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A B S T R A C T

This study examines two rare compound heterozygous missense variants in the SDHA gene, c.1535G > A (p. 
R512Q) and c.1753C > T (p.R585W), identified in a pediatric patient presenting with neurological manifesta
tions, including epilepsy, developmental delay, and optic atrophy. The SDHA gene encodes a key component of 
succinate dehydrogenase (SDH), an essential enzyme complex at the intersection of two fundamental metabolic 
pathways: the Krebs cycle, and the mitochondrial respiratory chain (MRC).

Patient-derived fibroblasts were used to evaluate the impact of the mutations on SDH activity and MRC as
sembly and function. The analysis revealed significant decreases in SDH activity and subunit levels, as well as 
impaired assembly. Additionally, complex I (CI) activity and CI-containing supercomplexes formation were also 
impaired, indicating more widespread mitochondrial dysfunction. Unexpectedly, basal and maximal respiration 
rates remained unchanged, though spare respiratory capacity was significantly reduced. These findings 
demonstrate the deleterious effects of the c.1535G > A and c.1753C > T variants, which had previously been 
associated with primary mitochondrial disorder (PMD) and tumors but had not been functionally validated until 
now.

1. Introduction

Mitochondrial diseases are a genetically heterogeneous group of 
pathologies caused by defects in genes that encode proteins essential for 
mitochondrial oxidative phosphorylation (OXPHOS), which is the cen
tral process of cellular energy generation (Ng and Turnbull, 2016). 
Despite being one of the most common groups of genetic diseases, the 
low incidence of each individual disease poses a significant challenge to 

developing specific treatments (Darin et al., 2001). Addressing these 
rare diseases requires conducting enzymatic, respirometric, and struc
tural studies of genetic variants suspected to be pathogenic to better 
understand their mechanisms and develop specific treatments.

The OXPHOS system is essential for ATP production and includes the 
mitochondrial respiratory chain (MRC), which is composed of four 
multiprotein complexes, and ATP synthase (Pfanner et al., 2019). All of 
the complexes are encoded partly by mitochondrial DNA (mtDNA) and 
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partly by nuclear DNA (nDNA), except for complex II (CII), which is 
entirely encoded by nDNA (Anderson et al., 1981). CII, also known as 
succinate dehydrogenase (SDH/CII), has another distinguishing feature: 
it is the only OXPHOS complex involved in the Krebs cycle, where it 
converts succinate to fumarate. SDH/CII is the smallest complex in the 
MRC, consisting of four subunits: SDHA, SDHB, SDHC, and SDHD. SDHA 
contains an active site with FAD, which catalyzes the oxidation of suc
cinate to fumarate. SDHB carries iron-sulfur clusters that transfer elec
trons to the ubiquinone pool, while SDHC and SDHD anchor the complex 
to the inner mitochondrial membrane and facilitate the reduction of 
ubiquinone. Four assembly factors have been reported to play a role in 
the maturation of holo-SDH/CII: SDH assembly factor 1 (SDHAF1), 
SDHAF2, and the chaperone-like SDHAF3 and SDHAF4 (Bezawork- 
Geleta et al., 2017; Iverson et al., 2023; Rutter et al., 2010).

Mutations in the SDHA, SDHB, SDHC, and SDHD genes, as well as the 
SDHAF1 and SDHAF2 genes, disrupt mitochondrial function. This can 
lead to congenital mitochondrial diseases or an increased risk of tumor 
development (Bezawork-Geleta et al., 2017; Rutter et al., 2010). 
Congenital SDH/CII deficiencies are rare. They are mostly caused by 
biallelic pathogenic variants in the SDHA gene and are frequently 
associated with severe neurological disorders, such as Leigh syndrome 
(Koopman et al., 2012). In contrast, monoallelic SDHx pathogenic var
iants can predispose individuals to neuroendocrine tumors, including 
pheochromocytomas (PCC) and paragangliomas (PGL), with SDHB and 
SDHD mutations being the most frequent. These tumors exhibit loss of 
heterozygosity, indicating the role of SDHx genes as tumor suppressors. 
SDHx mutations have also been associated with gastrointestinal stromal 
tumors (GIST), as well as renal and pituitary tumors (Dwight et al., 
2013; Gault et al., 2018).

