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Abstract
Cytochrome c oxidase 20 (COX20)/FAM36A encodes a conserved protein that is important for the assembly of COX, com-
plex IV of the mitochondrial respiratory chain. A homozygous mutation (p.Thr52Pro) in COX20 gene has been previously 
described to cause muscle hypotonia and ataxia. In this study, we describe two patients from a non-consanguineous family 
exhibiting autosomal recessive sensory-dominant axonal neuropathy and static encephalopathy. The whole-exome sequencing 
analysis revealed that both patients harbored compound heterozygous mutations (p.Lys14Arg and p.Trp74Cys) of COX20 
gene. The pathogenicity of the variants was further supported by morphological alternations of mitochondria observed in 
sural nerve and decreased COX20 protein level of peripheral blood leucocytes derived from the patients. In conclusion, 
COX20 might be considered as a candidate gene for the complex inherited disease. This observation broadens the clinical 
and genetic spectrum of COX20-related disease. However, due to the limitation of a single-family study, additional cases 
and studies are definitely needed to further confirm the association.

Introduction

Cytochrome c oxidase 20 (COX20, also known as FAM36A) 
encodes a conserved protein that is important for the assem-
bly of COX, complex IV of the mitochondrial respiratory 
chain (Bourens et al. 2014; Herrmann and Funes 2005; 
Szklarczyk et al. 2013). Defects in the assembly of COX are 

a frequent cause of oxidative phosphorylation disorders in 
humans. Patients suffering from COX-related mitochondrial 
diseases present with heterogeneous clinical phenotypes 
ranging from encephalomyopathy, hypertrophic cardio-
myopathy and liver disease to Leigh’s syndrome (Bourens 
et al. 2014). While only a number of COX deficiencies can 
be traced to mutations in the mitochondrial and nuclear-
encoded subunits, the majority of disease-causing mutations 
can be found in genes encoding assembly factors. COX20 is 
a critical COX2-specific assembly factor that acts as a chap-
erone in the early steps of COX2 maturation (Bourens and 
Barrientos 2017). In the absence of COX20, COX2 is ineffi-
ciently incorporated into early COX subassemblies (Bourens 
et al. 2014; Szklarczyk et al. 2013). In humans, a homozy-
gous mutation (c.154A>C; p.Thr52Pro) in the COX20 gene 
has been linked to muscle hypotonia and ataxia from sepa-
rate consanguineous families. Muscle biopsies and protein 
analysis of fibroblasts from the patients showed decreased 
COX activity, and an absence of COX20 protein, respec-
tively (Doss et al. 2014; Szklarczyk et al. 2013).

In this study, we describe two patients from one family 
exhibiting the same phenotype with features that include 
sensory-dominant axonal neuropathy and static encepha-
lopathy. The whole-exome sequencing (WES) identified the 
same novel compound heterozygous mutations (p.Lys14Arg 
and p.Trp74Cys) of the COX20 gene, co-segregated with the 
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disease state. Sural nerve biopsy of the proband confirmed 
an axonal neuropathy and morphological alternations of the 
mitochondria to some extent. Protein analysis of the periph-
eral blood leucocytes (PBL) from both affected individu-
als revealed significantly decreased level of COX20 protein 
compared to the normal control.

Materials and methods

Patients

All family members were evaluated at the Neurology 
Department of The First Affiliated Hospital of Zhengzhou 
University. They were independently examined by two sen-
ior neurologists who were long engaged in neuromuscular 
disorders. This study was approved by the Local Institu-
tional Review Board (IRB). A written informed consent was 
obtained from all participants or their guardians. Detailed 
clinical, physical and biochemical investigations were per-
formed for affected individuals. Electromyography (EMG)/
nerve conduction studies (NCS) data were acquired using 
conventional methods for all family members, with limb 
temperature maintained at 36 °C.

Nerve biopsy

The sural nerve biopsy was performed in the proband after 
obtaining informed consents. The paraffin-embedded speci-
mens were processed for hematoxylin and eosin (HE), modi-
fied Gomori trichrome (MGT) and Congo red stain. Semi-
thin sections were stained with toluidine blue and viewed 
under light microscope. Ultrathin sections were stained with 
uranyl acetate and lead citrate, and were examined by elec-
tron microscope (EM).

Whole‑exome sequencing

Genomic DNA was extracted from peripheral blood samples 
of all family members. We carried out WES on DNA using 
the Agilent Exome kit for exon enrichment. The reads were 
aligned for single-nucleotide polymorphism (SNP) and indel 
calling. Sanger sequencing with specific primers was con-
ducted to confirm the identical variants of the proband and 
his parents. The frequency in the general population of the 
identified variants was checked using the single-nucleotide 
polymorphism (dbSNP) database and the 1000 Genomes 
Project. PolyPhen-2 and Mutation Taster was used to predict 
the possible protein functional changes caused by the vari-
ant. The American College of Medical Genetics (ACMG) 
standards and guidelines were applied to determine the path-
ogenicity of each variation. To exclude the possibility that 
the identical variants represent polymorphisms, identical 

genomic fragments from 200 healthy controls of Chinese 
origin were examined for the presence of the mutations.

