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ABSTRACT
Background Coenzyme Q is an essential mitochondrial
electron carrier, redox cofactor and a potent antioxidant
in the majority of cellular membranes. Coenzyme Q
deficiency has been associated with a range of
metabolic diseases, as well as with some drug
treatments and ageing.
Methods We used whole exome sequencing (WES) to
investigate patients with inherited metabolic diseases
and applied a novel ultra-pressure liquid chromatography
—mass spectrometry approach to measure coenzyme Q
in patient samples.
Results We identified a homozygous missense
mutation in the COQ7 gene in a patient with complex
mitochondrial deficiency, resulting in severely reduced
coenzyme Q levels We demonstrate that the coenzyme Q
analogue 2,4-dihydroxybensoic acid (2,4DHB) was able
to specifically bypass the COQ7 deficiency, increase
cellular coenzyme Q levels and rescue the biochemical
defect in patient fibroblasts.
Conclusion We report the first patient with primary
coenzyme Q deficiency due to a homozygous COQ7
mutation and a potentially beneficial treatment using
2,4DHB.

INTRODUCTION
Coenzyme Q (CoQ), also known as ubiquinone, is a
small fat-soluble redox cofactor that has been exten-
sively studied for its essential role as a mitochondrial
respiratory chain electron carrier. It consists of a
redox-active benzoquinone ring and a polyisoprene
tail. The tail is believed to be important for diffusion
in the lipid bilayer, as well as for interactions with ubi-
quinone redox enzymes,1 and comprises 6 units in
yeast (CoQ6), 9 units in rodents (CoQ9) and 10 in
humans (CoQ10). Aerobic respiration requires that
electrons from energy-rich intermediates such as
NADH or FADH2 be passed to molecular oxygen, via
the respiratory chain in the inner mitochondrial mem-
brane. CoQ is essential in this process, shuttling elec-
trons from NADH dehydrogenase (complex I) or
succinate dehydrogenase (complex II) to the cyto-
chrome bc1 complex (complex III). Although pre-
dominantly located in the inner mitochondrial
membrane, CoQ is present in almost all cellular mem-
branes in aerobic organisms.2 In addition to its role as
an electron shuttle during aerobic respiration, CoQ is
also a cofactor of various uncoupling proteins and

other mitochondrial dehydrogenases, and functions in
lysosomes, endoplasmic reticulum and plasma mem-
branes. Furthermore, CoQ is the only lipid-soluble
antioxidant synthesised entirely by animal cells.2

CoQ10 levels naturally diminish with age,2 but
can also be decreased due to treatments with, for
example, statins due to a shared biosynthesis
pathway with cholesterol.3 Additionally, CoQ10

deficiencies (MIM 607426, 614651, 614652,
612016, 614654, 614650) have been reported in a
range of patients with inborn errors of metabol-
ism,4 often identified by severe mitochondrial dys-
function with combined deficiencies of the
respiratory chain complexes. They can be caused
by either a primary defect in the CoQ10 biosyn-
thetic pathway or as a secondary phenomenon in a
range of dysfunctions for yet unclear reasons.
Despite its central role in aerobic respiration, the

biosynthesis of CoQ is not fully understood. Based
on studies in yeast, the products of at least nine
genes, Coq1–Coq9, are known to be involved in
CoQ synthesis, which is initiated by the condensa-
tion of the isoprenoid tail with the benzoquinone
ring precursor.5 A series of benzoquinone ring
modifications, including C-hydroxylations, decar-
boxylations, O-methylations and C-methylations,
subsequently result in CoQ10 formation. For some
of the corresponding proteins (COQ1, COQ2,
COQ6, COQ3, COQ5, COQ7), the biochemical
functions are understood, whereas for others, the
mechanisms behind their involvement in the
pathway remain unclear (COQ4, COQ8, COQ9).
Mutations in PDSS1, PDSS2, COQ2, COQ4,

COQ6, COQ9, ADCK3 and ADCK4 are known
causes of primary CoQ deficiencies in humans.3

PDSS1 and PDSS2 form a heterotetramer, perform-
ing the analogous function to Coq1 in yeast,
whereas ADCK3 is the mammalian Coq8 counter-
part. ADCK4 is a paralog of ADCK3 and has been
shown to interact with members of the CoQ bio-
synthesis pathway, including COQ5,6 COQ6 and
COQ7.7 COQ7 has further been shown to interact
with COQ9,8 suggesting the presence of a large
CoQ10 biosynthesis complex.