In this study, we identified two rare compound heterozygous vari
ants in the SDHA gene, c.1535G > A and c.1753C > T, in a 14-year-old 
patient presenting with neurological manifestations. These variants 
were recently reported in a 4-year-old patient with primary mitochon
drial disease (PMD) within the framework of a study examining cogni
tive functioning and mental health in children with PMD, although no 
data were provided regarding their pathogenic effects (van de Loo et al., 
2022). Likewise, the c.1753C > T (p.R585W) variant has been previ
ously documented in a few patients with PCC, PGL, and GIST tumors 
(Boikos et al., 2016; Korpershoek et al., 2011). Here, we describe 
experimental validation of these SDHA variants for the first time by 
examining their impact on SDH/CII activity and the function and as
sembly of the MRC complexes in patient-derived skin fibroblasts.

2. Patient and methods

2.1. Case report

The subject of this study is a 14-year-old male born to a healthy, non- 
consanguineous couple. He presented with a severe neuro
developmental disorder characterized by global psychomotor delay, 
profound intellectual disability, and autistic features. He also exhibited 
symptomatic epilepsy with brief staring seizures and EEG epileptiform 
discharges induced by eyelid closure. Neurological examination 
revealed an equinus gait. Brain MRI demonstrated T2/FLAIR hyper
intensities involving the brainstem and spinal cord, along with diffuse 
white matter abnormalities. Ophthalmological evaluation showed 
bilateral optic nerve atrophy. No further longitudinal neuro
developmental assessments were available. Laboratory findings 
included persistent neutropenia, thrombocytopenia, and elevated post
prandial lactate levels. All these findings were strongly suggestive of a 
mitochondrial disorder and prompted further genetic and functional 
studies, which are detailed in this report. Given the eventual identifi
cation of a variant in an SDH-related gene, personal and family history 
were specifically reviewed, and no history of SDH-associated tumors 
was reported. The study was approved by the Ethics Committee of the 
‘Hospital Universitario 12 de Octubre’ (Madrid, Spain) (protocol code: 

22/144, date of approval: 26/04/2022) and was performed in accor
dance with the Declaration of Helsinki for Human Research. Written 
informed consent to participate in this study was obtained from the 
parents of the patient and healthy donors prior to their participation in 
this study.

2.2. Sequencing and data analysis

Genomic DNA (gDNA) from the patient and healthy donors was 
extracted from whole blood using the NZY Tissue gDNA Isolation Kit 
(NZYTech). Since a mitochondrial disorder was highly suspected, tar
geted sequencing using a customized NSG OXPHOS panel previously 
developed in our laboratory (González-Quintana et al., 2020), was 
selected as a first-tier genomic approach. This panel which includes 133 
genes (Table S1) encoding structural subunits and assembly factors of 
the OXPHOS system. This phenotype-driven strategy was prioritized 
over more standard first-line genomic tests for neurodevelopmental 
disorders, such as array CGH or whole exome sequencing. Annotation 
and prioritization of variants was done through the integration of in- 
house scripts with Annovar (Wang et al., 2010). Variant prioritization 
was based assuming an autosomal recessive inheritance following the 
next steps: (1) status of the variants in the ClinVar database; (2) minor 
allele frequency (MAF) < 0.01 in population databases such as the 
Genome Aggregation Database (gnomAD, https://gnomad.broadinstitut 
e.org) and 1000 genomes project database (https://browser.1000ge 
nomes.org); (3) pathogenicity predictions from SIFT (http://sift-dna. 
org), PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2), and CADD 
Phred (https://cadd.gs.washington.edu), and splicing predictors such as 
dbNSFP (https://sites.google.com/site/jpopgen/dbNSFP), dPSI (differ
ence in percentage spliced in) and Human Splicing Finder (https 
://www.umd.be/HSF3/); and (4) assessment of phylogenetic conser
vation using Genomic Evolutionary Rate Profiling ++ (GERP++) (htt 
ps://bio.tools/gerp) and the Phylogenetic Analysis with Space/Time 
models (PHAST) programs: phastCons and phyloP (http://compgen.csh 
l.edu/phastweb/). Additionally, variants pathogenicity was evaluated 
using the American College of Medical Genetics and Genomics (ACMG) 
guidelines (Richards et al., 2015). Sanger sequencing was performed on 
the proband and his parents to confirm the presence and segregation of 
the candidate variants in the SDHA gene (Table S2).

