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ABSTRACT 

Coenzyme Q10 (CoQ10) plays a crucial role in mitochondria as an electron carrier within the mitochondrial 

respiratory chain (MRC), and is an essential antioxidant. Mutations in genes responsible for CoQ10 

biosynthesis (COQ genes) cause primary CoQ10 deficiency, which is a rare and heterogeneous mitochondrial 

disorder with no clear genotype-phenotype association, mainly affecting tissues with high-energy demand 

including brain and skeletal muscle (SkM). Here, we report a 4-year old girl diagnosed with modest mental 

retardation and lethal rhabdomyolysis harboring a heterozygous mutation (c.483G>C (E161D)) in COQ4. 

The patient’s fibroblasts showed a severe decrease in [CoQ10], CoQ10 biosynthesis and MRC activity affecting 

complexes I/II+III. Bona fide iPSC carrying the COQ4 mutation (CQ4-iPSC) were generated, characterized 

and genetically edited using the CRISPR-Cas9 system (CQ4ed-iPSC). Extensive differentiation and metabolic 

assays of control-iPSC, CQ4-iPSC and CQ4ed-iPSC demonstrated a genotype-phenotype association, 

faithfully reproducing the disease features. Similar to the patient`s symptoms, the COQ4 mutation in iPSC 

was associated with CoQ10 deficiency, metabolic dysfunction and impaired differentiation into SkM; however, 

it did not impair iPSC differentiation into dopaminergic or motor neurons. This study offers an unprecedented 

iPSC model recapitulating CoQ10 deficiency-associated functional and metabolic phenotypes caused by 

COQ4 mutation.  
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Coenzyme Q10 (CoQ10) is a lipid-soluble molecule ubiquitous to cellular membranes that has essential 

functions in many cellular processes including energy/ATP production, where it shuttles electrons from 

complex I and II to complex III in the mitochondrial respiratory chain (MRC). CoQ10 also participates in beta-

oxidation of fatty acids, pyrimidine biosynthesis, and it is one of the main cellular antioxidants1, 2. Several 

proteins are encoded by different COQ genes and are involved in the pathway of CoQ10 biosynthesis between 

the cytoplasm and mitochondria by functioning as a multienzymatic complex3. Several mutations in genes 

involved in CoQ10 biosynthesis, such as COQ24-7, COQ68, ADCK37, 9, 10, ADCK411, COQ97, 12, PDSS113, 

PDSS27, 14 and COQ715, have been described, and all result in a reduction in CoQ10 levels. CoQ10 levels 

below 50% of standard values are indicative of CoQ10 deficiency, which is a rare and heterogeneous group 

of metabolic/mitochondrial disorders (OMIM#607426)16 frequently diagnosed during childhood. CoQ10 

deficiency associates with multiple clinical phenotypes including kidney failure13 and neuromuscular 

diseases, such as mental retardation, seizures, and ataxias, affecting tissues with high energetic demand 

such as muscle and neurons16-18.  

It has been suggested that COQ4 has an essential structural and functional role for the biosynthesis of 

CoQ10
19-21

. Indeed, COQ4 mutations as well as COQ4 haploinsufficiency cause a broad spectrum of 

mitochondrial disorders associated with CoQ10 deficiency22, 23. We diagnosed CoQ10 deficiency in a 4-year-

old girl with a heterozygous mutation (c.483 G>C) in COQ4. This patient did not display (or very mild) 

symptoms of impaired neurodevelopment or neurodegeneration, but presented severe 

metabolic/mitochondrial defects accompanied with lethal rhabdomyolysis. CoQ10 deficiency is a 

heterogeneous disease, and a major obstacle to study this disorder is the lack of association between the 

genotype and phenotype3, 24, which partly explains the highly variable patient response to CoQ10 

supplementation3, 25, 26. 
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Human disease is generally studied once all (epi)genetic/metabolic insults have already occurred and, 

therefore, the mechanisms by which disease-specific mutations impair normal homeostasis are not amenable 

to analysis with patient samples. In this regard, induced pluripotent stem cells (iPSC) together with genome 

editing strategies for correction of disease-causing mutations are powerful tools for modeling different 

aspects of human disease that cannot otherwise be addressed by patient sample analyses or animal 

models27, 28. iPSC are routinely generated from different cell types derived from both healthy donors and 

patients29-32, thus providing a unique in vitro platform to explore the developmental impact of disease-specific 

genetic aberrations on human stem cell fate, especially in early-onset or developmental diseases27.  

Here, we have generated and CRISPR/Cas9 edited iPSC from a patient carrying a COQ4 mutation to model 

CoQ10 deficiency by analyzing the metabolic/mitochondrial status. Developmental and metabolic assays 

established a genotype-phenotype association. In line with the patient`s symptoms, the COQ4 mutation was 

associated with CoQ10 deficiency, metabolic dysfunction and impaired differentiation into skeletal muscle 

(SkM); however, the COQ4 mutation did not impair iPSC differentiation into neural tissues. This study offers 

a unique human iPSC model recapitulating CoQ10 deficiency-associated functional and metabolic 

phenotypes caused by COQ4 mutation.  

