led to the discovery of large or 
medium-sized structural variant that would have been missed 
by panel sequencing or WES. WGS can identify variants in the 
intergenic and intron regions. However, the number of var-
iants in these regions is so large that it is not easy to narrow 
down those that cause disease. Moreover, in clinical settings, 
WGS is often performed using targeted panels or WES, which 
may only cover the intron-exon boundaries and a scant 
amount of flanking intronic sequence. Tools, such as SpliceAI, 
have made it possible to prioritize variants with putative 
effects on splicing. 19-21 There are various types of splicing 
aberrations, such as exon skipping, intron retention, and 
exonization; therefore, analysis using multifaceted method-
ologies is required. Bioinformatic tools, such as Find Rare 
Splicing Events in RNA-seq (FRASER) and Splicing Associ-
ated Variants Net (SAVNet), have been developed to effi- 
ciently detect splicing aberrations in RNA-seq data. 22-24

Here, we introduce a novel approach combining short-read and 
long-read sequencing for both WGS and RNA-seq to evaluate 
splicing abnormalities caused by variants in deep intronic 
regions. We performed both WGS and RNA-seq on a patient 
with Leigh syndrome and detected splicing defects in NDUFA3. 
From these analyses, we identified a variant that causes intron 
retention and another variant that causes exonization. Haplo-
type phasing by Sanger sequencing of family members con-
firmed that the 2 splice variants were inherited in a recessive 
manner. The overexpression of wild-type NDUFA3 in patient-
derived fibroblast cells complemented mitochondrial dysfunc-
tion. From these observations, we conclude that NDUFA3 is 
a novel causative gene for Leigh syndrome with recessive in-
heritance. Furthermore, our approach can enhance diagnostic 
rates by accurately detecting complex splicing abnormalities.

Methods
Ethics Statement
This study was approved by the ethics boards of Saitama 
Medical University, Chiba Children’s Hospital, and

Glossary
AD = autosomal dominant; CS = citrate synthase; FRASER = find rare splicing events in RNA-seq; GFP = green fluorescent 
protein; MAF = minor allele frequency; OCR = oxygen consumption rate; ORF = open reading frame; RNA-seq = RNA 
sequencing; WES = whole exome sequencing; WGS = whole genome sequencing.
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Juntendo University. Informed consent obtained from 
family members.

Mitochondrial Assessments
The activity of mitochondrial respiratory chain complexes I, 
III, and IV was measured using crude supernatant obtained 
following centrifugation at 600×g from mitochondria isolated 
from patients’ cultured skin fibroblasts. The enzyme activity 
of each complex was shown as the percentage of the normal 
control mean relative to citrate synthase (CS). 25,26

WES
The detailed protocol for WES has been described pre-
viously. 27-29 Indexed genomic DNA libraries were prepared 
from genomic DNA of the patient’s fibroblast cells, and 
exomes were captured using the TruSeq Exome Enrichment 
Kit (Agilent Technologies) according to the manufactures’ 
protocols. Sequencing was performed using 150-bp paired-
end reads on a Hiseq2500 (Illumina). Total reads yielded 7.5 
Gb of raw sequencing data. Quality of raw data was checked 
by FASTQC. After removing the low quality reads and 
adaptors, reads were mapped to the reference genome 
(GRCh38/hg38) with the Burrows-Wheeler Aligner, Picard, 
and SAMtools. GATK was also used for insertion and deletion 
realignment, quality recalibration, and variant calling. Detec-
ted variants were annotated using both ANNOVAR and 
custom Ruby scripts. A bioinformatics pipeline was used to 
process and analyze the sequencing data. Following quality 
control and adapter trimming, reads were aligned to the 
GRCh38/hg38 reference genome using BWA, and variants 
were called using GATK. Variants were annotated using 
ANNOVAR, incorporating multiple databases, including 
RefSeq, gnomAD, ExAC, 1000 Genomes, ClinVar, HGMD, 
MitoCarta, OMIM, dbSNP, and the 8.3KJPN database of 
Japanese Multi Omics Reference Panel (jMorp) from the 
Tohoku Medical Megabank Organization (ToMMo). To 
prioritize potentially pathogenic variants, we used a multistep 
filtering approach. First, variants with minor allele frequencies 
exceeding 0.5% in population databases (e.g., ExAC [AFR, 
AMR, EAS, FIN, NFE], GA100K, gnomAD, dbSNP, 1000 
Genomes, and 8.3KJPN) were removed. For autosomal re-
cessive inheritance patterns, we focused on variants present in 
affected individuals as either 2 heterozygous alleles (het/het) 
or 1 homozygous allele (hom). For autosomal dominant 
(AD) inheritance patterns, we retained heterozygous variants 
with a minor allele frequency (MAF) of 0.

