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Abstract

Steroid-resistant nephrotic syndrome (SRNS) is a genetically heterogeneous kidney disease that

is the second most frequent cause of kidney failure in the first 2 decades of life. Despite

the identification of mutations in more than 39 genes as causing SRNS, and the localization

of its pathogenesis to glomerular podocytes, the disease mechanisms of SRNS remain poorly
understood and no universally safe and effective therapy exists to treat patients with this condition.
Recently, genetic research has identified a subgroup of SRNS patients whose kidney pathology is
caused by primary coenzyme Q10 (CoQ10) deficiency due to recessive mutations in genes that
encode proteins in the CoQ10 biosynthesis pathway. Clinical and preclinical studies show that
primary CoQ10 deficiency may be responsive to treatment with CoQ10 supplements bypassing the
biosynthesis defects. Coenzyme Q10 is an essential component of the mitochondrial respiratory
chain, where it transports electrons from complexes | and 11 to complex Ill. Studies in yeast

and mammalian model systems have recently identified the molecular functions of the individual
CoQ10 biosynthesis complex proteins, validated these findings, and provided an impetus for
developing therapeutic compounds to replenish CoQ10 levels in the tissues/organs and thus
prevent the destruction of tissues due to mitochondrial OXPHOS deficiencies. In this review, we
will summarize the clinical findings of the kidney pathophysiology of primary CoQ10 deficiencies
and discuss recent advances in the development of therapies to counter CoQ10 deficiency in
tissues.

Keywords
CoQ10; Ubiquinone; Steroid-resistant nephrotic syndrome; Mitochondriopathies

“Rannar Airik airikr@pitt.edu.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of interest.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tan and Airik Page 2

Introduction

Nephrotic syndrome (NS) is the most common glomerular disorder in individuals under 21
years, characterized by heavy proteinuria, hypoalbuminemia, edema, and hyperlipidemia.
The estimated incidence of NS ranges from 2 to 16.9 per 100,000 children worldwide
[1-4]. Based on pediatric patients’ response to treatment with steroids, the first-line
therapy of NS, the syndrome is further classified as a steroid-sensitive nephrotic syndrome
(SSNS) if patients achieve remission within 8-12 weeks of steroid therapy, or steroid-
resistant nephrotic syndrome (SRNS) if patients continue to have proteinuria despite steroid
administration [5, 6]. SSNS constitutes the predominant form of NS (~90%) and usually has
a favorable long-term outcome. In contrast, SRNS which makes up ~ 10% of NS cases [7]
has a poor prognosis, with 30-40% of patients developing kidney failure within 10 years
[6], and is the second most frequent cause of kidney failure requiring kidney replacement
therapy in individuals under 21 years of age [8].

In the majority of cases, the histological pattern of SRNS is characterized by a glomerular
injury in the form of childhood-onset focal segmental glomerulosclerosis (FSGS), and less
frequently by a developmental-onset diffuse mesangial sclerosis (DMS) [9]. At a cellular
level, both types of glomerular histology represent impaired podocyte function and loss

of podocyte differentiation. Podocytes are highly specialized epithelial cells that line the
glomerular capillaries with whom they share the glomerular basement membrane and whose
integrity plays an important role in ultrafiltration. Neighboring podocytes develop elaborate
interdigitating foot processes, which form the slit diaphragm, a selective filtration barrier
consisting of various cytoskeletal proteins. Formation and maintenance of the slit diaphragm
is energy intensive, but critical for normal podocyte function. To compensate for the high
energy demand it has been suggested that podocytes depend on mitochondrial oxidative
phosphorylation, while glycolysis has been thought to be less relevant [10]. However,

recent investigations using in vivo and in vitro models of podocyte-specific interference
with mitochondrial metabolism have contrasted this view and demonstrated that anaerobic
glycolysis plays the predominant role as the energy source in podocytes [11]. Clearly, further
investigations are needed to establish the precise roles of either energy-generating pathway
in the etiology of different glomerular diseases.

