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Chapter 6
Coenzyme Q Biosynthesis Disorders

Gloria Brea-Calvo, Maria Alcazar-Fabra, Eva Trevisson, and Placido Navas

Abstract Coenzyme Q (CoQ) is a lipidic molecule that transfers electrons between
complexes I and II to complex III in the mitochondrial respiratory chain. It is also
essential for processes mediated by other mitochondrial dehydrogenases, such as
those involved in pyrimidine nucleotides biosynthesis, beta-oxidation and sulfide
biosynthesis. A nuclear-encoded multiprotein complex at the inner mitochondrial
membrane drives CoQ biosynthesis, which requires at least 13 proteins, leastways
in yeasts. Mutations in the genes (COQ genes) coding for these proteins cause a
decrease of CoQ biosynthesis rate leading to primary CoQ deficiency, a very hetero-
geneous group of mitochondrial diseases affecting different tissues and organs, and
showing variable severity and age of onset. In general, this primary condition shows
a good response to the supplementation with high doses of CoQ, but early diagnosis
is compulsory to limit tissue damage. However, sometimes effectiveness is reduced,
possibly due to its low bioavailability and, probably, difficulties crossing the blood-
brain barrier. Secondary CoQ deficiency is a more common condition, in which
defects of diverse mitochondrial processes induce an adaptive CoQ decrease.
Secondary deficiency can be caused by oxidative phosphorylation (OXPHOS)
defects, such as complex III dysfunction or mitochondrial DNA (mtDNA) deple-
tion, or even non-OXPHOS mitochondrial defects. Here, we review the current
knowledge of CoQ biosynthesis pathway, the genetic defects leading to primary
deficiency and those conditions in which mitochondrial defects cause secondary
deficiency.
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6.1 CoQ Structure and Functions

Coenzyme Q (CoQ) is a lipidic molecule formed by a benzoquinone ring attached
to an isoprenoid chain at position 3, whose length is species-specific (Fig. 6.1a). The
chain has 6 isoprenoid groups in the yeast Saccharomyces cerevisiae (CoQs), eight
in Escherichia coli (CoQg), nine and ten in mice and rats (CoQo, CoQ,,) and mostly
10 in humans. The diversity in the side chain length is interpreted as a requirement
for its stability inside the bilayer of different phospholipids composition (Bentinger
et al. 2010). CoQ oxidized form (ubiquinone) is an electron carrier that can be
reduced to ubiquinol with two electrons. This reduction can occur directly by one
reaction of two electrons, or it can pass through two steps of one electron each,
producing the semiquinone intermediate (Mitchell 1975; Wang and Hekimi 2016).
CoQ is present in all cells, being mainly located in the mitochondrial inner mem-
brane as a component of the respiratory chain, driving electrons from complex I and
complex II, to complex III (Fig. 6.1b) (Alcazar-Fabra et al. 2016; Crane et al. 1957;
Kozlov et al. 1998; Lenaz et al. 2007). Mitochondrial CoQ can also be reduced by
other different dehydrogenases, such as the electron transfer flavoprotein dehydro-
genase (ETFDH), a component of the f—oxidation of fatty acids (Watmough and
Frerman 2010); the mitochondrial dihydroorotate dehydrogenase, responsible of
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Fig. 6.1 (a) Chemical structure of Coenzyme Q; (b) OXPHOS system showing complexes I and
II, and other dehydrogenases that reduce CoQ in the inner mitochondrial membrane. Depicted
using Illustrate (Goodsell et al. 2019). CI NADH:CoQ oxidoreductase, CII succinate dehydroge-
nase, CIII CoQ: cytochrome c oxidoreductase, CIV Cytochrome c oxidase, CV ATP synthetase,
DHODH Dihidroorotate dehydrogenase, GPDH Glycerol 3 phosphate dehydrogenase, ProDH
Proline dehydrogenase, ACAD Acyl-CoA dehydrogenase, ETF-FAD Electron Transfer
Flavoprotein, ETFDH Electron Transfer Flavoprotein Coenzyme Q reductase, SOQOR sulfide: qui-
none oxidoreductase, Cyt ¢ cytochrome ¢, IMS inter membrane space, MIM mitochondrial inner
membrane
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pyrimidine nucleotides biosynthesis (Evans and Guy 2004) and the glycerol-3-
phosphate dehydrogenase, an enzyme involved in lipid metabolism (Harding et al.
1975). Additionally, CoQ is a substrate for the sulfide: quinone oxidoreductase
(SQOR), which oxidizes hydrogen sulfide (H,S) in the first step of its catabolism in
the mitochondria. SQOR levels and activity have been recently reported to be
severely decreased in CoQ deficiency (Luna-Sanchez et al. 2017; Quinzii et al.
2017; Ziosi et al. 2017).

CoQ has also been shown to be a structural component of Complex ITI-at least
in yeasts- contributing to both its assembly and stability. This integral location opti-
mizes the efficiency of the electron transport from CoQH, throughout the CoQ
cycle, which is an essential step for proton translocation and hence energy conserva-
tion (Cramer et al. 2011; Santos-Ocafia et al. 2002). Complex III can be associated
with complexes I and IV in a super assembly manner, constituting several types of
respiratory chain supercomplexes (Letts and Sazanov 2017; Lobo-Jarne and Ugalde
2018; Schigger and Pfeiffer 2000). One of these assemblies is the so-called respira-
some that contains complexes I, IIT and I'V, which can transfer electrons from NADH
to O, (Enriquez 2016; Gu et al. 2016; Guo et al. 2016, 2017). CoQ has been pro-
posed to be an essential component in respiratory-active respirasome and other
associations (Acin-Pérez et al. 2008), being organised in different pools according
to the complexes involved in the superassembly (Enriquez and Lenaz 2014;
Lapuente-Brun et al. 2013). However, it has been recently suggested that CoQ con-
stitutes one single pool that can be reduced either by complexes I or II. CoQ can be
experimentally reoxidized more rapidly by alternative quinol oxidases outside the
supercomplexes than by complex III inside these superstructures. This would indi-
cate that substrate channeling does not occur, but instead CoQ diffuses freely (Fedor
and Hirst 2018; Hirst 2018). Thus, the existence of a single or various CoQ pools in
the mitochondrial respiratory chain is still controversial.