Short-Read RNA Sequencing
RNA was purified from patient-derived skin fibroblasts by the 
Maxwell RSC simplyRNA Cells Kit and a Maxwell RSC In-
strument (Promega). mRNA was enriched using oligo (dT) 
beads and rRNA removed using the Illumina Ribo-Zero kit. 
Isolated mRNA was fragmented randomly by adding frag-
mentation buffer from the Illumina Stranded Total RNA 
Prep, Ligation with Ribo-Zero Plus kit. 30 cDNA was synthe-
sized from the mRNA template by random hexamers primers, 
followed by addition of a custom second-strand synthesis

buffer (Illumina), dNTPs, RNase H, and DNA polymerase I 
to initiate second-strand synthesis. After a terminal repair, A 
ligation, and sequencing adaptor ligation, the double-stranded 
cDNA library was completed through size selection and PCR 
enrichment. Sequencing was performed using 150-bp paired-
end reads on a NovaSeq6000 (Illumina). Total reads yielded 
3.3 Gb(50 Mb) of raw sequencing data. FASTQ files were 
aligned to the GRCh38/hg38 genome by STAR. The outlier 
mRNA expression analysis was performed using OUT-
RIDER. 31 OUTRIDER was detected by comparing 99 sus-
pected mitochondrial disease cases for which RNA-seq 
analysis was performed on the same platform. SAVNet, an 
existing bioinformatics tool for aberrant splicing, and 
FRASER were performed using RNA-seq data. 23,24 SAVNet is 
an intron retention file calculated from RNA-seq BAM files, 
variant call format and Splice Junction file (SJ.out) that 
describes variant information, In FRASER, RNA-seq BAM 
files were prepared and analyzed. From each tool, we 
attempted to detect Intron Retention in SAVNet and exoni-
zation or exon skipping in FRASER. Exonization is the for-
mation of novel exons through splicing abnormalities. We also 
checked the number of reads in each sample from the BAM 
file, SJ.out.tab, using samtool, and confirmed that the results 
obtained with SAVNet and FRASER were not false positives. 
Variants and splicing aberrations were also evaluated by using 
SpliceAI and Pathogenicity predictor for Deep Intronic Var-
iants causing Aberrant Splicing. 20,32

Short-Read WGS
Genomic DNA was isolated from the patient derived fibro-
blast cells by phenol-chloroform extraction according to the 
standard protocol. The detailed protocol for WGS has been 
described previously. 33 WGS libraries were prepared from 
100 ng of genomic DNA using an MGIEasy FS DNA Library 
Prep Kit v2.1 (MGItech) following the manufacturer’s 
instructions. Paired-end 150-bp sequencing was performed 
on a DNBSEQ-T7 sequencer (MGItech) using a DNBSEQ-
T7 High Throughput Sequencing set (PE150) v1.0 (MGI-
tech). Total reads yielded 90 Gb of raw sequencing data. A 
bioinformatics pipeline was used, as described previously. 
SpliceAI was used to predict the impact of variants on splicing, 
including intronic regions, retaining those with a D-score of 
0.2 or higher. A bioinformatics pipeline is the same as WES.

