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COQ4 Mutations Cause a Broad Spectrum
of Mitochondrial Disorders Associated
with CoQq¢ Deficiency

Gloria Brea-Calvo,*2% Tobias B. Haack,?329 Daniela Karall,%2¢ Akira Ohtake,® Federica Invernizzi,®
Rosalba Carrozzo,” Laura Kremer,%3 Sabrina Dusi,¢ Christine Fauth,® Sabine Scholl-Biirgi,*
Elisabeth Graf,2* Uwe Ahting,%3 Nicoletta Resta,” Nicola Laforgia,’¢ Daniela Verrigni,”

Yasushi Okazaki,!.12 Masakazu Kohda,!! Diego Martinelli,!> Peter Freisinger,!* Tim M. Strom,23
Thomas Meitinger,2? Costanza Lamperti,® Atilano Lacson,' Placido Navas,! Johannes A. Mayr,6
Enrico Bertini,”2! Kei Murayama,”.1821 Massimo Zeviani,!*.2! Holger Prokisch,32L*

and Daniele Ghezzi%24*

Primary coenzyme Q10 (CoQ;) deficiencies are rare, clinically heterogeneous disorders caused by mutations in several genes encoding
proteins involved in CoQ;¢ biosynthesis. CoQ; is an essential component of the electron transport chain (ETC), where it shuttles elec-
trons from complex I or II to complex III. By whole-exome sequencing, we identified five individuals carrying biallelic mutations
in COQ4. The precise function of human COQ4 is not known, but it seems to play a structural role in stabilizing a multiheteromeric
complex that contains most of the CoQ;q biosynthetic enzymes. The clinical phenotypes of the five subjects varied widely, but four
had a prenatal or perinatal onset with early fatal outcome. Two unrelated individuals presented with severe hypotonia, bradycardia,
respiratory insufficiency, and heart failure; two sisters showed antenatal cerebellar hypoplasia, neonatal respiratory-distress syndrome,
and epileptic encephalopathy. The fifth subject had an early-onset but slowly progressive clinical course dominated by neurological dete-
rioration with hardly any involvement of other organs. All available specimens from affected subjects showed reduced amounts of
CoQqo and often displayed a decrease in CoQ;o-dependent ETC complex activities. The pathogenic role of all identified mutations
was experimentally validated in a recombinant yeast model; oxidative growth, strongly impaired in strains lacking COQ4, was corrected
by expression of human wild-type COQ4 cDNA but failed to be corrected by expression of COQ4 cDNAs with any of the mutations iden-
tified in affected subjects. COQ4 mutations are responsible for early-onset mitochondrial diseases with heterogeneous clinical presenta-
tions and associated with CoQ10 deficiency.

Coenzyme Q (CoQ), or ubiquinone, is a lipophilic com-
ponent of the electron transport chain (ETC), where it
shuttles electrons derived from NADH and FADH, to ETC
complex III (cIII) or ubiquinone-cytochrome c reductase.
The main electron donors to CoQ are ETC complexes I
(cI) and II (cII) but also include other mitochondrial flavo-
proteins, for instance, electron transfer flavoprotein-ubi-
quinone oxidoreductase, mitochondrial (ETF-dehydroge-
nase [ETFDH]), which is the terminal component of fatty

tion pathways. CoQ can also act as an antioxidant and a
membrane stabilizer, is a cofactor of additional mitochon-
drial enzymes (e.g., uncoupling protein UCP1),"* and
plays an indispensable role in the de novo pyrimidine
biosynthesis as the electron acceptor from dihydroorotate
dehydrogenase.*™

CoQ is a 1,4-benzoquinone with a tail of 10 isoprenyl
units in humans (CoQ;) but of variable length in other
species (e.g., CoQg in yeast). The synthesis of the iso-

acid B-oxidation and branched-chain amino acid oxida- prenoid moieties proceeds via either mevalonate or
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Figure 1.

Pedigrees of Investigated Families and COQ4 Structure and Conservation of Identified Mutations

(A) Pedigrees of four families affected by mutations in COQ4. The mutation status of affected and unaffected family members is indicated

by closed and open symbols, respectively.

(B) COQ4 structure showing the identified mutations. The structure of the gene product, COQ4, is also shown with known domains and
localization and conservation of amino acid residues affected by the mutations. Intronic regions are not drawn to scale.

2-C-methyl-D-erythritol 4-phosphate pathways, whereas
the aromatic precursor of the CoQ benzoquinone ring is
p-hydroxybenzoate, derived from tyrosine.® After the iso-
prenoid “tail” is bound to the aromatic “head,” the ring
undergoes sequential modification. At least ten enzymes
participate in CoQ biosynthesis; in yeast, and possibly
mamimals as well, these enzymes are all localized in
mitochondria.

