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María del Mar Blanquer-Roselló a,b,c, Abigail K. Bartlett i,j, Ana Sánchez-Cuesta a,b, Lucía Sena c,  
Ana Cortés-Rodríguez k, María Victoria Cascajo-Almenara a,b, David J. Pagliarini j,l,m,n,  
Eva Trevisson f,g, Sabine W. Gronborg o, Gloria Brea-Calvo a,b,c,*

a Andalusian Center of Developmental Biology (CABD), Universidad Pablo de Olavide-CSIC-JA, 41013 Seville, Spain
b Centre for Biomedical Research on Rare Diseases (CIBERER), Instituto de Salud Carlos III, 28029 Madrid, Spain
c Physiology, Anatomy and Cell Biology Department, Universidad Pablo de Olavide, 41013 Seville, Spain
d Department of Clinical Genetics, Copenhagen University Hospital Rigshospitalet, Blegdamsvej 9, 2100 Copenhagen, Denmark
e Department of Clinical Medicine, University of Copenhagen, Copenhagen, Denmark
f Clinical Genetics Unit, Department of Women’s and Children’s Health, University of Padova, 35128 Padova, Italy
g Istituto di Ricerca Pediatrica, Fondazione Città della Speranza, 35127 Padova, Italy
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A B S T R A C T

Background and aims: Primary Coenzyme Q (CoQ) deficiency caused by COQ4 defects is a clinically heteroge
neous mitochondrial condition characterized by reduced levels of CoQ10 in tissues. Next-generation sequencing 
has lately boosted the genetic diagnosis of an increasing number of patients. Still, functional validation of new 
variants of uncertain significance is essential for an adequate diagnosis, proper clinical management, treatment, 
and genetic counseling.
Materials and methods: Both fibroblasts from a proband with COQ4 deficiency and a COQ4 knockout cell model 
have been characterized by a combination of biochemical and genetic analysis (HPLC lipid analysis, Oxygen 
consumption, minigene analysis, RNAseq, among others).
Results: Here, we report the case of a subject harboring a new variant of the COQ4 gene in compound hetero
zygosis, which shows severe clinical manifestations. We present the molecular characterization of this new 
pathogenic variant affecting the splicing of COQ4.
Conclusion: Our results highlight the importance of expanding the genetic analysis beyond the coding sequence to 
reduce the misdiagnosis of primary CoQ deficiency patients.

Abbreviations: AntA, antimycin A; CNS, Central nervous system; CoQ, Coenzyme Q; FCCP, carbonyl cyanide-4-trifluoromethoxy-phenylhydrazone; HPLC, high- 
pressure liquid chromatography; MS, mass spectrometry; NGS, Next generation sequencing; OL, oligomycin; Rot, rotenone; VUS or VOUS, variants of unknown 
clinical significance; WES, whole exome sequencing; WGS, whole genome sequencing.
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1. Introduction

One of the most challenging aspects of the post-genome sequencing 
era is interpreting the pathogenicity of genomic variants for the mo
lecular diagnosis of common and rare diseases. Therefore, efforts are 
continuously put in place to functionally validate DNA variants of un
known clinical significance (VUS or VOUS) found in disease-causing 
genes or new candidate genes identified through genome/ exome 
sequencing or analysis of specific gene panels. However, it is estimated 
that over half of the patients with a rare disease remain undiagnosed 
after exome or genome sequencing [1].

Pre-mRNA splicing is required to produce functional proteins in 
higher eukaryotes. Genetic changes can impact mRNA processing 
differently, causing skipped exons, the generation of alternative donor 
or acceptor splice sites, or retained introns, among others. Atypical pre- 
mRNA maturation can render aberrant and non-functional proteins. 
Thus, defective mRNA processing can result in disease. It is estimated 
that variants affecting pre-mRNA splicing account for at least 15 % of 
disease-causing variants. For certain genes, these variants can account 
for up to 50 % of the reported modifications [2]. However, Whole Exome 
Sequencing (WES) -which mostly gets information on the putative 
changes in the coding sequence and, at most, proximal intronic 
boundaries- or sequencing of a specific panel of genes are often the 
chosen molecular diagnostic tools for rare diseases. Consequently, 
disease-causing changes in non-coding sequences, such as unknown 
variants in promoters, enhancers, and deep intronic sequences, are 
potentially overlooked, preventing the molecular diagnosis of a prob
ably non-negligible number of patients [3,4]. More comprehensive 
implementation of whole genome sequencing (WGS) has the potential to 
help overcome this limitation. However, functional interpretation and 
prioritization of non-coding variants, especially non-canonical splice 
sites, still represent a significant challenge [5,6].

Primary Coenzyme Q (CoQ) deficiencies constitute a group of rare 
conditions caused by autosomal recessive variants in any of the genes 
involved in the biosynthesis of this lipidic molecule (COQ genes) [7], 
which is central to mitochondrial metabolism [8], shuttling electrons 
from complexes I and II to complex III in the electron transport chain but 
also accepting electrons from other mitochondrial dehydrogenases. 
Outside mitochondria, CoQ is part of the antioxidant defense system in 
the plasma membrane, participating in the protection against ferroptosis 
[9]. In humans, Primary CoQ deficiencies are accompanied by a 
decrease in tissue levels of CoQ10 (the human isoform of CoQ, with 10 
isoprene units) and are characterized by a vast spectrum of clinical 
manifestations, mainly affecting the central nervous system (CNS), pe
ripheral nervous system, kidney, skeletal muscle, heart, and sensory 
organs [7,52]. Primary CoQ deficiency is a treatable disease since pa
tients can be subjected to CoQ10 supplementation, but new treatments 
are under investigation, as the outcome of CoQ10 supplementation is 
variable, probably due to its high hydrophobicity and poor bioavail
ability [10–12].

The association of specific variants in the COQ genes with particular 
symptoms or disease prognosis could aid in the clinical management of 
patients. However, clear genotype-phenotype correlations have yet to be 
described, primarily due to the exiguity of identified patients and the 
difficulties in determining the impact of the particular genetic and 
epigenetic background on the disease manifestation [13]. To date, only 
around 600 patients have been identified worldwide harboring patho
genic variants in PDSS1, PDSS2, COQ2, COQ4, COQ5, COQ6, COQ7, 
COQ8A, COQ8B or COQ9 [7,52], being most of the identified pathogenic 
variants located in the gene coding sequences; thus intronic variants 
affecting, e.g., splicing may be overlooked.

One of the genes whose dysfunction causes primary CoQ deficiency is 
COQ4, which has recently been demonstrated to be required for the C1 
oxidative decarboxylation of the CoQ precursor [14]. COQ4 patients 
predominantly exhibit neonatal-onset severe neurological impairment, 
often accompanied by cardiomyopathy and respiratory distress, with no 

evidence of renal involvement [7,15,52].
Here, we report and characterize a case of a spliceogenic variant in 

the COQ4 gene, expanding the catalog of pathogenic variants for this 
gene. In the long term, this will contribute to a more rapid diagnosis of 
patients and their earlier treatment.

2. Material and methods

2.1. Whole exome analysis

WES was conducted using DNA isolated from blood with the Ion 
AmpliSeq™ exome RDY kit (Thermo Fisher, Waltham, MA, USA). Li
brary preparation was carried out with the IonChef, followed by 
sequencing using the IonProton system (Thermo Fisher). Base calling, 
read pre-processing, short read alignment, and variant calling were 
completed using the Torrent Suite, including the Torrent Variant Caller 
(Version 4.4–5.0) (Thermo Fisher). Genomic variants were annotated 
and filtered using VarSeq (GoldenHelix, Bozeman, MT, USA). 
NM_016035.5 was used as the reference sequence for the COQ4 tran
script, and NP_057119.3 for the COQ4 protein for variant nomenclature.