Over the last two decades, rapid progress in genetic sequencing technology and decrease

in cost has led to a significant increase in the ability to identify the molecular causes of
SRNS. To date, mutations in at least 50 genes are known to cause either autosomal recessive
or dominant forms of SRNS [7, 12]. In addition to isolated glomerular disease, SRNS can
occur as part of a syndromic disorder with extrarenal manifestations [13]. For excellent
reviews on the genetics of SRNS and the use of genetic testing in SRNS, please see [7,

13]. Through improved understanding of the genetic causes of SRNS, it has been shown
that any disruption of podocyte cell function or structure is central in the pathogenesis of
disease. The heterogeneity of disease-causing mutations highlights the molecular complexity
of SRNS pathology, but also has renewed a hope for improved pathway-based management
of SRNS that is based on a molecular diagnosis instead of relying on broad histopathologic
classification, something that has plagued past clinical trials and hindered the development
of effective novel therapies [14]. Importantly, genetic testing of SRNS patients provides
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a greater prognostic ability to assess patient’s responsiveness to immunosuppressants and
clinical outcomes [13]. This will also allow future trials to appropriately group SRNS
patients in similar cohorts.

Significantly, recent clinical and preclinical studies have demonstrated that individuals with
a primary coenzyme Q10 (CoQ10) deficiency, a rare cause of SRNS, may benefit from

a treatment with dietary CoQ10 supplementation or its precursor analogs. Indeed, genetic
testing has identified a small cohort of SRNS patients with mutations in genes encoding
the CoQ10 biosynthesis pathway enzymes PDSS1, PDSS2, COQ2, COQ6, and COQ8B
(ADCK4) [15-21]. Primary defects of CoQ10 are associated with decreased mitochondrial
oxidative phosphorylation (OXPHOS) in cells and tissues with high energy requirement,
including the glomerular podocytes and renal tubular cells. In addition to SRNS, primary
CoQ10 deficiency is associated with several other extrarenal clinical phenotypes including
(1) encephalomyopathy with seizures and ataxia [22], (2) a multisystem infantile form
marked by encephalopathy, cardiomyopathy, and kidney failure [23], (3) a predominantly
cerebellar form with ataxia and cerebellar atrophy [24], (4) Leigh syndrome with growth
retardation [25], and (5) an isolated myopathic form [26]. Here, we will focus on the clinical
findings associated with SRNS caused by causal mutations in the CoQ10 biosynthesis
pathway and discuss recent advances in our understanding of the underlying molecular
mechanisms.

CoQ10 biosynthesis

Coenzyme Q (CoQ) or ubiquinone is a lipid protein that is found in all cell membranes

of eukaryotic organisms. The CoQ molecule consists of a hydrophilic redox-active
benzoquinone ring and a hydrophobic polyisoprenoid tail that is embedded in the lipid
bilayer of the cell membranes (Fig. 1). The length of the polyisoprenoid tail varies between
species—the human isoform consists mostly of 10 isoprene residues (CoQ10), whereas the
rodent isoform has 9 (CoQ9) and yeast has 6 residues (CoQ6). CoQ is synthesized de novo
in each cell, and based on biochemical studies performed in rats, it is estimated that only

~ 2-4% of the dietary CoQ10 is taken up by the body [28]. In the same study, it was

also shown that CoQZ10 supplementation did not affect the endogenous CoQ9 biosynthesis
[28]. While there may exist species-specific and formulation-specific differences in CoQ10
absorption, it is generally accepted that CoQ10 has low bioavailability in human tissue [29,
30]. In the human body, CoQ10 membrane concentration varies widely between different
organs and between cell types within tissues. Its levels are highest in cells that harbor greater
numbers of mitochondria and have high metabolic activity, such as podocytes in the kidney,
cardiomyocytes, nerve cells in the brain, and myocytes in the skeletal muscle [29].

In a eukaryotic cell, CoQ biosynthesis takes place in the mitochondrial inner membrane in

a membrane-bound CoQ complex, which is a multienzyme aggregate, orthologous to the
yeast CoQ biosynthetic complex named complex Q [31]. The constituent proteins of the
complex are encoded by nuclear genes and their functions are highly conserved through
evolution, enabling researchers to perform complementation studies in which human CoQ10
biosynthesis pathway genes are substituted for their yeast orthologs to examine their cellular
function. In humans, the CoQ10 biosynthesis pathway is made of at least 16 enzymes

Pediatr Nephrol. Author manuscript; available in PMC 2022 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tan and Airik

Functions

Page 4

(PDSS1, PDSS2, COQ2, COQ3, COQ4, COQ5, COQB, COQ7, COQ8A, COQ8B, COQY,
COQ10A, COQ10B, FDX1L, FDXR, and ALDH3AL1) [32, 33].