MATERIALS AND METHODS
Biochemistry
Mitochondrial ATP production rates (MAPRs) and
respiratory chain enzyme activities in skeletal
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muscle and mitochondrial oxygen consumption of fibroblasts
were determined as described in online supplementary
information.

Next generation sequencing, MIP analysis and Sanger
sequencing
Whole exome sequencing was performed on DNA from the
patient and parents’ fibroblasts, using Illumina technology.
Following mutation identification pipeline (MIP) analysis, among
the top 20 variants only the c.422T>A transition in COQ7
assumed homozygosity and a mitochondrial association. Sanger
sequencing was performed on genomic DNA extracted from
blood from the patient, unaffected sibling and both parents (for
details see ref. 9 and online supplementary information).

Measuring absolute ubiquinone levels
Ubiquinone quantification by ultra-pressure liquid chromatog-
raphy (UPLC)—tandem quadrupole mass spectrometry analysis
was performed as described in online supplementary information.

RESULTS
In this study, we report the first case of COQ7 deficiency. The
affected boy was born in 2005 as the second child of consan-
guineous Syrian parents, with an older healthy sister born in
2002. Pregnancy was complicated by oligohydramniosis, fetal
lung hypoplasia and growth retardation. The boy was born full
term but small for gestational age (birth weight 2070 g, length
46 cm, head circumference 30.5 cm). At birth, he had muscular
hypotonia, contractures of the extremities and respiratory dis-
tress with persistent pulmonary hypertension of the newborn.
His Apgar score was 1,5,7. Lung hypoplasia was confirmed and
renal dysfunction was diagnosed, with plasma creatinine ele-
vated up to 196 mmol/L (ref <100) on day 2. Ultrasound
revealed small dysplastic kidneys with impaired cortical differen-
tiation. Secondary, there was systemic hypertension and left ven-
tricular cardiac hypertrophy. Plasma creatinine normalised
during the first week. Blood pressure normalised after
3 months, the cardiac hypertrophy regressed and pulmonary
function normalised within the first 8 months. Follow-up ultra-
sound of the kidneys has shown normal growth and appearance,
and there are no signs of glomerular or tubular dysfunction so
far. A moderate developmental retardation was seen; the boy
learned to sit without support at 10–11 months and crawled
reciprocally after 1 year of age. He never learned to stand or
walk independently. Electrophysiological investigations at
2 years of age showed peripheral sensorimotor polyneuropathy
of axonal and demyelinating type. An MRI of the brain per-
formed 2 months later was normal. Postnatal growth continued
to be retarded; weight following −3 SD curve, height −2 SD
and head circumference below −3 SD. Due to persistent feeding
difficulties, he received a gastrostomy at the age of 2 years and
10 months. His weight subsequently improved but he remains
short for his age. The patient is currently 9 years old with mild
learning disabilities, hearing impairment due to combined sen-
sorineural and conduction defects, and visual dysfunction. His
musculature is thin and there is significant muscular hypotonia.
The muscle weakness has been progressive with joint displace-
ments and pain; the boy is no longer able to sit. The patient was
initially treated with idebenone, but after the diagnosis of a
primary CoQ10 deficiency he was placed on CoQ10 treatment,
stalling the regression and significantly reducing the pain.

Laboratory investigations at 2 years of age showed slightly ele-
vated plasma lactate (3.5 mmol/L, ref 0.5–2.3), cerebrospinal
fluid (CSF) lactate (4.4 mmol/L, ref 0.5–2.3) and increased CSF

albumin to 652 mg/L (ref <225). Urine analysis revealed moder-
ately increased excretion of fumarate and malate. A muscle
biopsy was performed at 2 years 3 months to measure MAPR
and respiratory chain enzyme activities (see online
supplementary material and methods), revealing a combined
complex I+III and IV deficiency (figure 1A, B). Histological
examination of the biopsy showed small fibre size indicating
neurogenic damage but no obvious myopathic changes. Electron
microscopy revealed no obvious abnormalities of mitochondria
or other structures. Sanger sequencing of the complete mtDNA
genome and the POLG gene revealed no pathogenic mutations.