RESULTS 

COQ4 mutation causes a mitochondrial disorder associated with CoQ10 deficiency 

A 4-year-old girl was diagnosed in our Institution with modest mental retardation and lethal rhabdomyolysis. 

Genetic analysis identified a heterozygous c.483 G>C mutation in the COQ4, leading to the amino acid 

change E161D (Fig 1A). COQ4 mutations have been reported to be responsible for early-onset mitochondrial 

diseases with heterogeneous clinical presentations and associated CoQ10 deficiency. Analysis of fibroblasts 

revealed that the concentration and biosynthesis of CoQ10 was 75% and 87% lower, respectively, in CQ4-F 
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than in Ctrl-F (Fig 1B, C). The expression of key COQ genes involved in CoQ10 biosynthesis was appreciably 

higher in CQ4-F than in Ctrl-F, suggestive of a transcriptional compensatory mechanism (Fig. 1D). In line 

with its role in electron transport, the reduction in CoQ10 in CQ4-F was reflected in the functional reduction of 

41% and 64% in the activity of complex I+III and II+III, respectively (Fig 1E). CoQ10 is involved in pyrimidine 

biosynthesis, which is a requirement for cell proliferation2, 5, 7. Accordingly, cell proliferation was considerably 

lower in CQ4-F than in Ctrl-F (Fig 1F). Moreover, the proportion of cycling cells was significantly lower for 

CQ4-F than for Ctrl-F (33% vs 24%; p=0.09, Fig 1G), and this was accompanied by a significant (17-fold) 

increase in senescence as measured by SA-β-Gal staining, and a 2-fold increase in the level of the 

senescence-associated gene p16 (CDKN2A, Fig 1H). Conversely, the level of apoptosis was not different 

between CQ4-F and Ctrl-F (Fig 1I). Histological analysis of the patient’s SkM revealed extensive damage 

associated with rhabdomyolysis (Fig 1J), as shown by disorganized tissue structure and loss of expression 

of the mitochondrial markers SDH and COX (Fig 1J). 

Generation and characterization of CQ4-iPSCs. 

CQ4-F were reprogrammed in an attempt to model CoQ10 deficiency by exploring the functional impact of 

COQ4 mutation on human pluripotent stem cell fate. Patient and control fibroblasts were transduced with 

OSKM-expressing Sendai virus (SeV) following the experimental design outlined in Fig 2A. iPSC colonies 

emerged 16–18 days after OSKM transduction and were picked for further characterization (Fig 2A). 

Reprogramming efficiency was ~5-fold higher in Ctrl-F than in CQ4-F (0.8% vs 0.17%, Fig 2B), likely 

reflecting the impaired proliferation capacity of CQ4-F. PCR analysis and Sanger sequencing confirmed the 

c.483 G>C mutation in all CQ4-iPSC clones (Fig 2C). After 8–10 passages, iPSCs were OSKM transgene 

independent as revealed by immunostaining and qRT-PCR analysis for SeV (Fig 2D). Characterization of 

iPSC revealed an embryonic stem cell (ESC)-like morphology and positive alkaline phosphatase staining 

(Fig S1A). In addition, the pluripotency-associated genes OCT4, SOX2, REX1, NANOG and CRIPTO were 
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expressed at comparable levels to human ESC (Fig S1B). Similarly, immunocytological staining revealed 

bona fide expression of OCT4, NANOG, TRA-1-60 and SSEA4 in both CQ4- and Ctrl-iPSC (Fig S1C). 

Endogenous expression of NANOG and OCT4 was accompanied by the extensive loss of CpG methylation 

in their promoters (Fig S1D). Both Ctrl- and CQ4-iPSC consistently displayed a diploid karyotype after >20 

passages (Fig S1E), and formed teratomas in immunodeficient mice comprising tissue representing all three 

germ layers (Fig S1F). 

iPSC gene edition by CRISPR/Cas9 system. 

Because the differentiation capacity among iPSC lines is influenced by (epi)genetic variability33, 34, the optimal 

scenario to unravel genotype-phenotype associations is to use isogenic iPSC lines. We therefore used the 

CRISPR/Cas9 system to gene edit CQ4-iPSCs (CQ4ed-iPSC). From the four sgRNAs designed surrounding 

the c.483 G>C mutation in exon 5 of the COQ4 allele, one sgRNA was found to have a high cleavage activity 

(25%, data not shown) in the T7 surveyor assay, cutting 8 nucleotides upstream of the mutation. Next, we 

designed a 90 bp-long donor ssDNA carrying a silent mutation for the generation of a Taqα1 restriction site 

and the mutation corrected codon (Fig 2E). CQ4-iPSCs were co-transfected with Cas9-GFP vector and 

ssDNA and, 2 days later, GFP+ clones were FACS-sorted as single cells. All individual GFP+ established 

clones were analyzed by PCR and restriction fragment length polymorphism, obtaining an allele digestion 

where the editing was performed (Fig 2F). Homozygous editing of the COQ4 mutation was observed in 

several clones, which was further confirmed by sequencing (Fig 2F,G). The top off-target predicted 

beforehand, GRID2, was sequenced in CQ4ed-iPSCs and was consistently found to be germline 

configuration, demonstrating the specificity of the sgRNA/gDNA used to edit the COQ4 mutation (Fig 2H). 