In mammalian cells, CoQ biosynthesis starts with the production of the redox-active
benzoquinone ring—4-hydroxybenzoate (4HB)—from amino acids phenylalanine and
tyrosine, and the formation of isoprene units from acetyl-CoA via the mevalonate pathway
[31]. In the first CoQ biosynthetic step, the PDSS1/PDSS2 heterotetramer catalyzes the
polymerization of the polyisoprenoid tail, which in humans contains 10 isoprene subunits
(Fig. 1A). Subsequent to the hydrophobic tail formation, COQ2 catalyzes the condensation
reaction by which 4HB is attached to the membrane-embedded polyisoprenoid tail (Fig.
1B). Once the head group is attached, the newly formed molecule is translocated to

the CoQ complex where the p-hydroxybenzoate head group is further modified through
hydroxylation, methylation, and decarboxylation reactions that are carried out by the
individual peptides in the complex including COQ6 (Fig. 1C). Not all of the CoQ complex
proteins are enzymes; for instance, COQ4, COQ5, and COQ9 are believed to be scaffolds
that anchor the complex to the mitochondrial inner membrane, thus stabilizing the complex
[31], whereas COQ8A and COQ8B enhance the catalytic activity of the complex and
minimize the escape of intermediates [34]. Whether the polypeptides that form the CoQ
complex localize to other cellular membranes besides the mitochondrial inner membrane
remains controversial and warrants further research. For instance, COQ6, COQ7, and COQ9
have all been demonstrated to localize to the Golgi complex and to the cellular processes in
cultured human podocytes in addition to mitochondria [17].

of CoQ10

Most of the energy in a eukaryotic cell is generated in mitochondria through oxidative
phosphorylation (OXPHOS) that uses oxygen and simple sugars to create adenosine
triphosphate (ATP). CoQ10 has a central role in ATP production by transporting

electrons within the mitochondrial respiratory chain from complex | (NADH-ubiquinone
oxireductase) and complex Il (succinate-ubiguinone oxireductase) to complex Il (ubiquinol-
cytochrome ¢ reductase) after receiving electrons from NADH or succinate respectively
[29]. In addition, CoQ10 mediates the transfer of electrons from the electron transport
flavoprotein dehydrogenases family (ETFDH) enzymes, which are involved in fatty acid
[B-oxidation and branched-chain amino acid oxidation pathways, to complex I11 [35, 36].
The electron transfer by CoQ10 is facilitated by the 4HB ring within the CoQ10 molecule,
which can oscillate between a fully reduced form (ubiquinol or CoQHy), after receiving 2
electrons and a fully oxidized form (ubiquinone or CoQ), after losing 2 electrons. Because
of CoQ10’s essential function as an electron carrier in the mitochondrial respiratory chain,
one of the major consequences of CoQ10 biosynthesis defects is impaired mitochondrial
bioenergetics and reduced ATP synthesis [37].

In addition to its role in mitochondrial OXPHOS, CoQ10 in its oxidized form (ubiquinone)
is a potent lipid-soluble antioxidant, protecting cellular membranes from lipid peroxidation
by quenching reactive oxygen species (ROS) that form during mitochondrial respiration
[38]. In agreement with this notion, increased ROS production and oxidative stress has
been observed in the kidney tissue of Pdss2-knockout mice [39], as well as in the brains
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of Cogg-mutant mice [40]. Similarly, cultured human fibroblasts that were isolated from
CoQ10-deficient patients with mutations in COQZ2displayed increased ROS production and
oxidative damage [41]. Based on the biochemical evidence that CoQ10 acts as a membrane-
bound antioxidant, it has been postulated that the tissue- and organ-specific phenotypes

that are observed in human patients with primary CoQ10-deficiency, such as podocyte
abnormalities, may be due to a selective vulnerability of certain cell types (i.e., podocytes)
to increased levels of oxidative stress [42]. Indeed, the podocyte-specific kidney pathology
of several COQ-gene mutations (COQ6, COQ8B) seems to provide support to this idea [17,
18].

An additional important biochemical role of CoQ10 in the cell is regulation of nucleotide
biosynthesis through its function as an essential co-factor for mitochondrial dihydro-orotate
dehydrogenase, an intermediate enzyme in de novo pyrimidine biosynthesis [43]. Evidence
that this may be a clinically relevant pathway in CoQ10-deficient patients was provided

by the demonstration that low pyrimidine levels and impaired cell growth in COQZ patient
fibroblasts could be reversed by supplementing the fibroblasts with uridine, a pyrimidine
analog [44].

