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Abstract

Background and Objectives

Coenzyme Q ;o (CoQ o) is an important electron carrier and antioxidant. The COQ7 enzyme
catalyzes the hydroxylation of S-demethoxyubiquinone-10 (DMQ ,¢), the second-to-last step in
the CoQ ;o biosynthesis pathway. We report a consanguineous family presenting with a hered-
itary motor neuropathy associated with a homozygous c.1A > G p.? variant of COQ7 with
abnormal CoQ ;, biosynthesis.

Methods

Affected family members underwent clinical assessments that included nerve conduction testing,
histologic analysis, and MRI. Pathogenicity of the COQ7 variant was assessed in cultured fibroblasts
and skeletal muscle using a combination of immunoblots, respirometry, and quinone analysis.

Results

Three affected siblings, ranging from 12 to 24 years of age, presented with a severe length-
dependent motor neuropathy with marked symmetric distal weakness and atrophy with normal
sensation. Muscle biopsy of the quadriceps revealed chronic denervation pattern. An MRI ex-
amination identified moderate to severe fat infiltration in distal muscles. Exome sequencing
demonstrated the homozygous COQ7 c.1A > G p.? variant that is expected to bypass the first 38
amino acid residues at the n-terminus, initiating instead with methionine at position 39. This is
predicted to cause the loss of the cleavable mitochondrial targeting sequence and 2 additional
amino acids, thereby preventing the incorporation and subsequent folding of COQ7 into the
inner mitochondrial membrane. Pathogenicity of the COQ7 variant was demonstrated by di-
minished COQ?7 and CoQ ;¢ levels in muscle and fibroblast samples of affected siblings but not in
the father, unaffected sibling, or unrelated controls. In addition, fibroblasts from affected siblings
had substantial accumulation of DMQ ;, and maximal mitochondrial respiration was impaired in
both fibroblasts and muscle.
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Glossary

ALS = amyotrophic lateral sclerosis; BN-PAGE = blue native PAGE; CI = complex I; CoQ ;o = coenzyme Q ;o; CS = citrate
synthase; DMEM = Dulbecco modified Eagle medium; DMQ ;o = S-demethoxyubiquinone-10; ECAR = extracellular
acidification rates; FCCP = carbonyl cyanide p-trifluoromethoxyphenyl hydrazine; HPLC = high-performance liquid
chromatography; mtDNA = mitochondrial DNA; NADH = nicotinamide adenine dinucleotide; PDSS2 = Decaprenyl-
diphosphate synthase subunit 2; ROS = reactive oxygen species; SCs = supercomplexes.

Discussion

This report describes a new neurologic phenotype of COQ7-related primary CoQ ;o deficiency. Novel aspects of the
phenotype presented by this family include pure distal motor neuropathy involvement, as well as the lack of upper motor
neuron features, cognitive delay, or sensory involvement in comparison with cases of COQ7-related CoQ ;o deficiency

previously reported in the literature.

Ubiquinone, also known as coenzyme Q ;o (CoQ o), is a li-
pophilic electron carrier, responsible for shuttling electrons
from complex I and complex II to complex III in the inner
mitochondrial membrane."”” The reduced form of CoQ ,,
ubiquinol, acts as a potent antioxidant in subcellular membranes
and participates in many cellular functions including de novo
pyrimidine synthesis and sulfide metabolism."* CoQ o is pre-
dominantly synthesized endogenously in association with the
matrix side of the inner mitochondrial membrane or obtained in
negligible amounts from diet. As such, CoQ ;, deficiencies are a
group of inherited autosomal recessive mitochondrial diseases
that affect the CoQ ;o biosynthesis pathway either directly
(primary CoQ ;o deficiency) or indirectly (secondary CoQ o
deficiency).? Primary CoQ ;o deficiencies have substantial het-
erogeneity in phenotypic presentation, often presenting as
multisystemic disorders including neurologic abnormalities
(upper and lower motor neuron disorders and cognitive im-
pairment) and steroid-resistant nephrotic syndrome."**

Primary CoQ ;o deficiency can result from pathogenic variation
in COQ7. COQ7 encodes a flavin-dependent monooxygenase,
S-demethoxyubiquinone hydroxylase (COQ7), which catalyzes
the hydroxylation of S-demethoxyubiquinone-10 (DMQ ;o).
There are 7 reported cases of children with primary CoQ ;o
deficiency resulting from pathogenic COQ7 variation (Table 1).
Pathogenicity of these variants has been demonstrated by im-
paired activity of respiratory chain enzymes,”” varying levels of
CoQ 19 deﬁciency,6’7’9’lo accumulation of DMQ ;, and reduced
COQ7 expression.””'® As often observed in CoQ10 deficiency,’
the phenotype includes variable axonal and demyelinating poly-
neuropathy, developmental delay and regression, and upper
motor neuron dysfunction.

In this study, we report 3 siblings with a progressive length-
dependent motor neuropathy with severe distal atrophy. Exome
and genome sequencing identified a homozygous COQ7 variant
resulting in CoQ ;4 deficiency. Unlike the previously reported
cases,” " the affected siblings have a pure distal motor neu-
ropathy without sensory, cognitive, or visual deficiencies. Be-

cause this phenotypic presentation of COQ7-related CoQ ;o
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deficiency differs substantially from those described in earlier
case reports,”" this report extends the phenotypic spectrum
associated with COQ?7-related CoQ ;¢ deficiency.