2.3. Protein modeling and conservation analysis

The SDHA variants p.(R512Q) and p.(R585W) were modeled using 
the SWISS-MODEL server (Waterhouse et al., 2018), with the Cryo-EM 
structure of the human respiratory complex II (PDB ID: 8GS8) as tem
plate (Du et al., 2023). The overlay of the wild-type and mutant residues 
was generated. Structural visualization and figure preparation were 
carried out using ChimeraX (v1.9) (Pettersen et al., 2021). The SDHA 
variants p.(R512Q) and p.(R585W), the human wild-type sequence, and 
orthologues from five species (Mus musculus, Gallus gallus, Danio rerio, 
Xenopus laevis, and Drosophila melanogaster) were retrieved from the 
NCBI Protein Database and aligned using Clustal Omega software 
(Sievers et al., 2011).

2.4. Skin fibroblasts cultures

Cultured fibroblasts were derived from skin biopsies. Fibroblasts 
from the patient and healthy donors were cultured in Dulbecco Modified 
Eagle Medium (DMEM) (Lonza) with 4.5 g/L glucose supplemented with 
L-glutamine, 10% fetal bovine serum (Biowest) and 1% penicillin/ 
streptomycin (Gibco, ThermoFisher Scientific). Cultures were main
tained at 37 ◦C in a humidified 5% CO2 atmosphere.

2.5. MRC complexes activities

Respiratory chain complexes activities in fibroblasts and skeletal 
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muscle were measured spectrophotometrically according to the method 
of Bujan et al. (Bujan et al., 2022). Two 175 cm2 flasks of confluent cells 
were collected by centrifugation at 800 x g for 5 min. Pellets were 
resuspended in 300 μL homogenization buffer (mannitol buffer). The 
mannitol buffer pH 7.2 consisted of 225 mM D-mannitol, 75 mM su
crose, 10 mM Tris-HCl and 0.1 mM EDTA. The cell suspension was 
sonicated twice for 5 s at 200 W in an ice bath. Cell homogenates were 
maintained in the ice bath prior to the spectrophotometric enzyme 
assays.

2.6. Mitochondrial respiration assays

Oxygen consumption rate (OCR) in fibroblasts was assessed in the 
extracellular analyzer XFp (Seahorse Agilent Technologies). Mitochon
drial respiration assays were performed following the described protocol 
(Morán et al., 2010) with minor modifications in reagents concentra
tions: 2.6 μM oligomycin (#75351, Sigma-Aldrich), 1.0 μM carbonyl 
cyanide 4-(trifluoromethoxy)-phenyl-hydrazone (FCCP) (C2920, Sigma- 
Aldrich) and 1.0 μM rotenone/antimycin A (R8875 and A8674, 
respectively, both from Sigma-Aldrich). 40,000 cells/well were seeded 
for approximately 24 h on XFp plates prior to performing the test. Data 
was obtained using Agilent Seahorse Wave 2.6.3.5 software (Seahorse 
Agilent Technologies).

2.7. Preparation of fibroblasts mitochondria

Mitochondrial isolation was performed as described previously 
(Fernández-Vizarra et al., 2010). Cells were trypsinized, pelleted (600 ×
g, 5 min), and washed twice with ice-cold PBS. Pellets on ice were 
swollen by adding 1 vol of hypotonic homogenization buffer (3.5 mM 
Tris-HCl, pH 7.8; 2.5 mM NaCl; 0.5 mM MgCl2) and homogenized with 
10 S in a manual glass–Teflon homogeneizer with smooth pestle 
(Thomas). Isotonicity was restored by adding 1/10 vol of hypertonic 
buffer (0.35 M Tris-HCl, pH 7.8; 0.25 M NaCl; 50 mM MgCl2). The ho
mogenate was cleared of nuclei and debris (1,200 × g, 3 min, 4 ◦C); the 
supernatant was collected and the spin repeated once. Mitochondria in 
the resultant supernatant were pelleted (15,000 × g, 2 min, 4 ◦C), 
washed three times in STE (0.32 M sucrose; 1 mM EDTA; 10 mM Tris- 
HCl, pH 7.4) and resuspended in STE to 10–15 mg/mL. Protein was 
quantified with the Pierce MicroBCA assay (Thermo Fisher Scientific).

