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Abstract: Coenzyme Q10 (CoQ10) has a number of vital functions in all cells, both mitochondrial
and extra-mitochondrial. In addition to its key role in mitochondrial oxidative phosphorylation,
CoQ10 serves as a lipid soluble antioxidant, plays an important role in fatty acid beta-oxidation and
pyrimidine and lysosomal metabolism, as well as directly mediating the expression of a number of
genes, including those involved in inflammation. Because of the multiplicity of roles in cell function,
it is not surprising that deficiency of CoQ10 has been implicated in the pathogenesis of a wide range
of disorders. CoQ10 deficiency is broadly divided into primary and secondary types. Primary
CoQ10 deficiency results from mutations in genes involved in the CoQ10 biosynthetic pathway. In
man, at least 10 genes are required for the biosynthesis of functional CoQ10, a mutation in any one
of which can result in a deficit in CoQ10 status. Patients may respond well to oral CoQ10 supple-
mentation, although the condition must be recognised sufficiently early, before irreversible tissue
damage has occurred. In this article, we have reviewed clinical studies (up to March 2023) relating
to the identification of these deficiencies, and the therapeutic outcomes of CoQ10 supplementation.
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1. Introduction

Coenzyme Q10 (CoQ10) is usually described as a vitamin-like substance, although it
is endogenously synthesised within most cell types. CoQ10 has a number of functions of
vital importance to normal cell function; these include i) its key role in cellular energy
supply/ATP synthesis via mitochondrial oxidative phosphorylation (Figure 1) ; ii) its role
as a major endogenously synthesised lipid soluble antioxidant, protecting cellular/sub-
cellular organelle membranes from free radical induced oxidative damage; (iii) its role in
the metabolism of lysosomes, sulphides, amino acids, pyrimidine and cholesterol; (iv) its
role in directly mediating the expression of more than one hundred genes, including those
involved in the inflammatory process [1]. Because of the multiplicity of roles in cell func-
tion, it is not surprising that deficiency of CoQ10 has been implicated in the pathogenesis
of a wide range of disorders. CoQ10 deficiency is broadly divided into primary and sec-
ondary types. Primary CoQ10 deficiency results from mutations in genes involved in the
CoQ10 biosynthetic pathway. In man, at least 10 genes are required for the biosynthesis
of functional CoQ10, a mutation in any one of which can result in a deficit in CoQ10 status
[2]. Primary CoQ10 deficiency has been estimated to affect approximately 120,000 patients
worldwide [3]. In general, mitochondrial disorders are not treatable; the exception is pri-
mary CoQ10 deficiency, where patients may respond well to oral CoQ10 supplementa-
tion. However, the condition must be recognised sufficiently early, since once damage to
critical organs such as the kidney or the nervous system is established, only minimal re-
covery is possible. In this article, we have reviewed clinical studies (up to March 2023),
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on a case by case basis, relating to the identification of these deficiencies, and the thera-
peutic outcomes of CoQ10 supplementation.
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Figure 1. Diagram illustrating the key role of CoQ10 in cellular energy generation where CoQ10 acts
an electron carrier in the mitochondrial respiratory chain (MRC). The MRC Enzyme complexes I-V
and the electron carrier, cytochrome c (C).

2. Biosynthesis of CoQ10

The biosynthesis of CoQ10 is a complex multi-step process which takes place in var-
ious sub-cellular locations [4]. The polyisoprenoid tail is synthesised (via polyprenyl di-
phosphate synthase) in the cytosol via the mevalonate pathway, with attachment to the
benzoquinone ring (originating from tyrosine and its metabolite 4-hydroxybenzoate) tak-
ing place within mitochondria [4]. The ring structure is then further modified via hydrox-
ylation, methylation and decarboxylation by a set of enzymes grouped in a complex [4].
At least 10 genes are required for the biosynthesis of functional CoQ10, a mutation in any
one of which can result in a deficit in CoQ10 status [2]. Much of the data relating to CoQ10
biosynthesis was initially obtained from studies in yeast, with deficiencies corresponding
to the above genes denoted as CoQ1 to CoQ11 (numbering refers to date order of identi-
fication) [5]. The biosynthesis of CoQ10 in yeast and man has subsequently been shown
to be highly conserved [6]. With regard to the corresponding enzymatic/protein gene
products, COQ1 (heterotetrameric decaprenyl diphosphate synthase, comprising PDSS1
and PDSS2) is involved in the synthesis of the polyisoprenoid chain [7] and COQ?2 in the
condensation of the isoprenoid chain with the benzoquinone ring [8]. COQ3, COQ5,
COQ6 and COQY are involved in concomitant methylation, decarboxylation, hydroxyla-
tion and deamination reactions [9-12]. COQ4 is involved in the stabilisation of the CoQ10
synthetic complex [13]. COQ8A is necessary for phosphorylation of COQs 3, 5 and 7 [14].
The COQ9 lipid-binding protein is necessary for stabilisation of COQ7 [15], and
COQ10A/COQ10B direct the localisation of CoQ10 within the mitochondrial membrane
[16]. In humans, mutations in 10 of these genes have been identified to date, as described
below: the corresponding gene products respectively are PDSS1 (phenyl diphosphate syn-
thase subunit 1), PDSS2 (decaprenyl diphosphate synthase subunit 2), COQ2 (para-hy-
droxybenzoate-polyprenyl transferase), COQ4 (multienzyme complex organisation en-
zyme), COQ5 (methyltransferase), COQ6 (monooxygenase), COQ7 (DMG hydroxylase
ADCK3 (renamed COQS8A, protein kinase), ADCK4 (renamed COQ8B, protein kinase),
COQ9 (lipid-binding protein), and COQ10A/B (CoQ10 chaperone proteins).
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3. Assessment of primary CoQ10 deficiency