2.2. Cell culture

Fibroblasts derived from a skin biopsy from the proband (PF) and 
age-matched control fibroblasts (HDF neonatal, ATCC) were cultured in 
Gibco™ DMEM (Dulbecco’s Modified Eagle Medium) with 1 g/L 
glucose, supplemented with 10 % (v/v) fetal bovine serum (FBS) and 1 % 
(v/v) Gibco™ Antibiotic-Antimycotic cocktail (Ab). All the experiments 
were conducted using cells with passage numbers below 15. Informed 
consent for biological sample collection and genetic studies was ob
tained in accordance with the Declaration of Helsinki. All procedures 
were approved by the Andalusian Biomedical Research Ethics Coordi
nating Committee (Ref # 0418-N-20, 29/04/2020).

Human HEK293T-Rex/Flp-In™ parental cells (ThermoFisher Scien
tific) and derived COQ4 KO cells were cultured in high glucose DMEM 
supplemented with 10 % tetracycline free FBS (Tet-FBS), 1 % Ab, 10 μM 
uridine, and maintained in 15 μg/mL of Blasticidin (Blasticidin S HCl, 
10 mg/mL, Thermo Fischer Scientific) and 100 μg/mg Zeocin (Zeocin™ 
Selection Reagent, 100 mg/mL, Thermo Fischer Scientific). Transfected 
HEK293T cells were maintained with 15 μg/mL of Blasticidin and 100 
μg/mg Hygromycin B (Sigma).

2.3. Oxygen consumption rate (OCR) measurements

OCR was measured using a Seahorse XF24 Extracellular Flux 
Analyzer (Agilent). Briefly, 50 × 103 cells were seeded onto Seahorse 24- 
well plates 24 h before the assay. On the day of the experiment, the plate 
was equilibrated with Seahorse XF base medium supplemented with 1 g/ 
L glucose, 2 mM glutamine, and 1 mM sodium pyruvate for 1 h at 37 ◦C 
without CO2. OCR was determined under basal conditions and after the 
sequential injection of the inhibitors (loaded in the pre-hydrated car
tridge): 4 μM oligomycin (OL, inhibitor of ATP synthase), 1 μM carbonyl 
cyanide-4-trifluoromethoxy-phenylhydrazone (FCCP, uncoupling 
agent), 1 μM rotenone (Rot, CI inhibitor) and 2.5 μM antimycin A (AntA, 
CIII inhibitor). Cells were harvested and counted after the assay to 
normalize respiration rates.

2.4. Generation of HEK293T COQ4 KO cells

A Paired nickases CRISPR/Cas9 3-plasmid strategy was employed to 
generate the COQ4 KO in a HEK293T-Rex/Flp-In wild type background. 
The cells were transfected with a pCMV-Cas9D10A-GFP plasmid 
(Sigma), which expresses the nickase-GFP, and two pU6-gRNA plasmids 
(Sigma), each containing a different target sequence in COQ4 exon 2 
(Table S1). The gRNAs for the target sequences were designed using the 
CRISPR-design tool from Zhang Lab (http://crispr.mit.edu). Potential 
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off-target sites of the different pairs of gRNAs were analyzed with the 
same tool, predicting 0 off-target sites for each of the 4 pairs of Forward 
and Reverse gRNAs used (gRNA1-gRNA3, g-RNA1-gRNA4, gRNA2- 
gRNA3, gRNA2-gRNA4).

The CRISPR plasmids transfection protocol was adapted from Ran 
et al. [16] and conducted using Lipofectamine 3000 (LFA) (Thermo
Fisher Scientific) in 24-well plates following the manufacturer’s in
structions. Transfections with the 4 combinations of plasmids containing 
the gRNAs were performed along with the pCMV-Cas9D10A-GFP 
plasmid in equimolar ratios, with a maximum total DNA amount of 
500 ng. Forty-eight hours after transfection, GFP-positive single cells 
were FACS-sorted (BD Facsaria cell sorter), collected in complete high 
glucose DMEM medium supplemented with 10 μM uridine, and diluted 
to plate 1 single cell per well in a 96-well plate. After expanding cell 
populations, genomic DNA was isolated from 80 % of cells in a confluent 
12-well plate using the DNeasy Blood & Tissue Kit (Qiagen).

The KOD Hot Start Master Mix (Novagen) was used to specifically 
amplify the targeted COQ4 or EMX1 (as a positive control) genomic 
sequences (Table S2) by PCR. After the separation in a 1,8 % agarose gel, 
amplicons were gel-purified, A-tailed with a Taq polymerase (Horse
Power Taq polymerase, Canvax), ligated into pGEM-T Easy Vector 
(Promega), and transformed into DH5α bacteria. A minimum of 5 bac
terial clones were sequenced per each tested cell line. HEK293T COQ4 
KO cell line was confirmed not to express COQ4 protein by Western Blot 
(anti COQ4 antibody (Sigma HPA042945), 1/1000).

2.5. Generation of HA-tagged versions of COQ4 and site-directed 
mutagenesis

COQ4 was amplified from a plasmid containing the human COQ4 
coding sequence using specific primers to introduce the HA tag and the 
restriction enzyme sites for HindIII and XhoI (Table S2). The COQ4-HA 
was then cloned into pcDNA5 (ThermoFisher Scientific). Site-directed 
mutagenesis was conducted using the QuikChange II XL Site-Directed 
Mutagenesis kit (Agilent) with specific PCR primers (Table S2).

2.6. Generation of stable inducible cell lines expressing COQ4 variants

HEK293T COQ4 KO cells were transfected with different COQ4 
versions. 70–80 % confluent cells in 6-well plates were transfected with 
Lipofectamine 3000 reagent (LFA, ThermoFisher Scientific), following 
the manufacturer’s instructions. Briefly, each well was transfected with 
600ul of LFA-DNA complexes (a mixture of pOG44 and pCDNA5 with 
each of the COQ4 versions (ratio 9:1, 1500 ng), LFA and P3000 reagent) 
on Gibco Opti-MEM™ (Thermo Fischer Scientific). 24 h after trans
fection, the medium was replaced by high glucose DMEM supplemented 
with 10 % Tet-FBS, 1 % Ab, 15 μg/mL Blasticidin. 48 h after transfection, 
transfected clones were subjected to selection by changing the medium 
to high glucose DMEM with 10 % Tet-FBS, 1 % Ab, 10 μM uridine, 15 μg/ 
mL of Blasticidin, and 100 μg/mg of Hygromycin B (Sigma). The 
transgene expression was induced with 0.1–0.5 ng/mL of doxycycline 
for 24 h and checked by Western Blot (anti COQ4 antibody (Sigma 
HPA042945) 1/1000).

2.7. Western blotting and immunodetection

Western blotting analysis was performed after denaturing acryl
amide electrophoresis. Proteins in the gel were transferred onto a 
methanol-activated polyvinylidene difluoride (PVDF) membrane 
(Immobilon. Millipore) by semi-dry transfer (Trans-Blot® SD Semi-Dry 
Transfer Cell, Bio-Rad) at 25 V for 1 h in transfer buffer TG (25 mM 
Tris-HCl, 192 mM Glycine, 20 % methanol (v/v) and 0.025 % SDS) (Bio- 
Rad).

The membranes were blocked with 5 % milk in TTBS (TBS (Tris- 
buffered saline) with 0.05 % Tween-20) for 1 h at room temperature 
(RT) and subsequently washed in TTBS. Membranes were incubated at 

4 ◦C overnight with different specific antibodies diluted at the appro
priate concentrations in 5 % milk in TTBS. After further washes in TTBS, 
membranes were subsequently incubated with species-appropriate sec
ondary antibody conjugated with horseradish peroxidase (HRP) diluted 
to 1:5000 in 5 % milk in TTBS. Finally, membranes were developed with 
Immobilon Crescendo Western HRP substrate (Millipore) and visualized 
with ChemiDocTM XRS+ Imaging System (Bio-Rad).