We performed whole exome sequencing on genomic DNA
samples from the patient and his parents, followed by in-house
computational analysis, using the MIP9 10 (see online supple-
mentary information). After MIP analysis, only three candidate
genes assumed an autosomal recessive inheritance of potentially
disease-causing variants and only a single candidate gene was
associated with mitochondria. Other candidates were dismissed
for failure to show an appropriate inheritance model. Sanger
sequencing confirmed (see online supplementary material and
methods) homozygosity for a thymidine to adenosine transver-
sion at nucleotide 422 of COQ7 (MIM 601683; NM_016138:
exon4:c.422T>A:p.Val141Glu) in the patient and heterozygos-
ity in both parents and the unaffected sibling (figure 1C). The
variant was not present in any of the public databases or in our
in-house database containing data from 156 individuals.

COQ7 is a di-iron oxidase responsible for the penultimate
step of CoQ synthesis, hydroxylating 5-demethoxyubiquinol
(DMQH2) in the presence of NADH.11 12 The highly con-
served glutamic acid p.Glu142 residue is predicted to be part of
the di-iron motif,13 and with p.Val141 being conserved in
eukaryotes (figure 1D), it is highly likely that the p.Val141Glu
mutation affects COQ7 function and impairs iron binding.

To identify whether CoQ levels are affected in the patient, we
developed a novel method to analyse CoQ10 levels in isolated
mitochondria, using UPLC—tandem quadrupole mass spectrom-
etry analysis (see online supplementary material and methods). In
our analysis, this method was highly sensitive to even low levels of
input sample and CoQ10 concentrations, and we were able to iden-
tify a severe reduction in CoQ10 levels in mitochondrial extracts
from patient skeletal muscle samples in comparison with controls,
strongly supporting that the p.Val141Glu substitution impairs
CoQ10 biosynthesis (figure 1E).

Previous studies in yeast demonstrated that benzoic acid deri-
vatives are capable of bypassing certain primary CoQ10 biosyn-
thesis deficiencies.14 15 Specifically, the resorcylic acid,
2,4-dihydroxybenzoic acid (2,4-dHB) is capable of bypassing the
enzymatic step performed by Coq7 in a Coq7 knockout (KO)
yeast strain, overexpressing Coq8,15 and has recently been shown
to rescue COQ7 KO mice.16 In agreement with our observations
made in skeletal muscle mitochondria, patient fibroblasts also dis-
played reduced CoQ10 levels, both in total cell extracts, as well as
mitochondrial preparations (figure 2A). Supplementation of the
culture media with 0.1 mM 2,4-dHB resulted in increased
CoQ10 levels after 7 days, which could be reversed after add-
itional 7 days incubation in the absence of 2,4-dHB (figure 2B).
Surprisingly, CoQ10 concentrations decreased in treated control
cells, suggesting that 2,4-dHB might compete with DMQH2 for
COQ7 activity. Measuring mitochondrial respiratory chain
enzyme activities revealed a clear combined complex I+III and II
+III deficiency in patient fibroblasts, while cells grown in the
presence of 2,4-dHB had improved complex I+III and II+III
activities, with predominantly the former benefiting from the
treatment (figure 2C). We further assessed mitochondrial
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respiration in permeabilised cells. Patient fibroblasts presented
with reduced oxygen consumption, both with complex I, as well
as complex I and II substrates, and the addition of the mitochon-
drial uncoupler carbonyl cyanide m-chlorophenyl hydrazone
revealed only 40% of maximal respiration in patient fibroblasts
in comparison with controls (figure 2D). In contrast, in the pres-
ence of 2,4-dHB, mitochondrial respiration was fully restored in
patient fibroblasts (figure 2D), showing a complete rescue of the
phenotype and indicating a potential treatment strategy of the
COQ7 defect. Finally, to further confirm pathogenicity of the p.
Val141Glu substitution, we transiently expressed human COQ7
in patient fibroblasts, resulting in improved mitochondrial respir-
ation (figure 2E). Transfection efficiency was estimated to
approach more than 80% by coexpression of eGFP in transfected
cells.