Importantly, CQ4ed-iPSC remained pluripotent, as shown by expression of pluripotency-associated 

transcription factors (Fig 2I) and surface markers (Fig S1G), and was cytogenetically stable (Fig S1H). 
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COQ4 genome edition reverses metabolic/mitochondrial dysfuction   

CoQ10 is a lipophilic molecule involved in the MRC1, 2, and low levels of CoQ10 in fibroblasts or muscle biopsies 

are linked to CoQ10 deficiency16. To obtain a reference value for CoQ10, we measured its concentration in 

different pluripotent stem cells (hESC and hiPSC) (Fig 3A left). CoQ10 concentration and biosynthesis was 

significantly lower (36% and 61%, respectively) in CQ4-iPSCs than in Ctrl-iPSC and hESC (Fig 3A right, 

3B). Strikingly, a full restoration both of CoQ10 concentration (25% increase) and biosynthesis (50% increase) 

was found in CQ4ed-iPSC (Fig 3C,D). Similarly, the activity of MRC complexes I+III and II+III was recovered 

in the CQ4ed-iPSC (~50% increase) (Fig 3E). We next evaluated oxidative phosphorylation and glycolysis by 

ATP quantification, basal live-cell oxygen consumption rate (OCR) and extracellular acidification rate 

(ECAR). To produce the same ATP concentration (Fig 3F), CQ4-iPSC ECAR (Fig 3G) and OCR (Fig 3H) 

rates were 2-fold higher than in CQ4ed-iPSC, suggesting a respiration dysfunction as confirmed by a 2-fold 

higher proton leak (difference between oligomycin- and antinomycin A-mediated inhibition of OCRs) in the 

mutated relative to edited iPSC (Fig 3I). Together, these results show that CQ4-iPSC maintain the CoQ10 

deficiency and metabolic dysfunction found in CQ4-F, which is fully reversed upon correction of the COQ4 

mutation, thus directly linking c.483 G>C COQ4 with the dysfunctional metabolic phenotype. 

COQ4 mutation does not impair iPSC differentiation into dopaminergic or motor neurons  

The majority of CoQ10-deficient patients present with neurological symptoms17, 18. Importantly, however, the 

patient here described did not have neurological deficits other than a modest mental retardation. Whether 

and how COQ mutations influence neurodevelopment remains obscure. To study the potential developmental 

impact of the COQ4 mutation in human neurogenesis, Ctrl-, CQ4- and CQ4ed-iPSC were differentiated into 

dopaminergic (DA) neurons and motor neurons (MN) using well-established protocols (Fig 4A, 5A)35, 36. 

Successful differentiation was confirmed by flow cytometry as demonstrated by a progressive increase in the 
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proportion of NCAM+ cells, with >80% (DA) and >60% (MN) of NCAM+ cells formed by day 30 of differentiation 

irrespective of the iPSC genotype (Fig 4B, 5B). We then evaluated the differentiation output of neural 

progenitors (SOX2+NESTIN+) and immature neurons (TUJ1+) by confocal imaging at early time points (day 

15–20 of neural induction). No differences were found between Ctrl- and CQ4-iPSCs for differentiation into 

neural progenitors (50% and 35–50% SOX2+NESTIN+ cells under DA and MN differentiation conditions, 

respectively) or total neurons (15 and 22% TUJ1+ cells under DA and MN differentiation conditions, 

respectively) (Fig 4C, 5C). Similarly, at later time points (day 30–40 of differentiation), the proportion of 

TUJ1+ differentiating neurons between Ctrl- and CQ4-iPSCs was very similar (30–40%) regardless of the 

differentiation protocol (Fig 4D, 5D). Furthermore, the yield of TUJ1+TH+ DA (8%) and 

TUJ1+HB9+/TUJ1+ISL1+ MN (4%) was also similar between Ctrl- and CQ4-iPSCs (Fig 4D, 5D). Accordingly, 

CQ4ed-iPSC differentiated into DA (Fig 4C, D) and MN (Fig 5C, D) neurons as well as neural precursors to 

a similar extent to that achieved by CQ4-iPSC. Immunofluorescence-based quantification was confirmed by 

qRT-PCR expression analysis of DA-specific (FOXA2 and TH, Fig 4E) and MN-specific (LHX3 and FOXP1, 

Fig 5E) master genes. We then carried out functional analyses to confirm these results. HPLC determination 

of dopamine release revealed very similar levels of dopamine in Ctrl- and CQ4-iPSC-derived neurons (Fig 

4F). Whole patch clamp recording of MN (identified using the HB9-GFP reporter)36, 37 indicated that CQ4-

iPSC-derived MN were eletrophysiologically active with functional synapses after 40–50 days in culture. 