2.8. Steady-state CoQ level measurements

Lipid extraction was performed from 0.5 mg of total cell homogenate 
protein following standard procedures [17] using CoQ6 as an internal 
standard. CoQ10 content was analyzed by injecting lipid extracts in an 
HPLC system, as described elsewhere [17], with a guard cell installed 
after the injection valve to oxidize the sample completely before chro
matographic analysis. Lipids separation was conducted using a gradient 
method in a C18 Reverse Phase column HPLC system (5 μm, 150 × 4.6 
mm) with 20 mM AcNH4 pH 4.4 in methanol (solvent A) and 20 mM 
AcNH4 pH 4.4 in propanol (solvent B) as the mobile phase. An 85:15 
solvent mixture (A:B ratio) and a 1.2 mL/min flow rate were used as 
starting conditions. Then, the mobile phase gradually turned into a 
50:50 ratio as the flow rate decreased to 1.1 mL/min (ramp from minute 
6 to minute 8). After 20 min (total run time) at 40 ◦C, the columns were 
re-equilibrated to the initial conditions for three additional minutes. 
CoQ10 levels were detected by an electrochemical detector (ECD) 
(channel 1 set to − 700 mV and channel 2 set to +500 mV) or radio-flow 
detector (LB 509 with a solid cell YG 150 Al-U4D (Berthold 
Technologies)).

2.9. CoQ10 biosynthesis rate measurements

The CoQ10 biosynthesis rate was determined by measuring the 
incorporation of radioactive 14C into CoQ10. Cell cultures were incu
bated with 7.2 nM of the radiolabelled [14C]-pHB, the precursor of the 
benzoquinone ring, for 72 h. Labeled-CoQ10 content was analyzed by 
lipid extract injection in HPLC as described above. [14C]-pHB was in- 
house chemically synthesized from 14C-tyrosine [18].

2.10. Targeted mass spectrometry CoQ intermediary analysis

Flash-frozen cell pellets were thawed and resuspended in 100 μL of 
PBS. A 5 μL aliquot of this resuspension was reserved for BCA assay to 
normalize the protein content. 600 μL of methanol with 0.1 μM CoQ8 
internal standard (Avanti Polar Lipids) was added to each sample. Cells 
were lysed by shaking for 5 min at 4 ◦C using a Disruptor Genie set to 
3000 rpm. For lipid extraction, 400 μL of petroleum ether was mixed 
with the sample and shaken for 3 min. The samples were centrifuged for 
2 min at 1000g and 4 ◦C, and the upper ether layer was transferred to a 
new tube. This extraction process was repeated twice, and the combined 
ether layers were evaporated under argon gas for 30 min at RT. 
Extracted dried lipids were resuspended in the mobile phase (78 % 
methanol, 20 % isopropanol, 2 % 1 M ammonium acetate pH 4.4 in 
water) and placed in amber glass vials with inserts. LC-MS analysis was 
performed using a Thermo Vanquish Horizon UHPLC system coupled to 
a Thermo Exploris 240 Orbitrap mass spectrometer. The LC separation 
utilized a Vanquish binary pump system (Thermo Fisher Scientific) with 
a Waters Acquity CSH C18 column (100 mm × 2.1 mm, 1.7 μm particle 
size) maintained at 35 ◦C under a 300 μL/min flow rate. Mobile phase A 
was composed of 5 mM ammonium acetate in acetonitrile:H2O (70:30, 
v/v) with 125 μL/L acetic acid, while mobile phase B consisted of 5 mM 
ammonium acetate in isopropanol:acetonitrile (90:10, v/v) with the 
same additive. For each sample run, the gradient started with 2 %mobile 
phase B for 2 min, then increased to 30 % over 3 min, further rising to 50 
% over 1 min, 85 % over 14 min, and finally to 99 % over 1 min, holding 
at 99 % for 4 min. The column was then re-equilibrated for 5 min at 2 % 
mobile phase B before the next injection. Five μL of each sample were 
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injected by a Vanquish Split Sampler HT autosampler (Thermo Fisher 
Scientific) at 4 ◦C. Ionization was achieved using a heated ESI source 
with a vaporizer temperature of 350 ◦C. Sheath gas was set to 50 units, 
auxiliary gas to 8 units, sweep gas to 1 unit, and the spray voltage was set 
to 3500 V for positive mode and 2500 V for negative mode. The inlet ion 
transfer tube temperature was maintained at 325 ◦C with a 70 % RF lens. 
For targeted analysis, the MS was operated in positive parallel reaction 
monitoring mode with polarity switching acquiring scheduled, targeted 
scans to CoQ10 (m/z 863.6912), CoQ8 (m/z 727.566), CoQ6 (m/z 
591.4408), and CoQ intermediates: demethoxy-coenzyme Q (DMQ10; 
m/z 833.6806), demethyl-coenzyme Q (DMeQ10; m/z 849.6755), 
demethoxy-demethyl-coenzyme Q (DDMQ10; m/z 836.6915), 3-decap
renyl-4-hydroxybenzoate (10P-HB; m/z 817.6504) and 3-decaprenyl- 
1,4-benzoquinone (PBQ10; m/z 789.6555). MS acquisition parameters 
include resolution of 15,000, stepped HCD collision energy (25 %, 30 %, 
40 % for positive mode and 20 %, 40 %, 60 % for negative mode), and 3 s 
dynamic exclusion. Automatic gain control targets were set to standard 
mode. The resulting CoQ intermediate data were processed using 
TraceFinder 5.1 (Thermo Fisher Scientific).

2.11. Spliceogenicity in silico prediction

Splicing Prediction in Consensus Elements (SPiCE) [19], SpliceAI 
[20], HSP [21], Spliceator [22], and the NetGene2 [23] prediction tools 
were used to in silico predict the spliceogenicity of the intronic variant.

2.12. Hybrid minigene assay

COQ4 complete exon 5 and 100 bp of the upstream and downstream 
introns 4 and 5 were amplified from the proband and control genomic 
DNA. Fragments were cloned into the β-globin intron 2 contained in the 
β-globin vector to build the minigene vectors [24]. HEK293T cells that 
do not express β-globin were transfected with the wild type or the 
mutated minigene using Lipofectamine 2000 (ThermoFisher Scientific) 
according to the manufacturer’s instructions. Transfection of the empty 
vector was used as a negative control. After 24 h, total RNA was 
extracted with TRIzol (ThermoFisher Scientific) and retrotranscribed 
using SuperScript II reverse transcriptase (ThermoFisher Scientific). The 
resulting cDNA was amplified using specific primers for the β-globin 
gene, designed on exon 2 (forward) and exon 3 (reverse). PCR products 
were separated on a 2 % agarose gel, and densitometric analysis was 
performed using ImageJ software. Bands were excised from the gel and 
sequenced by Sanger.

2.13. RNA sequencing

Total RNA was extracted from the proband and control fibroblast 
pellets using TRIzol (ThermoFisher Scientific). At least 2 μg of RNA per 
sample were submitted to Novogene Europe (Cambridge, United 
Kingdom) in triplicates. Novogene prepared the libraries and performed 
the paired-end sequencing of the samples with Illumina NovaSeq 6000 
(150 nt read length). The obtained sequences were mapped to the 
human reference genome GRCh38 assembly. The Integrative Genomics 
Viewer (IGV) software (Broad Institute and UC San Diego) was used for 
data visualisation [25], focusing on COQ4, COQ2, and TFAM transcripts, 
and reads for each exon and exon-exon junction were counted.