Primary CoQ10 deficiency can be identified via both biochemical and genetic analy-
sis. Biochemically, the determination of CoQ10 is not usually included as part of routine
analysis by hospital pathology laboratories. When CoQ10 levels are measured, this is typ-
ically carried out using plasma samples, with an approximate reference range of 0.5 to 1.7
1M [17]. However for identification of primary CoQ10 deficiency, the tissues of choice are
skeletal muscle biopsies or skin fibroblasts, since primary CoQ10 deficiency in tissues may
not be manifest in plasma. Blood mononuclear cells have been suggested as an appropri-
ate low invasive means of assessing endogenous CoQ10 status, and these can be isolated
from 5 ml of EDTA blood [18]. Furthermore, in view of the increasing association of pri-
mary CoQ10 deficiency with kidney dysfunction, the determination of urinary CoQ10 has
been suggested a reliable and non-invasive method of assessing urinary tract CoQ10 sta-
tus [19].The most common analytical techniques used to assess CoQ10 status are based on
high-pressure liquid chromatography (HPLC) with either ultraviolet (HPLC-UV) or elec-
trochemical (HPLC-ED) detection. The demonstration of reduced biochemical activities of
respiratory chain complexes, in particular, complexes I+III and II+III is also of relevance,
since the activity of these enzyme complexes are dependent upon endogenous CoQ10 sta-
tus. For genetic analysis, mutations are identified using EDTA blood samples for whole-
exome sequencing and Sanger sequencing section may be divided by subheadings. It
should provide a concise and precise description of the experimental results, their inter-
pretation, as well as the experimental conclusions that can be drawn.

4. Clinical studies relating to COQ mutations

In the following sections, clinical studies relating to each of the COQ genes 1-10 have
been listed on a case by case basis in chronological order; each clinical study has been
briefly summarised to include the number of patients, age of onset, symptoms, lethality,
variant type and effect of CoQ10 supplementation (where attempted). Mutations (where
known) in the various COQ genes are shown in parentheses for the DNA nucleotide
change and corresponding protein change respectively.

COQ1: The COQ1 gene (also known as PDSS1/PDSS2) encodes subunits 1 and 2 of
the enzyme hexaprenyl pyrophosphate synthetase, which catalyses the first step in CoQ10
biosynthesis i.e. synthesis of the polyisoprenoid tail. The PDSS1 gene is located on chro-
mosome 10 and comprises 14 exons; PDSS2 is located on chromosome 6 and comprises 12
exons. Mutations in PDSS1 reportedly result in steroid resistant nephrotic syndrome, en-
cephalopathy, and optic nerve atrophy. To date a total of 6 patients with PDSS1 mutations
have been identified. These include two siblings with infantile onset neurosensorial deaf-
ness and optic atrophy, resulting from mutation ([c.924T>G] [p.Asp308Glu]) in the PDSS1
gene [20]; a more severe birth onset phenotype with kidney failure and death at 16
months, resulting from PDSS1 mutations ([c.661C>T] [p.Arg221Ter] and [c661-662inST]
[pArg221Leufs16]) [21]; and two sisters (aged 6 and 14 years) with sensorineural deafness
and optic atrophy, resulting from a PDSS1 mutation ([c.735G>T] [p.GIn245His]) [22]. An
infant with mitochondrial encephalopathy, pulmonary hypertension, and chronic distal
phalangeal erythema who subsequently died aged 3 years was shown to have mutations
([c.716 T>G] [p.Val239Gly] and [c.1183C >T] [p.Arg395*]) in the PDSS1 gene [23]. Only
one of the above patients was subject to CoQ10 supplementation, where CoQ10 supple-
mentation (15mg/kg/day) was ineffective in altering disease progression [23].

CoQ10 deficiency (COQ10D3) resulting from mutations in the PDSS2 gene are asso-
ciated particularly with neonatal/infantile onset renal disease, with variable neurological
involvement. To date a total of 7 patients with PDSS2 mutations have been identified. The
first clinical report relating to mutation of the PDSS2 gene was by Lopez et al [24], who
described an infant with nephrotic syndrome and encephalopathy, who subsequently
died at 8 months. The PDSS2 mutation in this patient involved a C—T transition at nucle-
otide 964, changing amino acid 322 from glutamine to a stop codon, and a C—T transition


https://doi.org/10.20944/preprints202305.1024.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 May 2023 doi:10.20944/preprints202305.1024.v1

at nucleotide 1145, changing amino acid 382 from serine to leucine. Subsequent cases in-
cluded a fatal PDSS2 mutation ([c485A>G] [pHis162Arg]) in a 7-month-old male infant
with nephrotic syndrome, encephalomyopathy, cardiomyopathy, deafness and retinitis
pigmentosa [25], and four patients from 2 families with a less severe phenotype (cerebral
palsy, ataxia) resulting from a ([c1145C>T] [pSer382Leu]) PDSS2 mutation described by
Sadowski et al [26] , and by Rahman et al [27] (mutation not specified) respectively. Sup-
plementation with CoQ10 was attempted only in the patient described by Lopez et al [24],
where administration of CoQ10 (50mg/day) had no effect on disease progression.

