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Fatal neonatal encephalopathy and lactic acidosis

caused by a homozygous loss-of-function variant in
COQ9

Katharina Danhauser!, Diran Herebian!, Tobias B Haack®3, Richard J Rodenburg4, Tim M Strom?3,
Thomas Meitinger>>>, Dirk Klee®, Ertan Mayatepek!, Holger Prokisch*>*7 and Felix Distelmaier*"’

Coenzyme Q;g (CoQ;() has an important role in mitochondrial energy metabolism by way of its functioning as an electron carrier
in the respiratory chain. Genetic defects disrupting the endogenous biosynthesis pathway of CoQ;¢ may lead to severe metabolic
disorders with onset in early childhood. Using exome sequencing in a child with fatal neonatal lactic acidosis and
encephalopathy, we identified a homozygous loss-of-function variant in COQ9. Functional studies in patient fibroblasts showed
that the absence of the COQ9 protein was concomitant with a strong reduction of COQ7, leading to a significant accumulation of
the substrate of COQ7, 6-demethoxy ubiquinone;. At the same time, the total amount of CoQ;¢ was severely reduced, which
was reflected in a significant decrease of mitochondrial respiratory chain succinate-cytochrome c oxidoreductase (complex II/111)
activity. Lentiviral expression of COQ9 restored all these parameters, confirming the causal role of the variant. Our report on the
second COQ9 patient expands the clinical spectrum associated with COQ9 variants, indicating the importance of COQ9 already

during prenatal development. Moreover, the rescue of cellular CoQ;q levels and respiratory chain complex activities by CoQ;q
supplementation points to the importance of an early diagnosis and immediate treatment.
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INTRODUCTION

Coenzyme Qo (CoQp) is a lipid-soluble, naturally occurring sub-
stance, which functions as an essential cofactor of the mitochondrial
respiratory chain.! It acts as an electron carrier from complex I and
complex II to complex IIT and thereby goes through a redox cycle
between the oxidized (ubiquinone) and the reduced form (ubiquinol).
Moreover, CoQqq links mitochondrial fatty acid p-oxidation to the
respiratory chain, participates in the biosynthesis of pyrimidines and
modulates apoptosis. In its reduced form the CoQ,, molecule serves
as a potent antioxidant.

CoQy is acquired through biosynthesis or dietary intake. However,
biosynthesis is the major source of CoQj which involves the
coordinated function of at least 13 genes (PDSSI, PDSS2, COQ2,
COQ3, COQ4, COQ5 COQ6, COQ7, ADCK3, ADCK4, COQ9,
COQI0A and COQIOB). To date, defects in eight of these genes were
identified as a cause of primary CoQjq deficiency disorders (PDSSI,
PDSS2, COQ2, COQ4, COQ6, ADCK3, ADCK4 and COQ9), a clinically
heterogeneous group of diseases, which frequently manifests in
childhood.>* According to Quinczii et al.,> five major clinical phenotypes
can be distinguished: (1) encephalomyopathy, (2) severe infantile
multisystemic disease, (3) nephropathy, (4) cerebellar ataxia and
(5) isolated myopathy. Identification of CoQyq deficiency is important
because CoQ;g supplementation can be beneficial in certain conditions.

Until now, just a single patient with CoQ;, deficiency caused by a
homozygous stop variant in COQ9 ¢.730C>T, p.Arg244*, leading to
neonatal lactic acidosis, intractable seizures and global developmental
delay, has been reported.® Using exome sequencing, we identified a
new variant affecting function in COQ9 associated with neonatal
encephalopathy and early death. Our report expands the clinical
spectrum associated with COQ9 variants and indicates a severe
pre-/neonatal-onset phenotype. COQ9-deficient patient fibroblasts
were characterized in detail and the functional consequences of the
genetic defect are shown.