2.14. Reverse transcription and transcript variants amplification

1 μg of DNase-treated RNA was retrotranscribed with the iScript 
Select cDNA Synthesis Kit (Bio-Rad) by using oligo(dT)20 primer mix to 
obtain the complementary DNA (cDNA). A first-strand cDNA amount 
equivalent to 150 ng of starting RNA was used for subsequent PCR re
actions. Specific primers for WT or 10 nt-deletion in exon 1 were used to 
distinguish amplicons coming from each allele by standard PCR 
(Table S2). After agarose gel running of the RT-PCR products, bands 

were excised, cloned in pGEM-T Easy Vector (Promega) and sequenced.

2.15. Statistical analysis

All results were expressed as mean ± SD, unless otherwise specified. 
Data analysis was performed with GraphPad Prism 8.0. Samples were 
assumed to come from a normal distribution. In the case of comparison 
between two groups, we used unpaired two-tailed t-test with a Welch’s 
correction. Multiple samples were compared using a one-way (1 group) 
or two-way ANOVA (2 or more groups), with Sidak’s or Dunnett’s 
multiple comparison post-hoc tests (depending on the nature of the data 
and the comparisons). P-values <0.05 were considered statistically 
significant.

3. Results

3.1. Case clinical presentation

The proband was the first child of healthy and unrelated parents. 
Pregnancy was uneventful, and birth was induced and uncomplicated at 
41 + 6 weeks of gestation with Apgar values of 9 and 10 after one and 
five minutes, respectively. Birth weight was 3076 g (z = − 0,35), length 
48 cm (z = − 0,82), and head circumference 33 cm (z = − 1,07). Directly 
after birth, the female neonate was noted to have hypertonia in ex
tremities. 6 h after birth, periodic breathing with upper airway 
obstruction was noted, and the proband was transferred to the neonatal 
care unit. The respiratory situation stabilised, but the patient was found 
to have flexion contractures of both elbows and knees, contractures over 
ankle joints with dorsal flexion, as well as tightly closed hands with 
adducted thumbs. Muscle tone was increased. A cerebral MRI was per
formed when the proband was 3 days old and revealed severe volume 
reduction of the cerebral and cerebellar white matter but otherwise 
normal anatomy. Myelinisation was delayed, with signs of myelinization 
in the dorsal brainstem only. The initial ophthalmological examination 
did not show signs of ocular pathology. The patient underwent a series 
of diagnostic tests, including routine clinical biochemistry, broad 
metabolic screening, array CGH (comparative genomic hybridization) 
analysis, and investigations for congenital infections, all with normal 
results. Trio whole exome sequencing (WES) was ordered. At the age of 
4 weeks, the patient developed epileptic seizures, initially treated effi
ciently with levetiracetam, but requiring the addition of clobazam 
shortly after. Because of severe feeding difficulties, a nasogastric tube 
was placed at age 5 weeks and converted to a percutaneous gastric tube 
at age 8 months. Because of increased muscle tone, irritability, periods 
of unconsolable crying, and apnoeic spells, oral baclofen and later 
gabapentin treatment were added to her treatment regimen with limited 
success. She later developed epileptic spasms, and vigabatrin treatment 
was started. She also manifested severe neuromuscular scoliosis. WES 
revealed a putative diagnosis of COQ4 deficiency (see next paragraph), 
and the patient was started on CoQ10 treatment (ubiquinol, 30 mg/kg/ 
d in 3 doses) from the age of two months old. Echocardiography was 
normal. From the age of 8 months, patients’ irritability and muscular 
hypertonia were increasing and difficult to manage despite poly
pharmacy. Treatment with L-Dopa did not ameliorate the situation and 
was withdrawn because of increasing irritability. Chloralhydrate, diaz
epam, morphine, and clonazepam were needed to treat severe irrita
bility and high muscle tone but were only partly efficient. Also, at 8 
months of age, respiratory problems were observed, with increasing 
difficulties with airway secretions and reduced coughing. The patient 
was referred to close follow-up with the pediatric palliative care team 
from 12 months of age. Overall, the proband only showed very limited 
progress in psychomotor development within the first months, espe
cially regarding eye contact, and then regression from about 8 months of 
age, with loss of limited eye contact and reactions to parents and other 
caretakers. Head circumference showed very slow growth, and was at z 
− 4,64 at 12 months (with normal weight (z − 0,68) and length at z −
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2,31). At 15 months of age, repeating episodes of severe upper airway 
obstruction not amenable to conservative treatment occurred, and at 16 
months, the patient deceased, possibly due to airway obstruction.

3.2. Pathogenicity of COQ4 identified variants

In trio WES on the proband and her parents’ genomic DNA revealed 
that she was compound heterozygous for two variants in the COQ4 gene. 
One of the variants is a deletion of 11 nucleotides in exon 1 
(c.23_33delTCCTCCGTCGG), predicted to generate a frameshift and an 
early truncated protein (p.Val8Alafs*19). The second COQ4 variant is an 
intronic single nucleotide variant (SNV) in intron 5, c.532 + 6 T > A.

The c.23_33delTCCTCCGTCGG variant has been previously 
described in compound heterozygosity with an allele harboring two 
missense variants, c.311G > T and c.356C > T (p.Asp111Tyr and p. 
Pro119Leu), both predicted to be pathogenic by different in silico tools. 
This combination was observed in a subject who presented with a birth- 
onset encephalopathy associated with seizures, hypotonia, develop
mental delay, hearing loss, delayed visual maturation, hypertrophic 
cardiomyopathy, and bradycardia. The patient succumbed after a res
piratory failure at 4 months of age [26].

The c.23_33delTCCTCCGTCGG allele is expected to result in a loss- 
of-function protein as the deletion occurs very early in the sequence 
(p.Val8Alafs*19). A stable COQ4 knockout (KO) HEK293T inducible cell 
line expressing the cDNA of this variant was generated using the Flp-In 
system to check its pathogenicity. As expected, after induction, the 

protein was undetectable by Western Blot (Fig. 1A), and cells were un
able to restore wild-type CoQ10 levels (Fig. 1B) in the COQ4 KO back
ground. Of note, the small amounts of CoQ10 observed are probably 
derived from the culture medium and not endogenously synthesized 
since there is no detectable incorporation of radioactivity when cells are 
fed with radioactive [14C]-pHB, the head precursor of CoQ (Fig. S1). 
These results confirm the c.23_33delTCCTCCGTCGG cDNA does not 
produce protein and, thus, induces a defect in CoQ10 biosynthesis.