Moreover, CQ4-iPSC-derived MN displayed inward and outward currents, induced action potential and 

spontaneous firing similar to that found in neurons derived from Ctrl-iPSC (Fig 5F)37, 38. The comparable 

yields of DA and MN generated from Ctrl-, CQ4- and CQ4ed-iPSCs may be explained by similar neural 

specification from genotypically distinct iPSCs as no differences were found for cell death (Fig 4G, 5G) or 

cell cycle/proliferative status (Fig 4H, 5H) of the emerging NCAM+ neurons. Of note, DA neurons from CQ4-

iPSCs cycled slightly less that those from Ctrl- or CQ4ed-iPSCs, possibly reflecting a role for COQ4 in the cell 
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cycle of DA neurons. Together, these data reveal that the c.483 G>C mutation in COQ4 does not impact DA 

or MN neurogenesis from iPSCs, recapitulating the patient’s phenotype.  

COQ4 mutation recapitulates the CoQ10-deficiency-associated skeletal muscle functional and 

metabolic defects 

Muscle impairment is common in CoQ10-deficient patients19, but it was especially life-threating in the patient 

reported here, who suffered from lethal rhabdomyolysis that was clinically unmanageable, resulting in her 

death from fatal kidney damage as a result of myoglobinuria. To study the developmental and metabolic 

impact of the COQ4 mutation in skeletal myogenesis, Ctrl-, CQ4- and CQ4ed-iPSC were differentiated into 

SkM following a well-established protocol developed in the Perlingeiro laboratory 32. Transgenic Ctrl-, CQ4- 

and CQ4ed-iPSC carrying a PAX7-GFP-expressing inducible lentivector were generated, and myogenic 

specification was induced as described in Fig 6A. PAX7-GFP-expressing myogenic progenitors were GFP 

FACS-purified on day 15 of myogenic development (Fig 6A,B). All FACS-sorted GFP+ cells co-expressed 

PAX7, demonstrating the reliability of the inducible reporter (Fig 6C). Although the cell cycle profile (Fig 6D) 

and the level of apoptosis (Fig 6E) was very similar between CQ4- and Ctrl-PAX7+ myogenic progenitors, 

the number of senescent CQ4-PAX7+ cells was 2-fold higher, a phenotype that was corrected in CQ4ed-

PAX7+ myogenic progenitors (Fig 6F). The enhanced senescence observed in CQ4-PAX7+ myogenic 

progenitors might be explained by their increased ROS production (Fig 6G) leading to a 1-log reduction in 

cell expansion (Fig 6H); both of these functional properties were corrected in CQ4ed-PAX7+ myogenic 

progenitors (Fig 6G,H). 

PAX7+ myogenic progenitors were allowed to further mature into myocytes/myotubes as detailed in Fig 6A32. 

Consistent with the muscle damage observed in the CQ4-mutated patient, CQ4-PAX7+ myogenic progenitors 

displayed a significant maturation impairment as revealed by a 30% reduction in the generation of mature 
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MYH1+ cells (Fig 6I) and a 3-fold reduction in the expression of creatine kinase (CK) (Fig 6J), a master 

enzyme expressed in SkM that ensures an energy reservoir for the rapid buffering and regeneration of ATP. 

Importantly, both the generation of MYH1+ cells and the levels of CK were at control levels in 

myocytes/myotubes derived from CQ4ed-PAX7+ myogenic progenitors (Fig 6I,J). In addition, gene 

expression analysis of the specific myogenic markers, myogenic regulatory factor MYF5, myogenin (MGN) 

and myosin heavy chain 3 (MYH3), showed that their kinetics of expression were deregulated in CQ4-PAX7+ 

as compared with Ctrl-PAX7+ differentiating myocytes/myotubes (Fig 6K); however, their expression kinetics 

returned to control values in CQ4ed-PAX7+ differentiating myocytes/myotubes (Fig 6K). 

Finally, we analyzed the metabolic impact of the COQ4 mutation in SkM derivatives generated from Ctrl-, 

CQ4- and CQ4ed-PAX7+ myogenic progenitors. Consistent with the patient’s phenotype, morphometric image 

analysis of myocytes stained with TOM20 revealed abnormalities in mitochondrial morphology caused by the 

COQ4 mutation (Fig 6L). Accordingly, CQ4-PAX7+ iPSC-derived myocytes/myotubes had smaller (nº 

mitochondria/cellular area, Fig 6L-panel i), more circular (Fig 6L-panel ii), less branched (FF, Fig 6L-panel 

iii), and shorter (mitochondrial length, Fig 6L-panel iv) mitochondria than Ctrl-PAX7+ iPSC-derived 

myocytes/myotubes39. Importantly, these mitochondrial dynamics-associated parameters were restored in 

CQ4ed-PAX7+ iPSC-derived myocytes/myotubes. In addition, MRC complex I+III activity was 50% lower in 

CQ4-PAX7+ iPSC-derived myocytes/myotubes than in Ctrl-PAX7+ counterparts, and this was fully restored 

in CQ4ed-PAX7+ iPSC-derived myocytes/myotubes, (Fig 6M). Collectively, these results establish the utility 

of an iPSC-based disease model to study genotype-phenotype associations, wherein the COQ4 mutation 

faithfully reproduces the disease-associated SkM functional and metabolic defects.  