Genetic causes of SRNS due to CoQ10 biosynthesis deficiency

Primary CoQ10 deficiency was first associated with human disease in 1989 when
Ogasahara et al. published a clinical report on two siblings who presented with recurrent
rhabdomyolysis, associated with seizures and mental retardation, even though the molecular
pathophysiology of the disease remained unknown [22]. It was not until 2006 when the
molecular cause of CoQ10 deficiency was associated with a mutation in a gene involved in
CoQ10 biosynthesis [45]. Within the last 15 years, numerous new cases of primary CoQ10
deficiency presenting with a broad spectrum of organ involvement, including SRNS and
kidney tubulopathies among others, have been reported. Out of the 16 genes which are
currently known to be involved in CoQ10 biosynthesis, mutations in 9 have been identified
as causing human primary CoQ10 deficiency, while mutations in a subset of 5 of these have
been reported to affect kidney development or contribute to the development of nephrotic
syndrome (Table 1). Genes involved in the coenzyme Q10 biosynthesis pathway (PDSSZ,
COQ2 COQ6, and COQ8B/ADCK4) were found to be mutated in about 1-2.7% of SRNS
cases [47, 65].

PDSS1 nephropathy

PDSS1 encodes the prenyldiphosphate synthase subunit 1, which is the catalytic subunit of
the PDSS1/PDSS2 heterotetramer that is responsible for the synthesis of the decaprenyl tail
of coenzyme Q in the CoQ10 biosynthesis pathway (Fig. 1A). Mutations in PDSSI are a
rare cause of SRNS, and to date, only one patient presenting with SRNS in association with
brain abnormalities and developmental delay, due to compound heterozygous mutations in
PDSS1 and primary CoQ10 deficiency has been reported [46].
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PDSS2 nephropathy

PDSS2encodes the prenyldiphosphate synthase subunit 2, which is the regulatory subunit
of the PDSS1/PDSS2 heterotetramer (Fig. 1A). Compared with PDSS1, PDSS2 deficiency
causes a similar spectrum of multiorgan phenotypes, including neurological abnormalities.
SRNS is more frequently associated with PDSS2 mutations. Mutations in PDSS2 were
identified in a patient with Leigh syndrome, a severe neurological disorder characterized by
progressive loss of mental and movement abilities, who subsequently developed an SRNS
by 7 months of age [15]. Although CoQ10 treatment (50 mg/day) was initiated at 3 months
of age, the patient showed no clinical improvement, likely because the severity of the
neurological damage was irreversible at the time treatment was initiated. Using Fluidigm-
targeted sequencing, Sadowski et al. identified two unrelated SRNS patients who harbored
homozygous mutations in PDSSZ2; one of the individuals was diagnosed with SRNS at birth,
whereas the other developed SRNS at 23 months of age and presented with cerebral palsy
and intellectual disability [47]. Ivanyi et al. reported on a 7-month-old patient with SRNS
along with encephalomyopathy, hypertrophic cardiomyopathy, and retinitis pigmentosa due
to compound heterozygous mutations in PDSS2[48]. The glomerular phenotype was
identified as diffuse mesangial sclerosis (DMS) via histology. Although CoQ10 treatment
was initiated shortly after admission, the patient showed no improvement and passed away at
8 months of age [48]. Although the patients described above carried a variety of deleterious
alleles, no genotype to phenotype correlation has been established.

COQ2 nephropathy

COQZ2encodes the enzyme para-hydroxybenzoate-polyprenyl transferase that catalyzes the
conjugation of the 4-hydroxybenzoate benzoquinone ring with the polyisoprenyl side chain
[66], generating the first polyisoprenylated ring CoQ10 intermediate in the biosynthetic
pathway (Fig. 1B). Using homozygosity mapping, Quinzii et al. identified a homozygous
mutation in COQZ2as underlying CoQZ10 deficiency in two siblings, one of whom presented
with FSGS at 12 months and with progressive encephalomyopathy at 18 months, while

his younger sister developed an isolated FSGS at 12 months of age [45, 67]. Although
CoQ10 supplementation was started immediately after the diagnosis of CoQ10 deficiency in
both siblings, the male showed no improvement since his neurological and kidney disease
were already advanced, whereas his sister responded well to the treatment. After 50 months
of therapy, she had demonstrated complete remission of proteinuria and did not show

any signs of neurological abnormalities [49]. A rare case of isolated infantile SRNS with
collapsing glomerulopathy caused by compound heterozygous mutations in COQ2 was also
successfully treated with CoQ10 supplementation [16], whereas a homozygous frameshift
mutation in COQZ2 caused a rapid neonatal death due to multiorgan complications, including
nephrotic syndrome in the affected patient [50]. While most of the known COQZ2 mutations
cause an early-onset multiorgan involvement, Gigante et al. identified homozygous COQ2
mutations in two cousins with adolescent-onset SRNS and mild neurological symptoms
that were resolved after CoQ10 treatment [52]. Starr et al. report three individuals