COQ2: The COQ2 gene is located on chromosome 4 and comprises 7 exons. COQ2
encodes the enzyme p-hydroxybenzoate-polyprenyl transferase, which mediates the con-
jugation of the benzoquinone ring with the decaprenyl side chain in CoQ10 biosynthesis.
COQ2 mutations (causing CoQ10 deficiency COQ10D1) typically manifest as encephalo-
pathy and nephropathy of variable severity. The first report of primary CoQ10 deficiency
resulting from a COQ2 mutation ([c890A>G] [pTyr297Cys]) was by Quinzii et al [28], two
siblings with infantile nephropathy. Diomedi-Camassei et al [29] described two patients
with COQ2 mutations, an infant with fatal encephalopathy and nephropathy who died at
6 months ([c.437G > A] [p437G > A]), and an 18 month old infant with non-fatal nephrop-
athy ([c590G>A] [pArgl97His] and [c683A>G] [pAsn228Ser]). Supplementation with
CoQ10 (30mg/kg/day) resulted in clinical stabilisation of the latter patient. A fatal neonatal
case of nephropathy resulting from a COQ2 mutation ([c1047delT] [pAsn351Ilefs15]) was
reported by Mollet et al [20]. Other fatal neonatal or infantile cases resulting from COQ2
mutations included a two month old infant with myoclonic epilepsy and hypertrophic
cardiomyopathy, resulting from a [c.326G > A] [p.Ser109Asn] COQ2 mutation, who sub-
sequently died at 5 months despite supplementation with CoQ10 (5mg/kg/day) [30], and
a fatal case of a newborn with multi-organ failure resulting from a [c.545T>G]
[p-Met182Arg] COQ2 mutation [31]. Eroglu et al [32] identified 4 infants from two families
with the [c.437G—A] [p.Ser146Asn]) COQ2 mutation; in two of these patients CoQ10 sup-
plementation normalised renal function but did not improve neurological symptoms. Xu
et al [33] described a case of infantile nephrotic syndrome in a 14 month old Chinese boy,
resulting from COQ2 mutations ([c.518G>A] and [c.973A>G]); the patient’s renal function
was improved following CoQ10 supplementation (30mg/kg/day). Starr et al [34] reported
3 children (aged 2-10 years) with nephrotic syndrome resulting from COQ2 mutations (2
missense (p.Thr325Ala and p.Thr294lle), and one frameshift (c.176dupT), in two of whom
renal function was restored following CoQ10 supplementation (30mg/kg/day). Wu et al
[35] reported a 6 month old girl presenting with nephropathy with fatal outcome, result-
ing from a COQ2 mutation ([c.832 T > C] [p. Cys278Arg]). Abdelhakim et al [36] described
three siblings from a Jewish family presenting with nephropathy and retinopathy, result-
ing from two COQ2 mutations ([c.288dupC] [p.(Ala97Argfs*56] and [c.376C>G]
[p-(Argl126Gly]); supplementation with CoQ10 (30mg/kg/day for 6 months) prevented
further visual deterioration in these patients. Li et al [37] identified COQ2 mutations
[c.1058A > G] [p.Y353C] and [c.973A > G], [p.T325A]) in two Chinese infants with
nephropathy; proteinuria was reduced following CoQ10 supplementation
(30mg/kg/day). Rosado-Santos et al [38] described death in a newborn with severe fetal
growth restriction, abnormal kidney function and lissencephaly resulting from COQ2 mu-
tations ([c.590G>A] [p.(Argl197His] and [c.827del p.(Gly276Valfs*20]). Stallworth et al [39]
described an eight-year-old child with nephropathy requiring renal transplantation who
subsequently developed progressive cone-rod dystrophy and optic atrophy, resulting
from the COQ2 variants [c683A>G] [pAsn228Ser] and [c518G>A] [pargl73His]. In total,
39 COQ2 variants in 63 patients (including previously unreported cases) have been iden-
tified to date by Drovandi et al [40]; patients carried at least one missense variant, the most
common of which was [c683A>G] [pAsn178Ser]. Supplementation with CoQ10 resulted
in the partial or complete remission of proteinuria in more than half of the patients in the
above study [41]. COQ2 variants have been associated with increased risk of developing
multisystem atrophy or Parkinson’s disease [42].
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COQ3: The COQ3 gene is located on chromosome 6 and comprises 9 exons. The
COQ3 gene encodes a methyltransferase enzyme that catalyses both the O-methylation
steps in CoQ10 biosynthesis. To date there have been no clinical studies reported in the
medical literature relating to COQ3 mutations.

COQ4: The COQ4 gene is located on chromosome 9 and comprises 7 exons. The
COQ4 gene encodes a multienzyme complex organisation/stabilisation enzyme localized
to the matrix side of the mitochondrial inner membrane , which when deficient results in
CoQ10 Deficiency-7 (COQ10D7), causing childhood onset neurodegeneration. As with
other COQ mutations, the severity of disease depends on the location of the mutation.
Mutations in in exons 1-4 are associated with less life-threating presentations, late onset,
responsiveness to CoQ10 therapy, and a relatively long lifespan. In contrast, pathogenic
mutations in exons 5-7 are associated with early onset, unresponsiveness to CoQ10 ther-
apy, and early death. The first patient with primary CoQ10 deficiency resulting from mu-
tation of the COQ4 gene was reported by Salviati et al [43], a three year old with neuro-
logical symptoms. Oral CoQ10 supplementation (30mg/kg/day) resulted in a significant
improvement of neuromuscular symptoms.

COQ4 mutations resulting in neurological deterioration were described in 5 patients
([c718C>T] [pArg240Cys]; [c433C>G] [pArgl45Gly]; [c190C>T] [pPro64Ser]; [c155T>C]
[pLeu52Ser]) by Brea-Calvo et al [44], and 6 patients ([202G>C] [pAsp68His]; [c245T>A]
[pLeu82GlIn]; [c473G>A] pArgl58GLN]; [¢718C>T] [pArg240Cys]) by Chung et al [45]; on-
set was prenatal or perinatal, with early fatal outcome in the neonatal period or early in-
fancy. Romero-Moya et al [46] reported a 4 year old with mental retardation and lethal
rhabdomyolysis with a COQ4 mutation ([c.483G > C](E161D)). Sondheimer et al [47] de-
scribed an infant with seizures and cardiomyopathy dying in early infancy, resulting from
a deletion ([c.23_33delll] [p.Val8AlafsX19]), and two missense mutations ([c.331G>T]
[p.Aspl11Tyr] and [c.356C>T] [p.Prol19Leu]) in the COQ4 gene. Bosch et al [48] identi-
fied a patient with childhood onset spinocerebellar ataxia with stroke-like episodes, (with
a different phenotype from the lethal infantile presentation described previously), result-
ing from mutation ([c.230C > T] [(p.Thr77Ile]) in the COQ4 gene. Supplementation with
CoQ10 (1000mg/day) failed to prevent further stroke-like episodes.

Caglayan et al [49] described two siblings with childhood-onset, slowly progressive
ataxia resulting from a COQ4 mutation (exon2:c.G164T:p.G55V). Supplementation with
CoQ10 (200mg/day for 1 month) resulted in significant improvement of neurological
symptoms in the more severely affected sibling. Ling et al [50] identified a COQ4 mutation
(c.370G > A) in 3 Asian patients presenting with infantile encephalopathy or cardiomyo-
pathy. Lu et al [51] found the same COQ4 mutation (c.370 G > A (p.G124S) in a Chinese
patient with Leigh syndrome (age of onset at 2 months). Supplementation with CoQ10
allowed the patient to maintain a relatively stable health status. Yu et al [52] reported on
a cohort of 11 Chinese patients from 9 unrelated families with the [c.370G>A]
[p.Gly124Ser]) COQ4 mutation, 5 of whom had classical neonatal-onset encephalo-cardi-
omyopathy, with the others having infantile onset with more heterogeneous clinical
presentations. Supplementation with CoQ10 (15-40mg/kg/day) was attempted in 7 of
these 11 patients; seizure control was improved in two of these patients, while no benefit
was noted in 5 patients who subsequently died. Chen et al [53] described a 5 month old
patient with epileptic seizures resulting from a ¢.370G>A mutation in the COQ4 gene.
Mero et al [54] reported two patients each with two COQ4 mutations ([c.577C>T]
[p.Pro193Ser] and [c.718C>T] [p.Arg240Cys]), and [c.284G>A] [p.Gly95Asp] and
[c.305G>A] [p.Argl02], respectively), presenting with motor impairment and ataxia.

