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A B S T R A C T   

Cytochrome-c oxidase (COX) is part of the mitochondrial complex IV (CIV). COX deficiency is usually associated 
with tRNA variants, and less frequently with variants in COX assembly factors. Mutations in COX subunits 
encoded by mitochondrial DNA and nuclear DNA are rare, likely because most of them are associated to very 
severe phenotypes with early lethality. COX18, an assembly factor of CIV, has long been analyzed as a potential 
cause of mitochondrial disease. To date, only one patient has been identified carrying a homozygous missense 
variant in COX18, associated with neonatal encephalo-cardiomyopathy and axonal sensory neuropathy. Here, we 
describe a 40-year-old patient, asymptomatic until 7 months of age, who presented with progressive muscle 
weakness resembling spinal muscle atrophy type-2, associated with oculofacial apraxia and dysarthric speech. 
Electrophysiology analysis highlighted a severe sensory-motor neuropathy. Muscle biopsy showed striking and 
diffuse decreases of COX staining and a substantial reduction of CIV activity. Muscle biopsy showed no ragged- 
red fibers, although ultrastructural mitochondrial alterations were evident. A novel homozygous variant 
(c.598G>A), located in the last nucleotide of exon 3, was detected in COX18 by whole-exome sequencing, which 
affected the splicing donor site, as demonstrated by cDNA-seq. The patient fibroblasts express a truncated form of 
COX18 (COX18Δ112-240) capable of assembling CIV and CIV-involving supercomplexes. However, CIV activity 
was decreased. COX18 full-length (COX18-fl) overexpression partially rescued CIV activity in the patient fi-
broblasts. The rescue of the null CIV activity in COX18-KO-HEK293 cells by overexpressing of COX18Δ112-240 
was significantly lower than in cells with COX18-fl. In addition, cox-18 downregulation in C. elegans resulted in 
slow growth and, diminished reduced motility phenotypes and as well as severe fragmentation of the mito-
chondrial network. Our case expands the phenotypes associated with COX18 variants and supports the patho-
genic role of COX18 as the cause of a severe encephaloneuropathy syndrome.   
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1. Introduction 

Mitochondria are fundamental organelles for the functioning of 
eukaryotic cells, because they are the main energy producer and 
participate in many cellular processes [1]. Inside mitochondria, meta-
bolic reactions of high interest occur (Krebs cycle, β-lipid oxidation, 
etc.), among which the electronic transport chain (ETC) stands out. The 
correct functioning, assembly, and regulation of the ETC components is 
essential for cell survival and energy metabolism [2–6]. Alterations in 
some of its components are related to a wide variety of diseases, such as 
mitochondrial myopathy and, Leber’s hereditary optic neuropathy, as 
well as the aging phenomenon itself [7–10]. 

Cytochrome c oxidase (COX) is the mitochondrial respiratory chain 
complex IV (CIV) which catalyzes the oxidation of cytochrome c (Cytc) 
coupled with the reduction of molecular oxygen to water. Mammalian 
COX consists of 14 subunits: three mitochondrial DNA (mtDNA) enco-
ded subunits that comprise the catalytic core of COX (COX1, COX2, and 
COX3), and 11 nuclear DNA (nDNA) encoded subunits that play essen-
tial roles in COX stability and activity regulation (COX4, COX5A, 
COX5B, COX6A, COX6B, COX6C, COX7A, COX7B, COX7C, COX8A and 
NDUFA4/COXFA4) [11–20]. COX assembly proceeds as a modular 
process, compassing several steps that require a high number of as-
sembly factors [13,21,22]. COX1 and COX2 contain the CIV redox-active 
metal centers, which are involved in electrons transfer, while COX3 is 
the cyclooxygenase. The maturation process of COX2 is of special in-
terest due to its links with human pathologies. Mature COX2 comprises 
two transmembrane domains and an elongated unstructured hydro-
philic C-terminal towards the intermembrane space (IMS), which har-
bors the binuclear copper center (CuA). The N-terminal transmembrane 
domain region of COX2 needs to be inserted into the inner mitochondrial 
membrane (IMM) and subsequently stabilized through interactions with 
COX20 [23]. COX18 is also a transmembrane protein in the Oxa1/YidC/ 
Alb3 family of membrane protein insertases; it facilitates, the export of 
the COX2 C-terminal across the IMM [12]. Finally, the incorporation of 
copper atoms into the CuA center is mediated by the SCO1, SCO2, and 
COA6 metallochaperones [24] (Fig. 1). 