with compound heterozygous COQ2 mutations—two of the subjects, a 2-year-old Asian-
American male presenting with focal mesangial sclerosis and collapsing glomerulopathy and
a 4-year-old male of mixed European ancestry presenting with FSGS, were responsive to
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CoQ10 supplementation; while the advanced progression of the kidney disease in the third
subject, a 12-year-old Caucasian male could not be mitigated by CoQ10 supplementation
[53]. Eroglu et al. reported two case studies in which CoQZ10 supplementation was initiated
immediately after the diagnosis of insulin-dependent diabetes and proteinuria hours after
birth (Patient 2) or 5 days after birth (patient 4) (patient designation given according to

the original report) [54]. Both patients carried the same homozygous mutations in the
COQ2 gene but were from two unrelated families. The patients responded initially well

to CoQ10 supplementation by having normalized blood glucose and urine protein levels
after 6 days or 1 month of treatment, respectively [54]. However, despite long-term CoQ10
treatment, the patients exhibited focal clonic seizures and neurological deterioration starting
at the age of 2 (patient 2) or 3.5 (patient 4) months, which was complicated by respiratory
difficulties, relapsing proteinuria, and sepsis (patient 2) or infections (patient 4) leading to
death at 31 (patient 2) or 14 (patient 4) months of age [54]. Given the small number of
COQ2Z patients, it is difficult to establish clear genotype-phenotype correlation. However,
the biochemical studies in COQZ patient-derived fibroblasts and complementation assays
in yeast using human COQZ2alleles have demonstrated that alleles with more damaging
mutations are associated with more severe clinical symptoms, whereas the presence of

at least one missense allele with reduced function (a hypomorphic allele) mitigates the
pathology and results in isolated SRNS or adult-onset encephalopathy instead [68].

COQ6 nephropathy

COQ6 encodes the coenzyme Q6 monooxygenase, which is a component of the
mitochondrial CoQ10 enzyme complex, where it catalyzes the hydroxylation of the
ubiquinol head ring during CoQ10 biosynthesis (Fig. 1C). Heeringa et al. identified
homozygous and compound heterozygous mutations in the COQ6 gene in seven families by
homozygosity mapping as causing SRNS in humans [17]. In this cohort, COQ6 mutations
were associated with sensorineural deafness (SND) in addition to the occurrence of SRNS.
Kidney biopsies revealed that COQ6 kidney pathology ranges from diffuse mesangial
sclerosis (DMS) to FSGS [17]. Importantly, treatment with oral COQ10 (15-30 mg/kg/d)
early in the disease led to successful remission of the kidney disease in treated patients.
Interestingly, Yildirim et al. report two siblings—a 7-year-old girl with SRNS and SND and
her 10-year-old brother with isolated SND, as affected with homozygous COQ6 mutations,
which were previously linked to SRNS and SND [17, 58]. This suggests that kidney
involvement in COQ6 deficiency may be variable but also warrants careful follow-up of

the patient to detect delayed onset of symptoms [58]. Stanczyk et al. identified compound
heterozygous COQ6 mutations in a child from non-related parents, who presented isolated
SRNS and responded well to 30 mg/kg/day CoQ10 treatment, with full remission 12 months
after initiation of the treatment [57]. Although the most frequent glomerular phenotype

in COQ6-deficiency is FSGS, a range of other histological patterns have been reported,
including membranoproliferative glomerulonephritis (a phenotype usually associated with
deficiency in the complement pathway) [52], DMS [17], collapsing FSGS [56], and
minimal change disease [57], demonstrating high histological heterogeneity within COQ6
nephropathy.

Pediatr Nephrol. Author manuscript; available in PMC 2022 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tan and Airik Page 8

COQ8B (ADCK4) nephropathy

COQ8B encodes the coenzyme Q8B (formerly known as ADCK4, aarF domain containing
kinase 4), which localizes to the CoQ10 complex in the mitochondrial inner membrane.
While the precise biochemical function of COQ8B is currently undefined, it has been
shown to play a role in stabilizing the mitochondrial CoQ10 enzyme complex through its
interaction with other CoQ10 complex peptides, such as COQ5/6/7 [18, 69]. Ashraf et

al. described eight families with mutations in COQ8B as causing SRNS, with infrequent
extrarenal manifestations including goiter, neurological developmental delay, and dilated
cardiomyopathy [18]. To date, mutations in COQ8B causing FSGS with relatively rare
extrarenal pathologies have been reported in 34 families from various ethnic backgrounds
[19, 21, 61-63]. While the age of onset of the kidney clinical symptoms in COQ&B patients
demonstrates great variability, the majority of them present in an adolescent population