DISCUSSION 
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CoQ10 deficiency comprises a growing number of metabolic disorders with neurological and extraneurological 

manifestation. Despite being considered a rare disease, next-generation DNA sequencing techniques 

coupled with well-established biochemical determination of CoQ10 biosynthesis has allowed the identification 

of a variety of primary and secondary CoQ10 deficiencies40. Primary deficiency of CoQ10 is an autosomal 

syndrome originating from mutations in genes responsible for CoQ10 biosynthesis. The pathogenesis of 

secondary CoQ10 deficiency is less studied but may be linked to assembly defects in oxidative 

phosphorylation (OxPhos) complexes/metabolic pathways19, 41. CoQ10 deficiency impairs OxPhos and global 

metabolic homeostasis, ultimately causing clinically heterogeneous mitochondrial diseases in primarily 

skeletal muscle and central nervous system, likely because the disruption of energy metabolism strongly 

affects tissues with high-energy demand8, 42.  

CoQ10 biosynthesis relies on a pathway involving at least 15 COQ and regulatory genes, and is carried out 

by a putative multi-subunit enzyme complex3. To date, mutations in numerous COQ genes involved in CoQ10 

biosynthesis have been identified as the primary cause of CoQ10 deficiency, making the molecular diagnosis 

and clinical characterization challenging. However, there is not yet a clear association described between 

genotype and phenotype; mutations in different COQ genes may exert the same clinical phenotype or, vice 

versa, the same mutation in a specific COQ gene may confer distinct clinical manifestations43. The only 

currently available therapeutic approach for patients with CoQ10 deficiency is CoQ10 supplementation44. 

However, this is only partially successful perhaps due to the lack of association between COQ genotypes 

and clinical phenotype, and thus its effectiveness is questioned4, 12, 45. 

It has been recently suggested that COQ4 has an essential structural and functional role for the biosynthesis 

of CoQ10, and COQ4 mutations as well as COQ4 haploinsufficiency cause a broad spectrum of mitochondrial 

disorders associated with CoQ10 deficiency19-23, 46. Here, we report a 4-year-old girl with a heterozygous c.483 

G>C mutation in COQ4 who displayed severe metabolic/mitochondrial deficits, extensive muscle damage 



13 
 

and lethal rhabdomyolysis. The COQ4 mutation was associated with CoQ10 deficiency and MRC dysfunction, 

in line with the critical role of CoQ10 as an electron shuttle. CQ4-mutated fibroblasts had a strongly impaired 

proliferative capacity linked to high senescence rates and a reduction in the proportion of cycling cells, 

reflecting the involvement of CoQ10 in pyrimidine synthesis 2, 5, 7.  

A major obstacle to study this disorder is the lack of genotype-phenotype association. Human diseases are 

generally studied once the full (epi)genetic events (i.e. mutations) are already in place and, therefore, the 

mechanisms of disease pathophysiology are not amenable to analysis with primary patient samples. Patient-

specific iPSC can serve to model human disease since their re-differentiation potential provides a unique 

strategy to explore the developmental impact of disease-specific mutations on human stem cell fate, 

especially in early-onset or developmental diseases27, 47, 48. We generated and CRISPR/Cas9 corrected iPSC 

from a patient with a mutation in COQ4 in an attempt to model CoQ10 deficiency by analyzing its impact on 

MRC/mitochondrial activity and neural and skeletal muscle development. Of note, COQ4-mutated cells were 

less efficiently reprogrammed, likely reflecting the impaired proliferation of CQ4-F. Nevertheless, 

undifferentiated CQ4-iPSCs were functionally indistinguishable from Ctrl-iPSCs. 

We show for the first time the levels of CoQ10 in a panel of pluripotent stem cell lines. Interestingly, cell 

reprogramming failed to reestablish CoQ10 levels/biosynthesis in mutated cells, but this were fully restored 

upon COQ4 correction, demonstrating the causal effect of c.483G>C COQ4 mutation in the metabolic 

dysfunctional phenotype associated with CoQ10 deficiency. This data together with previous data in yeast20, 

49, 50 may highlight the evolutionary conserved role of CoQ10 in mitochondrial function by regulating OxPhos 

and ultimately ATP synthesis. Indeed, MRC complexes I+III and II+III, OxPhos, and glycolysis were all 

severely impaired in CQ4-iPSC, which required a 2-fold increase in OCR and ECAR to generate the same 

concentration of ATP. The increased proton leak in CQ4-iPSC represents ATP-independent respiration and 
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an increase in the passive leak of protons from the inner mitochondrial membrane, linking CoQ10 with proton 

shuttling in pluripotent stem cells47. 