Being an integral part of the system, CoQ biosynthesis rate must be linked to
balanced electron transport chain components. Thus, secondary deficiencies can be
derived from defects in OXPHOS components (Yubero et al. 2016). Mutations in
other genes, such as ETFDH, involved in the fatty acids oxidation pathway (Gempel
et al. 2007) could also cause secondary deficiencies due to the functional link
between processes. Secondary deficiencies have also been linked to other OXPHOS
defects by extensive omics analysis in tissues of several knockout mouse strains
defective in essential nuclear DNA-encoded factors involved in mtDNA expression
(Kiihl et al. 2017). Secondary CoQ deficiency in these cases could indicate that
these mtDNA expression defects would provoke an imbalance of the OXPHOS sys-
tem components that would lead to the downregulation of the CoQ biosynthesis in
an attempt to adjust the CoQ levels to the rest of the components of the system.

Mitochondrial respiratory chain is the primary source of reactive oxygen species
(ROS) (Murphy 2009) and the structural organization of supercomplexes has been
proposed to modulate ROS production (Genova and Lenaz 2015; Lenaz et al. 2016).
High levels of ROS cause macromolecular damage, whereas low levels of mito-
chondrial ROS act as a signal to enhance systemic defense mechanisms by inducing
an adaptive response (Gonzalez-Freire et al. 2015). High ROS cause accumulation
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of mtDNA damage, leading to a defective mitochondrial protein synthesis, which
ultimately impacts on mitochondrial physiology, and may lead to premature senes-
cence and ageing (Larsson 2010; Sgarbi et al. 2014; Teshima et al. 2014). CoQ is
also involved in ROS production, which can reconfigure electron transport after
complex I disorganization, increasing electron flow through complex II (Guards
et al. 2016). Mutations or knock-down of CoQ biosynthesis genes in C. elegans
increase longevity associated with lower levels of ROS, despite decreasing mito-
chondrial function (Asencio et al. 2003; Wong et al. 1995). Thus, CoQ-dependent
ROS production would be rather acting as signaling to modulate longevity as it acts
in other cellular protection pathways (Scialo et al. 2016; Yee et al. 2014).

CoQ is the only lipidic antioxidant endogenously synthesized by the cell. It can
directly avoid lipid peroxidation in membranes (Bentinger et al. 2007; Maroz et al.
2009) and, in plasma membrane, it acts as an antioxidant, recycling ascorbic acid
and o-tocopherol (Arroyo et al. 2004; Mukai 2001; Navas et al. 2007).
Extramitochondrial CoQ role has recently recovered relevance as part of the plasma
membrane antioxidant system that inhibits ferroptosis, a form of regulated cell
death induced by the iron-dependent peroxidation of lipids, through the NAD(P)H/
CoQ oxidoreductase FSP1 (Bersuker et al. 2019; Doll et al. 2019).

Participation of CoQ in all these functions would pleiotropically influence the
cellular physiology leading to mitochondrial health or disease depending on its con-
centration and/or biosynthesis rate under genetic or environmental conditions. Here,
we review the underlying mechanisms modulating cellular CoQ levels and those
that affect the optimum concentration leading to CoQ deficiency syndrome.

6.2 Primary CoQ Deficiency

CoQ deficiencies are characterized by reduced levels of CoQ in tissues due to either
impairment of it biosynthesis or as a consequence of defects not directly involved
with this process, the so called primary and secondary deficiencies, respectively.

Primary CoQ deficiencies are rare autosomal recessive conditions caused by
mutations in any of the genes directly involved in the CoQ biosynthesis pathway at
the enzymatic or the regulatory level. CoQ, which is structurally composed by a
redox-active benzoquinone ring and a polyisoprenoid tail that anchors the molecule
to the membrane (Fig. 6.1a), can be incorporated by the diet, but it is mainly endog-
enously synthesized in mitochondria and subsequently distributed to other mem-
branes (Fernandez-Ayala et al. 2005).

The information available on CoQ biosynthesis mainly derives from studies of
intermediates of the pathway in bacteria and mutant yeasts. In Saccharomyces cere-
visiae, the synthesis of CoQ depends on at least 13 nuclear-encoded genes called
coq genes (coql—coqll, Yahl and Arhl) that are evolutionarily highly conserved.
Some of the products of these genes assemble in a multienzymatic complex (the
CoQ Synthome) located in the mitochondrial inner membrane (Allan et al. 2015;
Belogrudov et al. 2001; Gonzalez-Mariscal et al. 2014; Marbois et al. 2005, 2009).
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Currently, the exact enzymatic role of the different components of the route is only
partially known. Orthologues of most of the yeast coq genes have been identified in
humans (Awad et al. 2018), but the assembly and regulation of the CoQ Synthome
have not yet been wholly demonstrated in humans, although a more complete evi-
dence of the existence of a complex by BN-PAGE experiments has recently been
reported (Floyd et al. 2016; Lohman et al. 2014; Nguyen et al. 2014; Reidenbach
etal. 2018; Stefely et al. 2016; Yen et al. 2016; 2020). In yeast, the CoQ biosynthetic
complex is spatially and functionally related to ERMES (endoplasmic reticulum-
mitochondria encounter structure) complex, also known as ER-mitochondria con-
tacts, and the loss of this structure impairs respiration through reduction of CoQ
levels (Eisenberg-Bord et al. 2019). This complex requires the CoQ lipid intermedi-
ates for its formation, and it seems to be conserved from yeast to human cells
(Subramanian et al. 2019).