Methods

Patients

We report 3 affected siblings (sibling 1: female aged 24 years,
sibling 2: male aged 23 years, and sibling 3: male aged 12
years) referred for progressive distal weakness to the Medical
Genetics service for evaluation. The siblings were born to
Syrian parents who are first cousins. Next-generation se-
quencing panels for the Charcot-Marie-Tooth disease, spinal
muscle atrophy, distal hereditary motor neuropathy, and mi-
tochondrial DNA (mtDNA) showed negative results.

Standard Protocol Approvals, Registrations,
and Patient Consents

The affected siblings and family members were enrolled in
the Care4Rare Canada research study' because of the lack of a
molecular diagnosis. Approval of the study design was obtained
from the institutional research ethics board (Children’s Hos-
pital of Eastern Ontario; #1104E and CTO1577), and free
and informed consent was obtained prior to enrollment for all
participants.

Clinical Findings in Affected Siblings

The 3 affected siblings developed distal weakness by 10-14
years of age and muscle atrophy in the distal lower more than
upper extremities with preserved sensation (temperature,
fine touch, sharp, vibration, and proprioception) and pre-
served deep tendon reflexes. The parents and unaffected
brother (sibling 4 in Figure 1A) had normal strength and no
atrophy. Electrodiagnostic testing of all affected siblings
revealed reduced distal motor amplitude pattern with pre-
served sensory responses. Needle EMG studies demon-
strated distal chronic reinnervation with no active
denervation. In addition, siblings 2, 3, and 4 were deaf since
childhood. The deafness did not segregate with motor
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Table 1 Genetically Confirmed Cases of COQ7-Related Primary CoQ 1o Deficiency

Region of Nerve conduction

Case# Sex COQ7 variant(s) origin Clinical phenotype features studies Imaging studies References

1 M Homozygous: Syria Onset birth with intrauterine growth  NCS: peripheral Normal MRI brain Freyer et al.
C.422T>A: retardation; developmental and sensorimotor 2015
p.(Val141Glu) motor delay, hearing impairment, polyneuropathy

visual impairment, neuropathy, axonal and
nephropathy demyelinating
features

2 F Homozygous: Iran Onset 2nd y of life; moderate, N/A Normal MRI brain and Wang et al.
€.332T>C: progressive spastic paraparesis with spine 2017
p.(Leu111Pro) muscle wasting, prominent in legs;
c.308C>T: learning impairment and language
p.(Thr103Met) delay; nonambulatory; hearing loss;

no visual impairment

34 N/A Compound Netherlands Onset age reported as “pediatric” NCS: mild axonal N/A Theunissen
heterozygous: neuropathy etal. 2018
c.197T>A: p.(lle66Asn)

C.446A>G:
p.(Tyr149Cys)

5 M Compound China Onset birth IUGR with N/A Brain MRI: Cerebral Kwong et al.
heterozygous: ¢.599_ cardiomyopathy, nephropathy, atrophy, 2019
600delinsTAATGCATC: respiratory failure, hypotonia, visual periventricular
p.(Lys200llefs*56); and hearing impairment, diffuse leukomalacia, lacunar
c.319C>T: muscle atrophy/weakness infarcts
p.(Arg107Trp)

6 F Homozygous: Iran Onset age 2y, moderate to severe NCS/EMG normal Normal MRI of brain ~ Hashemi
€.332T>C: progressive spastic paraparesis, mild and spine et al. 2021
p.(Leu111Pro) hearing impairment, learning
€.308C>T: difficulty
p.(Thr103Met)

7 M Homozygous Turkey Onset age 1y with developmental N/A Brain MRI: T2 and flair Wang et al.
c.161G>A: language and motor delay, spasticity, hyperintensities in 2022
p.(Arg54GIn) ataxia and joint contractures supratentorial

bilateral
periventricular white
matter

Sibling M Homozygous c.1A>G ~ Syria Onset age 10y, progressive distal NCS: reduced distal  Muscle: Normal Present

1 p.? weakness and atrophy, motor amplitudes proximal muscles with  study

nonsyndromic pure motor pattern with significant distal
length-dependent neuropathy with  preserved sensory ~ muscle wasting and
preserved sensory function and no  responses. EMG: moderate to severe
developmental delay, upper motor  distal chronic fat infiltration below
neuron features or demyelinating reinnervation with  the distal third of the
neuropathy, hearing loss from birth  no active thigh and most
Normal cognition denervation pronounced in the
calves bilaterally
Sibling F Homozygous c.1A>G  Syria Onset age 10y, progressive distal NCS: Reduced distal Muscle MRI: Normal ~ Present
2 p.? weakness and atrophy, non motor amplitudes proximal muscles with  study
syndromic pure motor pattern with significant distal
length-dependent neuropathy with  preserved sensory ~ muscle wasting and
preserved sensory function and no  responses. EMG: moderate to severe
developmental delay, upper motor Distal chronic fat infiltration below
neuron features or demyelinating reinnervation with  the distal third of the
neuropathy; normal hearing no active thigh and most
Normal cognition denervation pronounced in the
calves bilaterally
Sibling M Homozygous c.1A>G  Syria Onset age 10y, progressive distal NCS: Reduced distal Normal MRI brain Present
3 p.? weakness and atrophy, motor amplitudes study
nonsyndromic pure motor pattern with
length-dependent neuropathy with  preserved sensory
preserved sensory function and responses. EMG:
reflexes, and no developmental delay, Distal chronic
upper motor neuron features or reinnervation with
demyelinating neuropathy, hearing  no active
loss from birth; cochlear implant denervation
Normal cognition
Abbreviations: NCS = nerve conduction studies; EMG, electromyogram.
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Figure 1 Genetic Testing
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(A) Pedigree depicting the segregation of COQ7 and GBJ2 variants. (B) Sequencing chromatogram shows the c.1A > G variant (NM_016138.5) detected in COQ7
in the muscle biopsy sample from sibling 2. (C) Native human COQ7 protein as predicted using AlphaFold.>**” With the loss of the start codon, COQ7 will
putatively initiate instead at methionine 39, resulting in the loss of the cleavable n-terminal presequence (containing the mitochondrial and nuclear targeting
sequences),?® as well as the amino acids at positions 37 and 38. The amino acids highlighted in pink correspond to pathogenic variants in published cases of
COQ7-related CoQ 1o deficiency. Panel C is used with permission from DeepMind, the creators of AlphaFold. CoQ 19 = coenzyme Q 1o.

neuropathy (sibling 1 was not deaf and sibling 4 had no
neuropathy) (Figure 1A). Clinical features of the siblings
with motor neuropathy and the affected individuals reported
in the literature are summarized in Table 1.