COX deficiency, particularly in muscle, is usually found associated 
with tRNA mutations, and less frequently to mutations in the COX as-
sembly factors. In contrast, mutations in mtDNA- or nDNA-encoded COX 
subunits are unusual [13], and many of these mutations are associated 
with very severe phenotypes with early lethality. The hypothesis that 
COX assembly factors could be associated with isolated COX deficiency 
in muscle led to a study of the COX18 in 29 patients with different 
clinical phenotypes. This study found no pathogenic variants encoded by 
COX18 [25]. Recently, however, a unique case of severe neonatal 
encephalo-cardiomyopathy and axonal sensory neuropathy was re-
ported to be associated with a homozygous pathogenic variant in COX18 

[26]. 
Here, we report a novel biallelic pathogenic variant in COX18, which 

affects its splicing, that is associated with a pure neurological phenotype 
of infantile onset, with clinical manifestations due to central and pe-
ripheral nervous system alterations. Our case expands the phenotypes 
associated with COX18 variants and supports the pathogenic role of 
COX18 as the cause of a severe encephaloneuropathy syndrome. 

2. Materials and methods 

2.1. Ethical compliance and patient information 

The study was approved by the local Ethics Committee at Hospital 
Universitario Virgen del Rocío. Informed consent was obtained from the 
patients and healthy controls. We describe a patient from a consan-
guineous family. Clinical examinations, muscle biopsies and genetic 
analysis were performed. 

2.2. Muscle biopsy 

Muscle samples were obtained by open biopsy from the deltoid 
muscle at age 36, and processed following standard procedures. Briefly, 
fresh muscle samples were frozen in liquid nitrogen. Frozen sections (6 
μm thick) were prepared for the histochemical staining hematoxilin- 
eosin, Gomori trichrome and combined COX/Succinate dehydrogenase 
(SDH). Mitochondrial respiratory chain complex activity was measured 
in muscle. Southern blot analysis of mtDNA extracted from muscle was 
performed to study the presence of deletions. 

2.3. Genetic study 

Patient’s genomic DNA was extracted from blood using standard 
procedures. After checking the quality, the human gene exons were 
captured and massively sequenced using the MedExome assay and 
NextSeq equipment (Illumina, San Diego, CA) with an average depth of 
coverage >30×. Segregation analysis was performed in the patient’s 
relatives. DNA was extracted from blood using standard procedures and 
the COX18 variation was detected by Sanger sequencing, using the 
primers 5′-CCACCCTTTCAAAGCCACTG-3′ (annealing at exon 3) and 5′- 
CAGGAAAGATCTGCACTGGA-3′ (annealing at intron 3–4). 

Patient’s muscle whole mitochondrial DNA (mtDNA) genome 
massive sequencing was performed using long-range PCR amplification 
of mtDNA following the protocols established for the PGM-Ion Torrent 
sequencer (Life Technologies, Carlsbad, CA). Variant calling, annotation 
and prioritization were carried out using a pipeline that integrates 
variant calling format (VCF) files with the Mitomap database (www.mi 
tomap.org) and MitImpact predictors (https://mitimpact.css-mendel.it). 

Fig. 1. COX assembly model. COX20 contributes to stabilizing COX2 as its N-terminal transmembrane domain undergoes insertion. Subsequently, COX18 engages 
with C-tail of COX2 to aid its translocation across the inner mitochondrial membrane. COX18 mediates the interaction of SCO1 with the ensemble and concomitantly 
is dissociated allowing the binding of the SCO1-SCO2-COA6 module. COX17 delivers the copper atoms to SCO proteins. SCO1 is the metallochaperone that inserts 
copper into COX2, while SCO2 and COA6 facilitate the copper transfer, thereby finalizing the process of COX2 biogenesis. IMS: intermembrane mitochondrial space; 
IMM: inner mitochondrial membrane; MM: mitochondrial matrix. 
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2.4. Fibroblasts and cell line cultures 