Long-Read Genome Sequencing
The adaptive sampling enables real-time selection and se-
quencing of DNA molecules in Oxford Nanopore sequenc-
ers. 34 Genomic DNA (1 ug) from the patient skin fibroblasts 
was fragmented with Covaris g-TUBE (Covaris) with a target 
range of 5–10 kb length, and further library preparation by 
SQK-LSK109 Kit was conducted according to the manu-
facturer’s instructions. The library was sequenced on 1 R9.4.1 
Rev D 106 flow cell on the Oxford Nanopore MINION se-
quencer. A target region with NDUFA3 gene and its bilateral 
100 kb margins (chr19:57080000-57289000, T2T) was used 
for enrichment. Successfully sequenced data were base-called 
using Guppy (version 6.4.6) with the super-accuracy mode
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and then mapped to the reference genome (GRCh38/hg38) 
using Minimap2 (version 2.24-r1122), 35 variant-called with 
DeepVariant (version 1.3.0), and haplotyped with PEPPER-
Margin-DeepVariant (version r0.8). 36

Western Blotting Analysis
SDS-PAGE and Western blot were performed as previously 
described. Cells were directly harvested by 1× SDS sample 
buffer (62.5 mM Tris-HCl pH6.8, 2% SDS, 5% sucrose) 
containing protease inhibitor cocktail (Nacalai Tesque). After 
sonication, 2-mercaptoethanol was added to the samples to 
a final concentration of 5%. Prepared samples were denatured 
for 5 minutes at 95°C and separated by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis on the 5%–20% gradient 
polyacrylamide gel (2331730, ATTO). Proteins were trans-
ferred to PVDF membrane and subjected to Western blotting. 
Each antibody was obtained as follows: NDUFA3 (17257-1-
AP, Proteintech), Green Fluorescent Protein (GFP) (598, 
MBL International), and glyceraldehyde 3-phosphate de-
hydrogenase (G9545, Sigma-Aldrich).

Lentiviral Expression
Cells were cultured at 37°C and 5% CO2 in Dulbecco’s 
modified Eagle’s medium (DMEM 4.5 g/L glucose, Nacalai 
Tesque) supplemented with 10% fetal bovine serum. The 
open reading frame (ORF) of the NDUFA3 gene (NM_ 
004542.4) was amplified from cDNA of NHDF cells by PCR 
using Ex Premier DNA polymerase (TAKARA). NDUFA3 or 
GFP was cloned into the CS-CA-MCS lentiviral vector with 
CAG promoter for mammalian cell expression and blasticidin 
resistance using the In-Fusion HD Cloning Kit (Clontech 
Laboratories, Inc). Lentiviral supernatants were prepared 
from HEK293FT cells transfected with ViraPower Packaging 
vectors (pLP1, pLP2, pLP/VSVG; Invitrogen) and a pCS-
CA-ORF (candidate gene) vector using Lipofectamine 2000 
(Invitrogen). Collected supernatants were infected to patient 
derived fibroblast cells in antibiotics-free DMEM supple-
mented with 10 μg/mL polybrene for constitutive expression 
of NDUFA3 or GFP.

Oxygen Consumption Rate
One day before assay, cells were seeded in an XF24 cell cul-
ture microplate (100882-004, Agilent) at 3 × 10 4 cells/well. 
During assay, cells were treated with 1 μM oligomycin, 1 μM 
FCCP, and 0.5 μM rotenone/antimycin A. At the end of run, 
cells were fixed with 4% paraformaldehyde containing 
Hoechst33342 (19172-51, Nacalai Tesuque) for 15 minutes 
at 37 °C. The number of cells were counted using an all-in-one 
fluorescence microscope (BZ-X800, KEYENCE) equipped 
with an image cytometer module (BZ-H4XI, KEYENCE). 
Oxygen consumption rate (OCR) was normalized with the 
number of cells.

Data Availability
The data sets generated and/or analyzed in this study are 
available from the corresponding author on reasonable 
request.