In summary, some 28 COQ4 variants have been identified to date, comprising a total
of 44 patients; three phenotypes have been described, an early-onset phenotype with ne-
onatal brain anomalies and epileptic encephalopathy, an intermediate phenotype with
distinct stroke-like lesions, and a moderate phenotype with non-specific brain pathology
and a stable disease course [55]. Patients With COQ4 Variants in exons 1-4 i(.e. amino acid
changes in the N-terminus of COQ4), and patients with the East Asian-specific ¢.370G >
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A COQ4 variant are generally responsive to supplementation with CoQ10, whereas pa-
tients with COQ4 variants in exons 5-7 (amino acid changes in the C-terminus of COQ4)
are generally unresponsive.

COQ5: The COQ5 gene is located on chromosome 12 and contains 8 exons. The
COQ5 gene encodes the enzyme responsible for the C-methyltransferase step in CoQ10
biosynthesis (i.e. conversion of 2 methoxy-6-polyprenyl-1,4-benzoquinol to 2 methoxy-5-
methyl-6-polyprenyl-1,4 benzoquinol). To date, there has been only one clinical study re-
ported relating to mutation of the COQ5 gene. Malicdan et al [56] reported 3 female sib-
lings from a Middle East family, presenting in early childhood with seizures, cerebellar
ataxia and cognitive disability, resulting from biallelic duplication of 9590bp in the COQ5
gene. Supplementation with CoQ10 (15mg/kg/day for 6 months) resulted in a significant
improvement in their respective ICARS (International Cooperative Ataxia Rating Scale)
scores.

COQ6: The COQ6 gene is located on chromosome 14 and comprises 14 exons. The
protein encoded by this gene is a flavin-dependent monooxygenase localised to the matrix
side of the inner mitochondrial membrane, which is responsible for the C5-hydroxylation
of the quinone ring during CoQ10 synthesis. Mutations in this gene result in primary
CoQ10 deficiency-6 (COQ10D6), an autosomal recessive disorder which typically mani-
fests as progressive infantile-onset steroid-resistant nephrotic syndrome resulting in end-
stage renal failure, together with sensorineural deafness; individuals may also be suscep-
tible to development of Scwannomatosis a form of neurofibromatosis characterised by
formation of benign tumours in the nervous system. The COQ6 mutation results in dam-
aging effects in renal podocytes by inducing cell apoptosis, increasing cellular oxidative
stress, and destroying the cytoskeleton. Whereas most forms of monogenic nephrotic syn-
drome in children do not respond to treatment, the identification of children with ne-
phrotic syndrome resulting from defective CoQ10 biosynthesis is vital, since such indi-
viduals may respond to CoQ10 supplementation. Primary CoQ10 deficiency due to COQ6
mutations should be considered in children presenting with both steroid resistant ne-
phrotic syndrome and sensorineural hearing loss.

Heeringa et al [57] first identified 6 different COQ6 mutations ([c484C>T] [pArgl62];
[c564G>A] [pTrp188]; [c763G>A] [pGly255Arg]; [c1058C>A pAla353Asp]; [ c1341G>A]
[pTrp447]; [c12383delG] [pGIn461fs478])in 13 individuals from 7 families by homozy-
gosity mapping. Each mutation was linked to early-onset (1-2 years) steroid resistant ne-
phrotic syndrome and sensorineural deafness, with some patients responding favourably
(reduced proteinuria, improved hearing) to oral CoQ10 supplementation (50mg twice
daily). However such patients may not benefit from CoQ10 therapy when severe renal
and neurological damage is established, so an early and accurate diagnosis of COQ10D6
and simultaneous CoQ10 intervention are critical in improving prognosis.

Sadowski et al [26] described 6 patients with infancy/childhood onset of nephropathy
resulting from COQ6 mutations ([c1058C>A] [pAla353Asp]; [c1154A>C] [pAsp385Ala];
[c1235A>G] [pTyr412Cys]). Park et al [58] identified COQ6 mutations ([c189 191 del GAA]
[pLys64del]; [c686A>C] [pGIn229Pro]; [¢782C>T] [pPro26Leu]) in a series of 6 children
(age of onset 15-47 months), all of whom progressed to end stage renal disease requiring
transplantation. Li et al [59] diagnosed a child at 1 year with a mutation ([c.1078C > T]
[p.Arg360Trp]]) in the COQ6 gene; proteinuria was subsequently completely resolved fol-
lowing supplementation with CoQ10 (30mg/kg per day for 3 months). Cao et al [60] de-
scribed a case of infantile nephrotic syndrome resulting from a COQ6 mutation
([c1078C>T] [pArg360Trp]); supplementation with CoQ10 (30mg/kg/day) over a period of
3 months restored normal renal function. Song et al [61] reported a 16 year old presenting
with proteinuria, and subsequently identified as having a COQ6 mutation ([c.G41A]
[p-W14X]). Supplementation with CoQ10 over a 6 month period reduced the 24 hour uri-
nary protein by approximately 50%.

Stanczyk et al [62] described a 4 year old presenting with steroid resistant glomeru-
lopathy with COQ6 mutations ([c.1078C>T] [p.Arg360Trp]]; [c.804delC]
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[pLeu269Trpfs13]). Supplementation with CoQ10 (30mg/kg per day for one month re-
sulted in complete symptomatic remission. Yildirim et al [63] reported on a 7-year-old girl
diagnosed with steroid-resistant nephrotic syndrome and sensorineural deafness, requir-
ing haemodialysis and subsequent renal transplantation (mutation [c.1058C > A]
[rs397514479] in exon 9 of COQ6).