Western blotting

PBL from the affected individuals were used for measuring 
the expression level of COX20 protein. Protein samples were 
separated by 10% SDS-PAGE and transferred to a nitrocel-
lulose membrane. Membranes were blocked with 5% non-fat 
dry milk in phosphate buffered saline (PBS) containing 0.1% 
[v/v] Tween-20 (PBST) prior to incubations with primary 
antibodies. The following primary antibodies were used: 
rabbit anti-COX20 (Eterlife, Edgbaston Birmingham, UK), 
mouse anti-β-actin (Proteintech, Wuhan, Hubei, China). 
Immunoreactive bands were visualized using the enhanced 
chemiluminescence kit (Thermo Scientific) and detected 
using the Chemidoc XRS + system (Biorad). The densito-
metric values of the bands were normalized to β-actin levels. 
Western blot was independently performed three times with 
comparable results.

Results

Patients exhibit sensory‑dominant axonal 
neuropathy and static encephalopathy

The proband (II-3, Fig. 1a) was a 19-year-old male who 
complained of inability to walk and intractable dysesthesia 
in his extremities. He was born by normal delivery as the 
third child of two healthy non-consanguineous parents, 
and showed slightly delayed development. He was unable 
to walk until 14 months old, and he could not run fast. 
He developed mild muscle weakness of bilateral legs and 
began to trip and had an occasionally fall at the age of 9. 
At 13 years of age, symptoms of dysesthesia, dysarthria 
and intellectual disability were noted. It was difficult for 
him to keep up with peers and he quit middle school at 
age 14. He was inadequately nourished, and his weakness 
had progressed steadily. On examination, performed by 
the authors at age 19, inspection revealed the presence of 
dysarthria, distal limb muscle hypotrophy, claw hands, pes 
cavus, hammer toes and shortened heel tendons (Fig. 1b). 
Strength examination was significant for moderate reduced 
power in his legs symmetrically, with proximal and dis-
tal muscle strength of lower limbs grading 4/5 and 3/5 
on the Medical Research Council (MRC) score, respec-
tively. Distal muscle strength of upper limbs was graded 
4/5, whereas the rest muscles were relatively preserved 
(5/5). Stretch reflexes were diminished symmetrically 
throughout. Sensory examination was abnormal because of 
reduced temperature and pinprick sensation to the ankles 
bilaterally and reduced vibratory perception from the toes 
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to the knees bilaterally, with normal Romberg. No cerebel-
lar abnormality was observed. Blood tests were normal, 
including consistently normal creatine kinase (CK), lac-
tic acid and pyruvic acid levels. Electrocardiogram and 
echocardiography were normal. Cranial magnetic reso-
nance imaging (MRI) showed an arachnoid cyst, whereas 
whole-spinal MRI revealed no abnormalities. Cognitive 
examinations, performed at age 19, revealed noteworthy 
cognitive impairment, with 15/30 and 6/30 on the mini-
mental state examination (MMSE) and Montreal Cognitive 
Assessment (MoCA) score, respectively. NCS were con-
sistent with axonal loss affecting predominantly sensory 
nerves, whereas the motor nerves were relatively preserved 
(Table 1). The needle EMG revealed increased duration 
and amplitude of motor unit action potentials (MUAP) but 
no fibrillation potentials or positive sharp waves (Table 1) 

in the detected muscles of four extremities, which indi-
cated a chronic motor neuropathy.

The proband’s 16-year-old brother (II-4, Fig. 1a) was 
later referred to our clinic with concerns of hereditary 
sensorimotor neuropathy because of similar symptoms. 
Pregnancy and birth at term were uneventful. He became 
aware of numbness in the four extremities after an acci-
dental burn to lower limbs at age 3. Similar to his brother, 
he experienced distal limb weakness at age 6, and recalled 
difficulty running and keeping up with peers. He noted 
intellectual disability and dropped out of primary school 
at age 7. He could not read or write words. He became 
wheelchair-bound after a few years due to aggravated 
limb weakness, and exhibited progressive dysarthria and 
dysphagia. He denied autonomic symptoms. Neurologi-
cal examination at 16 years of age revealed dysarthria, 