Human CoQ10 deficiencies are associated with a heterogeneous
spectrum of clinical phenotypes,3 17 including an infantile multior-
gan disease (COQ2), encephalopathy (PDSS1, PDSS2, COQ2,
COQ4), psychomotor delay (COQ2, COQ4, ADCK3, COQ9),
stroke-like lesions (COQ2, ADCK3), dystonia (COQ2, ADCK3),
hypotonia (COQ2, COQ4, ADCK3), cerebellar atrophy and
ataxia (COQ2, COQ6, ADCK3), epilepsy (COQ2, COQ6,
ADCK3, COQ9), feeding problems (COQ2), deafness (PDSS1,
COQ6), optic atrophy (COQ2), axonal neuropathy (PDSS1,
ADCK3), myopathy (COQ2, COQ4), dysmorphic features
(COQ4, COQ6), exercise intolerance (ADCK3), nephropathy

(PDSS1, PDSS2, COQ2, COQ6, ADCK4) and tubulopathy
(COQ9). Mitochondrial respiratory chain deficiencies are notori-
ously heterogeneous but some of the above features may be more
specific for the primary deficiencies of CoQ, possibly reflecting
additional functions of this molecule. In particular, steroid-
resistant nephrotic syndrome is a prominent presentation in
patients with COQ2,18 COQ6,19 ADCK47 mutations, and the
single patient described with COQ9 deficiency also had renal dys-
function.20 The renal phenotype was studied in detail in cells from
patients with mutations in ADCK4, demonstrating reduced CoQ10

levels and reduced mitochondrial respiratory enzyme activity.7

Additionally, a causative association between ubiquinone and renal
dysfunction was shown in knockdown experiments of Adck4 in
zebrafish and Drosophila,7 as well as mice with a spontaneous mis-
sense mutation in Pdss2,21–25 strongly suggesting that kidney func-
tion is highly sensitive to CoQ levels.

The patient described here has a COQ7 deficiency with a
complex clinical picture and multiple organ involvement. His
neonatal lung hypoplasia, contractures, early infantile hyperten-
sion and cardiac hypertrophy, however, are likely secondary to
his prenatal kidney dysplasia with renal dysfunction and result-
ing oligohydramniosis. Remarkably, this resolved during his first
year, and kidney growth and renal function were normal, even
prior to the initial idebenone treatment. Idebenone treatment
has been proposed to be inefficient in primary deficiencies of
CoQ,26 27 and the patient’s neurological symptoms remained

Figure 1 Mitochondrial respiration and respiratory chain enzyme activities in skeletal muscle, results from Sanger sequencing, and CoQ10 levels.
(A) Mitochondrial ATP production rate was determined by a firefly luciferase-based method at 25°C, using six different substrate combinations as
indicated. Results are presented as the ATP synthesis rate (units) per unit of citrate synthase (CS) activity (control n=11; age 0–5 years). (C)
Respiratory chain enzyme activities of complexes I and III (NADH:cytochrome c reductase), complex I (NADH:coenzyme Q reductase), complexes II
and III (succinate:cytochrome c reductase, SCR), complex IV (COX) and CS were determined. Results are presented as percentage of mean control
(n=9; age 0–5 years) values. The range of control values is depicted as ±2SD. (C) Electropherograms showing patient, one parent and a control
sample for COQ7 exon 4. (D) Sequence alignment of eight representative eukaryotic COQ7 peptide sequences (Geneious R6 software by Biomatters
(http://www.geneious.com)), indicating conserved sites (bold) and the p.Val141Glu patient mutation (underlined). Amino acid position is indicated in
the right column. (E) CoQ10 levels in mitochondrial extracts from skeletal muscle were determined in patient (black) and control (grey; n=3)
samples, using an Acquity UPLC (Waters) connected to a XevoTM TQ (Waters) (for details see the Materials and methods section and online
supplementary information).
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progressive, especially his peripheral neuropathy with resulting
muscular hypotonia and atrophy. He also suffers from mild psy-
chomotor delay with hearing and visual impairment. However,
upon diagnosis the patient was placed on CoQ10 treatment,
which seems to have stabilised disease progression.