CoQ main head precursor is 4-Hydrozybenzoate (4-HB). Yeast and bacteria can
synthetize it de novo through the shikimate pathway (Clarke 2000), while mammals
and yeast can use tyrosine to produce 4-HB by a yet poorly known pathway (Payet
et al. 2016; Stefely and Pagliarini 2017; Stefely et al. 2016). Mammals can also use
phenylalanine, which is converted to tyrosine, and then to 4-HB. Interestingly, yeast
but not mammals or bacteria can use para-aminobenzoic acid (pABA) as an alterna-
tive ring precursor for CoQg synthesis (Marbois et al. 2010; Pierrel et al. 2010).
Resveratrol and para-coumarate can also be used as alternative ring precursors by
bacteria, yeast and mammals, probably through 4-HB transformation (Xie et al.
2015). The isoprene units are synthesized through the mevalonate pathway in extra-
mitochondrial membranes and then condensed by Coqlp (PDSS1/PDSS2 heterotet-
ramer in mammals) in mitochondria (Ashby and Edwards 1990). Next, head and tail
are conducted to the mitochondria inner membrane by unknown mechanisms, and
there are linked together by Coqg2p (COQ2 in mammals) (Ashby et al. 1992;
Forsgren et al. 2004). Additional modifications of the head are performed by differ-
ent Coq proteins in mitochondria (Fig. 6.2) Coq3p (COQ3 in mammals) is an
O-methylase which modifies C5 and C6 (Hsu et al. 1996; Jonassen and Clarke
2000; Poon et al. 1999); Coq5p (COQS5 in mammals) methylates C2 (Barkovich
et al. 1997; Nguyen et al. 2014) and Coq6p (COQ6 in mammals) (Gin et al. 2003;
Ozeir et al. 2011) and Coq7p (COQ7 in mammals) (Marbois and Clarke 1996; Tran
et al. 2006) are hydroxylases modifying C5 and C6 respectively. It has been shown
that Coq6p acts as a deaminase in yeast as well, whenever pABA is used as a precur-
sor (Ozeir et al. 2015). The yeast mitochondrial ferredoxin and ferredoxin reductase
(Yahl and Arh1) are required for CoQ synthesis by transferring electrons to Coqbp
(Pierrel et al. 2010). Still, there is no evidence that it occurs in humans as well. CoQ
synthesis requires a Cl-decarboxylation and hydroxylation catalyzed by enzymes
that have not yet been identified. Cogd4p (COQ4 in mammals) does not have any
catalytic activity assigned, but it has been proposed to participate in the stabilization
of the CoQ Synthome (Belogrudov et al. 2001; Marbois et al. 2009). In yeasts,
Coq8p (COQ8A (or ADCK3/CABCl1) and COQ8B (or ADCK4) in mammals) has
been proposed to regulate CoQ biosynthesis by phosphorylation of Coq3p, CoqSp
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Fig. 6.2 Human CoQ biosynthesis pathway. The classical and alternative routes (suggested in
(Acosta-Lopez et al. 2019)) are depicted

and Coq7p (Stefely et al. 2015; Tauche et al. 2008; Xie et al. 2011, 2012). Recently,
however, an ATPase activity has been assigned to COQ8A/ADCK3, whose role in
CoQ biosynthesis pathway still needs to be further clarified (Reidenbach et al.
2018). Coq9p (COQY in humans) is a lipid-binding protein that binds to Coq7p. It
would enable CoQ synthesis probably by lipid presentation of the substrate (He
et al. 2017; Hsieh et al. 2007; Lohman et al. 2014, 2019). Coq10p (COQI10A and
COQI10B in humans) probably chaperones CoQ to the sites where it is needed
within the mitochondrial membranes (Barros et al. 2005; Cui and Kawamukai 2009;
Tsui et al. 2019). Coql1p is essential for CoQ synthesis in yeast, but a clear human
orthologue is still lacking (Allan et al. 2015; Bradley et al. 2020). Moreover, three
other genes of the ADCK family (ADCKI, ADCK2 and ADCKS5) have been sug-
gested to be involved in the biosynthetic process, although currently, there is no
experimental evidence for this (Doimo et al. 2014; Stefely et al. 2015; Vazquez-
Fonseca et al. 2019). The phosphatase Ptc7 has been demonstrated to regulate CoQ
biosynthesis by activating Coq7 in yeast (Martin-Montalvo et al. 2013; Gonzélez-
Mariscal et al. 2018). In mammals, its orthologue PPTC7 is thought to regulate
mitochondrial biogenesis and metabolism, by a process linked to CoQ content mod-
ulation. The specificity of this link is controversial, though (Gonzéalez-Mariscal
et al. 2018; Niemi et al. 2019).

The exact order of reactions involved in the modifications of the aromatic ring of
CoQ is still unclear in eukaryotes. The accepted model starts with a C5 hydroxyl-
ation of the head group performed by COQ6 (Fig. 6.2) (Kawamukai 2016). However,
yeast and human COQ6 knockout cells accumulate 4-HP, a compound that is decar-
boxylated and hydroxylated in position C1 of the ring. Therefore, these reactions
(which are catalyzed by still unidentified enzymes) must occur before or indepen-
dently on C5 hydroxylation by COQ6 (Acosta-Lopez et al. 2019; Ozeir et al. 2011).
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6.2.1 Clinical Manifestations of Primary CoQ Deficiencies

Primary deficiencies are very rare conditions. In the last years, next-generation
sequencing advances have allowed the identification of an increasing number of
pathogenic variants in COQ genes. Approximately 277 patients from 184 families
with primary CoQ deficiency caused by homozygous or compound heterozygous
pathogenic variants of some but not all COQ genes (PDSS1, PDSS2, COQ2, COQ4,
COQ5, COQ6, COQ7, COQ8A, COQ8B and COQ9) have been identified up to date
(Alcédzar-Fabra et al. 2018) (Table 6.1). Primary CoQ deficiencies are mainly of
early-onset, ranging from birth to early childhood (PDSSI, PDSS2, COQ2, COQ4,
COQS5, COQ6, COQ7 and COQY), or from childhood to adolescence (COQS8A and
COQS8B). However, there are reports for some adult-onset cases harboring muta-
tions in COQ?2 (Mitsui et al. 2013), COQS8A (Horvath et al. 2012; Terracciano et al.
2012) or COQ8B (Atmaca et al. 2017) (Table 6.2).

Symptoms of CoQ deficiencies have been traditionally grouped into five
categories: encephalomyopathy, cerebellar ataxia, severe infantile multisystemic
disease, nephropathy, and isolated myopathy (Emmanuele et al. 2012). However,
this classification is currently dismissed since a growing number of patients have
been studied lately and show a broader and overlapping clinical spectrum (Acosta-
Loépez et al. 2019; Salviati et al. 2017). Also, it has become more evident that only
patients affected by secondary CoQ deficiency have isolated myopathy (Salviati
et al. 2017; Trevisson et al. 2011).