Fig. 1   Identification of COX20 variants in the family. a Pedigree of 
the family with segregation analysis. The pedigree is shown with 
squares representing males, circles representing females. Filled and 
open symbols represent affected and unaffected individuals, respec-
tively. The genotypes are indicated under each symbol. Proband is 
indicated with an arrow. b Pictures from the patients show claw hands 
and pes cavus. c Representative sequence chromatograms are shown 

for the identified variants (protein and DNA annotations are provided 
at the top) in the indicated individuals. Arrows indicate the position 
of each variant. d The sequences of the COX20 protein from a range 
of divergent species, compared with multiple sequence alignment 
tool. The mutated regions of the lysine amino acid at position 14 
(highlighted with red color) and the tryptophan amino acid at position 
74 (highlighted with blue color) are highly conserved
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high arches, curled toes, champagne bottle-shaped legs 
(Fig. 1b). Obvious atrophy of the distal muscles of lower 
limbs and mild wasting of interosseous muscles of the 
hands were observed. Manual muscle test revealed mild 
weakness of upper limbs (4/5), whereas severe weakness 
of proximal (2/5) and distal (0/5) lower limbs, respectively. 
Deep tendon reflexes cannot be elicited. Length-dependent 
sensory loss was found affecting all modalities. Electro-
cardiogram, echocardiography and brain MRI revealed 
no abnormalities. Cognitive examinations revealed severe 
cognitive impairment, with 6/30 and 2/30 on the MMSE 
and MoCA score, respectively. The needle EMG and 
NCS revealed similar findings to the proband, indicating 

a sensory-dominant axonal neuropathy (Table 1) with rela-
tively mild motor nerve involvement.

The rest of the family members, including the proband’s 
parents (I-1 and I-2, Fig. 1a) and two other siblings (II-1 and 
II-2, Fig. 1a), denied any symptoms of limb weakness or 
numbness. They underwent detailed physical examinations 
and neurological evaluations including NCS, which turned 
out normal.

Table 1   Electrophysiological studies in the family

Nerve conduction studies data were acquired using conventional methods for all family members, with limb temperature maintained at 36 °C. 
The nerve conductions of healthy subjects in the family are all in normal range, which are not shown in the table. Normal values of age 
15–20 years are given in brackets
Amp. amplitude, CMAP compound muscle action potential, Dur. duration, M male, MNCV motor nerve conduction velocity, MUAP motor unit 
action potentials, ND no data, NE not evoked, SNCV sensory nerve conduction velocity, SNAP sensory nerve action potential

Motor nerves Proband (19/M) Younger brother (16/M)

MNCV (m/s) CMAP (mV) MNCV (m/s) CMAP (mV)

L median 52 (≥ 48) 9.5 (≥ 8) 49 6.1
R median 52 7.5 60 9.1
L ulnar 55 (≥ 48) 4.7 (≥ 8) 55 5.2
R ulnar 59 10.1 64 5.8
L deep peroneal 44 (≥ 40) 6.2 (≥ 6) 38 1.1
R deep peroneal 44 4.3 37 2.6
L tibial 43 (≥ 40) 20.6 (≥ 6) 38 11.3
R tibial 42 13.5 39 9.3

Sensory nerves SNCV (m/s) SNAP (μV) SNCV (m/s) SNAP (μV)

L median NE NE NE NE
R median NE NE NE NE
L ulnar NE NE NE NE
R ulnar NE NE NE NE
L superficial peroneal NE NE NE NE
R superficial peroneal NE NE NE NE
L sural NE NE NE NE
R sural NE NE NE NE

Mean values for MUAP Dur. (ms) Amp. (μV) Dur. (ms) Amp. (μV)

L opponens pollicis 11.1 (8–12) 1289 (300–1000) 12.1 2280
R opponens pollicis 11.3 1251 10.0 1178
L extensor digitorum communis 11.7 (8–12) 4050 (300–1000) ND ND
R extensor digitorum communis ND ND 15.3 5087
L biceps brachii ND ND 12.9 1185
R biceps brachii 12.1 (8–12) 1929 (300–1000) ND ND
L rectus femoris 14.1 (8–12) 2449 (300–1000) ND ND
R rectus femoris 16.8 2742 15.9 2163
L tibialis anterior 12.7 (8–12) 1355 (300–1000) ND ND
R tibialis anterior 12.4 1824 ND ND
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WES analysis identifies compound heterozygous 
mutations of COX20 shared by both patients

To identify candidate variants for the unexplained pheno-
type, whole-exome sequencing analysis was performed on 
genomic DNA isolated from the whole family. We identi-
fied two variants in the gene encoding COX20 protein that 
were co-segregated perfectly with the disease state and 
met the Mendel’s law of inheritance. The COX20 variants 
included: (1) c.41A>G, which was predicted to cause a 
missense variant p.Lys14Arg; and (2) c.222G>T, which 
was predicted to cause a missense variant p.Trp74Cys. 
Both affected individuals were compound heterozygous 
for the COX20 variants, while their unaffected mother and 
father carried p.Trp74Cys and p.Lys14Arg in the heterozy-
gous state, respectively (Fig. 1c). Both missense variants 
were located at evolutionarily highly conserved amino acid 
residues (Fig. 1d), and neither variant was found in 200 
healthy Chinese controls or 1000 genomes database. The 
ACMG standards and guidelines were used to classify the 
pathogenicity of these two variants (Richards et al. 2015). 
The p.Trp74Cys variant was regarded as pathogenic (one 
piece of strong pathogenic evidence, two pieces of mod-
erate pathogenic evidence and two pieces of supporting 

evidence), and the p.Lys14Arg variant was classified as 
likely pathogenic (one piece of strong pathogenic evi-
dence, two pieces of moderate pathogenic evidence and 
one piece of supporting pathogenic evidence).