Primary CoQq deficiency is the biochemical signature
of a group of rare, clinically heterogeneous autosomal-
recessive disorders caused by mutations in several genes
encoding proteins involved in CoQ; biosynthesis.” Muta-
tions in COQ2 (MIM 609825), COQ6 (MIM 614647),
ADCK3 (COQ8 MIM 606980]), ADCK4 (MIM 615573),
COQ9 MIM 612837), PDSS1 (MIM 607429), and PDSS2
(MIM 610564) have been reported in subjects with severe
infantile mitochondrial syndromes associated with severe
tissue CoQ;o deficiency, whereas the genetic bases under-
pinning adult-onset CoQ;, deficiency remain mostly un-
defined.*” COQ4 (MIM 612898) codes for a ubiquitously
expressed 265-amino-acid protein that is peripherally asso-
ciated with the mitochondrial inner membrane on the ma-
trix side;'” the precise function of human COQ4 is not
known, but the yeast ortholog seems to play a structural

role crucial in the stabilization of a multiheteromeric com-
plex including several, if not all, of the CoQ biosynthetic
enzymes. '’

We report here the identification of pathogenic biallelic
C0OQ4 mutations in a total of five individuals from four
families; these subjects were part of a cohort of severe mito-
chondrial cases where the CoQ;q defect was not antici-
pated. The family pedigrees are shown in Figure 1A.

Subject 1 (S1; 1I-3, family 1), a boy, was the third of four
siblings and was born to healthy, non-consanguineous
Italian parents after an uncomplicated pregnancy and
elective cesarean delivery. His oldest sister (II-1), who pre-
sented with bradycardia and hypotonia, died at birth,
and his 16-year-old second sister and his 5-year-old brother
are alive and well. At birth, S1 had a weight of 3,410 g, a
length of 49.5 ¢cm, and a head circumference of 34.5 cm.
Apgar scores were 7 and 10 at 1 and 5 min after birth,
respectively. At birth, his condition appeared critical, given
that he showed severe hypotonia, areflexia, acrocyanosis,
bradycardia, and respiratory insufficiency. Ultrasound ex-
amination revealed markedly decreased motility of the
left ventricle with an ejection fraction of 20%-25%. No
evidence of hepatic or renal impairment was observed. Do-
butamine infusion via an umbilical venous catheter was
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Table 1. Mitochondrial ETC Activities in Muscle

Subject c/cs? cl+/cs? cli/cs® cH-+I1/CS” clii/cs? cv/cs® cs®
Muscle biopsy $1¢ 36 24 N 34 N N 64
s2¢ 6 ND 42 43 10 30 57
$3 N N 55 N 50 54
S4 145 N N 222 189 109
s5 <5 ND N 30 50 N 65

Abbreviations are as follows: N, value in the control range; ND, not done; cl, complex [; cil, complex I}; clil, complex IlI; clV, complex IV; ci+ll, coupled activity of
complexes | and HI; and cll+lll, coupled activity of complexes I and Ill. The analyses were performed in different laboratories, and the reference values are diverse
(they usually range between 60% and 140% of the mean control value). The values of ETC complex activities out of the control range (specific to each enzymatic

activity and to each laboratory) are reported.

Mean control value (%) of CS-normalized ETC complex activities.
Ppercentage of mean control value.

“Sample from autopsy.

ineffective, and the baby died 4 hr after birth. His blood
glucose level was normal, as were renal and hepatic param-
eters; plasma creatine kinase was moderately elevated
(861 U/l; normal value [n.v.] < 400), and blood lactate
was extremely high (20.1 mM; n.v. < 2). Analysis of uri-
nary organic acids showed elevated levels of 2-OH glutaric
acid, whereas plasma and urinary amino acids were within
normal ranges. The autopsy examination revealed left ven-
tricular hypoplasia with septum hypertrophy and a patent
ductus arteriosus. No brain examination was performed.

The activities of the ETC complexes in autoptic skeletal-
muscle homogenate showed severe defects of both coupled
cl+clIll and cIl+cIlI reactions, normalized to citrate syn-
thase (CS), and a decrease in CS-normalized cI (Table 1).
In both liver and cultured fibroblasts, the CS-normalized
activities of each of the individual ETC complexes were
in the control range. Although the coupled cI+cIII activity
cannot be reliably assayed in cultured cells,'” the coupled
clI+clIll activity was clearly decreased in S1 fibroblasts
(65% of the control mean).