Impairment of CoQ biosynthesis caused by mutations in COQ genes are clinically
highly diverse and manifest with defects in different tissues and systems, mainly
skeletal muscle, central and peripheral nervous system, kidney and heart (Fig. 6.3).
Not only the clinical manifestations, but also the specific phenotypic consequences
of mutations in COQ genes are very heterogeneous. Mutations in some COQ genes
affect particular tissues (e.g. COQ8A (Mignot et al. 2013) and COQS8B (Ashraf et al.
2013)), while others’ pathological variations are more pleiotropic (e.g. COQ2
(Desbats et al. 2016) and COQ4 (Brea-Calvo et al. 2015)). Also, mutations in the
same COQ gene can cause very variable clinical phenotypes with different age of
onset, as it occurs with COQ2 or COQ4 patients. Genotype-phenotype correlations
are currently difficult to establish, mainly because of the low number of patients
identified and the highly complex set of symptoms associated with them. The
diversity of clinical manifestations suggests that different pathomechanisms may
exist. Genetic background, compensation mechanisms, maternal effect and maybe,
environmental factors, could determine the moment and the tissues affected during
development and thus, influence the outcome of each genetic defect in each
individual.

The central nervous system (CNS) is very often affected in primary CoQ
deficiency patients. CNS symptoms may be present in individuals with mutations in
any of the COQ genes, but they are less frequent in patients with pathogenic variants
of COQ6 and COQSB, in whom the central phenotype is renal involvement
(Table 6.3). Encephalopathy, defined as a broad spectrum of brain manifestations,
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REPORTED SYMPTOMS INVOLVED GENES'
Encephalopathy Leigh-like syndrome  Seizures Tremor Hypotonia PDS51 POS52 COQ2 COQ4 COQS
Cerebellar ataxia-ARCAZ  Stroke-like episodes Intell I defici Spastici COQ6 COQ7 COQBA COQBE COQY
HCM  Valvulopathy  Septal defects  Bradycardia Heart hypoplasia PDSS51 PDSS2 COQ2 COQ4 COQE
DCM  Cardiomegaly Heart failure COQ7 COQEB COQ9
Liver Failure Cholestatic liver Hepatomegaly C0Q2 COQ8E
PDSS1 PDSS2 COQ2 COQ6 COQEs
T
SRNS Tubulopathy e
Optic atrophy  Retinopathy  Retinitis pig PDS51 PDS52 COQ2 COQ4 COQ6
Cataracts  Visual dysfunction COQT COQEA COQEB
Heairsi PDSS1 PDSS2 COQ4 COQE COQ7
earing loss
Respil ¥ diﬂfeu Lur?g hypoplasia  Respiratory failure €OQ2 COQ4 COQT COQY
Apnea  Chronic lung disease
Muscle weakness Muscle fatigue  Exercise intolerance COQ2Z COQ4 COQE COQT COQBA
- muscle Myopathy  Lipid accumulation in muscle COQss
| PNS Peripheral neuropathy PDSS1 COQ4 COQ7

Fig. 6.3 Main tissues affected in individuals with primary CoQ deficiency. Compilation of the
more common clinical manifestations and the genes whose mutations have been associated with
one or several of the referred symptoms. For the number of patients showing each symptom refer
to Table 6.3. Abbreviations are also indicated in Table 6.3. 'Symptoms are reported at different
frequencies for patients harboring pathogenic variants of the different COQ genes