Nerve biopsy confirms an axonal neuropathy 
with mitochondrial impairment

We performed a sural nerve biopsy of the right leg for 
the proband at age 18. The pathological changes of the 
sural nerve were uniform in different nerve fascicles with-
out significant inflammatory cell infiltration and edema 
(Fig. 2a). Semi-thin sections (Fig. 2b, c) showed a pro-
nounced depletion of large and middle-size myelinated 
fibers (MF). We did not observe any regenerative clusters 
or onion bulbs. No amyloid deposit was detected on Congo 
red staining (not shown). As observed in light microscopy, 
the ultrastructural analysis confirmed the predominant loss 
of large and medium MF, reflecting a severe axonal neu-
ropathy (not shown). Results of EM analyses (Fig. 2e, f) 
revealed that numerous mitochondria had vacuoles, com-
pared to a healthy control (Fig. 2d). We also observed 
the separation of the axons from their associated myelin 
sheaths in some myelinated nerves (Fig. 2g).

Fig. 2   Sural nerve pathological findings of the proband. The patho-
logical changes are uniform in different nerve fascicles without 
inflammatory cell infiltration and edema at HE staining (a). Semi-thin 
sections show a pronounced depletion of large and middle-size myeli-
nated fibers (b, c). Electron micrographs of the proband (e longitu-
dinal section, and f, g transverse section) show that numerous mito-

chondria have vacuoles (arrows), compared to a healthy control (d). 
The control mitochondria are derived from a 28-year-old woman with 
numbness in four extremities and who was finally diagnosed with the 
anxiety state. The separation of the axons from their associated mye-
lin sheaths can also be observed in some myelinated fibers, with the 
cytoplasmic periaxonal collar ranging from 31 to 393 nm (g)
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COX20 mutations lead to decreased level of COX20 
protein

To further evaluate the pathogenic role of the COX20 
mutations, we tested whether the mutations aberrantly 
affected the expression of COX20 protein. We performed 
Western blot analysis using PBL isolated from proband 
(II-3), his affected brother (II-4) and a normal control. 
Our results revealed an up to 90% reduction in the COX20 
protein levels of the patient PBL cells compared with that 
of the control cell line (Fig. 3).

Discussion

We describe novel autosomal recessive mutations of the 
COX20 gene possibly related to a family presenting an 
axonal sensory-dominant neuropathy and static encepha-
lopathy. Indeed, the spectrum of clinical involvement in 
this COX20-related disease is different from previously 
appreciated, in which muscle hypotonia and ataxia are the 
clinical hallmarks. The reason for that variability in phe-
notype remains unclear; however, it might be because of 
the different mutation sites (Doss et al. 2014; Szklarczyk 
et al. 2013). The findings broaden the genetic and clinical 
spectrum of COX20-related disease.

COX20 might be the culprit of the complex inherited 
disease in view of its crucial role in the mitochondrial res-
piratory chain (MRC). In human mitochondria, the MRC 
is composed of four multi-subunit enzyme complexes, 
with the COX as the terminal enzyme (Fernandez-Vizarra 
et al. 2009; Herrmann and Funes 2005). Human COX is 
formed by three catalytic core subunits (COX1, COX2, 
and COX3) and 11 additional subunits (Ott et al. 2016; 
Richter-Dennerlein et al. 2015). The enzymatic activity of 
the oxidase resides in the highly conserved central subu-
nits COX1 and COX2 (Soto et al. 2012). COX biogen-
esis follows a linear pathway with the different subunits 
being added in an ordered manner around a seed formed 
by COX1. The current concept suggests that COX2 and 
COX3 associate with a specific set of assembly factors 
first and subsequently associate to the COX1-containing 
module (Dennerlein and Rehling 2015; Mick et al. 2011). 
Among COX2-specific assembly factors, the inner mem-
brane protein COX20 is critical for its maturation. COX20 
acts as a chaperone that binds, stabilizes newly synthesized 
COX2 and presents COX2 to its metallochaperone module, 
which in turn facilitates the incorporation of mature COX2 
into the COX assembly line (Bourens et al. 2014; Szklarc-
zyk et al. 2013). In this regard, we hypothesize that the 
mutations of COX20 may be associated with the disease 
by causing dysfunction of the MRC, and the underline 
mechanisms may be affecting the assembly and matura-
tion of COX by altering the structural stability of COX20 
protein. This assumption is supported by the following 
evidences: (1) theoretically, the variants might affect the 
folding and stability of COX20 protein, promoting the pro-
teasomal degradation of misfolded COX20. COX20 is a 
transmembrane protein, with two transmembrane domains 
(Dennerlein and Rehling 2015). The variant p.Trp74Cys 
locates in the transmembrane domain, and the change from 
the tryptophane, a nonpolar amino acid, to the cysteine, a 
polar amino acid, is likely to cause an instability of trans-
membrane structure due to polarity changes; (2) West-
ern blot analysis confirmed a decreased level of COX20 