Human skin biopsies were cultured following the MRC CNMD Bio-
bank London protocol (TC2 fibroblast isolation from skin biopsy, V6 24/ 
05/2013). Briefly, human skin samples were minced and consecutively 
incubated with trypsin and collagenase solution. After the digestion, the 
cellular disaggregate was grown in DMEM containing 10 % fetal bovine 
serum and 1 % penicillin–streptomycin–fungizone at 37 ◦C with 5 % 
CO2. The first fibroblasts were visible after approximately 2 days. Once 
the cells approached to confluency, they were trypsinized and reseeded, 
to increase cell purity. The COX18-KO-HEK293 stable cell line was 
generated by TALEN technology [12] and kindly provided by Dr. Bar-
rientos (University of Miami Miller School of Medicine). The cell lines 
were grown in DMEM containing 10 % fetal bovine serum, 50 μg/mL 
uridine, 110 μg/mL sodium pyruvate, and 1 % penicillin–streptomycin. 
Mitochondrial respiratory chain complexes activity was measured in 
fibroblasts. 

2.5. Electron microscopy 

Fibroblasts from the patient and two healthy controls were trypsi-
nized and washed with PBS by centrifugation. Cell pellets were fixed for 
1 h in 2 % glutaraldehyde in cacodylate buffer (0.1 M sodium cacody-
late, 2 mM MgCl2) at 4 ◦C. After three washing steps (5 min each one), 
samples were post fixed for 1 h at 4 ◦C in 1 % OsO4 in the same buffer. 
After three washing steps (20 min each one), the samples were immersed 
in 2 % uranyl acetate, dehydrated through a gradient acetone series (50 
%, 70 %, 90 % and 100 %), and embedded in Spurr resin. Blocks were 
obtained by polymerization at 70 ◦C for 8 h. Thin sections were cut with 
a diamond knife in an ultramicrotome (Leica UC7) and examined with a 
transmission electron microscope (Zeiss Libra 120) operating at 80 kV. 
The electron microscopy images were taken at different magnifications 
with an EMCCD camera (TRS 2k × 2k). 

2.6. Mitochondrial network analysis 

Live cells were stained with 100 nM MitoTracker® Red CMXRos (Cell 
Signaling, Massachusetts, USA. cat. No. M7512) for 30 min, fixed, and 
mounted on slides using Fluoromount-G™ mounting medium, with 
DAPI (Thermofisher Scientific, Waltham, MA, cat. No. 00-4959-52). 
Images were captured with confocal A1R (NIKON, Tokio, Japan). For 
2D mitochondrial network morphological analysis, semi-automated 
analysis was performed with the Mitochondrial Network Analysis 
method (MiNA) macro toolset as previously described [27] on the FIJI 
distribution of the ImageJ platform (National Institutes of Health). 
Briefly, from a confocal image, a binary image, a binary image was 
created with foreground pixels set to the maximum value (255) and 
background pixels to the minimum value (0). Skeletonization of binary 
images represents the features of the original image as a wireframe of 
lines one pixel wide. The binary image enables us to delineate the area 
covered by the mitochondrial network (footprint), whereas skeletonized 
imaging allows us to analyze individual mitochondria, mitochondria 
that are part of a network, and the size of this network. With this tool, 
the quality of the images is improved by pre-processing steps before 
converting them into binary images, producing a morphological skel-
eton to calculate the morphology of the mitochondrial network. 

2.7. RT-PCR and qRT-PCR analyses 

Total RNA was extracted from fibroblast culture from the patient, 
two healthy controls, and a disease control, using a tissue RNA purifi-
cation kit (Norgen, cat. No. 17200). Immediately following extraction, a 
PrimeScript™ RT Master Mix kit (Takara, Kusatsu Japan, cat. No. 
RR036A) was used to obtain cDNA. For RT-PCR analysis, COX18 cDNA 
was amplified using the primers 5′-GCCTACCAGCACTACATCCT-3′ 
(annealing at exon 1) and 5′-CGAAATCCAGGAGAACGCAG-3′ 

(annealing at exon 5). PCR products were analyzed by gel electropho-
resis and sequenced by Sanger method. qRT-PCR was performed by 
TaqMan® method in the 7500 Fast Real-Time PCR System. Relative 
mRNA levels were compared using the 2− ΔΔCT method, using GAPDH as 
a control. To detect COX18 mRNA, two different probes that annealed at 
the 2–3 and the 5–6 exon boundary (Hs00403166 and Hs01087679, 
respectively) were used. To analyze mitochondrial stress, probes against 
PPARGC1A cDNA (PGC-1α) (Hs00173304) were used. 