which are often not described in detail in case reports, has been mainly found in
COQ?2 (Dinwiddie et al. 2013; Diomedi-Camassei et al. 2007; Eroglu et al. 2018;
Mollet et al. 2007), COQ4 (Brea-Calvo et al. 2015; Chung et al. 2015; Ling et al.
2019; Lu et al. 2019; Salviati et al. 2012; Sondheimer et al. 2017; Yu et al. 2019),
COQS5 (Malicdan et al. 2018) and COQ9 (Duncan et al. 2009; Olgac et al. 2020;
Smith et al. 2018) patients. However, it has also been observed in some PDSS/
(Mollet et al. 2007), PDSS2 (Ivanyi et al. 2018), COQ6 (Louw et al. 2018; Schoonen
et al. 2019), COQ7 (Kwong et al. 2019), COQ8A (Mignot et al. 2013; Nair et al.
2018) and COQ8B (Korkmaz et al. 2016) probands. Most of the COQ2 patients
presented early-onset nephrotic syndrome, accompanied in one-third of the cases
with encephalopathy and seizures (BezdiCka et al. 2018; Desbats et al. 2015a, b,
2016; Dinwiddie et al. 2013; Diomedi-Camassei et al. 2007; Eroglu et al. 2018;
Gigante et al. 2017; Jakobs et al. 2013; McCarthy et al. 2013; Mollet et al. 2007,
Quinzii et al. 2006; Sadowski et al. 2015; Salviati et al. 2005; Scalais et al. 2013;
Starr et al. 2018; Xu et al. 2018). COQ4 cases generally present encephalopathy
accompanied by seizures, hypotonia and cerebellar hypoplasia, and almost half of
the diagnosed patients had a fatal outcome with death in the postnatal period (Brea-
Calvo et al. 2015; Chung et al. 2015; Helbig et al. 2016; Ling et al. 2019; Lu et al.
2019; Salviati et al. 2012; Sondheimer et al. 2017). Likewise COQ2, one third of the
COQ8A patients also suffered seizures (Galosi et al. 2019; Hikmat et al. 2016;
Horvath et al. 2012; Mignot et al. 2013; Mollet et al. 2008; Sun et al. 2019;
Terracciano et al. 2012), and it has also been reported in cases of PDSS2 (Lépez
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et al. 2006), COQ5 (Malicdan et al. 2018), COQ6 (Heeringa et al. 2011), COQ9
(Danhauser et al. 2016; Duncan et al. 2009; Olgac et al. 2020) and COQ8B (Korkmaz
et al. 2016; Lolin et al. 2017). Again, hypotonia is a feature that has been reported
mainly in COQ4 (Brea-Calvo et al. 2015; Chung et al. 2015; Ling et al. 2019;
Salviati et al. 2012; Sondheimer et al. 2017), some COQ2 patients (Diomedi-
Camassei et al. 2007; Eroglu et al. 2018; Jakobs et al. 2013; Scalais et al. 2013) and
the three published cases of COQ7 (Freyer et al. 2015; Kwong et al. 2019; Wang
et al. 2017). However, it has been observed in several other COQ patients (PDSS2
(Ivanyi et al. 2018; Lopez et al. 2006), COQ9 (Danhauser et al. 2016) and COQ8A
(Jacobsen et al. 2017; Mollet et al. 2008; Nair et al. 2018; Shalata et al. 2019)) with
lower frequency. Dystonia has been observed in some COQ8A patients (Chang
et al. 2018; Gerards et al. 2010; Horvath et al. 2012; Liu et al. 2014; Mignot et al.
2013; Mollet et al. 2008; Sun et al. 2019), but also in a lower proportion in PDSS2
(Rahman et al. 2012; Rétig et al. 2000), COQ2 (Jakobs et al. 2013), COQ4 (Yu et al.
2019) and COQ9 ones (Duncan et al. 2009). Cerebellar ataxia and cerebellar
atrophy seem to be hallmarks for COQS8A patients since they have been reported in
70 and 63 out of the 77 identified subjects respectively. In almost half of the
described cases these symptoms have been associated with intellectual disability
and tremor, or seizures, dysarthria, dysmetria, saccadic eye movements, dystonia,
dysdiadochokinesia or spasticity in other instances (Anheim et al. 2010; Barca et al.
2016a; Blumkin et al. 2014; Chang et al. 2018; Gerards et al. 2010; Hajjari et al.
2019; Hikmat et al. 2016; Horvath et al. 2012; Jacobsen et al. 2017; Kaya Ozcora
et al. 2017; Lagier-Tourenne et al. 2008; Liu et al. 2014; Malgireddy et al. 2016;
Mignot et al. 2013; Mollet et al. 2008; Nair et al. 2018; Pronicka et al. 2016; Shalata
et al. 2019; Sun et al. 2019; Terracciano et al. 2012). The only family affected by a
mutation in COQS5 up to now also shows a cerebellar ataxic phenotype similar to
COQS8A patients (Malicdan et al. 2018). Cerebellar ataxia has also been observed in
some patients harboring pathological variations of PDSS2 (Rahman et al. 2012;
Rotig et al. 2000), COQ4 (Bosch et al. 2018; Caglayan et al. 2019; Yu et al. 2019)
and COQ6 (Heeringa et al. 2011) genes. Cerebellar hypoplasia has been annotated
in one third of the COQ4 reported probands (Brea-Calvo et al. 2015; Chung et al.
2015; Yu et al. 2019), in one COQ9 (Olgac et al. 2020) and in two COQS8A patients
(Shalata et al. 2019). It should be noted that sometimes it could be challenging to
differentiate cerebellar hypoplasia from cerebellar atrophy, especially if the
progression of the latter cannot be proven by repeated MRI. Epilepsy is another
CNS symptom associated with CoQ primary deficiency that has been mainly found
in COQ8A (Gerards et al. 2010; Hikmat et al. 2016; Horvath et al. 2012; Malgireddy
et al. 2016; Mignot et al. 2013; Mollet et al. 2008; Pronicka et al. 2016; Schirinzi
et al. 2019; Terracciano et al. 2012), COQ4 (Brea-Calvo et al. 2015; Caglayan et al.
2019; Chung et al. 2015; Ling et al. 2019) and COQ2 (Diomedi-Camassei et al.
2007; Gigante et al. 2017; Scalais et al. 2013), but also in COQ5 cases (Malicdan
et al. 2018) and some COQS8B patients (Korkmaz et al. 2016; Vazquez-Fonseca
et al. 2017). In some COQS8A (Hikmat et al. 2016; Horvath et al. 2012; Mignot et al.
2013; Mollet et al. 2008), COQ2 (Diomedi-Camassei et al. 2007; Eroglu et al. 2018)
and COQ4 (Bosch et al. 2018) cases, epilepsy was accompanied by stroke-like
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episodes, which contributed significantly to the deterioration of the neurological
status and could explain the heterogeneity of the functional outcome among affected
siblings (Mignot et al. 2013). Spasticity has been observed in some COQS8A
(Anheim et al. 2010; Gerards et al. 2010; Horvath et al. 2012; Lagier-Tourenne et al.
2008; Mignot et al. 2013; Mollet et al. 2008) and COQ4 (Bosch et al. 2018; Brea-
Calvo et al. 2015; Caglayan et al. 2019; Ling et al. 2019; Yu et al. 2019) cases and a
few PDSS2 (Rahman et al. 2012; Rétig et al. 2000), COQ5 (Malicdan et al. 2018)
and COQ7 (Wang et al. 2017) patients. Intellectual disability is a feature found in
a variable number of cases but in patients of almost all the COQ genes (PDSS1,
PSDD2, COQ4 to COQ7, COQ8A and B). Some studies predict that specific COQ2
variants increase susceptibility to adult-onset multisystem atrophy (MSA),
particularly in East Asian population, but not in the Caucasian one (Katzeff et al.
2019; Mitsui et al. 2013; Ogaki et al. 2014; Procopio et al. 2019).

Peripheral nervous system (PNS) and sensory organs manifestations are less
common, but related symptoms have been reported in several cases of primary defi-
ciencies (Table 6.1). Sensorineural hearing loss (SNHL) is the most frequent PNS
phenotype in COQ6 patients, in whom it was associated with Steroid Resistant
Nephrotic Syndrome (SRNS) in all cases (Cao et al. 2017; Gigante et al. 2017,
Heeringa et al. 2011; Koyun et al. 2018; Park et al. 2017a, b; Yuruk Yildirim et al.
2019). Some probands with PDSS (Mollet et al. 2007), PDSS2 (Ivanyi et al. 2018;
Rahman et al. 2012; Rétig et al. 2000), COQ7 (Freyer et al. 2015; Kwong et al.
2019; Wang et al. 2017) and COQ8A (Lagier-Tourenne et al. 2008) pathological
variants presented SNHL as well. Two siblings with PDSS/ pathological variations
were reported to suffer peripheral neuropathy, associated with optic atrophy and
early-onset SNHL (Mollet et al. 2007). All the three COQ7 patients presented
SNHL, and in two cases, they also showed peripheral polyneuropathy and/or
visual dysfunction (Freyer et al. 2015; Kwong et al. 2019; Wang et al. 2017). Optic
nerve atrophy was reported in very few individuals with PDSS/ (Mollet et al.
2007), PDSS2 (Rotig et al. 2000), COQ2 (Diomedi-Camassei et al. 2007) and
COQ6 (Park et al. 2017a) pathogenic variants. Other visual impairments such as
cataract (Horvath et al. 2012; Rétig et al. 2000), retinopathy (Diomedi-Camassei
et al. 2007; Jakobs et al. 2013), retinitis pigmentosa (Ivanyi et al. 2018; Korkmaz
et al. 2016; Mitsui et al. 2013; Rotig et al. 2000) or delayed visual maturation
(Sondheimer et al. 2017) have been observed in several cases of COQ patients.