Neurological manifestations are very common in CoQ10-deficient patients16-18. Interestingly, our patient failed 

to exhibit neurological symptoms other than modest mental retardation. Because the impact of COQ 

mutations in neurodevelopment remains unclear, we studied the developmental influence of the COQ4 

mutation in neurogenesis using well-established protocols. Our analysis revealed that the c.483 G>C 

mutation in COQ4 does not impact DA or MN neurogenesis from iPSCs, thus recapitulating the patient’s 

normal neurological phenotype.  

Life-threating rhabdomyolysis was severe in this patient, and eventually led to myoglobinuria and nephrotic 

toxicity, causing the patient’s death. We used a sophisticated differentiation strategy to generate SkM from 

iPSC, which proceeds through an initial myogenic induction based on the generation of PAX7+ myogenic 

progenitors, and subsequent myocyte/myotube maturation32. Our data clearly show that CQ4-iPSC- 

differentiated SkM recapitulates CoQ10 deficiency-associated SkM functional and metabolic defects. First, 

CQ4-PAX7+ myogenic progenitors exhibited 1-log reduced cell expansion within a 15-day period, associated 

with increased levels of senescence, which might likely be due to increased ROS production. These 

dysfunctional properties were corrected in genome-edited PAX7+ myogenic progenitors. Second, maturation 

of CQ4-PAX7+ myogenic progenitors was lower than in Ctrl-PAX7+ counterparts. The generation of mature 

MYH1+ cells and the expression of CK, a master SkM enzyme for the rapid buffering and regeneration of 

ATP, were decreased significantly. These parameters were recovered in corrected myocytes from CQ4ed-

PAX7+ cells. Gene expression analysis of mature myogenic mature markers confirmed the functional-

metabolic SkM dysfunction associated with CoQ10 deficiency, demonstrating the causal link of c.483G>C 

COQ4 mutation in the impaired myogenic development and reproducing the main phenotypic manifestation 

of the disease. Third, mitochondrial morphometric imaging and analysis of MRC activity revealed 
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abnormalities in mitochondrial morphology and a 50% decrease in the activity of MRC complex I+III, 

indicating that the COQ4 mutation negatively impacts the mitochondrial/metabolic function of iPSC-derived 

SkM derivatives generated from PAX7+ myogenic progenitors. These mitochondrial dynamics-associated 

parameters and MRC complexes activity were restored in CQ4ed-PAX7+ iPSC-derived myocytes/myotubes. 

Thus, genetic correction of COQ4 mutation rescued the mitochondrial function of COQ4-mutated SkM. 

In summary, we have established a patient-specific iPSC-based disease model for CoQ10 deficiency 

mediated by a heterozygous mutation in COQ4. Our findings provide evidence that the COQ4 mutation 

faithfully reproduces all the disease clinical phenotypes including SkM dysfunction, metabolic deficits as well 

as absence of neurological manifestations. This may assist in the study of complex genotype-phenotype 

associations observed in CoQ10 deficiency, opening avenues for testing new drugs to treat CoQ10 deficiency. 

METHODS 

Methods and any associated reference are available in the online version of the paper  
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Figure 1: Biochemical, metabolic, proliferative and histological characterization of COQ4-mutated 

fibroblasts. (A) Sanger DNA sequencing confirming the heterozygous c.483 G>C mutation in the patient’s 

fibroblasts. (B) Seventy-five percent reduction in [CoQ10] in CQ4-F relative to Ctrl-F. (C) Eighty-seven percent 

reduction in CoQ10 biosynthesis in CQ4-F relative to Ctrl-F. (D) qRT-PCR reflecting a higher expression of 

COQ3, COQ4 and COQ6 genes in CQ4-F than in Ctrl-F. (E) Defective MRC complex I+III and II+III activities 

relative to citrate synthase in CQ4-F. (F) Fibroblast proliferation of Ctrl-F and CQ4-F. (G) Cell cycle analysis 

of Ctrl-F and CQ4-F. (H) Senescence-associated -galactosidase quantification of Ctrl-F and CQ4-F and 

representative image (4×) (left panel), and qRT-PCR expression of p16/CDKN2A (right panel). (I) FACS 

quantification of apoptotic cells (Annexin V+). (J) Patient’s muscle histology revealing mitochondrial 

alterations after rhabdomyolysis. Values are expressed as mean±SEM. CQ4-F: COQ4 mutated primary 

fibroblasts; Ctrl-F: Control primary fibroblasts; H&E: Hematoxylin and eosin; SDH: Succinate dehydrogenase; 

COX: Cytochrome c oxidase.  