Results
Case Report
This male patient was born weighing 2,900 g at 40 weeks of 
gestation. After experiencing neonatal asphyxia with an Apgar 
score of 2 at 5 minutes, the patient resumed breathing 
spontaneously. He had difficulty in oral feeding and required 
tube feeding when he left the hospital at 23 days after birth. 
Laboratory findings on admission revealed elevated blood 
lactate (29.9 mg/dL; reference range 4–14 mg/dL) and py-
ruvate (1.16 mg/dL; reference range 0.3–0.9 mg/dL) levels, 
with a lactate-to-pyruvate (L/P) ratio of 25.8 (reference range 
7–20), suggesting a potential mitochondrial respiratory chain 
disorder. Very long chain fatty acids and arylsulfatase A levels 
were within normal ranges. Urinary organic acid analysis did 
not demonstrate patterns specifically associated with meta-
bolic disorders. Blood amino acid analysis showed a mild el-
evation in alanine levels, not exceeding 3 times the upper limit 
of normal. Initially, the patient’s clinical presentation, in-
cluding dysphagia, respiratory distress, and movements sus-
picious for seizures, was attributed to neonatal asphyxia. 
However, the biochemical profile, particularly the elevated 
L/P ratio, prompted further investigation into possible mi-
tochondrial disease and the patient’s course was closely 
monitored with this consideration in mind. At the time of 
discharge, an MRI scan of the brain showed no obvious ab-
normality (Figure 1, A and E). After discharge from a hospital, 
the patient presented abnormal eye movement such as sunset 
phenomenon and seizures of leg twitching and body stiffness. 
Six weeks after discharge, he was readmitted to the intensive 
care unit due to prominent respiratory acidosis and hypona-
tremia (125 mEq/L; reference range 136–145 mEq/L). He 
was intubated and mechanical ventilation was started. MRI of 
the brain showed abnormalities in the bilateral midbrain 
tegmentum and thalamus (Figure 1, B and F). Sequential 
brain MRI presented rapidly progressive multiple brain 
lesions containing brain stem, basal ganglia, thalamus, and 
subcortical white matter of frontal lobes (Figure 1, C, D, G, 
H). At 3 months, these brain lesions on MRI showed lique-
faction degeneration, and thereafter, prominent cerebral at-
rophy was proceeded. After that, he showed severe neurologic 
and multiple organ disorders with spastic quadriplegia, severe 
intellectual disability, neurogenic bladder, chronic type 2 re-
spiratory failure, dilated cardiomyopathy, and type 2 diabetes 
mellitus. At 16 years, the patient showed cardiac involvement 
on preoperative echocardiography during tracheostomy tube 
replacement: reduced left ventricular ejection fraction (LVEF 
34%) and ventricular septal hypertrophy were observed, with 
normal NT-proBNP (11 pg/mL; ref: 0–55). Based on these 
findings, he was diagnosed with transition from hypertrophic 
to dilated phase cardiomyopathy associated with mitochon-
drial disorder. His anthropometrics remained stable (height 
134.0 cm, weight 32.8 kg; BMI 18.3 kg/m 2 ). The final hos-
pitalization for septic shock required vasopressor support, but 
acute cardiac functional assessment was not performed, with 
a last recorded weight of 30.9 kg. He died of cardiac arrest at 
17 years. Analysis of mitochondrial respiratory chain complex
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enzyme activity revealed complex I defects in skin fibroblasts 
(I/CS: 0.0395, normal range: 0.267–0.792).

Identification of Splicing Abnormalities in 
Intronic Regions and Elongated Transcripts by 
Short-Read RNA Sequencing
We performed WES on the patient, but no variants associated 
with Leigh syndrome or other neurodevelopmental disorders 
were identified (eTable 1). We then attempted to detect ab-
errant gene expression by performing short-read RNA se-
quencing (SR RNA-seq) using skin fibroblasts isolated from 
the patient. First, OUTRIDER, which can detect gene ex-
pression outliers in a patient population, was used to search 
for candidate causative genes. Analysis of a population, in-
cluding 99 cases of mitochondrial disease and suspected mi-
tochondrial disease by OUTRIDER, did not identify any 
genes with significantly decreased expression in the patient. It 
is important to note that OUTRIDER detects statistical 
outliers by considering all genes in the data set simulta-
neously, rather than analyzing specific gene sets individually. 
Next, we searched for RNA splicing abnormalities in the pa-
tient using FRASER and SAVNet, which can detect various 
types of splicing changes from RNA-seq data of a patient 
population. Among the 99 cases, FRASER and SAVNet 
detected splicing abnormalities in 1230 and 335 genes, re-
spectively (eFigure 1). Deep intronic regions were defined as 
intronic regions that are at least 50 bp away from the donor 
and acceptor splice sites. 32 Focusing on these deep intronic 
regions, our analysis identified 121 genes with splice abnor-
malities across all cases. FRASER and SAVNet analysis 
identified 2 splicing abnormalities in NDUFA3, which is listed 
in MitoCarta as a gene encoding a component protein of

mitochondrial respiratory chain complex I. FRASER pre-
dicted the splicing abnormality in NDUFA3 to cause exoni-
zation, in which a portion of the deep intronic region was 
exonized, while SAVNet predicted intron retention 
(Figure 2A). FRASER analysis for the patient identified 
a cryptic exon between exons 3 and 4 of NDUFA3. SAVNet 
analysis identified an intron extension on the 59 side of exon 3 
in NDUFA3. In addition to these splicing abnormalities, 
several other minor splicing abnormalities were observed in 
the vicinity of exons 3 and 4.