2.8. Western blot analysis 

Fibroblasts were homogenized in RIPA buffer (20 mM Tris–HCl pH 
7.4, 150 mM NaCl, 1 mM EDTA, 1 % IGEPAL, 0.1 % SDS) containing 
protease inhibitor mixture. Equivalent amounts of protein lysates were 
resolved on SDS-PAGE gels and transferred to PDVF membranes (Mil-
lipore). To study COX1, COX2 and COX4 proteins, rabbit polyclonal 
anti-COX-1 (Proteintech, cat. No. 13393-1-AP), mouse monoclonal 
antibody (COX 229) (Invitrogen, cat. No. 35-8200) and rabbit poly-
clonal anti COX-4 (Genetex, cat. No. GTX101499) were used. Immu-
noreactivity was detected with secondary antibodies conjugated to 
horseradish peroxidase (Jackson Immuno Research) and developed with 
SuperSignal West Femto (Thermo Scientific) using an ImageQuant LAS 
4000 MiniGold System (GE Healthcare). Polyclonal rabbit anti-GAPDH 
(Sigma-Aldrich, cat. No. G9545) was developed as a loading control. 

2.9. Lentivirus generation and infection 

COX18 full-length (COX18-fl) cDNA was kindly provided by Dr. 
Barrientos (University of Miami Miller School of Medicine) and cloned 
into pLVET-IRES-GFP (Addgene, Plasmid #107139), to produce pLVET- 
COX18-fl-IRES-GFP. To generate pLVET-COX18Δ112-240-IRES-GFP, 
the double PCR technique was used. Lentiviral particles were generated 
based on the calcium phosphate method as previously described [28]. 
Briefly, HEK293T cells were transfected using the transfer plasmids 
pLVET-IRES-GFP, pLVET-COX18-fl-IRES-GFP or pLVET-COX18Δ112- 
240-IRES-GFP, together with psPAX2 packaging (Addgene, plasmid 
#12260) and pMD2.G envelope plasmid DNA (Addgene, plasmid 
#12259) at a ratio of 4:3:1, respectively. At 72-h post-transfection, the 
medium was collected, filtered, and concentrated by centrifugation for 
90 min at 105,000 ×g using a SW32-Ti Beckman rotor. Supernatant was 
completely removed, and pellet diluted in 100 μl PBS overnight at 4 ◦C, 
titered by FACS, and stored at − 80 ◦C until use. Fibroblasts from the 
controls or the HEK293T cell line were infected with pLVET-IRES-GFP; 
COX18-KO-HEK293 cells were infected with pLVET-COX18-fl-IRES-GFP 
or pLVET-COX18Δ112-240-IRES-GFP; and the patient’s fibroblasts were 
infected with pLVET-COX18-fl-IRES-GFP. After 7 days, GFP-positive 
cells were purified by FACS. At confluence, cells were harvested by 
trypsinization. 

2.10. Isolation of mitochondria from cell lines 

Mitochondria from fibroblasts, HEK293 cell lines and infected cells 
(for rescue assays) were obtained by differential centrifugation as re-
ported previously [29]. The medium was removed from the cells and 
washed once with PBS, then cells were detached using a cell scraper, and 
the cell suspension was transferred to a 50 mL polypropylene tube. Cells 
were centrifuged at 600 g at 4 ◦C for 10 min, the supernatant was dis-
carded, and cells were resuspended in 3 mL of ice-cold isolation buffer 
(IBc: 10 mM Tris-MOPS, 1 mM EGTA/Tris and 200 mM sucrose, pH 7.4). 
Cells were placed in a glass pot to homogenize and were stroked 30–40 
times. The homogenate was transferred to a 50 mL tube, and centrifuged 
at 600 g for 10 min at 4 ◦C, then the supernatant was collected and 
centrifuged at 7000 g for 10 min at 4 ◦C. The supernatant was discarded, 
the pellet was washed with 200 mL of ice-cold IBc buffer, resuspended in 
200 mL of ice-cold IBc, and the suspension was transferred to a 1.5 mL 
microfuge tube. The homogenate was centrifuged at 7000 g for 10 min at 
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4 ◦C, the supernatant was discarded, and the pellet containing mito-
chondria was resuspended in 0.05 mL of IBc buffer. Isolated mitochon-
dria were preserved at − 80 ◦C in IBc until further use. 