Perrin et al [64] described COQ6 mutation in a patient with renal disease (requiring
transplantation) and deafness, who also developed loss of vision. In this case, supple-
mentation with the CoQ10 analogue idebenone, which has been used for the treatment of
other types of optic neuropathy, improved visual impairment without affecting deafness.
Wang et al [65] identified two Chinese siblings with COQ10D6 who presented with severe
metabolic acidosis, proteinuria, hypoalbuminemia, growth retardation, and muscle hypo-
tonia and died in early infancy (mutations : [c.249C > G] [p.Tyr83Ter] in exon 2 and
[c.1381C > T] [p.GIn461Ter] in exon 12 of COQ6). A 19 month old patient with cardiomy-
opathy was found to have the COQ6 variant [c763G>A] [p.Gly255Arg]; the patient died
from cardiorespiratory failure before CoQ10 supplementation could be started [66]. Nam
et al [67] identified 12 children from 11 unrelated Korean families resulting from COQ6
mutations  (c.189_191delGAA  (p.Lys64del), c.484C>T  (p.Argl62*), c.686A>C
(p-GIn229Pro), and ¢.782C>T (p.Pro261Leu). The effects of CoQ10 supplementation (30
mg/kg) on hearing loss was further investigated in 7 of these children (mean age 7.2 years
at start of CoQ10 treatment). In terms of prevention of hearing loss, approximately 50% of
patients responded well to treatment with CoQ10; those with the c.686A>C variant re-
sponded poorly to CoQ10 supplementation, but those with ¢.189_191delGAA or c.782C>T
variants responded well.

The total number of patients identified with COQ6 related primary CoQ10 deficiency
is currently 45, with 14 of these responding to CoQ10 supplementation (where attempted).

COQ7: The COQY gene is located on chromosome 16 and comprises 11 exons. The
COQY7 gene encodes the enzyme 5-demethoxyubiquinone hydroxylase, which catalyzes
the hydroxylation of converting demethoxyubiquinone to 5-hydroxy-ubiquinone. Muta-
tions in the COQ7 gene result in primary CoQ1( deficiency-8 (COQ10D8). To date four

clinical cases relating to mutations in the COQ?7 gene have been reported. The first case
was described by Freyer et al [68], a 9-year-old Syrian boy with progressive encephalo-
neuro-nephro-cardiopathy resulting from a missense mutation ([c.422T>A]
[p-Vall141Glu]) in exon 4 of the COQ7 gene. CoQ10 levels were severely decreased in the
skeletal muscle and fibroblasts of the patient. The authors demonstrated that the coen-
zyme Q analogue 2,4-dihydroxybenzoic acid was able to specifically bypass the COQ7
deficiency, increase cellular coenzyme Q levels and rescue the biochemical defect in pa-
tient fibroblasts. The second case was reported by Wang et al [69], a 6-year-old girl pre-
senting with spasticity and bilateral sensorineural hearing loss resulting from two muta-
tions ([c.308C>T] [p. Thr103Met] and [c.332T>C] [p.Leul11Pro]) in the COQ7 gene. Only
a moderate decrease in CoQ10 levels were found in cells from this patient. The third case
was reported by Kwong et al [70], a Chinese boy presenting with encephalo-myo-nephro-
cardiopathy, with a fatal outcome at one year of age, resulting from frameshift
[c.599_600delinsTAATGCATC] [p.(Lys200llefs*56] and missense substitution [c.319C>T]
[p.(Argl07Trp]) in the COQY7 gene. This patient showed a poor response to supplementa-
tion with CoQ10 (20mg/kg/day). For the fourth case, Wang et al [71] identified a 4 year
old Turkish boy with a mutation ([c.161G>A] [p.Arg54GIn]) in exon 2 of the COQ7 gene,
presenting with hypotonia, difficulty walking, motor developmental delay, ataxia, and
spasticity. The patient’s skin fibroblasts showed a 45% reduction in CoQ10 level with con-
comitant reduction in mitochondrial respiratory capacity, which could be rescued using a
CoQ10/ caspofungin formulation.