2.8. Protein gel electrophoresis

Mitochondrial protein extracts were separated by either sodium 
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) or blue 
native polyacrylamide gel electrophoresis (BN-PAGE). For SDS–PAGE, 
mitochondrial pellets corresponding to 30–40 μg of protein were 
resuspended in 4x Laemmli sample buffer (Bio-Rad) and separated on 
4–20% Tris–Glycine gels (Invitrogen Novex). For BN-PAGE, mitochon
drial protein extracts were prepared as previously described (Timón- 
Gómez et al., 2020). Briefly, mitochondrial pellets were resuspended in 
a buffer containing 1.5 M aminocaproic acid and 50 mM Bis-Tris (pH 
7.0). Samples were solubilized using digitonin at a detergent-to-protein 
ratio of 4:1 and incubated on ice for 15 min. After centrifugation at 
20,000 x g for 30 min at 4 ◦C, the supernatant was mixed with 10x native 
sample buffer (750 mM aminocaproic acid, 50 mM Bis-Tris, 0.5 mM 
EDTA, 5% Coomassie Brilliant Blue G-250) prior to loading. Invitrogen 
NativePAGE 3–12% Bis-Tris mini protein gels (Thermo Fisher Scientific) 
were loaded with 30–40 μg of mitochondrial protein. Following elec
trophoresis, proteins were transferred to polyvinylidene fluoride (PVDF) 
membranes.

2.9. Western blotting

After electroblotting the proteins onto PVDF membranes, they were 
detected by incubating the membranes with the following antibodies: 

anti-ATP5B (ab128743, Abcam, at 1:10,000 dilution), anti-NDUFA9 
(ab14713, Abcam, at 1,000 dilution), total OXPHOS human WB anti
body cocktail (ab110411, Abcam, at 1:250 dilution), anti-SDHA 
(ab14715, Abcam, at 10,000 dilution), anti-SDHB (ab14714, Abcam, 
at 1:1,000 dilution), anti-SDHC (ab155999, Abcam, at 1:1,000 dilution), 
anti-SDHD (ab189945, Abcam, at 1:1,000 dilution), anti-UQCR2 
(ab14745, Abcam, at 1,2000 dilution), anti-COX4 (ab62164, Abcam at 
1:4,000 dilution), and anti-COX5A (ab110262, Abcam, at 1:1,000 
dilution). Immunoreactive bands were detected with ECL Prime Western 
Blotting Detection Reagent (GE Healthcare, Amersham, UK) in a 
ChemiDoc™ MP Imaging System (Bio-Rad, Hercules, CA, USA). The 
optical densities of the immunoreactive bands were measured using NIH 
ImageJ software v1.8 (Wayne Rasband, NIH, Bethesda, MD, USA). 
Densitometric analyses of SDS-PAGE and BN-PAGE immunoblots were 
normalized to ATP5B as a mitochondrial loading control.

2.10. Statistical analysis

Statistical analyses were performed using GraphPad Prism software. 
Mann-Whitney U test (two-tailed) were used when comparing two 
groups. Test values of p < 0.05 were considered statistically significant. 
In the figures, each point represents a biological replicate and, if no 
other indication is made, data are expressed as the mean ± SD.

3. Results

3.1. Genetic findings

To investigate the genetic basis of the patient’s phenotype, we per
formed a customized NGS panel targeting 133 genes encoding OXPHOS 
structural subunits and assembly factors (Table S1). The analysis iden
tified two missense variants in the SDHA gene (Fig. 1A), the c.1535G > A 
(p.R512Q) in exon 11 and c.1753C > T (p.R585W) in exon 13 of tran
script NM_004168.4. No additional potentially pathogenic variants 
related to the patient's phenotype were detected.