in contrast to the mostly neonatal and infantile onset of symptoms with mutations in

other CoQ10 biosynthesis genes, such as COQZ2d, PDSS1, and PDSS2. The reported
kidney histology of COQ8B-deficient individuals includes FSGS, collapsing FSGS, global
glomerulosclerosis, and mesangial proliferative glomerulonephritis [18, 19, 21, 60, 62—64,
70]. Treatment of asymptomatic individuals carrying COQ8B homozygous mutations with
CoQ10 supplementation led to significant reduction (50-80%) of proteinuria within 6 weeks
of treatment and partial remission was successfully maintained over several months [19,
21]. A few individuals with COQ8B nephropathy have also been reported to be either
fully responsive to treatment with cyclosporin A [64] or have partial response to steroids
or cyclosporin A [21]. Interestingly, complementation studies in ACOQ8 yeast mutants
using human mutations revealed no genotype-phenotype correlation between the allele
severity and mitochondrial respiratory deficiency, suggesting that COQ8B function might
be redundant with other biosynthesis components in the CoQ10 pathway [71].

Genetic causes of non-SRNS kidney pathologies due to CoQ10
biosynthesis deficiency

COQY7 nephropathy

COQ7encodes the 5-demethoxyubiquinone hydroxylase that catalyzes the hydroxylation
of 2-polyprenyl-3-methyl-6-methoxy-1,4-benzoquinol (DMQH?2), a critical step in CoQ10
biosynthesis. Mutations in COQ~7 present with severe multiorgan phenotypes primarily
affecting the nervous system [60, 72]. Currently, only one case has been reported with
kidney involvement—the affected individual had multiple kidney cysts and a diffuse
increase in kidney parenchymal echogenicity. However, the patient’s kidney function was
unremarkable, and no glomerular pathology was noted [73].

COQ9 nephropathy

COQ@Y9encodes the coenzyme Q9, whose function in the CoQ10 complex is poorly studied.

COQ?9 interaction with COQ7 is required for COQ7 enzymatic activity. Mutations in human
COQ39 lead to lethal multiorgan pathologies, which include kidney tubular dysfunction with
no reported cases of glomerular involvement [74].
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Model organisms of primary CoQ10 nephropathies

Much of our knowledge regarding the composition of the CoQ10 biosynthesis pathway

and the function of the individual enzymes is derived from studies performed in various
non-mammalian models, particularly the yeast Saccharomyces cerevisiae, which has been
instrumental in helping to define the exact nature of the biochemical reactions and the

order of the enzymatic steps involved in CoQ10 biosynthesis [34]. Moreover, biochemical
characterization of the CoQ-synthome, the biosynthetic complex that produces CoQ in yeast,
has inspired the prediction that an orthologous CoQ complex might exist in mammalian cells
[31, 34]. Indeed, genetic studies have revealed a high level of evolutionary conservation

in the CoQ10 biosynthesis pathway composition and structure between the yeast and
mammalian cells, which has enabled functional testing of the human COQalleles identified
in primary CoQ10-deficient patients by performing genetic complementation assays in the
yeast [34].

Even though the yeast has been invaluable in studying the biochemical properties of the
CoQ10 biosynthesis pathway and the function of individual human alleles, a mammalian
model is needed to investigate the pathophysiology of CoQ10 deficiency at the tissue

and organ level and to assess potential therapies. The best studied mouse model of CoQ10-
deficient nephropathy is the kidney disease, ka/kd mouse model, which arose spontaneously
in an inbred mouse colony [75], and was subsequently identified as harboring a missense
p.V117M amino acid substitution in the Pdss2gene [76]. The mutant mice are healthy
until 10 weeks of age, when proteinuria can be first detected and the kidneys develop
glomerular sclerosis and tubular atrophy [75, 77]. Using a conditional allele of PdssZ, Peng
et al. demonstrated that the kidney pathology in Pdss2loss of function mice is specific to
the glomerular podocytes, since deletion of Pdss2 from other kidney tissues (i.e., tubular
epithelial cells), or from non-kidney tissues (monocytes or hepatocytes) did not result in
overt pathology [78].