COQ8A: The COQS8A gene is located on chromosome 1 and comprises 18 exons. The
COQB8A gene, also known as ADCK3 or CABC1, encodes an atypical protein kinase. Pa-
tients with mutations in this gene typically develop childhood onset cerebellar atrophy
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and ataxia, and have decreased CoQ10 content in their muscle, fibroblast, and lympho-
blast cells. Mollet et al [72] described 4 children (aged 18 months to 3 years) from 3 unre-
lated families with seizures and cerebellar atrophy resulting from various COQ8A muta-
tions ([c1655G>A] [Glu551Lys]; [p 815G>T] [Gly272Val]; [c636C>T] [Arg213Trp];
[c815G>A] [Gly272Asp]). Supplementation with CoQ10 (10mg/kg/day) did not result in
clinical improvement in these patients. Lagier-Tourenne et al [73] identified 6 patients
with childhood onset cerebellar atrophy and ataxia resulting from COQ8A mutations
([c500521del22insTTG] [pGInl67Leufs36]; [c993C>T] [pLys314GIn360del]; ¢17501752de-
IACC] [pThr584del]; [c16456G>A] [pGly549Ser]; [c1541A>G] [pTyr514Cys]; [c139+2T>C]
[pAsp420Trpfs40]); no CoQ10 supplementation was attempted in any of these patients.
Blumkin et al [74] reported two sisters with COQ8A mutations ([c805C>G] [pPro602Arg]
and [c1750 1752 del ACC] [pThr584del]) with variable phenotype; one sister had childhood
onset severe progressive ataxia which was partially resolved following CoQ10 suppler-
mentation (20mg/kg/day), whilst the second sister had only mild dysarthria. Hikmat et al
[75] reported 3 Norwegian patients with childhood onset cerebellar ataxia and epilepsy,
with stroke-like episodes, resulting from COQ8A mutations ([c895C>T] [pArg229Trp];
[c1732T>G] [pPhe578Val]). Two children with cerebellar atrophy and ataxia resulting
from COQS8A mutations ([c803T>C] [pLeu227Pro] and [c1506+1G>A] [pVal503Metfs21])
were described by Jacobsen et al [76]; supplementation with CoQ10 (20mg/kg/day) over a
12 month period resulted in an improvement in ataxia and mental capacity in both sib-
lings. Chang et al [77] carried out a literature review of 22 cases with COQ8A mutations
for which CoQ10 supplementation had been attempted; 11 patients showed clinical bene-
fit, with ataxia being the symptom showing greatest response. On this basis, the authors
recommended a CoQ10 dosage regime of at least 15mg/kg/day for 6 months for patients
with COQB8A related ataxia. Nair et al [78] detailed a 5 year old girl with severe intellectual
disability and ataxia resulting from a COQ8A mutation ([c1534C>T] [pArg512Trp]).
Schirinzi et al [79] described an improvement in motor performance following CoQ10
supplementation (15mg/kg/day) over a period of 6-12 months in 4 children with ataxia.
Uccella et al [80] reported a child with early onset ataxia resulting from a COQ8 mutations
(€.901C>T;c.589-3C>G), where CoQ10 supplementation slowed down disease progression.
Paprocka et al [81] described a 22-month-old girl with cerebellar ataxia and developmen-
tal regression resulting from a COQ8A mutation ([c.811C>T][p.Arg271Cys] who showed
improved communication and growth following supplementation with CoQ10
(300mg/day for 3 months). Degerliyurt et al [82] reported on a 16 year old patient with
ataxia, cerebellar atrophy and cardiomyopathy resulting from a COQ8A mutation ([c901
C>T] [p.Arg301Trp]); the authors noted that supplementation with CoQ10 was started at
too late a stage in disease to prevent the death of the patient. The most comprehensive
study on patients with COQ8A mutations was carried out by Traschutz et al [83], who
assessed 64 patients (including 39 previously unreported) from 51 families from 16 differ-
ent countries. This work incorporates results from previous studies by Horvath et al [84],
Mignot et al [85], and Mallaret et al [86]. Cerebellar ataxia was evident in all patients, with
a mean age of onset of 7 years. A total of 44 COQS8A variants were identified in these
patients, comprising of 26 missense and 18 loss of function (10 frameshift, 4 stop, 3 canon-
ical splice, and 1 in-frame deletion), distributed across the entire COQ8A gene. Out of a
total of 30 patients supplemented with CoQ10 (mean daily dose of 11mg/kg/day), approx-
imately half of these patients were classed as responders to treatment.

COQ8B: The COQB8B gene is located on chromosome 19 and comprises 16 exons. The
COQS8B gene (also known as ADCK4) similarly encodes an atypical protein kinase, vari-
ants in which result in steroid resistant nephrotic syndrome with variable neurological
involvement (presenting mainly in childhood or adolescence). To date 99 patients with
COQ8B mutations have been identified. Ashraf et al [87] reported a patient with nephrop-
athy resulting from a homozygous COQ8B frameshift mutation, who subsequently had
partial remission following CoQ10 supplementation. Korkmaz et al [88] identified 26 ad-
olescent patients with nephropathy resulting from COQ8B mutations ([c293T>G]
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[pLeu98Arg]; [c332C>T] [[pArgl78Trp]; [c929C>T  [pPro301Leu]; [c748G>A]
[PAsp250Asn]; [c1199dupA] [pHis400GInfs11]; [c1339dupG] [pGlu447Glyfs10]). Two pa-
tients in the early stage of renal damage showed improved proteinuria following CoQ10
supplementation (15mg/kg/day) over a 6 week period. Atmaca et al [89] reported signifi-
cant improvement in proteinuria in 8 patients with COQ8B-related nephropathy, follow-
ing CoQ10 supplementation. Feng et al [90] identified 2 children with proteinuria result-
ing from a COQ8B mutation, one of whom showed a good response to CoQ10 therapy.
Song et al [91] identified 20 Chinese children from 17 families with renal disease resulting
from COQS8B mutations, with the c¢.737G>A (p.5246N) and c.748G>A (p.D250H) variants
being most prevalent. In a trial group of 5 patients, supplementation with CoQ10 (15-30
mg/kg/day) reduced proteinuria.

COQ9: The COQ9 gene is located on chromosome 16 and comprises 9 rexons. The
COQ9 gene encodes a lipid binding protein that is responsible, via its interaction with
other COQ encoded enzymes (particularly COQ?), for stabilising the COQ10 biosynthetic
complex. Mutations in this gene (responsible for COQ10D5) have been reported in 7 pa-
tients to date. Duncan et al [92] reported an infant with multisytem disease, including
intractable seizures, global developmental delay, hypertrophic cardiomyopathy, and re-
nal tubular dysfunction, who died at 2 years of age despite supplementation with CoQ10
(up to 300mg/day). This patient was found to have the COQ9 mutation [c.730C>T]
[p.Arg244]. Danhauser et al [93] identified an infant of Turkish origin with fatal neonatal
lactic acidosis and encephalopathy, resulting from a COQ9 mutation ([c.521+1del]
[p-Ser127-Arg202del]). Smith et al [94] described 4 siblings with multisystem disease, two
of whom died soon after birth with the COQ9 variants [c711+3G.A] [pAla203Asp237del]
and [c521+2T>C] [pSer127Arg202del]. Olgac et al [95] described a 9 month old girl of Pa-
kistani origin presenting with microcephaly and seizures, resulting from a COQ9 mutation
([c.384delG] [Gly129Valfs*17]). There was no improvement in neurological symptoms following
supplementation with CoQ10 (5-50mg/kg/day).

COQ10A and COQ10B: The COQ10A gene is located on chromosome 12 and com-
prises 6 exons; COQ10B is located on chromosome 2 and comprises 6 exons. The COQ10A
and COQ10B genes encode lipid binding proteins which act as molecular chaperones, di-
recting CoQ10 molecules to their final placement within membranes. COQ10A and
COQ10B are expressed in all tissues, although COQ10A is predominantly expressed in
heart and skeletal muscle. Polymorphisms in COQ10A or COQ10B have been implicated
in predisposing patients to statin-associated myopathy [96]. To date there have been no
clinical studies published relating to COQ10A or COQ10B variants.