These variants were previously documented in a 4-year-old pediatric 
patient with primary mitochondrial disease (PMD) in a study examining 
cognitive function and mental health in children with PMD, although 
their pathogenicity was not evaluated (van de Loo et al., 2022). The 
c.1753C > T variant has been also reported in association with PCC, 
PGL, and GIST autosomal dominant tumors (Boikos et al., 2016; Kor
pershoek et al., 2011). Experimental validation of the pathogenicity of 
both variants has not been previously explored.

Both variants are rare, with an allele frequency below 0.01% in 
population databases. Furthermore, pathogenicity prediction tools 
including SIFT, PolyPhen-2, and CADD Phred consistently indicated that 
both variants are likely deleterious (Fig. 1A). The affected amino acids, 
depicted in the 3D structure of the SDHA protein (Fig. 1C), are highly 
conserved across species, further supporting their potential pathoge
nicity. Both variants are registered in ClinVar as variants of uncertain 
significance (VUS) with six submitters for c.1535G > A and eight for 
c.1535G > A.

Family segregation analysis by Sanger sequencing confirmed the 
presence of the two variants in the proband and showed that the mother 
carried the c.1535G > A and the father the c.1753C > T, each in het
erozygous state (Fig. 1B), indicating compound heterozygosity in the 
proband. According to ACMG criteria, the c.1535G > A variant was 
classified as VUS including as supporting the PP1 co-segregation crite
rion (PM2, PP3 and PP1), while the c.1753C > T was classified as 
pathogenic based on multiple ACMG criteria (PS4, PS1, PM5, PM2, PP3, 
PM1 and PP1) and is supported by its association with germline auto
somal dominant rare tumors.

3.2. Analysis of the activity of the MRC complexes

To evaluate the pathogenicity of the SDHA variants, the activities of 
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the MRC complexes were measured spectrophotometrically in 
mitochondria-enriched preparations obtained from skin cultured fibro
blasts and skeletal muscle of the patient. Complexes activities were 

normalized to the mitochondrial matrix enzyme, citrate synthase 
(Table 1). Compared with controls, patient fibroblasts showed a signif
icant reduction in CII activity. No significant differences in CIII or CIV 
activities were detected between patient and control fibroblasts. Inter
estingly, CI activity was also decreased in patient fibroblasts, whereas it 
remained normal in skeletal muscle.

Next, we evaluated the impact of the deficient CII and CI activities on 
the respiratory capacity of the patient fibroblasts. Surprisingly, basal 
OCR, maximal OCR, and ATP production, were normal. However, the 
spare respiratory capacity was significantly reduced in the patient fi
broblasts (Fig. 2).

3.3. Analysis of the assembly of the MRC complexes

Prior to investigating the assembly of MRC complexes and super
complexes (SCs) in patient fibroblasts, we analyzed the levels of various 
OXPHOS proteins isolated by SDS-PAGE. The mutations caused a 
decrease in SDHA expression, likely due to protein instability. Since 
SDHA is the final subunit to assemble into complex II (CII) and is the 
most stable in its free form (Cao et al., 2023), the reduction of the 
remaining subunits, with SDHC being nearly undetectable in patient 
fibroblast lysates compared to control fibroblasts, was not unexpected. 
Additionally, a decrease was observed in the NDUFA9 subunit, which is 
part of the Q module of CI, while the levels of CORE2 (CIII), COX4 (CIV), 
and ATP5B (CV) remained normal (Fig. 3).

Finally, we assessed the distribution of free MRC complexes and SCs 
using 1D BN-PAGE followed by Western blot analysis (Fig. 4). As ex
pected, mutant cells showed a significant decrease in CII assembly, as 
evidenced by SDHA and SDHC antibodies. Additionally, a significant 

Fig. 1. Identification of SDHA variants in the patient with potential pathogenic effect. (A) Two prioritized variants in SDHA and their predictor scores 
identified through the OXPHOS panel analysis. CADD ≥ 10 indicates that the variant ranks among the top 10% most deleterious in the human genome, whereas 
CADD ≥ 20 corresponds to the top 1% most deleterious variants. D stands for damaging. (B) Sanger sequencing and pedigree of the family showing the segregation of 
both variants. (C, top) Structural analysis of p.(R512Q) and p.(R585W). Insets highlight the wild-type and mutant residues in green and red, respectively. Bottom 
panel, Evolutionary conservation of the SDHA region containing residues R512Q and R585W, highlighted in red. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)