In conclusion, we present the first report of CoQ10 deficiency
caused by a homozygous mutation in the gene encoding the

ubiquinone biosynthesis protein COQ7. The unusual clinical
picture, with prenatal onset kidney dysplasia and renal dysfunc-
tion that normalised during the first year, highlights the import-
ance of CoQ10 for kidney development and function. It also
emphasises that the requirement for CoQ10 varies between
tissues and developmental stages, and indicates that it is
dynamic and possibly affected by supplementation therapy. Our

Figure 2 CoQ10 levels, mitochondrial respiratory chain activities and respiration in fibroblasts. (A) CoQ10 levels in mitochondrial and total
fibroblast extracts were determined in patient (black) and control (grey; n=3) samples as described above. (B) CoQ10 levels in control (n=3) and
patient fibroblasts in the presence or absence of 2,4-dihydroxybenzoic acid (2,4-dHB) treatment. Shown is the average of two independent
experiments. (C) Respiratory chain enzyme activities of complexes I and III (NADH:cytochrome c reductase), complex I (NADH:coenzyme Q
reductase), complexes II and III (succinate:cytochrome c reductase, SCR), complex IV (COX) and citrate synthase (CS) were determined in
mitochondrial extracts from control (grey) and patient (black) fibroblasts. Cells were grown in high (4.5 g/L) glucose, Dulbecco’s modified Eagle’s
medium, 10% fetal bovine serum and pyruvate in the presence (light grey, black) or absence (dark grey or white) of 0.1 mM 2,4-dHB. (D)
Mitochondrial oxygen consumption of the patient (black and white) or controls (light and dark grey) in the presence or absence of 2,4-dHB.
Measurements were performed in the presence of the complex I substrates glutamate, malate, pyruvate (GMP) and ADP; complex I+II substrates
GMP, succinate and ADP, or GMP, ADP, succinate and the mitochondrial uncoupler carbonyl cyanide m-chlorophenyl hydrazone (CCCP). Error bars
indicate the SE between three independent experiments. (E) Mitochondrial oxygen consumption of patient (black, white) or control (light and dark
grey) fibroblasts transiently transfected with pIRES2-eGFP_hCOQ7 or empty vector. Shown is the average of two independent experiments.
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results suggest that CoQ10 biosynthesis is not linear, but that
CoQ10 metabolites can enter at several different stages of the
pathway, suggesting that like in yeast14 15 28 resorcylic acid ana-
logues might be useful in the identification of primary CoQ10

deficiencies and provide an alternative treatment strategy for
patients suffering from CoQ10 deficiencies. Support stems from
the recent report that COQ7 deficient mice could be success-
fully treated with 2,4-dHB, while CoQ10 supplementation had
little to no effect on the animals.16
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Supplemental information: 

Materials and Methods  

Biochemistry 

Mitochondrial ATP production rate (MAPR) in skeletal muscle samples and respiratory chain 

enzyme activities were determined as previously described1. Mitochondria were prepared 

from fresh biopsies of the Tibialis anterior muscle and either used directly for MAPR 

measurements, or snap frozen for respiratory chain enzyme activities. Mitochondrial oxygen 

consumption measurements of fibroblasts were performed on permeabilised cells, using 

glutamate, malate, pyruvate (GMP), ADP, with and without succinate for complex I+II or I 

respiration, using an Oroboros oxygraph. Maximal respiration was measured by titration of 

mitochondrial uncoupler CCCP. 

Sanger sequencing 

Sanger sequencing was performed on genomic DNA extracted from blood from the patient, 

unaffected sibling and both parents, using COQ7-f (tgtaaaacgacggccagtcgatgtctggtgcagagg) 

and COQ7-r (caggaaacagctatgacctgaggcactgacctgagc) M13-tagged (underlined) primers to 

cover exon 4 of COQ7 with the BigDye version 3.1 sequencing kit (LifeTechnologies). 

Sequences were analysed on a 3130xl capillary sequencer (LifeTechnologies) and aligned to 

reference sequence NM_016138. 

Next generation sequencing and MIP analysis 



Patient and parents were sequenced to an average 61-101-fold coverage of the exome 

(Supplementary Table 1), with sufficient coverage at 95.7% of the bases according to our cut-

off limits. 120267 variants were called after alignment to GRCh37/hg19. 86% (103082 

variants) were single nucleotide variants (SNV) and 14% (17185 variants) were indels. 