5. Conclusions

Primary CoQ10 deficiency resulting from COQ gene mutations is associated with a
heterogeneous spectrum of clinical phenotypes; however from the data presented above
(summarised in Table 1), the following generalisations may be made: 1) the disorder typ-
ically has a neonatal, infantile or childhood age of onset; 2) patients typically present with
neurological dysfunction (encephalopathy, psychomotor delay, cerebellar atrophy/ataxia,
optic atrophy), nephropathy, cardiomyopathy, or any combination thereof; 3) the out-
come for patients is typically either serious disability or fatality. To date, some 300 patients
with primary CoQ10 deficiency have been identified, in approximately 100 of whom
CoQ10 supplementation was attempted, as described in the present review. Some of the
above syndromes can be rescued by oral supplementation with CoQ10, particularly when
diagnosed sufficiently early; however the response to therapy depends on which COQ
gene has been affected, and the particular location of the mutation within each of the re-
spective genes. Steroid resistant nephrotic syndrome resulting from COQ mutations ap-
pears to be particularly amenable to treatment via CoQ10 supplementation. For example
Drovandi et al [41] assessed the longer term efficacy of supplemental CoQ10 in a series of
40 patients (less than 18 years) with chronic kidney disease (stage 1-4) compared to an
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untreated cohort matched by genotype, age, kidney function, and proteinuria. Supple-
mentation with CoQ10 supplementation resulted in a substantial and significant sus-
tained reduction of proteinuria (by 88%) after 12 months. Complete remission of pro-
teinuria was more frequently observed in patients with renal disease resulting from COQ6
mutations. Supplementation with CoQ10 resulted in significantly better preservation of
kidney function (5-year kidney failure-free survival 62% vs. 19%), together with improve-
ments in neurological manifestations and general health. The authors of this study con-
sider that patients with this type of primary CoQ10 deficiency should receive early and
life-long supplementation with CoQ10 to decrease kidney disease progression and pre-
vent further damage to other organs.

In addition to the above, the response to therapy can depend on the dose and dura-
tion of supplementation, as well as the formulation of the supplement; formulations
which have not been subject to CoQ10 crystal dispersion may have their bioavailability
reduced by 75% [97]. There is currently no consensus as to the dosage of CoQ10 for treat-
ment of primary deficiency disorders, although a dose of 15-30mg/kg/day has been used
in a number of studies. In patients who have died, lack of response to CoQ10 supplemen-
tation results when irreversible tissue damage has already occurred prior to diagnosis; in
such patients CoQ10 deficiency in cultured fibroblasts can typically be rescued following
CoQ10 supplementation. In neonatal fatalities, there is a rationale for CoQ10 supplemen-
tation of at-risk mothers during pregnancy, in order to reduce tissue damage during fetal
development. It is also of note that the correction of CoQ10 deficiency in cultured fibro-
blasts or yeast models, but not in patients with neurological symptoms, may indicate in-
sufficient uptake of exogenous CoQ10 across the blood-brain barrier in these patients. Fi-
nally, there is a need for a method of determining CoQ10 during newborn screening to
enable the identification and treatment of primary CoQ10 deficient patients prior to the
maturation of the blood brain barrier.

Table 1. Summary of clinical publications relating to primary CoQ10 deficiency.

Number of pa- CoQ10 dose and Com-

Author Gene Condition .
tients ment
1 -
Mollet et al [20] CcOQ1 Infantile neurosgnsonal deafness and ’
(PDSS1) optic atrophy
Vasta et al [21] Kidney failure and death at 16 months 1
Nardecchia et al [22] Sensorineural deafness and optic atro- ’
phy (ages 6 and 14 years)
1 -
. Numerous morbidities; death aged 3 > mg/K'g/day No ef
Bellusci et al [23] years 1 fect on disease progres-
sion

COQ1  Nephrotic syndrome & encephalopa- 50 mg/day. No effect

Lopez etal [24] (PDSS2) thy; died at 8 months ! on disease progression
Ivanyi et al [25] Numerous morbidities; death at 7 1
months
Sadowski et al [26] Less severe morbidities 2
Rahman et al [27] Infantile onset encephalopathy 2
Quinzii et al [28] COQ2 Infantile nephropathy 2
Diomedi-Camassei et al Encephalopathy and nephropathy in 30 mg/Kg/day clinical
P pathy phropatiy 2 stabilisation in second

[29]

first patient who died at 6 months. .
patient
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Non-fatal nephropathy in second pa-

tient.
Mollet et al [20] Fatal neonatal nephropathy 1
Scalais et al [30] Myocl.onic epilepsy a.nd hypertrophic 1 5 mg/Kg/day di.d not
cardiomyopathy; died at 5 months prevent fatality
1ti- fail
Desbats et al [31] Newborn multi-organ failure and 1
death
. . Supplement normal-
Eroglu et al [32] Infantile renal antc(i)rrrllesurologlcal Symp- 4 ised renal function in 2
patients
Xu et al [33] Infantile nephrotic syndrome 1 30 mg/Kg/day 1rr‘1—
proved renal function
K
Nephrotic syndrome (patients 2-10 30meg/ g/d.a y Testored
Starr et al [34] 3 renal function in 2 pa-
years old) .
tients
Wu et al [35] Fatal neuropathy at 6 months 1
Visual deterioration
Abdelhakim et al [36] Nephropathy and retinopath 3 prevented after 30
phropatiy paty mg/Kg/day CoQ10 for
6 months
Lietal [37] Proteinuria reduced
Infantile nephropathy 2 after 30 mg/Kg/day
CoQ10
Rosado-Santos et al [38] Newborn fatality with severe fetal 1
growth restriction
Stallworth et al [39] 8 year old with nephropathy and optic 1
atrophy
. . . Partial or complete re-
. Review articles to include many of the . o
Drovandi et al ) . mission of proteinuria
above studies relating to COQ2, plus 63 .
[40, 41] e previously unreported case in more than half of pa-
SOME previousty Unrepo 5es- tients after CoQ10
No reports identified CoQ3
Significant sympto-
- 3 year old with neuromuscular symp- matic improvement af-
Salviati et al [43] C0O0Q4 1
toms ter 30mg/kg/day
CoQ10
Brea-Calvo et al [44] Neurological dete'rloratlon w1t.h neo- 5
natal or early infancy fatality
logical deteriorati d earl
Chung et al [45] Neurological deterioration and early 6
deaths
Romero-Moya et al [46] Mental retardatlorT and lethal rhabdo- 1
myolysis aged 4
Sondheimer et al [47] Seizures, card.lo@yopathy and death 1
in infancy
Infantile spinocerebellar ataxia and No improvement after
Bosch et al [4 1
osch et al [48] stroke-like episodes 1000 mg/day CoQ10
. . One sibling improved
Caglayan et al [49] Childhood onset slow progressive ’ after 200 mg/day

ataxia

CoQ10 for 1 month
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Infantile encephalopathy or cardiomy-