MRI

Whole-body muscle MRI with coronal T1W1 sequences of the
thorax and abdomen and axial TIW1 and short tau inversion
recovery sequences of the thorax, abdomen, and upper and
lower limbs were performed on a 1.5T Siemens MRIL
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Identification of Rare Variants by

Exome Sequencing

For duo-exome sequencing (sibling 1 and sibling 2), exonic
DNA was selected using the Agilent SureSelect S0 Mb (VS) All
Exon Kit following manufacturer’s instructions and sequenced
on an Illumina HiSeq 2,500. Read alignment, variant calling,
and annotation were performed as per the Care4Rare in-house
pipeline as previously described for FORGE and Care4Rare
Canada projects (github.com/ccmbioinfo/crg2).">"> As per
Care4Rare quality requirements, more than 95% of the
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Consensus Coding Sequence (CCDS) bases were covered by
at least 10 reads, and more than 90% of CCDS bases were
covered by at least 20 reads for each sample. Variants were
disregarded if they were present at >1% in gnomAD or seen in
more than S samples from our in-house database (approxi-
mately 2,000 exomes previously sequenced at the McGill
University and Genome Quebec Innovation Center). PCR and
Sanger sequencing were used to validate the variants identified
by genome-wide sequencing. Variants present in >0.1% minor
allele frequency in gnomAD were excluded.

Sequencing of PCR Amplicons

Total RNA was extracted from muscle biopsy from sibling 2 using
TRIzol reagent (Thermo Fisher Scientific) and was reverse tran-
scribed by using qScript cDNA Supermix (Quanta Biosciences)
according to instructions from the manufacturers. N-terminal part
of the coding region of COQ7 was amplified by using Phusion
High-Fidelity DNA Polymerase (New England BioLabs), and
the primer pairs used were as follows: 5'-AGTCCGAGC-
CAAGGGCAC-3' and §'- TTCAGTGTCGCCAACTGTCC-
3. PCR products were directly used for sequencing (McGill
University and Génome Québec Innovation Center).

Tissue Sampling

Full-thickness skin samples were obtained from the 3 affected
siblings, an unaffected sibling (sibling 4), and the father using
standard punch biopsy technique. In addition, an open muscle
biopsy of the left vastus lateralis of sibling 2 was performed
using a standard protocol. Hematoxylin and eosin, Gomori
trichrome, and oil red O staining were performed to search for
ragged red fibers and detection of abnormal lipid deposits.
Stains for nicotinamide adenine dinucleotide (NADH), suc-
cinic dehydrogenase, cytochrome oxidase, and myosin ATPase
(atpH 4.3,4.7, and 10.4) were performed to identify fibers with
respiratory chain abnormalities. Transmission electron mi-
croscopy was performed by Eastern Ontario Regional Labo-
ratory Pathology Laboratory according to standard techniques.
A portion of the sampled vastus lateralis was snap frozen in
liquid nitrogen and stored at —80°C for later analyses, and 1
portion was placed in ice-cold biopsy preservation solution for
mitochondrial respiration analysis (biopsy preservation solu-
tion, pH 7.1; 5.77 mM Na,ATP, 7 10 ethylene glycol tetraacetic
acid-CaEGTA buffer [0.1 yM free Ca®], 6.56 mM MgCl,-
6H,0, 20 mM taurine, 60 mM K-lactobionate, 15 mM phos-
phocreatine, 20 mM imidazole, 0.5 mM dithiothreitol, and
50 mM 2-(N-morpholino)ethanesulfonic acid). Samples of
muscle were also obtained from wild-type and COQ7-knockout
mice and an unrelated human donor.

Cell Cultures

Skin-derived fibroblasts were maintained according to 1 of 2
protocols. In the first protocol, fibroblasts were maintained at
37°C in Dulbecco modified Eagle medium (DMEM; #319-005-
CL, Wisent) supplemented with 10% fetal bovine serum
(#090-150, Wisent), 1x GlutaMAX (Gibco, 35050-061), 1%
antibiotic-antimycotic (#450-115-EL, Wisent), and 5% CO,. In
the second protocol, fibroblasts were maintained at 37°C in
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DMEM (Gibco, 11995-065) supplemented with 10% fetal bovine
serum, Ix GlutaMAX (Gibco, 35050-061), 1% penicillin-
streptomycin solution (Gibco, 15140-122), and 5% CO,. Im-
munoblots, quinone analyses, and viability assessments were
performed in cells with passage numbers between 8 and 20. Cell
viability was assessed in standard glucose media and in media
containing 10 mM galactose and no glucose, which stimulates
oxidative phosphorylation. Cell viability was determined using the
resazurin reduction assay with 0.15 mg/mL resazurin solution at
10% v/v of the total culture volume incubated for 2 hours.