In contrast, cells expressing the COQ4 cDNA harboring the missense 
variant causing the p.Leu52Ser change found in a published cohort of 
COQ4 patients [27] and used as a control in our functional studies had 
detectable protein amounts after induction (Fig. 1A). Doxycycline- 
induced overexpression of the p.Leu52Ser protein rescued CoQ10 
levels in a dose-dependent manner, suggesting that, unlike the p. 
Val8Alafs*19 variant, the p.Leu52Ser one is a functional but less effi
cient protein (Fig. 1B). Of note, cells transfected with the WT allele but 
not induced with doxycycline expressed comparable amounts of protein 
as the HEK293T WT cells and recovered wild-type CoQ10 levels, indi
cating that the leaky expression of the gene is enough to restore CoQ10 
synthesis. Induction of the transgene resulted in a high overexpression, 
which explains the recovery of wild-type levels of CoQ10 by the hypo
morphic p.Leu52Ser variant in this condition. Interestingly, we observed 
that cells lacking COQ4 accumulate an ECD-detectable compound which 
does not show the same retention time as demethoxy-coenzyme Q 
(DMQ10), the substrate of the hydrolase COQ7 that is typically accu
mulated in COQ7 patients and has previously been detected in probands 

Fig. 1. COQ4 KO cells transfected with COQ4 wild type and variants found in patients recover COQ4 protein expression and CoQ10 levels in different degrees and 
accumulate a CoQ10 biosynthesis intermediary. A. Levels of COQ4 proteins in HEK293T WT (HEK), COQ4 KO (KO), and COQ4 KO transfected with WT COQ4 (WT) or 
with the HA-tagged WT (COQ4-HA wt) or the c.23_33delTCCTCCGTCGG (p.Val8Alafs*19) COQ4 variant. The p.Leu52Ser variant is used as a control of the system. 
Membranes were developed with an antibody against the COQ4 protein. Protein expression was induced with doxycycline (DOX) for 24 h. B. CoQ10 levels in HEK 
WT, COQ4 KO, COQ4 KO cells transfected with HA-tagged WT COQ4 and patients’ mutant versions of COQ4 p.Val8Alafs*19 and p.Leu52Ser (Mean and SD are 
represented; Two-way ANOVA, Dunnett’s multiple comparison test (each transfected cell line (induced+non-induced) vs. HEK WT); p values: ****, p < 0.0001). C. 
CoQ10, 10P-HB, 10PPVA and DMQ10 levels measured by targeted mass spectrometry of WT HEK293T (HEK wt), COQ4 KO and COQ4 KO cells transfected with HA- 
tagged WT COQ4 induced with 0,5 ng/mL doxycycline (wt HA + DOX) (Scatter dot plots with means are represented; One-way ANOVA, Dunnett’s multiple 
comparison test; p values: **, p < 0.002; ****, p < 0.0001). D. Pre-CoQ10 levels in HEK293T WT, COQ4 KO, COQ4 KO cells transfected with HA-tagged WT COQ4 (wt 
HA) and patients’ mutant versions of COQ4 (p.Val8Alafs*19 and p.Leu52Ser) (Mean and SD are represented; Two-way ANOVA, Dunnett’s multiple comparison test 
(each transfected cell line (induced+non-induced) vs. HEK WT); p values: ****, p < 0.0001).
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with pathogenic variations in COQ4 [28] (Figs. S2 and S3). Mass spec
trometry (MS) analysis of lipid extracts confirmed that DMQ10 is not 
present in COQ4 KO cells and that they mainly accumulate 3-decap
renyl-4-hydroxybenzoate (10P-HB), the product of COQ2, which has 
been recently shown to accumulate in COQ4-defective cells and some 
COQ4 patients [14]. Traces of polyprenyl-vanillic acid (10PPVA), the 
substrate of COQ4, are also detected in COQ4-defective cells but not in 
HEK293T WT and those rescued by expression of wild-type COQ4 
(Fig. 1C and S3). The main accumulated intermediary disappeared when 
the WT COQ4 HA-tagged version was expressed in the COQ4 KO cells 
(Fig. 1C and D) but was detected when both p.Val8Alafs*19 and p. 
Leu52Ser variants were expressed in this background, meaning that the 
enzymatic activity of these forms is probably slowed down (Fig. 1D).

The second COQ4 variant identified in the proband under study is an 
intronic SNV, c.532 + 6 T > A (ClinVar RCV002226918.2), that has not 
been previously described in the literature and is classified as very rare 
in the GnomAD v4.0 dataset (MAF, maximum allele frequency of 
0.00001470 in the European non-Finnish population). Interestingly, it is 
located close to the predicted 5′ donor splice site of intron 5 of COQ4. 
Thus, c.532 + 6 T > A molecular pathogenetic mechanism may rely on 
the alteration of COQ4 pre-mRNA splicing. In silico spliceogenicity 
prediction tool, SPiCE [19] predicts the intronic variant c.532 + 6 T > A 
to have a moderate probability of altering splicing (0.734) but close to 
the threshold ThSp (0.749), which marks the highest likelihood of 
spliceogenicity (Fig. S4). In contrast, NetGene2 only predicts a slight 
weakness of the donor site, while SpliceAI [23] indicates no spliceoge
nicity to the c.532 + 6 T > A variant (score 0,10) [20].

3.3. Functional and biochemical characterization of proband’s cells

Biochemical characterization of proband samples was performed to 
functionally validate the pathogenicity of the identified COQ4 variants. 
The steady-state CoQ10 levels were found to be severely reduced both in 
skeletal muscle (154.37 pmol CoQ10/mg of protein, control range 
300–700) and skin fibroblasts (more than 50 %deficiency) (Fig. 2A). 
Citrate synthase activity was also found to be slightly reduced in skeletal 
muscle (82.8 CS units/L, control range 88–240), indicating that this 
primary CoQ10 defect could lead secondarily to suboptimal mitochon
drial performance in muscle.

Measuring the incorporation rate of labeled precursors in the form of 
CoQ10 allows the unveiling of defects in the biosynthesis process itself. 
Incorporation of radiolabelled [14C]-pHB, the quinone head precursor of 
CoQ, revealed a severe defect in CoQ10 biosynthetic rate (Fig. 2B), and 
the accumulation of a radioactive peak with an earlier retention time 
than CoQ10 and coincident with the extra peak detected in the COQ4 KO 
HEK293T cells by the ECD (Fig. S1). MS analysis of proband’s fibroblasts 
detected low amounts of 10P-HB, but no other biosynthetic intermediary 
analyzed (Fig. 2C-D).

COQ4 protein levels were drastically reduced in the proband fibro
blasts (PF) compared to matched-age control fibroblasts (Fig. 2E). Ox
ygen consumption rate (OCR) was measured in PF to determine the 
cells’ respiratory capacity. Basal respiration, proton leak, and coupled 
respiration levels were unaffected. In contrast, maximal respiration rate 
and spare capacity were significantly decreased in PF, indicating that 
patients’ cells are unable to respond appropriately when the respiration 
machinery is pushed to be over-activated (Fig. 2F-G).

Fig. 2. Quinone content, COQ4 protein levels, and respiratory capacity of COQ4 proband’s fibroblasts. A. Mass spectrometry analysis of CoQ10 steady-state levels in 
controls and proband’s fibroblasts (PF) (Scatter dot plot with means is represented; Unpaired two-tailed t-test; ***, p value<0.0005). B. HPLC-radioactivity chro
matogram showing the incorporation of 14[C]-pHB to the quinone extract. While control cells show a radioactive CoQ10 peak, PF present 2 peaks, one corresponding 
to CoQ10, and another of lower retention time (13–13.5 min), corresponding to an intermediate molecule of CoQ10 synthesis. C. Mass spectrometry analysis of control 
and COQ4 PF shows that the latter accumulate 10P-HB (Scatter dot plot with means is represented; Unpaired two-tailed t-test; **, p value<0.05). D. Mass spec
trometry analysis shows that 10PPVA is undetectable in both control and patient’s cells. A scatter dot plot with means is represented. E. COQ4 protein levels in whole 
fibroblast lysates and western blot quantification by densitometry (Unpaired two-tailed t-test; p value<0.0001). An antibody against beta-actin (43KDa) was used as a 
loading control. F. Representative OCR traces of proband (PF) and control cells measured by Seahorse. Lines indicate the addition of the individual inhibitors. OL 
(oligomycin 4 μM); FCCP (Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone 1 μM); Rot (rotenone 1 μM); Ant (antimycin A 2.5 μM). G. Normalized respiratory 
parameters of control and PF. ± SD. PF vs. control cells (Mean ± SD are represented; Two-way ANOVA with Sidak’s multiple comparison test. ****, p value<0.0001).
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3.4. Minigene analysis of c.532 + 6 T < a variant spliceogenicity