Table 1 
Mitochondrial respiratory chain enzyme activities in the patient skeletal 
muscle and fibroblasts. (1, 3) Complexes activities expressed as nmol min− 1 

mg− 1 relative to citrate synthase (CS) activity. (1) Skeletal muscle enzymatic 
activities are reported according to an established clinical reference range 
(2.5th–97.5th percentile; n = 95), which represents standardized diagnostic 
laboratory practice. (2) % of complex activity relative to the 2.5th percentile of 
controls. (3) Fibroblast measurements were performed in parallel with three 
independent control cell lines (n = 3). Control values are expressed as mean ±
SD. (4) % of complex activity relative to the mean control values. (5) CS activity 
expressed as nmol min -1 mg -1 protein.

Skeletal Muscle Fibroblasts

Patient 
(Controls)1

%2 Patient 
(Controls)3

%4

CI NADH- 
Decylubiquinone 
oxidoreductase

13.1 
(11.3–24.7)

116% 9.9 (15.4 ±
3.3)

64.3%

CII Succinate 
dehydrogenase

2.7 
(5.8–19.9)

45.5% 18.6 (64.9 ±
18.1)

28.6%

CIII Decylubiquinol- 
cytochrome c 
oxidoreductase

58.5 
(31–127)

188% 71.9 (59.8 ±
5.9)

120.2%

CIV Cytochrome c 
oxidase

38.1 
(20–79.2)

190.5% 96.5 (96.8 ±
2 2.5)

99.6%

CS Citrate synthase5 303.4 
(102–257)

− 50.8 (67.9 ±
17.1)

−
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decrease in CI-containing SCs, including the respirasome (CI +

CIII2+CIVn), was detected with a NDUFA9 antibody. In contrast, CIII 
levels in patient cells were comparable to controls, as assessed by 
immunodetection with a CORE2 antibody, both in its dimeric form 
(CIII2) and in SCs containing CIV and CI. A slight reduction in SC I +
CIII2 abundance was observed; however, this decrease did not reach 
statistical significance. CIV, detected using a COX5A antibody, was 

present at levels comparable to controls in its monomeric and dimeric 
forms, as well as within higher-order assemblies with CIII and CI. The 
monomeric CIV species showed a very mild reduction that was also not 
statistically significant. Thus, a decrease in CI-containing SCs was 
detected exclusively with the CI antibody (NDUFA9). Because CI is 
present as a single copy and may represent a limiting structural 
component, its reduction can selectively attenuate the CI-derived 

Fig. 2. Oxygen consumption rates and respiration parameters in the patient fibroblasts. (A) A representative experiment showing OCR in control and patient 
fibroblasts before and after the sequential addition of oligomycin (2.6 μM), FCCP (1 μM), and a combination of rotenone (Rot) and antimycin A (AA) (1 μM). (B) 
Mitochondrial parameters (basal respiration, proton leak, maximal respiration, spare respiratory capacity, ATP production) are shown. Ns, not significant; *, P <
0.05, Mann-Whitney U test. Data are shown as the mean ± SD.

Fig. 3. Expression of MRC complexes subunits. (A) Mitochondrial proteins extracted from control and patient fibroblasts were analyzed by SDS-PAGE, followed by 
immunodetection using antibodies against CI (NDUFA9), CII subunits (SDHA-D), and CIII (Core 2). Equal amounts of protein were loaded in all lanes. ATP5B was 
used as a loading control. Samples #1 and #2 refer to different replicates of the same experiment. (B) Densitometric analyses of SDS-PAGE and BN-PAGE immu
noblots were normalized to ATP5B as a mitochondrial loading control. Data represent mean densities ± SD from at least three independent experiments.
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respirasome signal without proportionally affecting the CIII2- or CIV- 
derived signal.