Fig. 3   Western blotting of COX20 protein from peripheral blood leu-
cocytes isolated from the patients and a normal control. Western blot 
analysis is performed in the peripheral blood leucocytes derived from 
the patients and a normal control. The normal control is a healthy 
20-year-old man who is unrelated to this family. Lower-molecular-
weight bands are observed in both patients (a). Quantitative analysis 
shows that there is up to 90% decrease in COX20 protein in patients 
compared with control (b). Patient numbers are shown beneath each 
bar. β-Actin is included as a loading control. Western blot finding is 
replicated in a separate set of experiments. The bars represent the 
average, and the error bars represent the standard deviation of three 
repetitions
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protein in the affected individuals; (3) EM evaluations 
revealed morphological changes of mitochondria to some 
extent. Additional studies are definitely needed to gain 
more insights into this mitochondrial dysfunction.

The association between COX20 and axonal neuropathy 
is not very surprising, as peripheral nerves have peculiar 
energetic requirements because of considerable length of 
axons, and thus correct mitochondria function and dis-
tribution along nerves are fundamental. So far, quite a 
few genes related to mitochondria have been reported to 
cause axonal neuropathies. For example, a mutation of 
COX6A1, encoding a component of COX, is reported to 
cause a recessive axonal or mixed form of CMT disease 
by reducing COX activity (Tamiya et al. 2014). Reces-
sive mutations of SCO2, encoding an assembly protein of 
COX, have been proven to cause early-onset axonal CMT 
by resulting in the failure of SCO2 to bind and deliver 
copper to COX within the MRC, which will hamper the 
ability of rapidly respiring cells to meet their energy 
needs (Rebelo et al. 2018). Abnormalities of mitochon-
drial dynamics produced by mutations in proteins involved 
in mitochondrial fusion (mitofusion-2, MFN2), fission 
(ganglioside-induced differentiation-associated protein-1, 
GDAP1), and mitochondrial axonal transport (kinesin 
family member-5A, KIF5A) can also present with axonal 
neuropathies (Baxter et al. 2002; Cassereau et al. 2014; 
Crimella et al. 2012; Cuesta et al. 2002; Liu et al. 2014; 
Zuchner et al. 2004). Both patients developed dysarthria in 
the second decade of life, reflecting that there is a possibil-
ity of glossopharyngeal and vagus nerve involvement. We 
assume that dysarthria might be due to the oropharyngeal 
weakness, which could be part of the underlying axonal 
neuropathy. However, it is also possible that a soft tissue 
or cartilage defect is playing a role in this problem (Hama-
moto et al. 2009).

Static encephalopathy is another hallmark of the patients, 
although neither of them show significant abnormalities on 
brain MRI. Central nervous system involvement is a com-
mon feature of COX-related diseases (Pecina et al. 2004; 
Rak et al. 2016). The dysfunctions of specific COX assem-
bly proteins (e.g., SURF1, SCO1 and COX10) have been 
reported to cause Leigh’s syndrome, leukodystrophy or 
encephalopathy (Antonicka et al. 2003; Bruno et al. 2002; 
Valnot et al. 2000). However, the combination of encepha-
lopathy and sensory-dominant axonal neuropathy is rela-
tively rare, and has been reported in several cases of muta-
tions in CLTCL1 (congenital insensitivity to pain), TECPR2 
(familial dysautonomia, hereditary, sensory AR autonomic 
neuropathy, with intellectual disability) and C10ORF2 
(mitochondrial DNA depletion syndrome 7) (Rossor et al. 
2017). The phenomenon that the COX20 variants result in 
symptoms of simultaneous central and peripheral involve-
ment suggests that the pathogenesis likely involves defective 

energy-dependent processes in neurons, similar to other 
mitochondrial disorders (Del Bo et al. 2008).

In conclusion, we present clinical, genetic, and patho-
logical data that possibly relate novel COX20 variants to a 
complex inherited disease with features including sensory-
dominant axonal neuropathy and static encephalopathy. This 
observation expands the phenotypic heterogeneity associated 
with COX20 variants. However, due to the limitation of a 
single-family study, the association is not very conclusive, 
which would need further similar cases and mechanistic 
analyses.