22 
 

 



23 
 

Figure 2: Generation of COQ4-mutated iPSCs and CRISPR/Cas9-mediated gene edition. (A) Schematic 

outline of the reprogramming process. (B) Reprogramming efficiency for Ctrl-F and CQ4-F. (C) PCR and 

sequencing confirming the presence of COQ4-mutated allele in several representative CQ4-iPSC clones. (D) 

Immunostaining confirming high-level infection with SeV 48 h post-transduction and SeV elimination on iPSC 

at p8-10 (left panel). qPCR reflecting complete absence of SeV at p8-10 (right panel). (E) Schematic overview 

for the strategy of CRISPR/Cas9 mediated targeting to the COQ4 locus. Sequence and synonymous 

modifications in the ssDNA. (F) Identification of the edited iPSC clones by Taqα1 allele digestion in the 

genomic DNA after single cell cloning. (G) Sanger DNA sequencing confirming the gene edition. (H) Sanger 

DNA sequencing of the major predicted off-target GRID2 gene. (I) qRT-PCR for the pluripotency genes 

OCT4, SOX2, REX1, NANOG, CRIPTO and DNMT3β in hESC and CQ4ed-iPSC. Values are expressed as 

mean±SEM. CQ4-F: COQ4 mutated primary fibroblasts; Ctrl-F: Control primary fibroblasts; CQ4-iPSC: 

COQ4 mutated iPSC; Ctrl-iPSC: Control iPSC; CQ4ed-iPSC: COQ4-edited iPSC.  
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Figure 3: Genome editing of c.483 G>C COQ4 mutation reverses CoQ10 deficiency and metabolic 

dysfunction retained in CQ4-iPSC. (A) Left, concentration of CoQ10 in a panel of hESC (H9, AND1), 

fibroblast-derived iPSC and blood-derived iPSC (●), Ctrl-iPSC (■) and CQ4-iPSC (▲). Solid line represents 

the mean; dotted lines represent the range. Right, summary of [CoQ10] in hESC (n=2), Ctrl-iPSC (n=14) and 

CQ4-iPSC (n=9). (B) Sixty-one percent reduction in CoQ10 biosynthesis in CQ4-iPSC (n=9) relative to Ctrl-

iPSC (n=14). (C) [CoQ10] in mutated and edited CQ4-iPSC. (D) CoQ10 biosynthesis in mutated and edited 

CQ4-iPSC. (E) MRC complex I+III and II+III activities relative to citrate synthase in mutated and edited CQ4-

iPSC. (F) [ATP] from mutated (n=6) and edited CQ4-iPSC (n=6). (G) Glycolysis-associated extracellular 
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acidification rate (ECAR) under basal conditions in mutated (n=4) and edited CQ4-iPSC (n=4). (H) Oxygen 

consumption rate (OCR) under basal conditions in mutated (n=6) and edited CQ4-iPSC (n=6). (I) OCR proton 

leak under basal conditions in mutated and edited CQ4-iPSC (n=4). Values are expressed as mean±SEM. 

Ctrl-iPSC: Control iPSC; CQ4-iPSC: COQ4 mutated iPSC; Fib-iPSC: fibroblast-derived iPSC; CB-iPSC: cord 

blood-derived iPSC; Tcell-iPSC: T cell-derived iPSC.  
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Figure 4: Dopaminergic (DA) differentiation of Ctrl-iPSC, CQ4-iPSC and CQ4-edited iPSC. (A) Top, 

scheme of neuronal differentiation depicting two stages: neural induction (up to day 15–20) and neuronal 

maturation (up to day 33–44). Bottom, detailed differentiation protocol used. (B) Flow cytometry quantification 

of NCAM+ cells throughout DA differentiation. (C) Analysis of SOX2+NESTIN+ neural progenitors (top panels, 

N=42) and TUJ1+ neurons (bottom panels, N=49). Left, differentiation efficiency in Ctrl-iPSC and CQ4-iPSC 

at day 15–20 of iPSC differentiation. Middle, DA differentiation efficiency in mutated and edited CQ4-iPSC. 

Right, representative images of immunostaining (40×) and magnification for SOX2+NESTIN+ and TUJ1+ cells. 

White arrows point to positive cells. Scale bar, 50 µm. (D) Analysis of the TUJ1+ neurons (top panels, N=51) 

and TH+TUJ1+ DA (bottom panels, N=48). Left, differentiation efficiency in Ctrl-iPSC and CQ4-iPSC at day 

33–44 of iPSC development. Middle, DA differentiation efficiency in mutated and edited CQ4-iPSC. Right, 

representative image of immunostaining (40×) and magnification for TUJ1+ and TUJ1+TH+ cells. White arrows 

point to positive cells. Scale bar, 50 µm. (E) Expression of the midbrain precursor-specific gene FOXA2 after 