Identification of Splice Variants by Short-Read 
WGS and Long-Read Genome Sequencing
We did not detect any exon variants in NDUFA3 by WES; 
therefore, we assumed that the causative variant was present 
in a deep intronic region. To search for single-nucleotide 
variants and small indels and also for larger structural varia-
tions, we performed short-read and long-read genome se-
quencing (SR WGS and LR WGS). We performed LR WGS 
sequencing by adaptive sampling on nanopore technology to 
focus on the NDUFA3 gene. LR WGS did not detect any 
structural variations in NDUFA3. However, both SR WGS 
and LR WGS identified c.86-16_86-15del in the intronic re-
gion near exon 3 and c.164-362G>A at a cryptic exon 
(Figure 2, B and C). The minor allele frequencies for c.86-16_ 
86-15del were 0.000033 in jMorp (60KJPN) and 0.000526 in 
gnomAD (v4.1.0), and for c.164-362G>A, they were 
0.000450 in jMorp and not reported in gnomAD. Splicing 
abnormalities for each variant were predicted using SpliceAI, 
with c.86-16_86-15del having a D-score of 0.24 for acceptor 
gain, and c.164-362G>A having a D-score of 0.40 for donor 
gain. Analysis of Sashimi plots confirmed that the c.86-16_86-

Figure 1 MRI Imaging Results

T2-weighted MRI images at the levels 
of and midbrain and superior 
colliculus(A–D) and thalamus(E–H). 
There was no obvious abnormal in-
tensity in the brain parenchyma at 
day-14 (A and E). At 1 month, sym-
metrical high intensity areas (HIA) 
were seen in midbrain tegmentum 
and thalamus (B and F). At 2 months, 
bilateral midbrain and thalamic 
lesions became extensive(C) and new 
lesions appeared in lens nucleus (G, 
arrows). At 3 months, previous lesions 
in thalamus and midbrain exhibited 
cystic changes, and new lesions 
appeared in bilateral putamen. Sub-
cortical white matter in frontal lobes 
shows markedly extensive cystic 
changes (D and H).
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15del variant resulted in intron retention, while the c.164-
362G >A variant led to the formation of a novel exon. These 
findings, combined with the MAF data, support the prioriti-
zation of these variants as potential causes of splicing abnor-
malities. These scores, combined with allele frequency data, 
supported the prioritization of these variants as potential 
causes of splicing abnormalities. Given the challenges in 
evaluating splicing abnormalities in deep intronic regions, we 
used SpliceAI scores to identify potential causative variants.

We considered variants with a SpliceAI score of 0.2 or higher 
as candidates for further investigation. The use of SpliceAI for 
prioritizing deep intronic variants is crucial for detecting 
splicing alterations that may not be apparent through con-
ventional variant analysis methods. LR WGS showed each 
variant to be located in a different allele (Figure 2C). This 
result is consistent with RNA-seq, which also showed that 
exon 3 retention and the cryptic exon were present in different 
transcripts. For c.86-16_86-15del, a two-base deletion in the

Figure 2 Splicing Aberrations in NDUFA3 Gene and Their Relationship to Identified Variants