Recently, transgenic mouse models corresponding to other orthologous human CoQ10
biosynthesis genes have been developed, including two Cog9 mouse lines carrying p.Q95X
and p.R239X nonsense mutations, respectively [79]. While these mice have been useful

in studying the Coq9 pathophysiology in various organs, it appears that in contrast to

the situation in humans, loss or reduction of CoQ9 cellular levels due to the lack of

murine Coq9 does not cause kidney pathology in Cog9 mice, at least up to 18 months

of age [79]. Recently, the kidney phenotype in mice with podocyte-specific depletion of
Cog6 or Adck4 has been described [69, 80]. In both cases, the gene encoding the CoQ9
biosynthesis pathway peptide was inactivated in the glomerular podocytes by crossing
Coq6T0x/flox or Adck40X/floX mice with Podocin-Cre mice. The resulting kidney clinical
phenotypes in Cog6C or Adck4<© mice were highly reminiscent of the human glomerular
pathology of COQ6 or COQS8B patients, respectively [17, 69, 80, 81]. The transgenic mice
developed progressive proteinuria by 5 months of age, which was accompanied by podocyte
effacement and glomerular sclerosis. At the ultra-structural level, the podocytes contained
mitochondria with abnormal morphology and increased size, indicative of defects in the
OXPHOS pathway. Remarkably, the development of podocyte abnormalities and nephrotic
syndrome were completely avoided by continuous treatment of the conditional knockout
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mice with a benzoate analog, 2,4-dihydroxybonzoic acid (2,4-diHB), in the drinking water.
The treatment, which was initiated at the age of 3 months (Adck4%<©) or 4 months (Cog6<©)
prior to the onset of the histological and functional changes in the mutant mice, was

shown to confer long-term protection from glomerular damage and proteinuria [69, 80].
These preclinical studies are the first to demonstrate successful prevention of glomerular
pathology due to CoQ9-deficiency, by using a CoQ9 biosynthetic precursor analog as a
therapeutic modality in a mouse model of SRNS. Of note, 2,4-diHB has been successfully
used to counter senescence-associated mitochondrial defects and to extend the healthy life
span in the Coq7/Mclk1 mouse model [82], as well as to increase CoQ9 biosynthesis

in a Cog9~?39X mouse model [79], indicating that analogs of CoQ9 precursors can be
successfully used in bypass reactions to mitigate CoQ9 biosynthesis pathway defects.
Indeed, it has been suggested that lower lipophilicity and higher bioavailability of the CoQ
bypass compounds makes them more effective than CoQ supplementation in mitigating CoQ
deficiency [82, 83].

Other analogs of 4-hydroxybenzoate, the natural CoQ10 head group precursor, that have
been widely used in CoQ10 biosynthesis bypass experiments are vanillic acid and 3,4-
dihydroxybenzoic acid (3,4-diHB) (Fig. 2); compounds whose beneficial effect to CoQ6
biosynthesis was first identified in yeast [84] and subsequently also confirmed in a variety
of other CoQ-deficient organisms and cell lines (Table 2). All three analogs of 4-HB differ
from the natural CoQ10 headgroup precursor by the presence of an additional hydroxyl
group at either carbon 2 (2,4-dHB) or carbon 3 (3,4-dHB), or the presence of a methoxy
group at carbon 3 (vanillic acid) of the benzoate ring, representing the intermediate steps
of CoQ10 head group hydroxylation and methylation reactions, that are normally carried
out by the specialized enzymes that constitute the CoQ10 biosynthesis pathway. This
provides a rationale for using the bypass strategy to mitigate the functional deficiencies of
CO@-enzymes in individuals with mutations in COQ-genes. Further studies are warranted to
determine if the analogs of 4-hydroxybenzoate are useful alternatives or add-ons to CoQ10
supplementation in SRNS patients.

Coenzyme Q10 supplementation to target CoQ10 deficiency in humans

Management of SRNS is challenging, since patients do not respond to steroid treatment.
However, patients with primary CoQ10 deficiency frequently respond to oral coenzyme Q10
supplementation [18, 19, 21, 49, 78, 89]. Long-term coenzyme Q10 supplementation to
mitigate primary CoQ10 pathology was first used 20 years ago on two siblings with multiple
respiratory chain dysfunctions, including mitochondrial encephalomyopathy, bilateral
sensorineural deafness, and nephrotic syndrome [23]. The patients responded favorably to
the treatment and showed improvement in the clinical picture of the neurological symptoms,
while the kidney disease had unfortunately progressed to the terminal stage by the time the
treatment was started [23]. More recent clinical case series and reports in which coenzyme
Q10 supplementation was used on SRNS patients after the confirmation of a mutation in a
CoQ10 biosynthesis pathway gene have demonstrated marked success in achieving sustained
remission of proteinuria [17-19, 21, 53, 57, 61]. In general, it has emerged that patients
with Kidney pathology respond well to coenzyme Q10 supplementation if the treatment is
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initiated early before significant structural damage to the podocytes or nephron epithelium
has occurred [49, 62].