2.11. Blue-native gel electrophoresis 

Mitochondrial pellets (400 μg) were resuspended and incubated in 
40 μL of solubilization buffer (30 mM HEPES buffer [pH 7.4], with 150 
mM KOH-acetate, 10 % glycerol and 1 mM PMSF) plus digitonin at a 
digitonin:protein ratio of 4:1 (w:w) on ice for 30 min. Samples were then 
centrifuged for 30 s to eliminate mitochondria membrane debris and 
determined the supernatant concentration by Bradford assay. Samples 
were loaded onto a pre-cast NativePAGE™ Novex® 3–12 % poly-
acrylamide Bis-Tris gel (1.0 mm, 15-well; Thermo Fisher Scientific, cat. 
No. BN2012BX10), following the manufacturer’s instructions for per-
forming a blue-native gel electrophoresis (BN-PAGE) using the XCell™ 
SureLock™ Mini-Cell (Thermo Fisher Scientific, cat. No. EI0001). 
Briefly, gel was run for 90 min at 150 V and were stained for protein 
detection with 0.25 % Coomassie Brilliant Blue R-250 in a solution of 45 
% methanol and 10 % acetic acid. The band size estimation may have an 
expected size estimation error of ~15 %. 

2.12. Tryptic digestion analysis 

For protein identification, the band of the BN-PAGE gel were subject 
to tryptic digestion analysis. For this purpose, acrylamide gel bands were 
treated with ammonium bicarbonate and acetonitrile, followed by 
reduction of disulfide bonds using dithiothreitol (DTT) and carbami-
domethylation of cysteine residues with iodoacetamide. Samples were 
incubated overnight at 37 ◦C with bovine trypsin at ratio 1:10 (enzyme: 
substrate). After acetonitrile extraction and acidification, samples were 
desalted and concentrated with C18-filled tips. Measurements were 
performed in a MALDI-TOF Ultraflextreme system (Bruker) configured 
on positive reflectron mode. For each spectrum, results of 3000 laser 
shots were averaged. MALDI mass fingerprint spectra were analyzed 
searching against specific COX18Δ112-240 sequence and results were 
filtered using a 0.01 % protein FDR threshold [30]. The spectra were 
recorded at the Biomolecular Mass Spectrometry Service of the Pablo de 
Olavide University. 

2.13. Cytochrome c oxidase activity 

COX activity was measured to evaluate the functionality of complex 
IV in the presence of COX18-fl or COX18Δ112-240. To achieve this, the 
oxidation of exogenous reduced Cytc by endogenous COX in isolated 
mitochondria samples was monitored. Cytc exhibits a sharp absorption 
band at 550 nm when reduced, which weakens and broadens upon 
oxidation. The BioChain’s Mitochondria Activity Assay Kit (Newark, CA, 
USA, cat. No. KC310100) is a spectrophotometric assay that measures 
the decrease in absorbance at 550 nm of reduced Cytc by COX. The 
detergent n-dodecyl β-D-maltoside (βDDM) was used to permeate the 
outer mitochondrial membrane and allow exogenous human wild-type 
Cytc (final concentration of 6.9 μM) to penetrate. The COX reaction 
follows first-order kinetics relative to Cytc concentration, showing 
exponential decay. The assay measures the first-order rate constant 
within the initial 55 s of the reaction. COX activity is expressed in units 
of μmol of reduced Cytc/mL of mitochondrial sample per min (unit/mL). 
The COX activity values have been calculated from slopes of absorbance 
at 550 nm from at least three independent measurements as previously 
reported [31]. 