Minigene constructs [29] were used to analyze the effect of the c.532 
+ 6 T > A variant on COQ4 splicing in vitro. Two versions of COQ4 exon 
5 flanked by 100 bp upstream and downstream sequence, containing the 
region of interest, were cloned into the β-globin minigene and expressed 
in HEK293T cells (Fig. 3A). The expression of the wild type and the 
c.532 + 6 T > A variant minigene constructs yielded two products but in 
significantly different proportions. The mutated construct predomi
nantly produced a fragment lacking exon 5 (91 % of the total amplifi
cation), but also the wild-type fragment in a lower proportion (9 % of the 
total amplification) (Fig. 3B). Interestingly, a fragment lacking exon 5 
was also generated from the wild-type construct, although in a signifi
cantly smaller proportion. Thus, non-canonical splicing may naturally 
occur at low levels, although c.532 + 6 T > A variant probably increases 
the frequency of abnormal mRNA processing. These results confirm that 
the variant under study is hypomorphic and alters transcript maturation, 
predominantly leading to exon 5 skipping, at least when considered in 
this specific in vitro context.

3.5. RNAseq analysis of COQ4 mRNA isoforms

The minigene assay only studies the effect of the variant in the 
context of a single and isolated exon, limiting the information on the 
impact of the variant in the whole transcript. To overcome this limita
tion, a deeper transcriptomic analysis in control and PF was performed. 
Surprisingly, a broader splicing defect was detected in the COQ4 tran
script. All splicing events were quantified as a percent spliced (the 

percentage of a gene’s mRNA transcripts that include a specific splice 
junction) (Fig. S5). The PF showed fewer reads of mainly exon 3, but also 
exon 5 (Fig. 3C-D), indicating that these exons are more frequently 
excised in PF. Interestingly, an unexpected splicing event was also 
observed in the middle of intron 2, leading to an abridged transcript in 
both control and PF.

We checked splicing events in COQ2 and TFAM mRNAs, to exclude a 
general splicing defect, but no differences between the control and 
proband samples were found (Fig. S5). To discard an effect of mRNA 
nonsense-mediated decay (NMD) and check whether both alleles were 
being produced in the same amount, the number of reads of the region 
that carry the 11-nucleotide deletion, c.23_33delTCCTCCGTCGG, was 
counted and compared with the number of reads of the 11 nucleotides 
downstream this deletion (control region, c.33–42) (Table S3). In the 
control fibroblasts, both regions had the same number of reads, while in 
the patient’s RNA, the control region had twice the number of reads 
compared to the deletion. This observation suggested that COQ4 mRNA 
is generated from both alleles in a 1:1 proportion. However, this result 
does not exclude the possibility that the splicing variants are also pro
duced from the c.23_33delTCCTCCGTCGG allele.

3.6. Analysis of the transcript isoforms derived from the different COQ4 
alleles in the proband cells

The minigene approach predicted that variant c.532 + 6 T > A would 
result in exon 5 skipping. However, the RNAseq analysis shows a more 
general COQ4 splicing defect. The transcriptomic analysis is unable to 
distinguish which allele the different identified isoforms originate from. 

Fig. 3. RT-PCR analysis of the COQ4 (c.532 + 6 T > A variant) minigene constructs expressed in HEK cells and RNAseq analysis of COQ4 transcripts in PF and control 
fibroblasts. A. Schematic representation of the hybrid minigene constructs. The construct contains the closest exon to the variant, COQ4 exon 5, and part of the 
upstream and downstream introns (± 100 bp). B. Cells were transfected with the mutant and the wild type constructs, and results of RT-PCR are shown in the agarose 
gel. The relative amounts of the different forms were determined by densitometry (percentages are shown on the bottom of the gel). A schematic representation of the 
spliced transcripts found is included. Ex, exon; C-, negative control of transfection; EV, transfection with empty β-globin-pCDNA3.1 vector; WT, wild-type construct; 
MUT, construct carrying c.532 + 6 T > A variant. C. RNAseq histogram plots of control RNA sample. The height of the histograms represents the read coverage. 
Splice junctions are displayed as arcs, each one with the number of reads observed for it. Canonical splicing events are indicated above the histograms, while 
alternative splicing events are displayed below them. D. RNAseq histogram plots of PF RNA sample. The height of the histograms represents the read coverage. Splice 
junctions are displayed as arcs, each one with the number of reads observed for it. Canonical splicing events are indicated above the histograms, while alternative 
splicing events are displayed below them.
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Therefore, we used specific primers to amplify each COQ4 whole pro
cessed transcript coming from either the c.23_33delTCCTCCGTCGG 
allele (forward deletion primer, del) or the c.532 + 6 T > A one (forward 
WT primer, WT) from the patient and control fibroblasts cDNA obtained 
from a total mRNA pool (Fig. 4A). Control samples amplified with the 
WT primer showed a predominant band corresponding to the COQ4 
whole transcript length. Amplification of control cDNA with the deletion 
primer resulted in a negligible band, probably unspecific. The proband 
sample amplified with the WT primer, which would only amplify the 
mRNA from the c.532 + 6 T > A allele, rendered 4 faint bands, sug
gesting that most of the transcripts coming from the intronic allele were 
aberrant. Surprisingly, the amplification of COQ4 from the proband 
sample with the primer specific to the allele with the deletion in exon 1, 
rendered 3 clear bands, the longest corresponding to the whole-length 
transcript size. These three bands were common to the higher molecu
lar weight bands amplified from the intronic variant (bands 1 to 3). Of 
note, some of these extra bands were also present in control samples 
amplified with the WT primer, although very faint.

Each resulting band was purified, subcloned, and sequenced to verify 
their identity (Fig. 5B). Band 1 contained the wild-type COQ4 cDNA in 
the control cells amplified with the WT primer (isoform a) and the 
c.23_33delTCCTCCGTCGG cDNA allele in the proband’s samples 
amplified with the deletion primer. Band 2, the most abundantly 
detected in PF amplified with deletion-specific primer, contained an 
isoform lacking exon 3 (isoform b). Band 3, lacking exons 3 and 5 
(isoform d), was obtained in both the control (amplified with the WT 
primer) and the proband samples (amplified with both primers). Band 4, 
which was exclusively amplified from the intronic allele, contained an 
isoform lacking exons 3, 5, and 6 (isoform e). Isoforms b, d, and e are 

predicted to generate a frameshift (p.Asp68Glyfs*34) and lead to a 
truncated form of COQ4. Although not detected in the sequenced clones, 
a possible isoform lacking exon 5 would render a p.Gly135Argfs*5 
frameshift allele (isoform c). This isoform could be present in band 2 as 
the predicted cDNA size is 668 bp and has been detected in a regular RT- 
PCR amplifying all the transcripts produced by the PF without dis
tinguishing alleles (data not shown). To ascertain if the truncated pro
teins retained COQ4 function, isoforms a (full length), b (p. 
Asp68Glyfs*34), and c (p.Gly135Argfs*5) were cloned in pcDNA5 and 
transfected into HEK293T COQ4 KO Flp-In cells. As expected, only the 
whole transcript expression restored CoQ10 production (Fig. 4C) and 
suppressed the intermediary accumulation (Fig. 4D). These results 
suggest the prediction that the shorter isoforms enriched in the pro
band’s cells are unable to replace the COQ4 function in CoQ10 biosyn
thesis when the full-length allele is absent.