(A) Sashimi plot of SR RNA-seq data 
indicates patient-specific splicing aber-
rations. Intron retention around exon3 
and exonization in deep intronic regions 
between exons 3 and 4 were observed.
(B) Diagram of the relationship between 
variants and splicing abnormalities, 
showing SR RNA-seq and SR WGS side 
by side. An intron retention is related 
with c.86-16_86-15del in exon3 and an 
exonization with c.164-362G>A. (C) 
Nanopore adaptive sampling of LR WGS 
revealed that the variants responsible 
for each splicing abnormality were dif-
ferent alleles and shows no structural 
variations around these variants. Purple 
arrowheads indicate insertions, while 
purple bars represent deletions in the 
sequencing output.
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elongated exon was identified in the RNA-seq data, resulting 
in a frameshift and the introduction of a premature stop co-
don that truncates the protein at 58 amino acids, compared 
with the full-length NDUFA3 protein of 84 amino acids. For 
c.164-362G>A, which is located 3 bp from the 39 side of the 
cryptic exon and was thought to be involved in exonization, 
the inclusion of the cryptic exon also caused a frameshift, 
leading to a truncated protein of 71 amino acids. These 
changes indicate that both variants are likely to cause loss-of-
function of the NDUFA3 protein. It is conceivable that each 
variant would introduce a premature termination codon for 
each allele. Detailed analysis of SR RNA-seq results from the 
patient revealed complex splicing patterns, as shown in 
Figure. 3A. Detailed analysis of the exonization caused by 
c.164-362G>A revealed the involvement of AluY (Figure 3B). 
The insertion of an Alu sequence is closely related with this 
kind of exonization event. 37 In particular, Alu sequences that 
are inserted into introns in the opposite orientation to that of 
the gene are prone to exonization. The addition of a single-
nucleotide substitution to the normal inverted Alu sequence 
increases its splicing activity. Exonization was likely caused by 
this phenomenon in this patient. This discovery is an example 
of how deep intronic variations can cause complex splicing 
abnormalities. To confirm the generality of this finding, we re-
examined the data from fibroblasts derived from the 99 
patients of our analysis cohort. We identified splicing abnor-
malities involving AluY in the exonization of the NDUFA3 
gene (eFigure 2). We confirmed segregation of the variants by 
Sanger sequencing of parental DNA samples, demonstrating 
that the c.86-16_87-15 deletion was inherited from the 
mother, while the c.164-362G>A variant was inherited from 
the father (Figure 4A). Both variants produce splicing ab-
normalities, resulting in frame shifts in their respective alleles 
(Figure 3A).

Functional Experiments Confirm NDUFA3 to Be 
the Causative Gene of Leigh Syndrome
Given that only bioinformatics analysis could not be fully 
explained, we validated the pathogenicity of variant by 
experiments. OCR measurements showed that lower res-
piration of patient-derived fibroblasts (F78) than control 
skin fibroblasts (NHDF), indicating the deleterious effect 
of variant on mitochondrial functions. In addition, owing to 
respiratory chain defects in patient fibroblasts, we evalu-
ated if NDUFA3 expression through lentiviral vector could 
restore mitochondrial function (Figure 4B, eFigure 3).To 
further confirm the pathogenicity of variant, we conducted 
the rescue experiments where patient-derived fibroblasts 
were infected with lentiviruses expressing NDUFA3 or 
GFP as a control. Western blot analysis showed that the 
level of NDUFA3 protein was significantly decreased in 
patient cells (Figure 4C, lane 1 and 2) and restored by 
expressing NDUFA3 (Figure 4C, lane 1 and 3). Consis-
tently, OCR was also significantly improved in patient-
derived fibroblasts infected with lentivirus expressing 
NDUFA3 (Figure 4D).

On the basis of the RNA sequencing, WGS, and rescue ex-
periment results, and the phenotype of the patient, we con-
cluded that their mitochondrial disease resulted from splicing 
defects caused by variants in the deep intronic region of 
NDUFA3. We have reviewed the ACMG guidelines and de-
termined that those 2 variants were Pathogenic because they 
meet the criteria for PS3 and PVS1. In addition, we applied 
PP4 as supporting evidence due to the biochemical defect 
observed in fibroblasts, which aligns with the phenotype 
reported by Li et al. and is further validated by our rescue 
experiments demonstrating a clear genotype-phenotype cor-
relation. We also applied PM2 to the c.86-16_87-15 deletion 
due to its absence or extremely low frequency in control 
populations, consistent with a rare recessive disorder.