Acknowledgements  We sincerely thank the participants for their coop-
eration and unwavering dedication to this study and the anonymous 
reviewers whose help improved this manuscript.

Author contributions  XHL and JT wrote the paper. XHL, JT and LYJ 
conceived the idea and evaluated the patients. XHL and JT analyzed the 
genetic results. XHL and LS performed the sural nerve biopsy. XHL, 
JT, YYH and DXB evaluated the pathological findings. CX, WSY and 
XHL performed the Western blotting. LYJ supervised the diagnosis 
and treatment. All authors approved the final version of the manuscript.

Funding  This work was supported by the following grants: The Young 
Scientists Fund of the National Natural Science Foundation of China 
(Grant No. 81601093); The Young Scientists Fund of the First Affili-
ated Hospital of Zhengzhou University (2015, Director: Hongliang 
Xu).

Compliance with ethical standards 

Conflict of interest  All authors declare that they have no conflict of 
interests.

Informed consent  Written informed consent was obtained from the 
patients and/or their guardians prior to sample collection and open 
sural nerve biopsy.

Ethical approval  This study was approved by the ethics committee of 
the Zhengzhou University First Hospital and was performed in accord-
ance with the ethical standards laid down in the 1964 Declaration of 
Helsinki and its later amendments.

References

Antonicka H, Leary SC, Guercin GH, Agar JN, Horvath R, Kennaway 
NG, Harding CO, Jaksch M, Shoubridge EA (2003) Mutations in 
COX10 result in a defect in mitochondrial heme A biosynthesis 
and account for multiple, early-onset clinical phenotypes associ-
ated with isolated COX deficiency. Hum Mol Genet 12:2693–
2702. https​://doi.org/10.1093/hmg/ddg28​4

Baxter RV, Ben Othmane K, Rochelle JM, Stajich JE, Hulette C, Dew-
Knight S, Hentati F, Ben Hamida M, Bel S, Stenger JE, Gilbert 
JR, Pericak-Vance MA, Vance JM (2002) Ganglioside-induced 
differentiation-associated protein-1 is mutant in Charcot-Marie-
Tooth disease type 4A/8q21. Nat Genet 30:21–22. https​://doi.
org/10.1038/ng796​

Bourens M, Barrientos A (2017) Human mitochondrial cytochrome c 
oxidase assembly factor COX18 acts transiently as a membrane 

https://doi.org/10.1093/hmg/ddg284
https://doi.org/10.1038/ng796
https://doi.org/10.1038/ng796


756	 Human Genetics (2019) 138:749–756

1 3

insertase within the subunit 2 maturation module. J Biol Chem 
292:7774–7783. https​://doi.org/10.1074/jbc.M117.77851​4

Bourens M, Boulet A, Leary SC, Barrientos A (2014) Human COX20 
cooperates with SCO1 and SCO2 to mature COX2 and promote 
the assembly of cytochrome c oxidase. Hum Mol Genet 23:2901–
2913. https​://doi.org/10.1093/hmg/ddu00​3

Bruno C, Biancheri R, Garavaglia B, Biedi C, Rossi A, Lamba LD, 
Bado M, Greco M, Zeviani M, Minetti C (2002) A novel muta-
tion in the SURF1 gene in a child with Leigh disease, peripheral 
neuropathy, and cytochrome-c oxidase deficiency. J Child Neurol 
17:233–236. https​://doi.org/10.1177/08830​73802​01700​318

Cassereau J, Codron P, Funalot B (2014) Inherited peripheral neuropa-
thies due to mitochondrial disorders. Rev Neurol (Paris) 170:366–
374. https​://doi.org/10.1016/j.neuro​l.2013.11.005

Crimella C, Baschirotto C, Arnoldi A, Tonelli A, Tenderini E, Airoldi 
G, Martinuzzi A, Trabacca A, Losito L, Scarlato M, Benedetti S, 
Scarpini E, Spinicci G, Bresolin N, Bassi MT (2012) Mutations 
in the motor and stalk domains of KIF5A in spastic paraplegia 
type 10 and in axonal Charcot-Marie-Tooth type 2. Clin Genet 
82:157–164. https​://doi.org/10.1111/j.1399-0004.2011.01717​.x

Cuesta A, Pedrola L, Sevilla T, Garcia-Planells J, Chumillas MJ, May-
ordomo F, LeGuern E, Marin I, Vilchez JJ, Palau F (2002) The 
gene encoding ganglioside-induced differentiation-associated pro-
tein 1 is mutated in axonal Charcot-Marie-Tooth type 4A disease. 
Nat Genet 30:22–25. https​://doi.org/10.1038/ng798​