Sequencing data from exome-enriched libraries were aligned, variant called, annotated, 

scored and ranked using MIP2 3. MIP aligned the sequence data using MOSAIK4 and called 

variants with GATK5 6. MIP annotates the variants with information from external and in-

house databases as well as the genetic inheritance pattern (including compound mutations). A 

weighted sum model based on a subset of these annotations was applied to generate a rank 

score for each variant, with most weight applied on the inheritance pattern, minor allele 

frequency, gene coding annotation, functional annotation and protein predictions. Thus, MIP 

retains all variants but priorities them according to disease-causing potential based on the 

rank score. In the top 20 scored variants, only the c.422T>A transition in CoQ7 assumed 

homozygosity and a mitochondrial association. 

Measuring absolute ubiquinone levels 

Ubiquinone quantification was adopted from previously described methods7 8.	 Protein content 

of all samples was measured by standard Bradford analysis (BioRad). Quinones were 

extracted by suspending pellets of isolated human mitochondria or fibroblasts in 200µL of 

cupric sulfate 1mM, followed by addition of 200µL ethanol. After sonication, the homogenate 

was vortexed in the presence of 400µL hexane. The hexane-soluble upper fraction was 

collected and dried, using a SpeedVac apparatus, followed by resuspension in 50-200µL 

ethanol/methanol (9:1), vortexed, incubated for 2min in an ultrasonication bath and filtered 

through a 0.2 µm modified nylon centrifugal filter (VWR) by centrifugation at 6°C with 

21000xg. Absolute CoQ10 concentrations were measured in positive ESI MRM mode (multi 

reaction monitoring), using an Acquity UPLC (Waters) connected to a XevoTM TQ (Waters). 

An Acquity UPLC BEH C18 1.7µm, 2.1 x 50mm column was used at 40°C. Solvent A was 

90% methanol + 10% propanol + 0.1% FA, and solvent B was 45% acetonitril/acetone + 10% 



propanol + 0.1% FA. A linear gradient of solvent A, ranging from 100% to 0% in 3.5min at a 

flow rate of 0.45ml/min was used. 2-6µL of sample was injected, either at 6°C for standards 

or directly after thawing for samples. Source temperature was set to 150°C, desolvation 

temperature was 650°C and desolvation gas was set at 800l/h and cone gas at 50l/h. MRM 

transitions were: CoQ10 m/z 863.67 to 196.94 (quantifier) collision energy 36V, m/z 863.67 

to 95.02 (qualifier) collision 54V, m/z 863.67 to 80.97 (qualifier) collision 66V, cone was in 

all cases 35V. Data management was performed by MassLynx (Waters) and data evaluation 

and absolute quantification was done with TargetLynx (Waters). All compounds were freshly 

prepared daily and dissolved in ethanol/methanol (9:1). CoQ10 standards (2, 5, 10, 25, 50, 

200, 300, 500, 700, 1000ng/mL) were prepared from 100µg/ml stock solutions. 

Rescue of patient fibroblasts 

Human COQ7 cDNA was cloned into pIRES2-eGFP and empty vector, or pIRES2-eGFP-

hCOQ7 was transfected into 2x106 cells, using the P2 transfection kit and a nucleofector 4D 

(Lonza). After 3 days 1x106 cells were used for oxygen consumption measurements on an 

oroboros oxygraph as described. Transfection efficiency was controlled by visualizing eGFP 

co-expression from the same vector.  
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Supplemental table 1: WES report. For exome sequencing, 2-5μg of genomic DNA from 

patient and both parents were used to prepare paired-end libraries, using TruSeq chemistry 

according to standard protocols (Illumina Inc.). Exome-enriched libraries were made using 

the in-solution Nimblegen SeqCap EZ Exome Library (Roche Nimblegen Inc., Madison, WI), 

Agilent SureSelect version 5 (Agilent) or standard protocols supplied by Illumina and 

sequenced on a HiSeq 1000, 2000, 2500 sequencing system (Illumina Inc). Coverage and 

sequencing data is shown (Ts: transitions, Tv: transversion). 

Metric Patient Parent 1 Parent 2 

Uniquely aligned reads (%) 93 91 92

Duplicated reads (%) 56 61 58

Mean target coverage 101 61 77

target bases at 30x (%) 87 72 80

Number of evaluated exonic variants 21436 21742 21389

dbSNP129 concordant rate (%) 99.76 99.76 99.75

Ts:Tv ratio 3.07 3.07 3.04
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