Analysis of Fibroblast Cellular Bioenergetics
The Seahorse XFe96 Analyzer (Agilent) was used to measure
oxygen consumption rates and extracellular acidification rates
(ECAR). Fibroblasts were seeded at 15,000 cells/well 24 hours
prior to analysis. The following day, cell culture media was
replaced with phenol red-free, sodium bicarbonate—free Sea-
horse XF medium, pH 7.4 (DMEM, 25 mM p-glucose) sup-
plemented with 4 mM L-glutamine, 1 mM Na-pyruvate 30
minutes prior to loading into the XF Analyzer. Following
measurements of basal respiration, fibroblasts were treated with
sequential injections of oligomycin (1 uM), carbonyl cyanide p-
trifluoromethoxyphenyl hydrazine (FCCP) (1 uM), antimycin
A (0.5 uM) with rotenone (0.5 uM), and monensin (10 pM).
After completion of the assay, Seahorse XF medium was re-
moved, and cells were washed with PBS, followed by lysis with
radioimmunoprecipitation lysis buffer (0.5M Tris-HCI, pH 7.4,
1.5M NaCl, 2.5% deoxycholic acid, 10% NP-40, and 10 mM
EDTA). The amount of protein per well was determined by the
BCA assay using the Pierce BCA Protein Assay Kit (Ther-
mofisher, 23225). Data were analyzed using the XF software
(Seahorse Biosciences), and bioenergetic capacity and fuel
flexibility were investigated by graphing glycolytic and oxidative
ATP production, as previously described.'®

Enzyme Activities

Enzyme activities for citrate synthase (CS) and complex I (CI)
were determined as previously described'” using the BioTek
Synergy Mx Microplate Reader (BioTek Instruments, Inc,
Winooski, VT). For CS activity, fibroblasts were lysed in 20 mM
hypotonic potassium phosphate buffer (pH 7.5) using an 18-
gauge needle and centrifuged at 14,000g for 10 minutes at 4°C.
CS activity was determined by measuring absorbance at 412 nm
in S0 mM Tris-HCI (pH 8.0) with 0.2 mM DTNB, 0.1 mM
acetyl-coA, and 0.25 mM oxaloacetate.

For assessment of CI activity, mitochondrial-enriched fractions
were prepared by lysing cells in 10 mM ice-cold hypotonic Tris
buffer (pH 7.6) with a 22-guage needle. The cell lysate was mixed
with 1.5 M sucrose solution and subsequently centrifuged at 600g
for 10 minutes at 4°C. The supernatant was collected and centri-
fuged at 14,000 for 10 minutes at 4°C. The mitochondrial pellet
was resuspended in 10 mM ice-cold hypotonic Tris buffer
(pH 7.6) and subjected to 2 flash-freeze cycles to improve rote-
none sensitivity. CI activity was determined by measuring absor-
bance at 340 nm in SO mM potassium phosphate buffer (pH 7.5),
3 mg/mL fatty acid—free bovine serum albumin, 300 uM KCN,
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100 yM NADH, and 60 pM ubiquinone. Enzyme activity was
calculated using the extinction coefficient (& = 13.6 mmol " em™
for CS; 62 mmol ™" cm™ for CI) and expressed per microgram

of protein.

Immunoblotting

As previously performed,” protein content of whole-cell lysates of
biopsied muscle tissue (from sibling 2) and cultured fibroblast
samples was determined using the BCA assay (Thermo Fisher
Scientific), and standard immunoblotting techniques were used to
probe COQ7 expression in samples (75 pg of total protein). Im-
munoblots were performed once. Porin was probed as a loading
control. Decaprenyl-diphosphate synthase subunit 2 (PDSS2), the
first enzyme involved in COQ_biosynthesis, was probed to de-
termine whether there were other effects on the COQ_bio-
synthesis pathway in the affected siblings. Primary antibodies
were rabbit polyclonal anti-COQ7 (1:1,000 dilution; Pro-
teintech Group Inc, Chicago, IL), anti-VDAC1/Porin (1:1,000
dilution; Cell Signaling Technology, Danvers, MA), and anti-
PDSS2 (1:2000 dilution; Proteintech Group Inc, Chicago, IL).
Flash-frozen skeletal muscle obtained from a 31-year-old male
volunteer (ZenBio, Inc., NC) was used as a wild-type control.

Mitochondrial Supercomplex Analysis

Vastus lateralis samples were assessed for ETC supercomplexes
(SCs) by blue native PAGE (BN-PAGE), as previously de-
scribed.'® The following primary antibodies were used: CI
(NADH dehydrogenase [ubiquinone] la subcomplex subunit 9,
mitochondrial [NDUFA9]) (459100; Thermo Fisher Scientific,
Waltham, MA), complex II (CII; Fp) succinate dehydrogenase
complex, subunit A, flavoprotein variant (459200; Thermo Fisher
Scientific), complex I (CIII; ubiquinol-cytochrome c reductase
core protein II) (Ab1474S; MitoSciences [Abcam, Cambridge,
United Kingdom]), complex IV (CIV; subunit I) (459600;
Thermo Fisher Scientific), and complex V (CV; ATP synthase
subunit a, mitochondrial) (Ab14748; MitoSciences). ETC SCs
were analyzed based on their banding pattern, as previously
confirmed by 2D-BN-PAGE."