S2 (II-1, family 2) was born at the 34™ week of gestation
and was the female first child of non-consanguineous
Japanese parents. Her birth weight was 1,120 g (-2.2 SDs).
Apgar scores were 7 and 8 at 1 and 5 minutes after birth,
respectively. There was no family history of neurological
or cardiac disease. The pregnancy was complicated by severe
intrauterine growth delay and ultrasound-documented hy-
pertrophic cardiomyopathy. On S2's first day of life, she
became apnoeic and was intubated as a result of respiratory
failure. She initially displayed moderate lactic acidosis,
but soon after her admission to Neonatal Medical Center,
her lactic acidosis rapidly worsened (blood lactate = 11.2—
18.8 mM; n.v. < 2); her hypertrophic cardiomyopathy
evolved into severe heart failure, leading to death at the
age of 1 day.

The metabolic profile (urinary and plasmatic amino acids,
organic acids, and acylcarnitines) showed no significant
findings. A liver autoptic specimen showed a severe defi-
ciency of clI (cI/CS ratio = 2.9%); autoptic skeletal-muscle
homogenate also showed a cI deficiency together with less
pronounced reductions of other ETC complexes (Table 1).

Sisters S3 (II-1, family 3) and S4 (1I-3, family 3) are the
first and third, respectively, of three siblings and were
born to healthy, non-consanguineous Austrian parents.
Their brother (II-2) is a healthy, unaffected boy. S3 and
S4 were born prematurely at gestational ages of 32 weeks
(birth weight = 1,550 g) and 34 weeks (birth weight =
2,170 g), respectively.

Performed at the 20" week of gestation, prenatal organ
screening of S3 revealed a suspected malformation of the
cerebellum. A postnatal cranial ultrasound showed cere-
bellar hypoplasia. After birth, she showed distal arthrogry-
posis, but no other dysmorphic features. At birth, she suf-
fered from respiratory-distress syndrome, and a few hours
later, a severe myoclonic epileptic encephalopathy ensued;
blood lactic acid at 36 hr of age was 6.4 mM and rose to
14 mM prior to her death by multiorgan failure on the
third day of life. Echocardiography showed a normal heart.
Metabolic investigations (amino acids in plasma, acyl-
carnitine profile, and standard newborn screening) were
essentially normal. Analysis of organic acids in urine
showed excretion of glycerol and 2-OH-glutarate. In frozen
postmortem muscle (obtained within 30 min after death),
ETC enzyme activities were slightly decreased (Table 1). An
autopsy of the brain revealed severe olivopontocerebellar
and thalamic hypoplasia and scattered cavitations in the
white matter; the visceral organs appeared normal for the
gestational age.

Six years later, prenatal organ screening of the sister, S4,
showed cerebellar hypoplasia, suggesting the same disease
as in 83. Similar to her sister, S4 suffered from neonatal res-
piratory distress. No dysmorphic features were present.
Echocardiography was normal. A cranial ultrasound con-
firmed cerebellar hypoplasia. Six hours after birth, epileptic
encephalopathy ensued; blood lactic acid was 3.5 mM at
2 hr of age and rose to 9 mM at death on the second
day of life. Metabolic investigations showed normal
newborn-screening results and a normal acylcarnitine pro-
file. Amino acids in plasma were grossly elevated but
showed no specific pattern. Analysis of urinary organic
acids showed excretion of a “mitochondrial dysfunctional
pattern” with malate, fumarate, and 2-OH-glutarate, as
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well as vitamin B6 metabolites and N-acetyl-tyrosine. Anal-
ysis of frozen postmortem muscle showed elevated levels
of ETC activities (Table 1). In both girls, blood glucose con-
centration and renal and hepatic parameters were in the
normal range.

S5 (II-1, family 4) is an 18-year-old young man and is the
only offspring of healthy Italian parents who deny consan-
guinity and originate from a medium-size town in south-
ern Italy. Pregnancy was normal, and delivery was via ce-
sarean section because of a podalic presentation. He was
born at term, and his weight at birth was 4,100 g. Weight
and motor development were reportedly normal in his first
year of life, but he started to show slowly progressive motor
deterioration after the age of 10 months, when he mani-
fested unsteadiness in maintaining acquired sitting posi-
tion. He achieved the ability to walk with a spastic ataxic
gait at 3 years of age but lost ambulation by 6 years of
age and has been wheelchair bound since then. At 12 years
of age, he started manifesting epileptic seizures in the form
of prolonged right-side hemiclonic seizures. MRI showed
bilateral increased signal intensity in fluid-attenuated-
inversion-recovery and T2-weighted sequences in both oc-
cipital-cortical and juxtacortical areas (Figures S1A-S1D).
Around the same period, he started to have swallowing dif-
ficulties. He was admitted for extensive investigation.
Thorough blood tests excluded liver and kidney involve-
ment and did not show lactic acidosis. A specific pattern
of organic aciduria was excluded. Electrophysiological ex-
amination showed a sensory motor polyneuropathy with
slowed conduction velocities. During a 5-year follow-up,
he showed a slowly progressive downhill course with
recurrent treatment-resistant seizures, worsened swallow-
ing impairment, progressive scoliosis, and cognitive deteri-
oration. A muscle biopsy was performed when he was
12 years old. Spectrophotometric assays of the ETC com-
plexes in muscle homogenate showed virtually undetect-
able cI/CS ratios and reduced clI+cIII/CS and cIII/CS ratios.
The other ETC complex activities were within control
limits (Table 1). Since the age of 15 years, he has used a
percutaneous-endoscopic-gastronomy tube and has devel-
oped severe scoliosis with a Cobb angle of 75°. Control
MRI performed when he was 17 years old showed cere-
bellar atrophy, widening of ventricular brain spaces, and
scars from cortical necrotic lesions in both occipital areas
(Figures S1E-S1H).