Discussion
We have shown that pathogenic variant in NDUFA3 is a cause 
of Leigh syndrome. The similarity between this case and 
previously reported cases of Leigh syndrome caused by 
complex I deficiency was confirmed by MRI findings, which 
revealed lesions in the brainstem and basal ganglia, prominent 
cystic degeneration of white matter lesions, and marked ce-
rebral atrophy. The clinical findings in our patient were 
consistent with typical Leigh syndrome. Compared with the 
previously reported case by Li et al., our patient showed more 
severe multiorgan involvement, suggesting that different 
NDUFA3 variants can influence phenotype. We identified 
biallelic intronic variants in NDUFA3 (c.86–16_86–15del and 
c.164-362G>A) that lead to significant splicing abnormalities 
in a patient with Leigh syndrome. These variants align with 
findings from a study highlighting the importance of atypical 
splicing variants. 38 The c.86-16_87-15 deletion is located near 
a splice acceptor site and causes intron retention. This variant 
falls into the category of “near-splice positions,” which can 
have a significant impact on the splicing mechanism. Such 
variants are often overlooked in traditional analyses, but sys-
tematic approaches have enabled their detection. By contrast, 
the c.164-362G>A variant is located deep within an intron 
and triggers exonization. This variant represents an example 
of an atypical splicing variant, having been identified through 
a combination of WGS and RNA-seq. This is an important 
example of how deep intronic variants can contribute to dis-
ease. Notably, this variant is associated with Alu elements. 39-41 

Alu sequences are primarily found within introns and can 
potentially influence gene splicing. When Alu elements are 
inserted into deep introns, they can alter the surrounding 
splicing signals and create new splice junctions. Such changes 
in splicing can allow these normally weak junctions to create 
new exons, resulting in the production of new protein iso-
forms, modulation of gene regulation, frameshifts, or 
nonsense-mediated decay. Furthermore, Alu exonization is 
frequently observed throughout primate evolution, with many 
human genes expressing Alu exons. The exonization caused 
by the c.164-362G>A variant can be considered an example of 
splicing changes driven by Alu elements. Alu elements can act
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Figure 3 Splicing Patterns and Alu-Related Exonization in NDUFA3

(A) Diagram of the possible splicing patterns by SR RNA-seq. (B) An exonization in NDUFA3 is related to an inverted AluY element. The variant c.164-362G>A is 
located on the 39 side of the AluY element and likely creates a new donor splice site. This aberrant splice site leads to the inclusion of part of the AluY sequence 
in the mature mRNA, resulting in an abnormal transcript. Alu elements, including AluY, are known to contain cryptic splice sites, and their exonization can 
disrupt normal gene function, as seen in this case.
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as regulatory factors of splicing, forming new splice sites that 
impact gene expression and function. The significant decrease 
in NDUFA3 protein levels observed in patient-derived fibro-
blasts suggests that abnormal splicing substantially impairs 
levels of wild-type mRNA. This kind of variant involving Alu 
elements can result in the occurrence of specific genetic dis-
orders. Alu element–mediated splicing alterations have been 
implicated in various genetic diseases. 42,43 These findings 
indicate that noncoding region variants, particularly those 
affecting splicing, can be responsible for complex inherited 
diseases, such as Leigh syndrome. This study highlights the 
value of WGS and RNA analysis for uncovering atypical 
splicing variants in undiagnosed rare diseases. The accumu-
lation of such cases will improve our ability to predict variant 
pathogenicity and guide therapeutic development.

Combining WGS, RNA-seq, and multiomics analysis, which 
can indicate downregulation of protein levels, is very effective 
for detecting abnormalities involving deep intronic variants. 
However, without applying these methods, the final diagnosis 
of diseases caused by such splicing abnormalities is difficult. 
Recent studies suggest that cryptic splicing may account for

approximately 10% of pathogenic variants in neuro-
developmental disorders. However, it is unclear how much of 
this involves splicing abnormalities in deep intronic regions. 
This number is only a prediction at this stage, and specific data 
on this issue are not yet available. Furthermore, for diseases 
with autosomal recessive forms of inheritance, whole genome 
long-read sequencing is very important to confirm the pres-
ence of variants in different alleles. However, it is unwise to 
rely solely on in silico analysis to identify the causative gene in 
a patient sample. It is essential to conduct validation experi-
ments to confirm protein expression and OCR. We propose 
that combinations of these steps will provide a useful tool for 
identifying deep intronic variants.
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