Quantitation of CoQ 40

Quinone extraction and quantitation by high-performance lig-
uid chromatography (HPLC) were conducted as previously
described " using 2 biological replicates. In brief, cells were lysed
in a RIPA buffer (Tris-HCl, pH 7.5, 1% NP-40, 0.5% deoxy-
cholate, 10 mM EDTA, and 150 mM NaCl) and extracted with
a mixture of 28.5% ethanol and 71.5% hexane (vol/vol) for 2
minutes by vigorously vortexing. After centrifugation, the upper
organic layer was transferred to a new tube, and hexane was
evaporated by drying in a SpeedVac concentrator (Thermo
Fisher Scientific) and kept at —80°C. The left residual was finally
redissolved in a mixture of methanol and ethanol (7:3, vol/vol)
before injection into HPLC (a Agilent 1,260 Infinity LC sys-
tem). During the HPLC, the samples were separated on a
reverse-phase C18 column (2.1 x S0 mm, 1.8 pum, Agilent m),
eluted with mixture of 70% methanol and 30% ethanol (vol/
vol) at 1.8 mL/minute and detected at 275 nm. Peak identities
and CoQ ;o amounts were established by comparison with the
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profile obtained from CoQ o standard (Sigma-Aldrich).
Protein content in the quinone extracts was determined by
the BCA assay (Thermo Fisher Scientific) and used to nor-
malize quinone levels. The muscle sample of sibling 1 was also
run after being spiked with a 65-ng CoQ_;¢ standard to further
verify the CoQ ;o peak identity; this experiment was per-

formed once.

High-Resolution Respirometry of Vastus
Lateralis Muscle

High-resolution respirometry was conducted on saponin-
permeabilized vastus lateralis muscle from sibling 2 and healthy
controls using an Oxygraph-2k system with an attached fluo-
rometer (Oroboros, Innsbruck, Austria).

The Oxygraph-2k units were calibrated, and all measure-
ments were performed in duplicate at 37°C in 2 mL of mi-
tochondrial respiration media (MiR0S5:110 mM sucrose,
60 mM K-lactobionate, 20 mM N-2-hydroxyethylpiper-
azine-N-2-ethane sulfonic acid, 20 mM taurine, 10 mM
KH,PO,, 3 mM MgCl,, 0.5 mM ethylene glycol tetraacetic
acid, 1 g/L bovine serum albumin, pH 7.1).

As previously described,™ the assay protocol consisted of consec-
utive additions of 2 mM malate, S mM pyruvate, 10 mM glutamate
(Clleak), 5 mM ADP (CI OXPHOS), 10 mM succinate (CI + I
OXPHOS), 2.5 uM oligomycin (CI + I Leak), 0.5 uM titrations of
FCCP (Max respiration), 2.5 pM antimycin A (nonmitochondrial
respiration), 0.5 mM N,N,N',N’-Tetramethyl-p-phenylenediamine
dihydrochloride, 2 mM sodium L-ascorbate (CIV activity), and
100 mM sodium azide (CIV inhibitor). Values were corrected to
nonmitochondrial oxygen consumption (ie., that in the presence
of antimycin A), and CIV was corrected to sodium azide.

Statistical Analysis

Group comparisons of fibroblast respirometry were made using
2-tailed Student ¢ tests for independent samples. Group com-
parisons of quinone levels in fibroblasts were made using 2-way
analysis of variance, followed by Dunnett multiple comparison
tests. Statistical significance was defined at p < 0.05.

Data Availability
Data are available from the corresponding author on rea-
sonable request.

Results

Genetic Testing

Genetic testing for the Charcot-Marie-Tooth disease, spinal
muscle atrophy, distal hereditary motor neuropathy, and
mtDNA panel was performed on a clinical basis and showed
negative results for a pathogenic variant. As such, the family was
enrolled in research and duo-exome sequencing was performed
on sibling 1 and sibling 2 and identified a shared homozygous
variant of uncertain significance in COQ7 (NM_01638.5) c.1A
> G p (Figure 1C). Affected sibling 3 also shared the homo-
zygous, variant of uncertain significance in COQ?7. The parents
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and sibling 4 were heterozygous carriers for the COQ7 variant.
The COQ7 variant was absent in gnomAD, and in silico pre-
diction modeling predicted pathogenicity. This variant is the
substitution of guanine for adenine at nucleotide position 1 and
is predicted to result in a loss of the initiating methionine.
Sequencing of PCR amplicons of COQ7 ¢cDNA from muscle
biopsy in sibling 2 also indicated a c.IA > G substitution
(Figure 1B). The putative impact on the COQ7 protein is
shown in Figure 1C.

In addition, for the 3 siblings who had congenital deafness
(siblings 2, 3, and 4), genetic testing also revealed a homozygous
GJB2 variant: ¢35delG; p.(Glyl2Valfs2) (NM_004004.5),
which has previously been reported as pathogenic and causing
autosomal recessive deafness in multiple families.”"** The par-
ents were found to be heterozygous carriers of the GJB2 variant
(Figure 1A).

Whole-Body MRI

Consistent with the distal atrophy observed clinically, muscle
MRI of siblings 1 and 2 demonstrated normal proximal
musculature with significant distal muscle wasting and mod-
erate to severe fat infiltration starting the level of the distal
third of the thigh and most pronounced in the calves bi-
laterally (Figure 2).

Muscle Pathology
Muscle biopsy of left vastus lateralis of sibling 2 demonstrated
neurogenic atrophy with wide variation in fiber size and shape

due to the presence of scattered angular, atrophic fibers, oc-
casionally in groups, as well as abundant pyknotic nuclear
clumps. There were no ragged red fibers or cytochrome oxi-
dase negative fibers. Myofibrillar ATPase staining revealed
group atrophy and fiber type grouping (eFigure 1, links.Iww.
com/NXG/AS572).