In agreement with the Declaration of Helsinki, informed
consent for genetic and biochemical studies was signed by
the parents of all subjects, and the ethics committee of the
Technische Universitdt Miinchen approved the study.

We performed whole-exome sequencing (WES) to inves-
tigate the molecular bases of the mitochondrial disease
presentations of S1, S4, and S5, as described previously.*
Coding DNA sequences were enriched with a SureSelect
Human All Exon 50 Mb V4 or V5 Kit (Agilent) and subse-
quently sequenced on a HiSeq2500 system (Illumina).
Read alignment to the human reference assembly (UCSC
Genome Browser hgl9) was done with the Burrows-

Wheeler Aligner (version 0.7.5), and single-nucleotide var-
iants and small insertions and deletions were identified
with SAMtools (version 0.1.19). On the basis of the rare dis-
ease phenotype and a pattern concordant with autosomal-
recessive inheritance, we sought genes carrying rare (minor
allele frequency [MAF] < 0.1% in 4,500 control exomes)
variants predicted to be compound heterozygous or homo-
zygous. We then prioritized variants in genes coding for
proteins with known or predicted mitochondrial localiza-
tion.'" This filtering strategy led to the identification of
recessive variants in COQ4, coding for a mitochondrial
protein involved in CoQ,q biosynthesis,'” in all three
subjects. In S2, we used the SeqCap EZ Library (version
1.0; Roche NimbleGen). Details on the bioinformatics
pipeline and variant filtering have been reported re-
cently.'” Sequencing statistics are provided in Table S1.

We identified COQ4 mutations (RefSeq accession num-
ber NM_016035.3) in four individuals (Figure ). In S1,
we identified a homozygous missense variant, ¢.433C>G
(p.-Arg145Gly). Both parents and a healthy sister are het-
erozygous carriers, and a healthy brother has two reference
alleles. No material was available from the deceased sister.
S2 was found to be compound heterozygous for a nonsense
variant on the paternal allele and a missense variant on
the maternal allele: ¢.[421C>T};{718C>T], p.JArgl41*];
[Arg240Cys]. S4 was found to be compound heterozygous
for a missense mutation and an exon S in-frame deletion:
C.[155T=>C[;[521_523delCCA], p.[Leu52Ser};[Thrl74del].
Both wvariants were also confirmed in the DNA of S3,
whereas the parents are heterozygous for only one variant
each (the father carries the missense mutation, and the
mother carries the deletion). In S5, we identified a homo-
zygous mutation, c.190C>T (p.Pro64Ser). Both parents
are heterozygous for this mutation.

None of the identified variants are present in our exome
database, which contains 4,500 samples, or in public SNP
databases, including dbSNP, the NHLBI Exome Sequencing
Project Exome Variant Server, and the Exome Aggregation
Consortium (EXxAC) Browser. The only exception is the
¢.718C>T variant (rs143441644), which is reported to
have an extremely low frequency (MAF = 0.00023; 28/
12,0330 alleles) in the ExAC Browser. Moreover, all
missense changes are predicted to be deleterious by several
bioinformatics tools (Table 52).

Because of the identified genetic defects, we tested
CoQo levels in available specimens from the subjects. In
a muscle biopsy from S1, we detected a clear reduction of
CoQqp (32.9 nmol CoQ;¢/g protein; n.v. = 101-183;
1.16 nmol CoQ,,/CS; n.v. = 1.75-3.46). In fibroblasts
from S1, the levels of CoQ;q were also lower than CoQ;
levels in neonatal control fibroblasts (54% of control
mean). In frozen muscle from S3, CoQ;¢ was reduced
(13.5 nmol CoQ;/g protein; n.v. = 160-1,200; 0.3 nmol
CoQ10/CS; n.v. = 2.7-7); in muscle from S4, CoQio was
profoundly reduced (25.7 nmol CoQqo/g protein; n.v. =
160-1,200; 0.1 nmol CoQ;¢/CS; n.v. = 2.7-7), whereas in
S5 muscle, the amount of CoQ;q was slightly decreased
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