Del Bo R, Moggio M, Rango M, Bonato S, D’Angelo MG, Ghezzi S, 
Airoldi G, Bassi MT, Guglieri M, Napoli L, Lamperti C, Corti S, 
Federico A, Bresolin N, Comi GP (2008) Mutated mitofusin 2 
presents with intrafamilial variability and brain mitochondrial dys-
function. Neurology 71:1959–1966. https​://doi.org/10.1212/01.
wnl.00003​27095​.32005​.a4

Dennerlein S, Rehling P (2015) Human mitochondrial COX1 assembly 
into cytochrome c oxidase at a glance. J Cell Sci 128:833–837. 
https​://doi.org/10.1242/jcs.16172​9

Doss S, Lohmann K, Seibler P, Arns B, Klopstock T, Zuhlke C, Frei-
mann K, Winkler S, Lohnau T, Drungowski M, Nurnberg P, 
Wiegers K, Lohmann E, Naz S, Kasten M, Bohner G, Ramirez 
A, Endres M, Klein C (2014) Recessive dystonia-ataxia syndrome 
in a Turkish family caused by a COX20 (FAM36A) mutation. J 
Neurol 261:207–212. https​://doi.org/10.1007/s0041​5-013-7177-7

Fernandez-Vizarra E, Tiranti V, Zeviani M (2009) Assembly of the oxi-
dative phosphorylation system in humans: what we have learned 
by studying its defects. Biochim Biophys Acta 1793:200–211. 
https​://doi.org/10.1016/j.bbamc​r.2008.05.028

Hamamoto T, Takumida M, Hirakawa K, Tatsukawa T, Ishibashi T 
(2009) Localization of transient receptor potential vanilloid 
(TRPV) in the human larynx. Acta Otolaryngol 129:560–568. 
https​://doi.org/10.1080/00016​48080​22731​08

Herrmann JM, Funes S (2005) Biogenesis of cytochrome oxidase-
sophisticated assembly lines in the mitochondrial inner membrane. 
Gene 354:43–52. https​://doi.org/10.1016/j.gene.2005.03.017

Liu YT, Laura M, Hersheson J, Horga A, Jaunmuktane Z, Brandner 
S, Pittman A, Hughes D, Polke JM, Sweeney MG, Proukakis C, 
Janssen JC, Auer-Grumbach M, Zuchner S, Shields KG, Reilly 
MM, Houlden H (2014) Extended phenotypic spectrum of KIF5A 
mutations: from spastic paraplegia to axonal neuropathy. Neu-
rology 83:612–619. https​://doi.org/10.1212/WNL.00000​00000​
00069​1

Mick DU, Fox TD, Rehling P (2011) Inventory control: cytochrome 
c oxidase assembly regulates mitochondrial translation. Nat Rev 
Mol Cell Biol 12:14–20. https​://doi.org/10.1038/nrm30​29

Ott M, Amunts A, Brown A (2016) Organization and regulation of 
mitochondrial protein synthesis. Annu Rev Biochem 85:77–101. 
https​://doi.org/10.1146/annur​ev-bioch​em-06081​5-01433​4

Pecina P, Houstkova H, Hansikova H, Zeman J, Houstek J (2004) 
Genetic defects of cytochrome c oxidase assembly. Physiol Res 
53(Suppl 1):S213–S223

Rak M, Benit P, Chretien D, Bouchereau J, Schiff M, El-Khoury R, 
Tzagoloff A, Rustin P (2016) Mitochondrial cytochrome c oxidase 
deficiency. Clin Sci (Lond) 130:393–407. https​://doi.org/10.1042/
CS201​50707​

Rebelo AP, Saade D, Pereira CV, Farooq A, Huff TC, Abreu L, Moraes 
CT, Mnatsakanova D, Mathews K, Yang H, Schon EA, Zuch-
ner S, Shy ME (2018) SCO2 mutations cause early-onset axonal 
Charcot-Marie-Tooth disease associated with cellular copper defi-
ciency. Brain 141:662–672. https​://doi.org/10.1093/brain​/awx36​9

Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, Grody 
WW, Hegde M, Lyon E, Spector E, Voelkerding K, Rehm HL, 
Committee ALQA (2015) Standards and guidelines for the inter-
pretation of sequence variants: a joint consensus recommendation 
of the American College of Medical Genetics and Genomics and 
the Association for Molecular Pathology. Genet Med 17:405–424. 
https​://doi.org/10.1038/gim.2015.30

Richter-Dennerlein R, Dennerlein S, Rehling P (2015) Integrating 
mitochondrial translation into the cellular context. Nat Rev Mol 
Cell Biol 16:586–592

Rossor AM, Carr AS, Devine H, Chandrashekar H, Pelayo-Negro AL, 
Pareyson D, Shy ME, Scherer SS, Reilly MM (2017) Peripheral 
neuropathy in complex inherited diseases: an approach to diag-
nosis. J Neurol Neurosurg Psychiatry 88:846–863. https​://doi.
org/10.1136/jnnp-2016-31396​0