CoQ 10 Analysis

HPLC analysis yielded no detectable DMQ j (the substrate
of COQ7) in cultured skin fibroblasts from the father or
sibling 4, whereas a significant amount of DMQ ;o was
detected in siblings 1, 2, and 3 (Figure 3A, B). On average,
cultured fibroblasts from siblings 1, 2, and 3 had 87% lower
CoQ yp than their father and unaffected sibling (Figure 3, A
and B). Muscle CoQ j in sibling 2 was 67% lower than
muscle CoQ ;o of the unrelated human donor (63 ng/mg
protein vs 192.7 ng/mg protein) (Figure 4, A-C). However,
no DMQ o peak was seen in the muscle of sibling 2
(Figure 4, A and B).

Immunoblot Analysis

The affected siblings had severely diminished levels of COQ7
in fibroblasts (Figure 3D), with COQ7 to porin ratios 85% +
7% lower in affected siblings than their carrier father and
sibling 4. The molecular weights of the truncated and wild-
type proteins were comparable. The level of the COQ
biosynthetic enzyme PDSS2 was unchanged in all 3 affected
siblings. No COQ7 was detected by Western blot analysis
in the muscle biopsy from sibling 2 (Figure 4D). No

Figure 2 Distal Denervation Atrophy on Muscle MRI and Muscle Biopsy

MRI axial images T1 Dixon 2 point in-
phase images (A, B) and short tau
inversion recovery images (C, D) of
patient 1 (sister, left) and patient 2
(older brother, right). Upper extremity
musculature is normal (A top, B top).
In the distal third of the thighs, there is
bilateral fat infiltration of variable de-
gree, ranging from mild to severe. The
findings are more diffuse and ad-
vanced in the sister, involving all
muscle compartments (A middle). In
the brother (B middle), the anterior
compartment involvement is less evi-
dent. Within the calves (A bottom, B
bottom), there is bilateral severe fatty
atrophy of most muscles, particularly
in the soleus and gastrocnemius. In
the sister (A bottom), there is more
evident asymmetric sparing of the
tibialis posterior (*) and tibialis ante-
rior (arrow), which are remarkably
spared on the right side. short tau in-
version recovery images demonstrate
edema-like signal changes of spared
muscle fibers. In the sister (C), in the
tibialis posterior/tibialis anterior (ar-
rows). In the brother (D), in the ante-
rior muscle compartments (thick
arrows) and the gastrocnemius (thin
arrows).
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Figure 3 Depleted CoQqo and COQ7 in Cultured Fibroblasts
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(A) HPLC chromatograms of quinone extracts from human skin fibroblasts. The cells from the 3 affected siblings show a significant loss of CoQ4o and
accumulation of the biosynthetic precursor DMQ 1. (B) Quinone quantification. Values are shown as mean + standard error of the mean (SEM) (n = 2 biological
replicates). ***p < 0.001 compared with the CoQ g level in the father’s cells (2-way analysis of variance, followed by Dunnett multiple comparison tests). (C)
Cell viability after a 4-day culture in galactose medium. Values are shown as mean + SEM (n = 6). (D) Western blot analysis of expression of COQ7. In the skin
fibroblasts from the 3 affected siblings, there is a severe reduction in COQ7 expression, in comparison with the cells from the carrier sibling and their carrier
father. The level of the COQ biosynthetic enzyme PDSS2 is unchanged. The mitochondrial outer membrane protein, porin, was used as a loading control.
CoQ+o = coenzyme Q+o; HPLC = high-performance liquid chromatography.

comparisons of COQ?7 protein expression were made be-
tween heterozygous carriers and controls.

Mitochondrial Function Is Impaired in Skeletal
Muscle From Sibling 2

High-resolution respirometry analysis of biopsied vastus lat-
eralis muscle from sibling 2 revealed minimal differences
in respiratory flux for CI leak, CI OXPHOS, and CI + CII

Neurology: Genetics | Volume 9, Number 1 | February 2023

OXPHOS compared with that of vastus lateralis obtained
from unrelated controls. However, FCCP-induced maximal
mitochondrial respiration and CIV activity were lower in
vastus lateralis muscle from sibling 2 compared with those in
muscle from unrelated controls (Figure SA). Simultaneous
fluorometric analysis demonstrated higher H,O, emissions in
muscle from sibling 2 compared with those in muscle from
healthy controls (Figure SB). Because mitochondrial SCs are
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Figure 4 Depleted CoQ10 and COQ?7 in Skeletal Muscle
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(A) HPLC chromatograms of quinone extracts from muscle biopsy samples. Flash-frozen skeletal muscle obtained from a 31-year-old male volunteer was used as a
control. (B) HPLC chromatograms of quinone extracted from 1.2 mg of muscle biopsy sample from sibling 2. One sample was spiked with 65 ng of CoQ+q standard
before HPLC injection. The result show that the area of the peak of interest is greater in the CoQ1o-spiked sample, providing further confirmation of the CoQ1o peak
identity and allowing quantitation of CoQ+0. (C) Quantitation indicated that the muscle of sibling 2 has 67% less CoQ+q than the control muscle. (D) Western blot
analysis of expression of COQ7. Compared with the control, there is a severely diminished level of COQ7 in the muscle sample from sibling 2. Skeletal muscles from an
adult-onset COQ7-knockout™ or a wild-type mouse were used for verification of the COQ7 band identity. The mitochondrial outer membrane protein, porin, was used

as a loading control. Western blots were cropped to show only relevant bands. CoQ 1o = coenzyme Q4o; HPLC = high-performance liquid chromatography.

known to enhance electron flow and decrease reactive oxygen
species (ROS), we therefore assessed SC content in vastus
lateralis from sibling 2. BN-PAGE analysis of skeletal muscle
mitochondrial SC content demonstrated decreased content of
complexes I and IV containing SCs in sibling 2, whereas levels
of complex III containing SCs were in range of controls
(Figure SC).