2.14. Caenorhabditis elegans 

2.14.1. Strains 
The standard methods used for culturing and maintenance of 

C. elegans were as previously described [32]. The strains used in this 

study were N2 wild type (DR subclone of CB original); NL2099, rrf-3 
(pk1426) II; VZ977, rrf-3(pk1426) II; jIs01[Pmyo-3::gfp::myo-3; rol-6 
(su1006)]; UTA59, rrf-3(pk1426) II; zcIs13[Phsp-6::gfp] V; VZ986, 
ccIs4251[Pmyo-3::gfp-LacZ(NLS); Pmyo-3::mitogfp; dpy-20(+)] I; and rrf- 
3(pk1426) II. 

2.14.2. RNA interference 
cox-18 RNAi downregulation was performed by feeding worms with 

E. coli HT115 bacteria expressing cox-18 dsRNA (clone IV-1.Q.2.E02 
Julie Arhinger RNAi library, confirmed by sequencing). HT115 bacte-
ria expressing the plasmid pL4440 were used as the RNAi control. A 
single colony of the corresponding bacteria was inoculated into LB with 
ampicillin (100 μg/mL) and incubated at 180 rpm and 37 ◦C overnight. 
Then, NGM plates supplemented with carbenicillin (25 μg/mL) and 
IPTG (1 mM) were seeded with 100 μL of the overnight culture and 
incubated at 37 ◦C for 48 h. Unless otherwise noted, all experiments 
were performed on synchronized worms generated by allowing 10 to 15 
gravid hermaphrodites (previously grown for two generations on the 
respective RNAi bacteria) to lay eggs for 2–3 h on RNAi seeded plates at 
20 ◦C. 

2.14.3. Image acquisition and processing 
Image acquisition was carried out in animals paralyzed with 10 mM 

levamisole on a microscope slide in an Olympus BX61 fluorescence 
microscope equipped with a DP72 digital camera coupled to CellSens 
Software. When needed, ImageJ, Adobe Photoshop and Adobe Illus-
trator Software were used for quantification and processing of the 
micrographs. 

2.14.4. Morphological and stress phenotype 
The analysis of morphological and stress phenotypes was analyzed as 

described: The rrf-3(pk1426) worm strain was used to quantify the 
length, area, number of oocytes in the proximal arm of the posterior 
gonad and gonad migration phenotypes; rrf-3(pk1426);jIs01 to visualize 
muscle cell myofilament integrity; rrf-3(pk1426);zcIs13 to quantify 
mitochondrial unfolded protein response (UPRmt) induction; and 
ccIs4251;rrf-3(pk1426) to determine the extent of mitochondrial frag-
mentation. All experiments were performed in animals grown for 72 h at 
20 ◦C. 

2.14.5. Motility phenotypes 
The motility of rrf-3 with downregulated cox-18 expression was 

determined in liquid and solid medium (via thrashing and bending, 
respectively) for worms grown for 72 h at 20 ◦C. For motility in liquid 
medium, worms were picked individually and transferred to a 5 μL drop 
of M9 buffer on top of microscope slide and allowed to acclimate for 1 
min and the head thrashes were counted during the following minute on 
a stereomicroscope. For motility in solid medium animals were picked 
individually and transferred to a 35 mm NGM seeded Petri’s plate and 
allowed to acclimate for 1 min and the body bends were counted during 
the following minute on a stereomicroscope. 

2.15. In silico calculations 

Methods and associated references for conducting “3D Structure 
prediction and molecular dynamics simulation”, “Predicting pro-
tein–membrane interactions”, and performing “Molecular docking” can 
be found in the Supplementary Information. 

2.16. Statistics 

Graphs and statistical analyses were made using GraphPad Prism 
software. Data are mainly represented as violin plots, showing the dis-
tribution of the data, median values, and the interquartile ranges, except 
for Mitochondrial Network Analysis (MiNA). 

To confirm normal distribution, the Shapiro-Wilk test was applied. 
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As the sample size was too small to confirm normal distribution, the non- 
parametric Kruskal-Wallis tests were used to examine statistical signif-
icance. Mann-Whitney tests were used for pairwise comparisons. Sta-
tistical significance levels were set to p < 0.05 with Bonferroni 
correction for multiple pairwise comparisons. 