3.4. Reclassification of pathogenicity of SDHA variant

The previous findings indicating evidence of an impact on mito
chondrial function resulted from the presence of the two SDHA 

Fig. 4. Analysis of mitochondrial complexes and SCs. (A) 1D-BNE showing OXPHOS complexes I to IV (CI-CIV) and SCs. Western blot analysis was performed 
using antibodies against CI (NDUFA9), CII (SDHA and SDHC), CIII (Core 2), and CIV (COX5A). Equal amounts of protein were loaded in all lanes. Loading control, CV 
subunit ATP5B. Samples #1 and #2 refer to different replicates of the same experiment. (B) Densitometric analyses of SDS-PAGE and BN-PAGE immunoblots were 
normalized to ATP5B as a mitochondrial loading control. Data represent mean densities ± SD from at least three independent experiments.
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compound heterozygous variants in SDHA, enables to apply the PS3 
criterion (functional studies) of ACMG guidelines to reclassify the 
c.1535G > A (p.R512Q) variant from VUS to likely pathogenic, and 
experimentally reinforce the classification as pathogenic of the c.1753C 
> T (p.R585W) variant.

4. Discussion

We present a 14-year-old male presenting with neurological pheno
type characterized by epilepsy, psychomotor delay, intellectual 
disability, and partial optic atrophy. Using a customized NGS panel 
targeting genes encoding components of the OXPHOS system, we 
identified compound heterozygous variants in SDHA − c.1535G > A (p. 
R512Q) and c.1753C > T (p.R585W), which encodes SDHA, the major 
catalytic subunit of SDH/CII.

The clinical phenotype associated with SDHA mutations shows wide 
variability. Autosomal reccesive biallelic SDHA mutations are most 
commonly associated with Leigh or Leigh like syndromes presenting in 
infancy or early childhood, cardiomyopathy, leukodystrophy, neurop
athy and neuromuscular disease. In contrast, dominant inheritance has 
been reported in families presenting with late-onset optic atrophy, 
ocular movement disorders, cardiomyopathy, ataxia and cerebellar 
signs (H Sturrock et al., 2021). Our patient’s clinical picture is consistent 
with the neurological spectrum reported in autosomal recessive SDHA- 
related PMD, although the later age of clinical manifestation and less 
prominent multisystem involvement compared to typical infantile Leigh 
phenotypes suggest a milder disease course (Alston et al., 2012; Full
erton et al., 2020; Renkema et al., 2015).

Notably, these same SDHA variants were recently documented in a 4- 
year-old male patient within a cohort study examining cognitive func
tion and mental health in children with PMD (van de Loo et al., 2022), 
who presented at 6 months of age with clinical features overlapping with 
our patient, including low IQ, motor disability and epilepsy; however, he 
did not show any vision problems. The absence of functional assessment 
of these variants in that report left their pathogenic impact unclear in the 
context of autosomal recessive SDHA-related PMD. In the current study, 
we provide the first functional evidence demonstrating that these vari
ants result in loss of function, establishing a direct molecular basis for 
the clinical phenotypes observed in both patients.

In the current study, the patient’s fibroblasts showed a dramatic 
decrease in SDH/CII activity and assembly, as well as a reduction in the 
steady-state levels of all its subunits. A significant decrease in CI activity 
and CI-containing SCs, including the respirasome, was also observed. 
The decrease in CI activity has been previously described in various 
cellular models of SDH/CII deficiency (Bezawork-Geleta et al., 2018; 
Cardaci et al., 2015; Hart et al., 2023; Lorendeau et al., 2017) and has 
been proposed to serve as an adaptive mechanism (Hart et al., 2023; 
Lorendeau et al., 2017). Notably, one study shows that the loss of CI is 
beneficial for CII-deficient cells by increasing their production of 
aspartate, their proliferation rate, and their capacity for tumor growth 
(Hart et al., 2023). These findings support the concept that down
regulation of CI in the context of CII impairment is not merely a sec
ondary defect but may represent a metabolic rewiring that allows cells to 
maintain biosynthetic capacity. In contrast, no reduction in CI activity 
was observed in skeletal muscle, which could be explained by the higher 
stability of SCs in this tissue as well as by the ability of muscle to pref
erentially rely on OXPHOS as its primary energy source (Greggio et al., 
2017; Ikeda et al., 2013). Consistent with this tissue-specific effect, 
adrenally derived SDH/CII-deficient cells have also been reported to 
preserve CI activity despite marked cellular and mitochondrial 
morphological alterations (Al Khazal et al., 2024). One limitation of our 
study is that we were unable to assess the stability of SCs in the patient’s 
skeletal muscle due to limited biopsy material. Collectively, these ob
servations indicate that the biochemical impact of SDHA variants is 
likely tissue-dependent. Such variability may reflect differential meta
bolic plasticity across tissues, whereby energetically demanding organs 

such as skeletal muscle and adrenal medulla engage compensatory 
mechanisms that partially offset the downstream consequences of SDH/ 
CII instability, in contrast to fibroblast cell culture models.