Fibroblast Mitochondrial Function

Basal oxygen consumption and oligomycin-induced leak respi-
ration were preserved in cultured fibroblasts from affected siblings.
Consistent with the impaired maximal respiration observed in
vastus lateralis from sibling 2, cultured fibroblasts from affected
siblings demonstrated similar defects in maximal respiration
compared with fibroblasts from unrelated controls (p < 0.05;
Figure 6A and eFigure 2A, linkslww.com/NXG/AS72). Spare
respiratory capacity was lower in fibroblasts from affected siblings,
reflecting impaired ability to respond to increased energetic de-
mands. The basal ECAR was higher in fibroblasts from affected
siblings (p < 0.01; Figure 6B and S2B). Maximal glycolytic rate

Neurology.org/NG

achieved after the addition of monensin was not different in af-
fected siblings compared with that in control fibroblasts. Using the
Mookerjee method'® to assess bioenergetic capacity and meta-
bolic flexibility, fibroblasts from affected siblings exhibited a higher
glycolytic index (eFigure 2C, linksIww.com/NXG/AS72), dem-
onstrating a bioenergetic profile favoring glycolysis and the
Warburg effect (p < 0.001; Figure 6C). When assessing the supply
flexibility index of the fibroblasts (the ability to change the source
of ATP supply between glycolytic and oxidative pathways in re-
sponse to changes in ATP demand), fibroblasts from affected
siblings displayed impaired capacity to switch between ATP
production pathways (p < 0.01; Figure 6D). Complex I activity
was in range of controls (eFigure 2D, linkslww.com/NXG/
AS72). Mitochondrial content, as assessed by CS activity, was not
different in fibroblasts from affected siblings relative to controls
(eFigure 2E, linkslww.com/NXG/AS72). Despite the observed
impairment of mitochondrial respiratory function, the skin fi-
broblasts from sibling 2 showed similar viability in galactose me-
dium, compared with that of sibling 4 and father with wild-type
level of CoQ ;o (Figure 3C).
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Figure 5 Increased H,0, Emissions and Decreased Mitochondrial Respiration in Skeletal Muscle From Sibling 2
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(A) High-resolution respiratory flux per mg of saponin-permeabilized vastus lateralis muscle from COQ7-affected sibling 2 and unrelated controls. FCCP-
induced maximal respiration and CIV activity were lower in the COQ7-affected muscle. (B) Simultaneous fluorometric quantification of H,O, emissions was
higher in vastus lateralis from affected sibling 2. (C) BN-PAGE analysis revealed a decrease in Cl and CIV mitochondrial supercomplexes in vastus lateralis

muscle of affected sibling 2. BN-PAGE = blue native PAGE.

Discussion

Previously reported cases of COQ7-related CoQ ;¢ deficiency
have presented with a global demyelinating and axonal sen-
sorimotor polyneuropathy, developmental delay, and upper
motor neuron features.”'! We presented 3 siblings with
pathogenic variation in COQ7 and a pure motor length-
dependent neuropathy with no clinical or electrophysiologic
evidence of sensory nerve involvement and no evidence of
demyelination. The siblings had no developmental delay or
cognitive impairment and no upper motor neuron features. Pure
motor neuropathies are rare, and the clinical presentation of the
family reported in this study represents a distinct phenotype
from previously reported cases of COQ7-related CoQ 1o de-
ficiency. A caveat to the clinical phenotype described here is that
other features may develop as the siblings get older and their

Neurology: Genetics | Volume 9, Number 1 | February 2023

condition progresses. While COQ?7 has been associated with
hearing loss in past reports,®”'® hearing loss did not segregate
with COQ7 variants in this report. In this family, deafness was
explained by the pathogenic homozygous c35delG p.(GLy12-
Valfs*2) variants in GJB2. This GBJ2 variant is a well-established
cause of nonsyndromic hearing loss.”"**

In the absence of the COQ7 start codon, the c.1A > G p.? variant
is expected to truncate the translated protein by 38 amino acid
residues at the n-terminus, initiating instead with methionine at
position 39.* The resulting translated protein is expected to be
approximately 17.5% smaller than the typical protein (i.e., 179
vs 217 amino acids) in length, lacking the n-terminal mito-
chondrial targeting presequence that enables import of COQ7
into mitochondria and 2 subsequent amino acids. The prese-
quence is normally cleaved within the mitochondria, accounting
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Figure 6 Seahorse Analysis on Cultured Skin Fibroblasts
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(A) Maximal respiration and spare respiratory capacity are decreased in fibroblasts from affected siblings (COQ7) compared with their carrier father and
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formation from OXPHOS and glycolysis. (D) The supply flexibility index. All values are presented as mean values + SD. Comparisons between groups were as
determined using a 2-tailed Student t test for independent samples. *p < 0.05, **p < 0.01.