Renal involvement has also been reported for several of the COQ patients
(Table 6.1). Steroid resistant nephrotic syndrome (SRNS) is often found in pri-
mary CoQ deficiency patients, specifically in those with pathogenic variants of
PDSS2, COQ2, COQ6 and COQS8B. It has generally been reported in patients start-
ing as proteinuria that, when untreated, evolved to end-stage renal disease (ESRD)
during childhood (Sadowski et al. 2015).The majority of the identified COQ2
patients displayed early-onset nephrotic syndrome, isolated or associated with
encephalopathy and seizures (Bezdicka et al. 2018; Diomedi-Camassei et al. 2007;
Eroglu et al. 2018; Gigante et al. 2017; McCarthy et al. 2013; Mollet et al. 2007,
Quinzii et al. 2006; Sadowski et al. 2015; Salviati et al. 2005; Scalais et al. 2013;
Starr et al. 2018; Wu et al. 2019; Xu et al. 2018). Of note, the hallmark of COQ6
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pathogenic variants is childhood-onset SNRS associated with SNHL (Cao et al.
2017; Gigante et al. 2017; Heeringa et al. 2011; Park et al. 2017a, b; Yuruk Yildirim
et al. 2019). COQOS8B patients mainly presented with an adolescence-onset SRNS
due to focal segmental glomerulosclerosis, associated with oedema and hyperten-
sion, which generally progressed to ESRD (Ashraf et al. 2013; Atmaca et al. 2017,
Feng et al. 2017; Hughes et al. 2017; Korkmaz et al. 2016; Lolin et al. 2017; Park
et al. 2017b; Vazquez-Fonseca et al. 2017; Yang et al. 2018; Zhang et al. 2017). All
the 7 reported patients of PDSS2 (Ivanyi et al. 2018; Lopez et al. 2006; Rahman
et al. 2012; Rotig et al. 2000; Sadowski et al. 2015) and 1 of the three reported
PDSS]I patients (Vasta et al. 2012) presented SNRS as well. Two cases of COQ2 and
COQ9 patients displayed a tubulopathy (Dinwiddie et al. 2013; Duncan et al. 2009).

Skeletal muscle manifestations are not common in these patients (Table 6.1).
Isolated myopathy has not been found in patients with molecular confirmation of
primary CoQ deficiency (Salviati et al. 2017). Most of the patients with a predomi-
nant muscular clinical phenotype are affected by secondary CoQ defects (see next
section). Muscle weakness and muscle fatigue are the most frequent symptoms
associated with this tissue in primary deficiencies, but in combination with other
affectations and, in any case, reported in very few cases of each of the genes
(Alcazar-Fabra et al. 2018).

Heart conditions are, instead, more frequent, being hypertrophic
cardiomyopathy possibly a hallmark for COQ4 patients with prenatal-onset,
specifically (Brea-Calvo et al. 2015; Chung et al. 2015; Ling et al. 2019; Sondheimer
et al. 2017; Yu et al. 2019). Some patients with PDSS2 (Ivanyi et al. 2018; Rotig
et al. 2000), COQ2 (Desbats et al. 2015a, b; Dinwiddie et al. 2013; Scalais et al.
2013), COQ7 (Freyer et al. 2015; Kwong et al. 2019), COQ9 (Duncan et al. 2009)
and COQS8B mutations (Atmaca et al. 2017; Vazquez-Fonseca et al. 2017; Zhang
et al. 2017) also presented hypertrophic cardiomyopathy. Less frequently found
cardiac manifestations include valvulopathies (Mollet et al. 2007), heart
hypoplasia (Brea-Calvo et al. 2015), septal defects (Korkmaz et al. 2016; Li et al.
2018; Nair et al. 2018; Park et al. 2017a, b; Salviati et al. 2012), heart failure
(Brea-Calvo et al. 2015; Chung et al. 2015; Korkmaz et al. 2016; Kwong et al.
2019), bradycardia (Brea-Calvo et al. 2015; Chung et al. 2015; Danhauser et al.
2016; Eroglu et al. 2018; Ling et al. 2019; Smith et al. 2018; Sondheimer et al.
2017) or pericardial effusion (Atmaca et al. 2017; Vazquez-Fonseca et al. 2017; Yu
et al. 2019). It should be taken into account that some of these symptoms could be
secondary consequences of a more general defect.

Other symptoms, more heterogeneous, have also been reported in some patients
affected by mutations in all the different COQ genes. Among them, respiratory
distress and apnea seem to be characteristic of COQ4 patients (Brea-Calvo et al.
2015; Chung et al. 2015). Oedema is always present in cases with nephrotic syn-
drome, so it is more frequent in pathogenic variants of genes with renal involve-
ment, such as COQ8B, COQ2 and COQ6. For more details on this type of affections,
refer to Table 6.1 and bibliography (Alcdzar-Fabra et al. 2018).

It is essential to note that this non-detailed list of symptoms associated with
variants of different COQ genes has a limited validity due to the small number of
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patients described for each of them (Table 6.1). It should also be considered that the
number of patients with pathological variations in the different genes varies widely,
so the higher frequency found for some symptoms in some cases can be due to the
sampling effect.