Soto IC, Fontanesi F, Liu J, Barrientos A (2012) Biogenesis and assem-
bly of eukaryotic cytochrome c oxidase catalytic core. Biochim 
Biophys Acta 1817:883–897. https​://doi.org/10.1016/j.bbabi​
o.2011.09.005

Szklarczyk R, Wanschers BF, Nijtmans LG, Rodenburg RJ, Zschocke 
J, Dikow N, van den Brand MA, Hendriks-Franssen MG, Gilis-
sen C, Veltman JA, Nooteboom M, Koopman WJ, Willems PH, 
Smeitink JA, Huynen MA, van den Heuvel LP (2013) A mutation 
in the FAM36A gene, the human ortholog of COX20, impairs 
cytochrome c oxidase assembly and is associated with ataxia 
and muscle hypotonia. Hum Mol Genet 22:656–667. https​://doi.
org/10.1093/hmg/dds47​3

Tamiya G, Makino S, Hayashi M, Abe A, Numakura C, Ueki M, Tan-
aka A, Ito C, Toshimori K, Ogawa N, Terashima T, Maegawa 
H, Yanagisawa D, Tooyama I, Tada M, Onodera O, Hayasaka 
K (2014) A mutation of COX6A1 causes a recessive axonal or 
mixed form of Charcot-Marie-Tooth disease. Am J Hum Genet 
95:294–300. https​://doi.org/10.1016/j.ajhg.2014.07.013

Valnot I, Osmond S, Gigarel N, Mehaye B, Amiel J, Cormier-Daire V, 
Munnich A, Bonnefont JP, Rustin P, Rotig A (2000) Mutations 
of the SCO1 gene in mitochondrial cytochrome c oxidase defi-
ciency with neonatal-onset hepatic failure and encephalopathy. 
Am J Hum Genet 67:1104–1109. https​://doi.org/10.1016/S0002​
-9297(07)62940​-1

Zuchner S, Mersiyanova IV, Muglia M, Bissar-Tadmouri N, Rochelle J, 
Dadali EL, Zappia M, Nelis E, Patitucci A, Senderek J, Parman Y, 
Evgrafov O, Jonghe PD, Takahashi Y, Tsuji S, Pericak-Vance MA, 
Quattrone A, Battaloglu E, Polyakov AV, Timmerman V, Schroder 
JM, Vance JM (2004) Mutations in the mitochondrial GTPase 
mitofusin 2 cause Charcot-Marie-Tooth neuropathy type 2A. Nat 
Genet 36:449–451. https​://doi.org/10.1038/ng134​1

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1074/jbc.M117.778514
https://doi.org/10.1093/hmg/ddu003
https://doi.org/10.1177/088307380201700318
https://doi.org/10.1016/j.neurol.2013.11.005
https://doi.org/10.1111/j.1399-0004.2011.01717.x
https://doi.org/10.1038/ng798
https://doi.org/10.1212/01.wnl.0000327095.32005.a4
https://doi.org/10.1212/01.wnl.0000327095.32005.a4
https://doi.org/10.1242/jcs.161729
https://doi.org/10.1007/s00415-013-7177-7
https://doi.org/10.1016/j.bbamcr.2008.05.028
https://doi.org/10.1080/00016480802273108
https://doi.org/10.1016/j.gene.2005.03.017
https://doi.org/10.1212/WNL.0000000000000691
https://doi.org/10.1212/WNL.0000000000000691
https://doi.org/10.1038/nrm3029
https://doi.org/10.1146/annurev-biochem-060815-014334
https://doi.org/10.1042/CS20150707
https://doi.org/10.1042/CS20150707
https://doi.org/10.1093/brain/awx369
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1136/jnnp-2016-313960
https://doi.org/10.1136/jnnp-2016-313960
https://doi.org/10.1016/j.bbabio.2011.09.005
https://doi.org/10.1016/j.bbabio.2011.09.005
https://doi.org/10.1093/hmg/dds473
https://doi.org/10.1093/hmg/dds473
https://doi.org/10.1016/j.ajhg.2014.07.013
https://doi.org/10.1016/S0002-9297(07)62940-1
https://doi.org/10.1016/S0002-9297(07)62940-1
https://doi.org/10.1038/ng1341

	Observation of novel COX20 mutations related to autosomal recessive axonal neuropathy and static encephalopathy
	Abstract
	Introduction
	Materials and methods
	Patients
	Nerve biopsy
	Whole-exome sequencing
	Western blotting

	Results
	Patients exhibit sensory-dominant axonal neuropathy and static encephalopathy
	WES analysis identifies compound heterozygous mutations of COX20 shared by both patients
	Nerve biopsy confirms an axonal neuropathy with mitochondrial impairment
	COX20 mutations lead to decreased level of COX20 protein

	Discussion
	Acknowledgements 
	References