CASE REPORT

The boy reported here was the second child of healthy, first-grade
consanguineous Turkish parents. His 13-year-old brother is healthy.
Pregnancy was normal until the 27th gestational week when oligo-
hydramnion was noticed. At that time the parents declined a
recommended cesarean section. Finally, the child was born at 36 weeks
of gestation by cesarean section due to anhydramnion. APGAR scores
were 5/4/6, respectively. The neonate was small for gestational age with
a birth weight of 1440 g, length of 39.5 cm and head circumference of
28.8 cm (all values below 3rd percentile). No dysmorphic stigmata
were observed. During the immediate postnatal period the patient
showed poor respiratory efforts, muscular hypotonia, bradycardia and
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generalized cyanosis. The child was intubated and transferred to the
neonatal intensive care unit. Laboratory investigations revealed lactic
acidosis (up to 22 mmol/l; norm: < 1.8 mmol/l), requiring continuous
buffering therapy with sodium bicarbonate. Cranial ultrasound
demonstrated multiple choroid plexus cysts and symmetrical hyper-
echoic signal alterations in the basal ganglia, suggesting neonatal
Leigh-like syndrome (Figure 1a). During the following 4 days, lactate
levels remained elevated (up to 26 mmol/l) despite intravenous glucose

infusion and buffering therapy. Laboratory investigations revealed
elevated blood alanine (1088 pmol/l, norm <414 pmol/l) and massive
lactic-acid excretion in urine. On the fifth day of life, slow improve-
ment in acidosis was noticed with minimal lactate levels of 5 mmol/l.
Respiratory efforts improved and the boy was extubated with adequate
spontaneous breathing on the eighth day of life. However, the child
showed reduced spontaneous movements with intermittent opistho-
tonus and muscle stiffness in the extremities. On the tenth day of life,
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Figure 1 (a) Brain ultrasound in a newborn with a pathogenic COQ9 variant. Left and middle panels: right and left parasagittal view, respectively, showing
hyperechoic signal within the basal ganglia (arrow) and bilateral choroid plexus cysts (asterisk). Right panel: coronal view demonstrating symmetrical
hyperechoic basal ganglia abnormalities suggesting a neonatal Leigh-like syndrome. (b) Schematic diagram showing the transcript generated in the presence
of the ¢.521+1 deletion. Chromatogram shows that the deletion causes a skipping of exons 4 and 5 in the patient fibroblasts. (c) Western blotting on
mitochondria-enriched fractions of patient and control fibroblasts (representative image). In patient cells no COQ9 is detected in the non-transduced
condition (—). Signal is restored after lentiviral transduction with COQ9 wild-type cDNA (+). In addition, a COQ7 antibody was used, demonstrating a severe
reduction of COQ7 protein in patient cells. Porin (VDAC) was used as a loading marker.
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Figure 2 (a) Biochemical measurement of activities of complex II/Ill, complex IV of the respiratory chain and citrate synthase. Patient fibroblasts show a
significant decrease of complex II/1ll activity. After re-expression of wild-type cDNA in patient fibroblasts, a significant increase in complex I/l activity
relative to protein, to citrate synthase as well as to complex IV activity is observed. The activity of complex II/Ill remained unchanged in control cells. In
addition, lentiviral expression of wild-type COQ9 cDNA in fibroblasts of a patient with a disease-causing homozygous variant in COQ2 showed no effect on
the activity of complex II/Ill, demonstrating the specificity of our complementation strategy in the COQ9 patient. (b) Total amount of CoQ;o was measured
before and after lentiviral transduction as well as after treatment with CoQ;o. Both patient cell lines showed significantly reduced amounts of CoQiq. After
transduction patient fibroblasts with a variant in COQ9 showed a significant (about threefold) increase of CoQ;p, whereas in control cells and in patient cells
suffering from COQ2 deficiency no significant difference could be observed. Treatment with CoQ;o leads to an increase of the total amount of CoQ;q in both
patient cell lines. (c) MS/MS chromatograms of fibroblast lysate samples: (1) detected CoQ;q in a control; (2) 6-DMQ;q in a control is not present; (3) low
detection of CoQip in @ COQ9 patient; (4) detection of 6-DMQ;o metabolite in a COQ9 patient. (d) Quantification of the 6-DMQ;q levels in COQ9-mutant
fibroblasts before and after viral complementation with wild-type COQ9. The amount of 6-DMQ1¢ is significantly reduced in COQ9-mutant fibroblasts after
transduction. (e) Treatment with CoQ;o in control and patient fibroblasts. Supplementation rescues complex I/l activity in fibroblasts derived from COQ9
and COQZ2 patients whereas no differences were measured in control fibroblasts. Statistics: ***P<0.001, **P<0.01 and *P<0.05 relative to control or the
indicated condition. All experimental data were obtained in at least three independent experiments.
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the child suffered from seizures and recurrent episodes of apnea and
bradycardia. The boy’s clinical condition further deteriorated and he
died due to cardio-respiratory failure at 18 days of age. Because of a
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suspected mitochondrial disease, a skin biopsy was performed. Activity