3.7. Analysis of the predicted secondary COQ4 mRNA structure

Wild type and mutant genomic sequences containing 100 (Fig. S6A) 
or 200 nucleotides (Fig. S6B) upstream and downstream of the c.532 + 6 
position were used as inputs for the RNAfold server [30] to predict the 
secondary structure of the pre-mRNA contributing to a state of minimum 
free energy. In both cases, the expected folding of the mutant sequence 
shows an evident divergence from the control sequence, changing the 
position and the pairing of some loops. Furthermore, the mutant 
sequence also reduces the pairing probabilities for several base pairs that 
are not only close to the change but also distant from it. When the whole 
mRNA molecule secondary structure is modeled, a milder effect of the 
intronic variant is observed, however (Fig. S7).

Fig. 4. Analysis of COQ4 transcripts in PF and control fibroblasts. A. RT-PCR bands amplified with control (WT) and deletion (del) primers specific to the wild-type 
exon 1 from the c.532 + 6 T > A intronic allele and the c.23_33delTCCTCCGTCGG deletion allele, respectively (upper panel). Schematic representation of the PCR 
strategy (lower panel). B. Schematic representation of the spliced transcripts found in each band by sequencing of the amplified fragments. C. CoQ10 levels in HEK 
COQ4 KO cells transfected with isoforms a to c (data expressed as mean ± SD; Two-way ANOVA, Dunnett’s multiple comparison test (each transfected cell line vs. 
HEK WT); p values: ****, p < 0.0001). D. Intermediate in HEK COQ4 KO cells transfected with isoforms a to c (data expressed as mean ± SD; Two-way ANOVA, 
Dunnett’s multiple comparison test (each transfected cell line vs. HEK WT); p values: ****, p < 0.0001). Iso, isoform. PF, proband fibroblast. DOX, doxycycline; M, 
DNA 1Kb ladder.
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4. Discussion

Here, we present a patient with compound heterozygous pathogenic 
variants in the COQ4 gene, including c.532 + 6 T > A, a novel variant 
that could only be classified as disease-causing after several functional 
studies. The other variant, c.23_33delTCCTCCGTCGG, had already been 
described, and its mRNA was suggested to be subject to NMD and, thus, 
pathogenic [26].

Proband samples show reduced levels of COQ4 protein and 
decreased steady-state levels of CoQ10 and biosynthesis. Remarkably, 
the CoQ10 decrease in the proband’s fibroblasts was associated with the 
accumulation of a compound with a different retention time from 
DMQ10. DMQ10 is the substrate of COQ7 and has been previously 
identified in COQ7 and other COQ4 patients [31,32]. Instead, the sub
ject accumulates a peak coincident with the form detected in COQ4 KO 
cells and identified as 3-decaprenyl-4-hydroxybenzoate (10P-HB), which 
is the substrate of COQ4, that has been recently demonstrated to be an 
oxidative decarboxylase in the CoQ biosynthesis pathway [14]. Small 
amounts of 10PPVA, an alternative substrate for COQ4 [10], are also 
detected in HEK293T KO COQ4 cells, supporting that both pathways 
would operate in this cell model but possibly not in fibroblasts. COQ 
proteins have been shown to work in a complex, the Complex Q or CoQ 
synthome [33]. It has been suggested that dysregulation of one of the 
proteins could impact the stability of the assembly and the specific 
protein partners [34]. Thus, defects in COQ4 could induce a reduction in 
COQ7 levels in certain patients, which would explain the previously 
observed accumulation of DMQ10. Variants that would disturb the 
complex assembly rather than COQ4 function would trigger the accu
mulation of intermediaries other than 10P-HB.

Biochemical analysis confirmed that CoQ10 deficiency in proband 
cells leads to suboptimal mitochondrial performance, explaining the 
pathophysiology of the disease. Altogether, our findings strongly suggest 
that the combination of c.532 + 6 T > A and c.23_33delTCCTCCGTCGG 
variants is disease-causing.

Pre-mRNA splicing is a central mechanism for producing functional 
proteins in eukaryotes. Nucleotide changes can modify this process, 
affecting the RNA processing in various ways, including exon skipping, 
intron retention or pseudoexon inclusion, and these diverse molecular 
phenotypes can lead to disease. It has been estimated that changes 
affecting pre-mRNA splicing are responsible for at least 15 % of disease- 
causing variants [2]. Most identified pathogenic variants causing Pri
mary CoQ deficiency are located in the COQ genes coding sequence, but 
several variants have been described to affect mRNA processing. A ho
mozygous splice-site variant and an exon skipping caused by a change in 
a predicted exon splice enhancer in the COQ8A/ADCK3 gene were the 
first spliceogenic variants associated with CoQ deficiency [35]. Later, 
several other pathogenic variants were also identified in COQ8A and 
COQ9 genes [36–38]. More recently, molecular characterization of 3 
spliceogenic variants in PDSS1 and COQ5 genes in patients affected by 
retinitis pigmentosa have been reported [39]. However, CoQ10 levels 
were only measured in plasma, which is a poor indicator of the actual 
intracellular amounts, making the impact of the variants on CoQ10 
biosynthesis unclear. The first COQ4 spliceogenic variants have been 
recently reported in the literature [32,40]. The increasing identification 
of spliceogenic variants causing primary CoQ10 deficiency highlights the 
need for careful sequencing data generation and analysis to identify 
variants that could affect COQ genes’ mRNA processing and render 
aberrant proteins. For this purpose, WGS should be more widely 
implemented.

The COQ4 gene (ENSG00000167113) is composed of seven exons. 
Five different transcripts are listed in databases. However, only the one 
containing all exons (COQ4–201) is annotated as the primary transcript 
by Ensembl. The physiological significance of the other isoforms re
mains unclear. A dedicated RACE analysis performed by Casarin et al. 
revealed two isoforms, one of them lacking the nucleotides coding for 
the 24 initial amino acids, which is predicted to be part of the 

mitochondrial targeting sequence [41], but this isoform is absent from 
databases.

In silico analysis of the newly identified change c.532 + 6 T > A 
predicts moderate affection of the COQ4 intron 5 donor site. Further 
molecular analysis was performed to confirm whether its pathogenicity 
relies on the alteration of pre-mRNA splicing and to determine the effect 
on COQ4 mature mRNA specifically. The most used in vitro methods for 
validating splicing-defective mRNA are the expression and amplification 
of hybrid minigene constructs containing one or several exons flanked 
by part of the intronic sequences. Hybrid minigenes have been exten
sively used to functionally analyze the effects of genomic variations on 
splicing in single alleles [29,42,43]. A hybrid minigene construct con
taining COQ4 exon 5 and the intronic flanking regions clearly showed 
the newly identified c.532 + 6 T > A variant impairs exon 5 splicing and 
is hypomorphic. Our results show that wild-type cells also generate some 
aberrant exon 5 skipping, suggesting that the c.532 + 6 T > A variant 
increases the frequency of a naturally occurring abnormal mRNA pro
cessing around intron 5. Although minigenes allow independent analysis 
of the effects on the splicing of single intronic/exonic changes, they can 
only partially analyze each variant separately from the natural whole 
mRNA context.

The advancement of high throughput transcriptomics, like RNA-Seq, 
along with the development of associated computational tools, have 
made it possible to quantitatively analyze splicing events in a genome- 
wide context with high resolution [44,45]. The quantification of RNA
seq reads of each COQ4 exon and the frequency of the different splicing 
events surprisingly revealed a generally increased recurrence of incor
rect splicing of the pre-mRNA transcript in the proband’s cells. 
Intriguingly, although the putative spliceogenic variant c.532 + 6 T > A 
is located in the vicinity of the predicted donor site of intron 5, aberrant 
splicing events not only affect this intron but splicing combinations 
involving other exons/introns are clearly detected in PF. Of note, 
aberrant splicing of COQ4 mRNA was also observed in control cells, 
although at a low frequency. Although the variant c.532 + 6 T > A is 
predicted to be spliceogenic by in silico tools and the minigene confirms 
a defect in the splicing of exon 5 in an in vitro context, we wanted to test 
whether some or all the other aberrant isoforms detected came from the 
alleles with the intronic change or the deletion.