Li 1
ing et al [50] opathy 3
Luetal [51] 2 month old with Leigh syndrome 1 Patient stabilised after
CoQ10
Seizure control im-
proved in 2 patients af-
Numerous morbidities with neonatal ter 15-40 mg/Kg/day
Yuetal [52] or infantile onset 1 CoQ10; no benefitin 5
patients who subse-
quently died
Chen et al [53] 5 month old with epileptic seizures 1
Mero et al [54] Motor impairment and ataxia 2
Symptomatic improve-
Malicdan et al [56] Co0Qs5 Seizures, ataxia and cognitive disabil- 3 ment in all cases after
ity in early childhood 15 mg/Kg/day CoQ10
for 6 months
Symptomatic improve-
Heeringa et al [57] COQ6 Early onset (1-2 years) nephrotic and 13 ment_ in some patients
sensory syndromes with 100mg/day
CoQ10
Sadowski et al [26] Infancy/early childhood onset 6
nephropathy
Renal di 15-47 hs) re-
Park et al [58] ena dlseas§ (.onset 5-47 months) re 6
quiring transplant
Proteinuria completely
resolved after 30
ot al . S
Liet al [59] One year old with proteinuria 1 mg/day CoQ10 for 3
months
Normal renal function
Cao et al [60] Infantile nephrotic syndrome 1 restored after 30
P Y mg/Kg/day CoQ10 for
3 months
S 50% reduction in pro-
Song et al [61] Proteinuria in 16 year old 1 teinuria after CoQ10
Complete symptomatic
. remission after 30
Stanczyk et al [62] Glomerulopathy ion 4 year old 1 mg/Kg/day CoQI0 for
1 month
Yildirim et al [63] Nephrotic syndrome and sensorineu- 1
ral deafness in 7 year old
. Renal disease, deafness and optic neu- CoQI0 a.nalogue, ldé_
Perrin et al [64] 1 benone, improved vi-
ropathy .
sion
Wang et al [65] Numerous morbidities: died in infancy 2
Leeuwen et al [66] 19 month old with fatal cardiomyopa- 1
thy
Hearing loss in some
Nam et al [67] Patients (<18 years) with nephropathy 1 patients responded

and deafness

well after 30mg/kg
CoQ10
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Numerous morbidities oin 9 year old;

Freyer et al [68] CcoqQ7 muscle CoQ10 levels severely de- 1
creased
Spasticity and sensorineural hearing
Wang et al [69] loss in 6 yesar old; moderate decrease 1
in CoQ10 levels
Poor response to treat-
Kwong et al [70] Fatal morbidities at 1 year 1 ment after 10
mg/Kg/day CoQ10
4 year old with numerous morbidities:
Wang et al [71] 45% reduction in fibroblast CoQ10 lev- 1
els
Mollet et al [72]
COQ8A Seizures and cerebellar atrophy (ages 4 Not improved after 15
18-36 months) mg/Kg/day CoQ10
Lagier-Tourenne et al [73] Childhood onset cerepellar atrophy 6
and ataxia
Blumlin et al [74] Ataxia partially re-
Ataxia and mild dysarthria 2 solved after 20
mg/Kg/day CoQ10
Hikmat et al [75] Childhood onset cTrebeIIar ataxia and epi- 3
epsy
. Improvement in ataxia
Jacobsen et al [76] Childhood onset cer_ebellar atrophy and 2 and [r)nental capacity after
ataxia 20mg/kg/day CoQ10
Nair et al [78] 5 year old with intellectual disability Improved motor per
and ataxia 1 formance following 15
mg/kg/day CoQ10
Schirinzi et al [79] Ataxia in patients aged 4-12 months 4
Uccella et al [80] Childhood . Disease progression
fidhood onset ataxia 1 slowed after CoQ10
. Improved communi-
Paprocka et al [81] Cerebel;;:;z(ﬁ:g% (;Isgﬁltﬁpor?;ntal re- 1 cation and growth after
300 mg/day CoQ10
treatment with CoQ10
: 16 year old with ataxia, cerebellar atro- started at too late a stage
Degerliyurt et al [82] Y phy and cardiomyopathy 1 to prevent death of thg
patient.
S . . 50% of patients re-
Review incorporating some previously sponded after mean
Traschutz et al 2020 published data; cerebellar ataxia in all 64
patients with mean onset age 7 years dose of 11 mg/Kg/day
CoQ10
Ashraf et al [87] COQs8B Nephropathy 1 Partial remission after
CoQ10
Improved proteinuria
Korkmaz et al [88] Adolescent nephropathy 26 after 15 mg/kg/day
CoQ10 in 2 patients
Atmaca et al [89] Nephropathy 8 Improved proteinuria

after CoQ10
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Younger subject

Patients aged 9 months and 11 years ahowed good response

F 1 2
eng et al [50] with proteinuria after 15 mg/kg/day
CoQ10
Reduced proteinuria in
Song et al [91] Patients aged 1f18 years with renal 20 trial group of 5 subjects
disease after 15-30 mg/Kg/day
CoQ10
. e . Up to 300mg/day
Itipl ; 2
Duncan et al [92] COQ9 Multiple morbu;l;t;ses, died aged 1 CoQ10 did not prevent
y fatality
Danhauser et al [93] Fatal neonatal lactic acidosis and en- 1
cephalopathy
. Multisysystem disease in 4 siblings, 2
Smith et al [94] of whom died soon after birth 4
Microcephaly and seizures in 9 month No improvement after
1 t al 1
Olgac etal [95] old 5-50 mg/Kg/day CoQ10

CcoQ
No reports identified 10A and 10B
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