6.2.2 Biochemical Findings

Biochemically, primary CoQ deficiency patients, in particular those with neonatal-
onset, can show higher levels of lactate in plasma or serum (Table 6.3), although
normal lactate levels do not exclude the possibility of a CoQ deficiency (Rahman
et al. 2012). Skeletal muscle biopsies typically show decreased CoQ steady-state
levels and reduced combined enzymatic activity of complexes I + III and/or
IT + III. Still, these tests are unable to differentiate between primary and secondary
CoQ deficiencies (Salviati et al. 2017). In vivo assessment of CoQ biosynthetic rate
is possible, by measuring the incorporation of a labelled CoQ precursor in skin
fibroblast cultures. This technique allows to biochemically discriminate between
primary and secondary deficiencies (Rodriguez-Aguilera et al. 2017). The biochem-
ical determination of CoQ levels is a useful and quick strategy for the identification
of primary CoQ deficiencies. However, only a genetic test (using next-generation
sequencing (NGS) approaches, either genetic panels or whole-exome and—genome
sequencing) will definitively determine the molecular diagnosis of these patholo-
gies. It should bear in mind, that for each new potentially pathogenic variants of the
COQ genes that are identified by NGS, a molecular validation is necessary.

In general, primary CoQ deficiencies respond quite positively to CoQ
supplementation, but it is not always the case (Table 6.3). Still, an early definitive
diagnosis is compulsory, in order to start the treatment as soon as possible to limit
the damage that the condition could cause to tissues (Montero et al. 2008; Yubero
et al. 2015). However, due to its hydrophobicity and possibly low bioavailability,
new approaches are being developed to increase CoQ levels. Bypass treatments
have been tested in cellular models of COQ6 and COQY7 patients. Vanillic acid and
2,4-HB, that are analogues of the head precursors have been shown to induce
recovery of endogenous CoQ synthesis in COQ6 and COQ7-defective cells
respectively (Acosta-Lopez et al. 2019; Freyer et al. 2015; Wang et al. 2017).

6.2.3 Pathogenesis

The pathogenesis of primary CoQ deficiency is far from being simple, and our
understanding is still scarce. It is highly probable that the reduced activity of the
OXPHOS system and an increase of ROS would be crucial factors involved in the
pathogenesis, but the role of CoQ in other mitochondrial processes, and even in
other membranes, might also contribute to explain the origin of some affections in
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primary deficiencies, at least partially. For example, de novo pyrimidine synthesis is
impaired in CoQ deficiency, further contributing to the development of the disease
(Lopez-Martin et al. 2007). Moreover, sulphide oxidation pathway has been
described to be tissue-specifically defective in primary CoQ deficiency, leading to
an accumulation of H,S, and thus, an alteration of protein S-sulphydrilation promot-
ing changes in vasorelaxation, inflammation and ROS production. These changes
have been proposed as another cause of pathogenesis in primary CoQ deficiencies
(Quinzii et al. 2017). Besides, the disparity on the age of onset, the different tissues
affected and the specificity of some of the symptoms associated to certain genes
suggest that COQ genes may be involved in other processes and the molecular
mechanism of the disease would also be dependent on these yet unknown functions.
In any case, it should bear in mind that a complete picture is lacking since there are
too few patients harboring mutations in each COQ gene.

6.3 Secondary CoQ Deficiency

Reduced levels of CoQ can also be found in patients due to conditions not directly
related with CoQ biosynthesis malfunctioning, but with oxidative phosphorylation
failure, other non-OXPHOS mitochondrial defects or even impairment of other non-
mitochondrial processes (Yubero et al. 2016). The classification of patients with
either primary or secondary CoQ deficiency strictly depends on their genetic analy-
sis (Salviati et al. 2017).

Secondary CoQ defects are more common than the primary ones (Desbats et al.
2015a, b; Yubero et al. 2016). This fact could be explained by the variety of pro-
cesses where CoQ is involved and, possibly, the existence of mechanisms for modu-
lating CoQ levels in response to a failure in these processes.

Isolated myopathies presented as muscular weakness, hypotonia, exercise
intolerance or myoglobinuria are commonly reported as muscular manifestations in
diseases associated with secondary CoQ deficiencies, but also neurological decline
and ataxia are also often reported (Sacconi et al. 2010; Salviati et al. 2017).

Analysis of CoQ levels in cohorts of patients affected by diverse OXPHOS
pathologies shows that among the different mitochondrial defects, the most com-
mon conditions associated with secondary CoQ deficiency are depletion syndromes
(Montero et al. 2013; Yubero et al. 2016). However, more studies on broader cohorts
of patients affected by different conditions are needed to better understand if certain
diseases are more likely to develop secondary deficiencies than others, as well as the
underlying molecular mechanism involved. It has been hypothesized that severe
mitochondrial deficiencies would cause secondary CoQ deficiency by inhibiting the
maturation of COQ proteins in the mitochondria, although further research still
needs to be done (Yen et al. 2020). Very interestingly, comparative omic studies
performed in mouse models of OXPHOS dysfunction caused by nuclear-encoded
essential factors for mtDNA maintenance showed association with secondary CoQ
deficiency (Kiihl et al. 2017). Other mitochondrial conditions are associated, at a
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different degree, with a reduction in CoQ levels. For example, mutations in MT-TLI,
causing MELAS syndrome, and M7T-TK, causing MERFF syndrome, were also
associated to a secondary CoQ deficiency in skeletal muscle (Cotan et al. 2011;
Sacconi et al. 2010). Other examples are: mutations in the mitochondrial chaperone
BSCIL leading to complex III deficiency, associated with isolated mitochondrial
encephalopathy (Fernandez-Vizarra et al. 2007); complex I deficiency caused by
mutations in NDUFS$4, associated to multifocal dystonia and Leigh syndrome (Bris
etal. 2017; Ortigoza-Escobar et al. 2016); or combined OXPHOS defects caused by
mutations in EARS2, which encodes for the mitochondrial aminoacyl-tRNA synthe-
tase specific for glutamate, causing either leukoencephalopathy or multisystem fatal
infantile disease (Talim et al. 2013; Taskin et al. 2016).