for the similar molecular weights observed in the immunoblot.
The primary biochemical consequence of CoQ ;o deficiency is
impaired electron flow that results in decreased mitochondrial
respiration. In the cases presented in this study, COQ7 was
severely depleted and DMQ ;o accumulated in cultured skin
fibroblasts from the affected siblings, consistent with the notion
that CoQ ;o biosynthesis is intact excepting the last 2 steps. In
contrast to the results from cultured fibroblasts, the muscle
from sibling 2 did not accumulate DMQ ;, despite the lack
of detectable COQ7 and a 67% reduction in CoQ ;5. To
explain the absence of DMQ _j, but the presence of CoQ ;o
in muscle, we speculate that in a differentiated tissue such as
muscle, compared with quickly dividing fibroblasts, the
overall CoQ synthesis pathway is so severely depressed that
insufficient DMQ ;¢ is produced to allow for detection. By
contrast, the muscle tissue might respond to low CoQ 19
production by slowing CoQ ;o breakdown enough to pro-
duce a measurable peak. The fibroblasts and permeabilized
skeletal muscle from individuals homozygous for the c.1A >
G p.? COQY7 variant displayed decreased maximal respira-
tion, whereas resting respiration in the cultured fibroblasts
and respiration with CI and CI + II substrates in per-
meabilized skeletal muscle were preserved. The preserved
substrate-driven respiration contrasts that of the c.422T > A
p-(Vall41Glu) COQ?7 variant where respiration in the
presence of CI and CI + II substrates was impaired in pri-
mary patient fibroblasts,” as well as the patient fibroblasts
with the ¢.308C > T p.(Thrl03Met) and c.332T > C
p-(Leull1Pro) COQ7 variant that did not exhibit lower
respiration.'®  The mitochondrial

maximal diverse
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phenotypes observed in these different variants likely con-
tribute to the heterogeneity in phenotypic presentations of
COQ7 deficiency.

The severe fat infiltration observed in the affected siblings is
similar to reports that involve myopathic presentations of
CoQ ;o deficiency,”**® in which excessive lipid droplets are
commonly observed in histologic examinations of skeletal
muscle. Lipid accumulation likely results from decreased fatty
acid usage in mitochondrial oxidative processes and increased
reliance on glycolytic metabolism. Consistent with this notion,
COQ7-knockout mouse embryonic fibroblasts have increased
glycolytic capacity and fail to survive when cultured in galactose
media.? In line with these observations, the COQ7 fibroblasts
from the affected siblings presented in this study exhibited a
bioenergetic profile favoring glycolysis and an impaired ability
to increase oxidative metabolism in response to increased en-
ergy demands. Fibroblasts from affected siblings were found to
be viable in galactose. Cells lacking COQ7 are capable of mi-
tochondrial respiration mediated by DMQ_at low levels”’;
however, COQ?7 deficiency is associated with the activation of
the mammalian target of rapamycin (mTOR)/hypoxia-in-
ducible factor 1-alpha (HIF-1a) and ROS/HIF-1a signaling
pathways that promote aerobic glycolysis.*®

In addition to the mitochondrial targeting sequence, a nuclear
targeting sequence between amino acids 11 and 29 in COQ7
has been reported.”” While the existence of nuclear-located
COQ7 is controversial,*® nuclear-located COQ7 reportedly

functions independent from the mitochondrial form and plays
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a specific role in mediating ROS metabolism and mitochondrial
stress responses.”” Human cells lacking nuclear COQ7 have
increased ROS emissions and are more susceptible to ROS-
induced cell death.”® Moreover, Caenorhabditis elegans worms
null in clk-1, the C elegans homolog of COQ7, have increased
expression of genes involved in the mitochondrial unfolded
protein response, which is ameliorated in the presence of
nuclear-located COQ7.%*° In context of the patients presented in
this study, the increased H,O, emission observed in the per-
meabilized skeletal muscle of sibling 2 may be attributable to the
lack of nuclear-located COQ7. Moreover, the decreased as-
sembly of mitochondrial SCs in the muscle from sibling 2 may
contribute to enhanced ROS production in COQ?7 patients.

Precisely why the c.1A > G p.? COQ7 variant affects distal
motor but not sensory function is not known, but metabolic
disturbances and oxidative stress associated with CoQ ;o de-
ficiency should be considered potential pathomechanisms.>'
Selective degeneration of motor neurons is associated with
endoplasmic reticulum stress, impaired mitochondria fusion,
altered transport of mitochondria, and mitochondrial dys-
function in distal hereditary motor neuropathies.>**> Mito-
chondrial oxidative stress has been also been implicated in the
distal motor axonopathy seen in patients with amyotrophic
lateral sclerosis (ALS) and in animal models of ALS,** a con-
dition that presents with limited or subtle sensory in-
volvement.*® Thus, the metabolic dysfunction observed in the
fibroblasts and biopsied muscle of the affected patients com-
bined with the elevated H,O, emission observed in the biopsy
with the observed neuropathy likely contribute to the distal
motor phenotype. The hypothesis that motor axon viability is
challenged by mitochondrial oxidative stress in COQ7 neuro-
logic disease should be explored in future studies.

CoQ o deficiencies are frequently treated with a high-
dose oral supplementation of CoQ ;o or CoQ ;¢ precursor
molecules that bypass the relevant genetic alteration, with
2,4-dihydroxybensoic acid as a notable example for COQ7-
related CoQ o deficiency.””*"" However, the efficacy and
safety of 2,4-dihydroxybensoic acid has recently been called
into question.9 Responses to oral supplementation are variable
and may be tissue dependent.””'*"" CoQ , treatment has not
resulted in a long-term improvement in COQ7 phenotypes,é’7’10’11
but advances in methods to solubilize CoQ ;o may lead to better
outcomes in the future.” No experiments to rescue metabolic
function of cultured fibroblasts from the affected siblings were
performed in this study.

In conclusion, we present the first report of pure distal he-
reditary motor neuropathy associated with a homozygous
pathogenic variant in the gene encoding the ubiquinone bio-
synthesis protein COQ?7. This clinical presentation extends the
phenotypic spectrum of COQ?7 neurologic disease, which has
been previously reported with axonal and demyelinating pol-
yneuropathy, spastic paraparesis, and cognitive delay. This
study also highlights the importance of COQ?7 for motor nerve
function. Further functional studies are needed to improve the
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understanding of the underlying pathomechanism(s) and the
potential overlap with other motor neuropathies.
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