As RNAseq reads are not long enough to distinguish between tran
scripts produced from each of the two alleles, we specifically amplified 
the transcript variants derived from each gene copy. Specific amplifi
cation of transcripts generated from each of the alleles showed that 
different aberrant isoforms are produced from both the c.532 + 6 T > A 
and, unexpectedly, the c.23_33delTCCTCCGTCGG allele, being 3 of 
these isoforms shared among them and also wild type cells. In all cases, 
isoforms derived from the intronic allele are less abundant than those 
from the deletion allele, suggesting the transcripts from this allele would 
be subjected to NMD. Although we cannot exclude the possibility of 
other isoforms, the variant c.532 + 6 T > A would specifically favor 
skipping of exons 3, 5, and 6 (isoform e). Thus, the intronic variant 
would impact the putative coordination of these exons‘maturation. 
Again, in control cells, residual levels of aberrant splicing are also 
detected, which strongly supports that the COQ4 missplicing of the 
deletion allele is not due to an additional un-detected change in a 
different splice site of the gene. On the contrary, it would rather be the 
result of an exacerbation of a naturally occurring illegitimate mRNA 
maturation, possibly related to the long transcript length. However, we 
cannot exclude the possibility that the lower amplification of bands 2 
and 3 in the control corresponds to a higher preference of primers for the 
more abundant full-length template (isoform a). Also, the predominant 
amplification of bands 2 and 3 from the deletion allele could be caused 
by higher availability of primers as the amplification of the full-length 
isoform is reduced compared to the control sample. Sondheimer et al. 
predicted that mRNA nonsense-mediated decay would be responsible for 
the deletion allele degradation. However, we cannot exclude the possi
bility that the primers designed for qPCR, which were not specified, 

M. Alcázar-Fabra et al.                                                                                                                                                                                                                        Molecular Genetics and Metabolism Reports 42 (2025) 101176 

9 



were specific to some of the skipped exons [26]. All the misspliced iso
forms were predicted to render early truncated proteins, which were 
unable to restore CoQ10 biosynthesis in COQ4 KO HEK293T cells.

Most mRNA sequences are predisposed to fold into large intra
molecular secondary structures. This configuration has been suggested 
to have biological implications for various aspects of mRNA metabolism, 
including translation, splicing, and degradation, by influencing the 
binding and orientation of the proteins involved in these processes [46]. 
Alternative structures of mRNA that dictate the splicing outcome and, 
therefore, regulate the abundance of different isoforms have been 
investigated in various biological systems [47–49]. Although the mini
mum free energy prediction at 100 or 200 bp around the c.532 + 6 T > A 
intronic change foresees a modification in the mRNA structure, this 
variant does not have any apparent impact on the structure in the 
context of the whole pre-mRNA transcript, being thus unable to explain 
the specific splicing defect in PF. Instead, the 11-nt deletion in exon 1 
has a slight impact on the whole pre-mRNA transcript structure, but it 
does not particularly influence the splicing compared with the control. 
Thus, the molecular process remains unexplained and needs further 
investigation. The reason why abnormal COQ4 maturation occurs in 
control as well as in the deletion alleles and its physiological significance 
needs further analysis.

Most of the described COQ4 patients have homozygous or compound 
heterozygous variants, with at least one allele harboring a missense, 
possibly hypomorphic, pathogenic variant. Our work suggests that the 
severity of the clinical symptoms and early fatal outcome in this patient 
could be associated with insufficient generation of wild-type transcripts 
from the intronic variant only and the absence of any hypomorphic copy 
produced from the deletion allele.

Elucidating the molecular mechanisms by which COQ4 pre-mRNA is 
maturated and the consequences of the c.532 + 6 T > A and the 
c.23_33delTCCTCCGTCGG variants in this process could potentially 
pave the way for new therapies. Splice variants can be targeted with 
antisense oligonucleotides and are under active investigation for their 
application in personalized medicine [50], which potentially could be 
incorporated into the treatment options for primary CoQ deficiency 
caused by aberrant splicing of COQ genes in the future.

Funding

This work has been co-financed by the European Regional Devel
opment Fund (FEDER) and by the Department of Economic Trans
formation, Industry, Knowledge and Universities of the Government of 
Andalusia, within the framework of the operational program FEDER 
Andalusia 2014–2020. Thematic objective “01 - Strengthening research, 
technological development, and innovation” [Grant number P18-RT- 
4572] and the Specific objective 1.2.3. “Promotion and generation of 
frontier knowledge and knowledge oriented to the challenges of society, 
development of emerging technologies” [Grant number UPO-1265673]. 
FEDER co-financing percentage 80 %; EV had the support of Cariparo 
Foundation 20/19 FCR. This work was also supported by NIH awards 
R35GM131795 and funds from the BJC Investigator Program (to DJP). 
DJP is an investigator of the Howard Hughes Medical Institute.

CRediT authorship contribution statement
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[45] A. Mehmood, A. Laiho, M.S. Venäläinen, A.J. McGlinchey, N. Wang, L.L. Elo, 
Systematic evaluation of differential splicing tools for RNA-seq studies, Brief. 
Bioinform. 21 (2020) 2052–2065, https://doi.org/10.1093/bib/bbz126.

[46] W.J.C. Lai, M. Kayedkhordeh, E.V. Cornell, E. Farah, S. Bellaousov, R. Rietmeijer, 
E. Salsi, D.H. Mathews, D.N. Ermolenko, mRNAs and lncRNAs intrinsically form 
secondary structures with short end-to-end distances, Nat. Commun. 9 (2018), 
https://doi.org/10.1038/s41467-018-06792-z.

[47] M.B. Warf, J.A. Berglund, Role of RNA structure in regulating pre-mRNA splicing, 
Trends Biochem. Sci. 35 (2010) 169–178, https://doi.org/10.1016/j. 
tibs.2009.10.004.

[48] P.J. Tomezsko, V.D.A. Corbin, P. Gupta, H. Swaminathan, M. Glasgow, S. Persad, 
M.D. Edwards, L. Mcintosh, A.T. Papenfuss, A. Emery, R. Swanstrom, T. Zang, T.C. 
T. Lan, P. Bieniasz, D.R. Kuritzkes, A. Tsibris, S. Rouskin, Determination of RNA 
structural diversity and its role in HIV-1 RNA splicing, Nature 582 (2020) 438–442, 
https://doi.org/10.1038/s41586-020-2253-5.

[49] P.J. Shepard, K.J. Hertel, Conserved RNA secondary structures promote alternative 
splicing, RNA 14 (2008) 1463–1469, https://doi.org/10.1261/rna.1069408.

[50] A. Martinez-Pizarro, L.R. Desviat, RNA solutions to treat inborn errors of 
metabolism, Mol. Genet. Metab. 136 (2022) 289–295, https://doi.org/10.1016/j. 
ymgme.2022.07.006.

[52] Azizia Wahedi, Sniya Sudhakar, Amanda Lam, Jose Ignacio Rodriguez Ciancio, 
Philippa Mills, Paul Gissen, Alice Gardham, Jogesh Kapadia, Jane Hassell, Simon 
Heales, Shamima Rahman, Clinical Features, Biochemistry, Imaging, and 
Treatment Response in a Single-Center Cohort With Coenzyme Q10 Biosynthesis 
Disorders, Neurol Genet 10 (6) (2024) e200209, https://doi.org/10.1212/ 
NXG.0000000000200209.
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