measurements of the oxidative phosphorylation enzymes in cultured
fibroblasts showed a strongly reduced activity of respiratory chain
succinate-cytochrome ¢ oxidoreductase (complex II+III: 62 mU/
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UCOX, norm>160), pointing to a CoQj;y metabolism defect.
Histological investigations of muscle and liver tissue were without
specific findings.

MATERIALS AND METHODS
A detailed description of the materials and methods used for this paper can be
found in the Supplementary Material.
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RESULTS AND DISCUSSION

To unravel the genetic cause of the disease we performed exome
sequencing as described previously.” Assuming an autosomal-recessive
mode of inheritance, our analyses focused on homozygous and
predictively compound heterozygous nonsynonymous variants with
a MAF<0.1% in 4500 control exomes. This search identified 28
genes. Only one of these genes, COQ9 (NM_020312.2; NG_027696.1),
coded for a mitochondrial protein.® In addition, COQ9 was the only
gene carrying two predicted loss-of-function alleles. The identified
splice site variant, ¢.521+1del, p.(Ser127_Arg202del), was confirmed
by Sanger sequencing in the homozygous state in the index patient
with the parents being heterozygous carriers. The change ¢.521+1del is
absent from 4500 in-house control exomes and is listed only once in
the heterozygous state in 111520 alleles of the Exome Aggregation
Consortium Browser (Cambridge, MA, USAshttp://exac.broadinsti-
tute.org; 12/2014). The c.521+1 deletion is likely to significantly
reduce the efficiency of the donor splice site of intron 4, with the
most likely effect being skipping of exon 4 during splicing. Indeed,
sequencing of the COQ9 ¢cDNA showed a loss of exons 4 and 5 in
patient fibroblasts (Figure 1b). The predicted consequence of the
variant on the COQ9 protein is a deletion of 76 amino acids, including
essential parts of the lipid binding cavity.’

We next investigated the effect of the variant on the expression of
COQY9 by immunodecoration of mitochondria-enriched proteins
using a COQ9-specific antibody. Using different amounts of mito-
chondrial proteins, we were unable to detect COQY in patient cells,
while we always detected COQ9 in controls, indicating the degradation
of the truncated protein (Figure Ilc).

Next, we spectrophotometrically measured several mitochondrial
enzymes using mitochondria-enriched fractions of fibroblasts.
To determine respiratory chain complex II/III activity we measured
the reduction of cytochrome c. For complex IV activity we followed
the oxidation of reduced cytochrome ¢, and the activity of citrate
synthase, a mitochondrial matrix enzymatic marker, was measured by
following the reduction of 5,5'-dithiobis-(2-nitrobenzoic acid). In line
with a defect in CoQ1¢ biosynthesis and the defect found in fibroblasts,
patient cells showed a significant decrease of complex II/III activity
(Figure 2a).

To investigate whether the COQ9 variant is causal for the observed
cellular phenotypes, we expressed the functional protein using
a lentiviral expression vector containing COQ9 wild-type cDNA.
Expression of COQ9 was confirmed by western blotting (Figure 1c).!?

The expression of COQ9 in control cells with normal or reduced
CoQq levels due to COQ2 variants had no influence on complex
I/II activity (Figure 2a). However, after expression of wild-type
cDNA in patient fibroblasts carrying the COQ9 variant, we observed a
significant fourfold increase in complex II/III activity.