Overall, it is evident that SRNS due to mutations in CoQ10 biosynthesis is a rare disease,
comprising less than 1% of all SRNS cases [65]. While the gold standard for evaluating a
new treatment is a large randomized control trial, the rarity of these pediatric diseases makes
the feasibility of achieving robust evidence-based medicine difficult as compared with more
common entities, such as cardiovascular disease or diabetes mellitus. Therefore, one has to
rely on the clinical case series and case reports to guide new directions in clinical practice
when it comes to rare childhood disease such as SRNS due to CoQ10 deficiency. In fact,
there have been some smaller studies demonstrating that long-term CoQ210 supplementation
is effective for those with ADCK4 mutations [19, 20]. Given the rarity of these diagnoses,
well-controlled longitudinal studies have yet to be performed to determine whether CoQ10
supplementation preserves long-term kidney function and protects patients from progressing
to chronic kidney disease. Yet, it is these small studies that will drive innovation and allow
clinicians to pursue this novel treatment for other patients with deficiencies in the CoQ10
biosynthesis pathway.

An important unknown in coenzyme Q10 supplementation is the observed variability

in CoQ10 efficacy in mitigating the tissue pathology between different organ systems.

For instance, some clinical studies have reported a beneficial effect of oral coenzyme

Q10 supplementation for neurologic conditions, but not for kidney dysfunction [19,49,

67]. Conversely, when a positive effect was observed on kidney function after
supplementation with CoQ10, no improvement was observed in extrarenal manifestations,
such as hypertrophic cardiomyopathy, pulmonary hypertension, body growth parameters,
hypothyroidism, or neurological symptoms [19, 54]. Moreover, siblings with the same
molecular diagnosis may not display similar response to CoQ10 supplementation [19]. It has
been postulated that difference in CoQ10 efficacy may arise from a variation in individual
metabolism [90], but may also be caused by the low bioavailability of CoQ10 due to its
large molecular weight, high lipophilicity, and poor aqueous solubility [91]. Together, more
research is required to investigate the biochemical and pathological mechanism of CoQ10
deficiency in order to develop rational therapeutic approaches in patients with different
genetic mutations in the CoQ10 biosynthesis pathway.

Conclusions and future perspectives

Treatment of SRNS has remained an elusive target for nephrologists for over 40 years.
Recent clinical findings and animal models have demonstrated that patients with SRNS
caused by primary CoQ10 deficiency may benefit from coenzyme Q10 supplementation

if treatment is started early, before irreversible tissue damage has occurred. Thus, it is
important to establish a molecular diagnosis for SRNS patients and their family members to
identify individuals who may be responsive to CoQ10 supplementation. Current protocols
used to treat people with CoQ10 supplementation are anecdotal without established
evidence-based guidelines, necessitating future studies to address the optimal formulation
and dosing of CoQ10 in the appropriate cohort of SRNS patients. Preclinical studies in
mice, yeast, and other model systems have identified and validated the use of several small
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molecules with improved bioavailability that ameliorate CoQ10 biosynthesis in eukaryotic

Ils with primary CoQ10 deficiency and thus may provide a novel avenue that may be more

efficacious in treating this condition.
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Fig. 1.

Schematic view of CoQ biosynthesis pathway in a eukaryotic cell. (A) The isoprene units
are derived from the mevalonate pathway and polymerized by PDSS1/PDSS2 heterotetramer
in the cytoplasm. (B) COQ?2 links the polyprenylated tail and the qui-none head (4-
hydroxybenzoate) in mitochondria. (C) The rest of the CoQ biosynthesis reactions take
place in the matrix side of the mitochondrial inner membrane (yellow box), consisting

of sequential modifications of the aromatic ring. Cog6 and Coq7 are hydroxylases; Coq3

Acetyl-CoA

~

\
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andCoq5 are methylases; Cog4, Cog8, Coq9, and Coql10 are proteins with regulatory
functions. Adapted from [27]; used with permission
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Fig. 2.
The structure of 4-HB and its analogs that have been successfully used in COQ bypass

reactions. (A) 4-HB, 4-hydroxybenzoate. (B) 2,4-diHB, 2,4-dihydroxybenzoate. (C) 3,4-
diHB, 3,4-dihydroxybenzoate. (D) Vanillic acid
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