The study of mouse models is instrumental in predicting secondary CoQ
deficiencies (Kiihl et al. 2017), which can be exploited for human molecular
diagnosis. One example is Parl”~ mouse model: PARL (coding for Presenilin
Associated Rhomboid Like protein) is the only mitochondrial member known from
the rthomboid family (Spinazzi and De Strooper 2016), a conserved group of
intramembrane proteases. Parl”~ mouse model shows a phenotype similar to Leigh
syndrome, with a severe complex III defect caused by the disappearance of mature
Ttc19, a factor required for complex III stability (Bottani et al. 2017). Moreover,
Parl™~ brain mitochondria show a significant decrease of CoQ biosynthesis
associated with a reduction of Cog4 and other Coq peptides, independent to TTC19
defect. This suggests that the protease could be involved in CoQ biosynthesis
complex regulation, compensating for complex III defect (Spinazzi et al. 2019).
This adaptive mechanism, which should aim a balanced respiratory chain, would try
to increase the survival of cells and tissues in CoQ deficiency conditions (Fernandez-
Ayala et al. 2013). The same rationale of a compensatory mechanism could be
applied to the two cases with pyruvate dehydrogenase complex mutations showing
CoQ overproduction (Asencio et al. 2016).

CoQ secondary deficiency has also been associated with non-OXPHOS gene
defects, but the mechanisms involved are still elusive (Yubero et al. 2016). A pedi-
atric patient with a defective GLUT1 transporter caused by a heterozygous variant
in the SLC2A1 gene showed significantly reduced CoQ levels (Yubero et al. 2014).
However, this is not a common feature in GLUT1 deficiency syndrome (Barca et al.
2016Db), indicating that possibly other factors would be involved in the CoQ defect
in this patient.

CoQ is reduced by ETFDH-encoded flavoprotein-ubiquinone oxidoreductase as
a critical step of mitochondrial fatty acid p-oxidation (Bentinger et al. 2010)
(Fig. 6.1b). Mutations in this enzyme, and in the electron transfer flavoprotein,
cause multiple acyl-CoA dehydrogenation deficiency (MADD)-also known as glu-
taric acidemia II or glutaric aciduria II- which is associated with decreased levels of
CoQ (Bujan et al. 2014; Gempel et al. 2007). It has been proposed that CoQ is dis-
tributed in specific pools within the mitochondrial inner membrane, which are dedi-
cated to either NADH or FADH,-mediated CoQ reduction in the respiratory chain
(Lapuente-Brun et al. 2013). Specific modulation of CoQ levels in response to the
decrease of the enzyme that reduces it would explain the secondary deficiency
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associated with this condition. This could explain some of the secondary deficien-
cies associated with ETFDH mutations. However, it should be noted that not all
MADD patients have CoQ deficiency (Liang et al. 2009; Wen et al. 2013).

Cerebellar ataxia has been found in some cases of primary CoQ deficiency,
which can be explained by the high-energy requirement of the cerebellum (Salviati
et al. 2017)—see previous section-. Mutations in other genes that cause cerebellar
ataxia can also induce secondary CoQ deficiency. Mutations in APTX gene, for
example, which encodes for the single-stranded DNA repair aprataxin, cause ataxia
with ocular motor apraxia (Date et al. 2001; Moreira et al. 2001) and induce CoQ
deficiency in muscle and fibroblasts of these patients (Quinzii et al. 2005; Yubero
et al. 2016).

ANOI0 gene encodes for a member of the anoctamin family of transmembrane
proteins with calcium-activated chloride channel activities, whose mutations cause
spinocerebellar ataxia associated to CoQ deficiency in skeletal muscle, plasma and
cerebrospinal fluid (Balreira et al. 2014; Chamard et al. 2016; Nanetti et al. 2019).

Also, it has been shown that patients with Friedrich ataxia can show a decrease
of CoQ content in skeletal muscle as a consequence of the mutation in FXN gene,
which encodes for frataxin, a protein regulating iron transport into mitochondria
(Yubero et al. 2016).

A secondary reduction of CoQ levels also seems to be associated with ageing
(Herndndez-Camacho et al. 2018). Some drugs, such as statins for hypercholester-
olemia treatment, are reported to induce myopathy with secondary CoQ deficiency,
since both cholesterol and CoQ share a part of their biosynthetic pathways (Marcoff
and Thompson 2007; Uli¢na et al. 2012).

The mechanisms explaining CoQ secondary defects are still elusive. Several
hypotheses, which depend on the specific primary mitochondrial or non-
mitochondrial defect, have been proposed: (i) oxidative stress induced by non-
functional respiratory chain could induce an increase in CoQ degradation rate; (ii)
interference of the signaling pathways involved in CoQ biosynthesis could cause a
decrease in CoQ biogenesis; (iii) a destabilization of the CoQ biosynthetic complex
could be induced in response to the primary change or (vi) a general deterioration
of mitochondrial function could be responsible for the reduced CoQ levels (Desbats
et al. 2015a, b; Yubero et al. 2016).

Of course, the original pathology will influence the particular symptoms
associated with secondary CoQ deficiencies and, probably, the lack of CoQ could
even potentiate them (Desbats et al. 2015a, b). In fact, many of these patients
partially improve their condition by CoQ supplementation, which supports the
importance of an early diagnosis also in these cases (Quinzii and Hirano 2011).
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6.4 Concluding Remarks

Next-generation sequencing approaches have allowed in the last years the genetic
diagnoses of an increasing number of patients showing decreased levels of CoQ in
tissues due to defects in CoQ biosynthesis pathway. Primary CoQ deficiencies are
those caused by mutations in the COQ genes. Instead, secondary defects are caused
by mutations in genes not directly involved in CoQ synthesis. Biochemically, both
primary and secondary deficiencies present with decreased levels of CoQ in tissues.
The only reliable way to distinguish primary from secondary CoQ deficiency is
genetic analysis (Salviati et al. 2017).

The difficulties in the diagnosis and the proper addressing to the appropriated
health service relay in the wide heterogeneity of clinical manifestations and the low
number of patients identified. Here we present an overview of the different manifes-
tations associated with the various mutations in the COQ genes in primary deficien-
cies and their frequency to serve as a diagnostic guide for clinicians who face the
challenge of diagnosing rare mitochondrial diseases. A more significant coordinated
effort at the level of the translational research is necessary to expand the cohorts of
patients affected by mutations in the different COQ genes in order to better define
the clinical spectrum associated with each genetic defect.

The variety of mitochondrial disorders showing a secondary deficiency and the
comprehensive studies in mice models associated with secondary CoQ defects,
clearly show the complexity of the pathogenic process of these mitochondrial con-
ditions and the wide range of tissues, organs, and cellular functions affected. Specific
efforts need to be done to better understand the—probably very diverse- pathomech-
anisms underlying CoQ reduction in other diseases.
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