As COQY is involved in the biosynthesis of CoQ, the total amount
of CoQjo was measured using ultra-performance liquid chromato-
graphy coupled to tandem mass spectrometry (UPLC-MS/MS). Both
CoQqq patient cell lines showed significantly reduced amounts of
CoQjp, with 10 pmol/mg protein in fibroblasts with COQ2 variants
and 7.3 pmol/mg protein in fibroblasts with the COQ9 variant
(normal range 46.5-90.5 pmol/mg protein). After transduction, fibro-
blasts with mutant COQ9 showed a significant (about threefold)
increase of CoQq levels, whereas the CoQjq levels remained
unchanged in the COQ2 mutant cells (Figure 2b). These findings
provide evidence for a causal relation of the identified COQ9 variant,
the CoQ deficiency and the reduced complex II/III activity.

Investigations in a mouse model and recent human studies
demonstrated that COQ9 is a lipid-binding protein, which has
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structural homology to the TFR family (bacterial transcriptional
regulators).9>11 However, Lohman et al.® demonstrated that COQ9 is
unlikely to act as a transcription factor and suggested that the TFR
structural fold has been repurposed during evolution. Instead of
catalyzing a specific reaction of the biosynthesis of CoQq by itself, it
has been speculated that COQ9 binds either CoQjy or a CoQq
precursor and forms a complex with COQ7. COQ7 catalyzes the
hydroxylation of 6-demethoxy CoQ;g, which constitutes the pre-final
step in CoQ biosynthesis.” The clearly reduced amount of COQ7 in
the patient cell line, which is rescued by increasing COQY, indicates a
COQ7-stabilizing function of COQ9 (Figure 1c).

Of note, in COQ9-mutant mouse as well as human fibroblasts a
potential intermediate of the CoQo biosynthesis has been
described.®!! In mice, this metabolite was identified as 6-demethoxy
ubiquinoney. Detailed human studies are lacking so far. In order to
characterize the metabolite in human cells, we performed different
UPLC-ESI-MS/MS analysis techniques such as full scan, precursor ion
scan or multiple reaction monitoring mode. In accordance with the
studies in mice we specifically detected 6-demethoxy ubiquinone; in
COQ fibroblasts (Figure 2c and d).As 6-demethoxy ubiquinoneq is
hydroxylated by COQ7 to produce 6-hydroxy ubiquinonej;, the
accumulation of this intermediate can be explained by the reduced
amount of COQ7.° As expected, the expression of COQ9 normalized
COQ7 and 6-demethoxy ubiquinone;, levels (Figure 2d). The
metabolite was not detected in other cell lines.

CoQj supplementation has been reported to be beneficial in some
CoQqo-deficient patients. To test the treatment effect in our cell lines
we supplemented them with 5uM CoQ for 1 week according to
Lopez et al.'? Treatment with CoQ rescued complex II/IIT activity in
COQY-mutant fibroblasts significantly to ~80% of the lowest control
value (Figure 2e). Nearly the same effect was observed in COQ2-
mutant fibroblasts, whereas no differences were measured in control
fibroblasts. The content of CoQj( in patient fibroblasts markedly
increased up to about 11-fold after treatment, reaching control values
(Figure 2b). Interestingly, in patient fibroblasts with a genetic defect in
COQ9 no 6-demethoxy ubiquinone;, was detected after treatment
with CoQ;, which might be due to a reduced endogenous biosynth-
esis by sufficient exogenous supplementation with CoQ; (Figure 2d).

In conclusion, our study provides additional insights into the
clinical and cellular consequences of COQ9 deficiency. The severe
clinical course observed in our patient suggests a critical function of
COQY already during prenatal development. The case, together with
the description of Duncan ef al, places COQ9 deficiency among the
most severe forms of CoQq metabolism disorders, comparable to
descriptions in patients with defects in COQ2 or COQ4.%!>14
However, further clinical descriptions will be required to evaluate
the specific clinical spectrum of patients with COQ9 mutations. As
suggested by Duncan et al, CoQq treatment might be helpful in
COQY-deficient children. Accordingly, in unclear cases of neonatal/
early childhood mitochondrial disease, an empirical medication with
CoQq is recommended.
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