The impairments in CII and CI observed in the patient’s fibroblasts 
were associated only with a significant reduction in spare respiratory 
capacity, but not with changes in other respiratory parameters. 
Although a decrease in maximal OCR was detected, it was not signifi
cant. This indicates that, under basal conditions, mitochondrial function 
is largely preserved and is still capable of supporting routine energetic 
demands. Taken together, these data suggest that the reduction in CI 
activity and assembly observed in the patient’s fibroblasts, which rep
resents the primary entry point for electrons into the MRC, was not 
sufficient to alter either basal or maximal respiration. Instead, the main 
functional consequence was a reduced ability to increase mitochondrial 
respiration under stress. The selective decrease in spare respiratory ca
pacity is consistent with previous studies that highlight the role of SDH/ 
CII in maintaining respiratory reserve across a range of cell types, 
including cardiac myocytes. (Chen et al., 2024; Dhingra and Kir
shenbaum, 2015). Conceptually, preservation of basal respiration 
alongside a marked reduction in respiratory reserve suggests a state in 
which the system can sustain day-to-day ATP production but has a 
diminished capacity to respond to acute increases in energy demand or 
to mitochondrial stress. This bioenergetic profile suggests the presence 
of underlying metabolic adaptations, warranting future metabolomic 
analyses to more precisely delineate alterations in central carbon 
metabolism associated with SDH/CII deficiency.

Overall, our functional data supports the pathogenicity of the SDHA 
variants c.1535G > A (p.R512Q) and c.1753C > T (p.R585W) in the 
context of PMD. In particular, the evidence allowed to reclassify 
c.1535G > A from a VUS to likely pathogenic, and it broadens current 
understanding of how specific amino acid substitutions in SDHA disrupt 
CII integrity, alter CI stability, and ultimately compromise mitochon
drial bioenergetic flexibility. This case further illustrates that SDHA- 
related disease in childhood can manifest with a milder, predomi
nantly neurological phenotype characterized by epilepsy, global neu
rodevelopmental delay, and optic atrophy, contrasting with severe Leigh 
syndrome commonly associated with SDHA recessive inheritance. These 
findings emphasize the importance of functional studies to reclassify 
variants of uncertain significance and considering SDHA in the genetic 
workup of pediatric neurodevelopmental disorders with suspected 
mitochondrial involvement.
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Fernández-Vizarra, E., Ferrín, G., Pérez-Martos, A., Fernández-Silva, P., Zeviani, M., 
Enríquez, J.A., 2010. Isolation of mitochondria for biogenetical studies: an update. 
Mitochondrion 10, 253–262. https://doi.org/10.1016/j.mito.2009.12.148.

Fullerton, M., McFarland, R., Taylor, R.W., Alston, C.L., 2020. The genetic basis of 
isolated mitochondrial complex II deficiency. Mol. Genet. Metab. 131, 53–65. 
https://doi.org/10.1016/J.YMGME.2020.09.009.

Gault, M.D., Mandelker, D., Delair, D., Stewart, C.R., Kemel, Y., Sheehan, M.R., Siegel, B., 
Kennedy, J., Marcell, V., Arnold, A., Al-Ahmadie, H., Modak, S., Robson, M., 
Shukla, N., Roberts, S., Vijai, J., Topka, S., Kentsis, A., Cadoo, K., Carlo, M., 
Schwark, A.L., Reznik, E., Dinatale, R., Hechtman, J., Flores, E.B., Jairam, S., 
Yang, C., Li, Y., Can Bayraktar, E., Ceyhan-Birsoy, O., Zhang, L., Kohlman, W., 
Schiffman, J., Stadler, Z., Birsoy, K., Kung, A., Offit, K., Walsh, M.F., 2018. Germline 
SDHA Mutations in Children and Adults with Cancer. https://doi.org/10.1101/mcs. 
a002584.
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