15–20 days and the DA-specific gene TH after 33–44 days in differentiating Ctrl-, CQ4- and CQ4ed- iPSC 

cultures. (F) Representative HPLC chromatogram (left) and levels (right) of dopamine release in vitro from 

differentiating Ctrl-, CQ4- and CQ4ed- iPSC cultures. (G) FACS quantification of dead cells (7-AAD+) within 

the NCAM+ neural population at day 15–20 of iPSC differentiation. (H) Cell cycle analysis (G2/S/M) within 

the NCAM+ population at day 15–20 of iPSC differentiation. Data are presented as mean±SEM.  
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Figure 5: Motor neuron (MN) differentiation from Ctrl-iPSC, CQ4-iPSC and CQ4-edited iPSC. (A) Top, 

scheme of neuronal differentiation depicting two stages: neural induction (up to day 15–20) and neuronal 

maturation (up to day 30). Bottom, detailed differentiation protocol used. (B) Flow cytometry quantification of 

NCAM+ cells throughout MN differentiation. (C) Analysis of the SOX2+NESTIN2+ neural progenitors (top 

panels, N=43) and TUJ1+ neurons (bottom panels, N=46). Left, differentiation efficiency in Ctrl-iPSC and 

CQ4-iPSC at day 15–20 of iPSC differentiation. Middle, MN differentiation efficiency in mutated and edited 

CQ4-iPSC. Right, representative images of immunostaining (40×) and magnification for SOX2+NESTIN+ and 

TUJ1+ cells. White arrows point to positive cells. Scale bar, 50 µm. (D) Analysis of the TUJ1+ neurons (top 

panels, N=26) and HB9+ or ISL1+ MN (bottom panels, N=21). Left, differentiation efficiency in Ctrl-iPSC and 

CQ4-iPSC at day 30 of iPSC development. Middle, MN differentiation efficiency in mutated and edited CQ4-

iPSC. Right, representative images of immunostaining (40×) and magnification for TUJ1+ and TUJ1+ISL1+. 

White arrows point to positive cells. Scale bar, 50 µm. (E) Expression of MN-specific genes LHX3 and FOXP1 

after 30 days in differentiating Ctrl-, CQ4- and CQ4ed-iPSC cultures. (F)  Representative electrophysiological 

analysis of MNs differentiated from CQ4-iPSC. GFP+ MNs were recorded 4–7 days after transfection with a 

HB9 promoter-GFP reporter. (i) voltage-dependent K+ and Na+ currents recorded at various membrane 

potentials. The holding potential was -70 mV; (ii) Current-clamp recording of action potentials evoked by 

current injection; (iii) Spontaneous action potentials in MNs recorded in the whole-cell current-clamp 

configuration. (G) FACS quantification of dead cells (7-AAD+) within the NCAM+ neural population at day 15–

20 of iPSC differentiation. (H) Cell cycle analysis (G2/S/M) within the NCAM+ population at day 15–20 of 

iPSC differentiation. Data are presented as mean ±SEM.  
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Figure 6: Impaired skeletal muscle differentiation of CQ4-iPSC is restored upon COQ4 gene editing. 

(A) Top, scheme of myogenic differentiation depicting two stages: myogenic induction (up to day 15) and 

myotubes formation from PAX7+ myogenic progenitors (up to day 30). Bottom, detailed differentiation 

protocol used for myogenic induction. (B) Representative FACS profile showing PAX7-GFP reporter 

expression in dox-treated iPSCs. (C) Immunostaining (20×) for PAX7+GFP+ FACS-purified myogenic 

progenitors. Scale bar, 200 µm. (D) FACS quantification of cycling cells (G2/S/M). (E) FACS quantification 

of apoptotic cells (Annexin V+). (F) Senescence-associated -galactosidase quantification of myogenic 

derivatives, and representative image (4×). Black arrowheads point to -gal-positive cells. (G) Determination 

of ROS levels by flow cytometry. (H) Expansion of PAX7+ myogenic progenitors. (I) Left, analysis of MYH1+ 

myotubes differentiation in Ctrl-, CQ4- and CQ4ed- PAX7 cultures. Right, representative image of MYH1+ 

immunostaining (20×). Scale bar, 200 µm. (J) Creatine kinase fold-increase between day 0 and day 11 of 

differentiation in Ctrl-, CQ4- and CQ4ed- PAX7 myogenic cells (n=6). (K) Expression of the SkM-specific 

genes MYF5, MGN and MYH3 throughout myogenic maturation. Values are expressed as mean±SEM; 

*p<0.05. The shadow below the graph indicates the temporal expression pattern for each gene during 

myogenesis. (L) Top, mitochondrial dynamics for myogenic cells: (i) number of mitochondria/cellular area; 

(ii) mitochondrial circularity (4π.area/perimeter2); (iii) Form Factor (Degree of mitochondrial branching); and 

(iv) Aspect Ratio (mitochondrial length). Bottom, representative images of Ctrl-, CQ4- and CQ4ed- PAX7 

myogenic cells stained with TOM20. (M) MRC complex I+III and II+III activities relative to citrate synthase in 

Ctrl-, CQ4- and CQ4ed- PAX7 myogenic cells (n=3). Data are presented as mean ±SEM. 

 