3. Results 

3.1. The patient presents spinal muscular atrophy (SMA)-like motor 
phenotype with oculofacial apraxia 

We describe a 40-year-old man from a consanguineous family 
without any developmental concerns until the age of 7 months (Fig. 2A), 
at which point, after a vaccination followed by fever and exanthema, he 
presented progressive weakness. He was able to stand up with knee- 
ankle-foot orthesis (KAFO) but did not achieve independent gait, and 
he had rapid progression of lower and upper limbs weakness, muscle 
atrophy, and need for a wheelchair in early infancy (Fig. 2A). At the age 
of sixteen, he developed respiratory involvement with the need for non- 
invasive mechanical ventilation starting at the age of 25. He frequently 
presents episodes of acute muscle weakness involving limb and axial 
muscles, spontaneously solved after 24 h, sometimes following mild 
infections. Examination at age of 24 showed normal cognition (he is 
qualified chess player). Oculomotor and facial apraxia were evident 
(Videos S1 and S2), with slow and dysarthric speech. He presented 
general hypotonia, severe muscle weakness with atrophy in distal and 
proximal muscles, ankle contractions, and global areflexia. Vibratory, 
proprioceptive and pain sensation were severely affected in lower legs 
and hands. 

Nerve conduction studies at the ages of 4 and 28 years showed the 
lack of compound motor action potential in lower limbs, with markedly 
reduced amplitude in upper limbs. Sensory action potentials were absent 
in cubital and sural nerves. Needle study of the tibialis anterior muscle 
showed motor unit potentials with severe neurogenic features with 
scattered fibrillations and positive waves. Cranial tomography and 
electroencephalography at 4 years of age, and cranial MRI at 24 years of 
age, showed normal findings. The serum CK level was normal between 4 
and 24 years of age. Forced vital capacity was 55 % and 28 % at the ages 
of 16 and 24, respectively. All cardiologic exams were normal during 
follow-ups. 

3.2. Muscle biopsy shows a neurogenic pattern without ragged-red fibers 

Muscle biopsy showed a severe adipose replacement, fibrosis, and 
atrophy (Fig. 2B). We observed entire fascicles full of atrophic fibers, 
alternating with fascicles formed of normal or slightly hypertrophic 
myofibers, with occasional angulated atrophic fibers and some nuclear 
clumps. There were no ragged-red fibers, which would indicate exces-
sive mitochondrial proliferation, and no necrotic fibers. NADH and SDH 
staining showed irregular intermyofibrillar pattern with oxidative de-
fects, unique and well-defined (pseudocores) or multiple, small, and 
irregular (moth-eaten fibers), which indicate alterations in mitochon-
drial distribution into the myofiber. ATPases showed fibers type 
grouping and predominance of type I fibers, consistent with denervation 
and reinnervation processes. COX/SDH combo staining showed a severe 
diffuse reduction of COX staining in all the fibers and a severe decrease 
in COX activity, which was 46 % below the lower normal limit. The 
enzyme activity value of complex IV found in the patient’s muscle was 
18.38 nmol/min/mg protein, while reference values are in the range of 
34–180 nmol/min/mg protein. The activity of the other complexes of 
the respiratory chain was within the normal range. 

3.3. Identification of a homozygous variant in COX18 

We detected a novel homozygous missense variant in COX18 by 
whole-exome sequencing (WES). The variant, COX18 c.598G>A 

(NM_173827.4), p.Gly200Ser, localizes in the last nucleotide of the third 
exon, and was predicted to affect the donor splice site. We confirmed the 
presence of the variant by Sanger sequencing (Fig. 2C), and its co- 
segregation with the disease by segregation analyses of the DNA from 
available relatives (Fig. 2D). The variant does not have an entry in 
gnomAD genomes; however, the COX18 locus is covered in 88.05 % of 
samples above 20× coverage. Nonetheless, the variant is present with 
0.049 % allele frequency in a Spanish Collaborative Variability Server 
(CSVS), which contains >2000 genomes and exomes of unrelated 
Spanish individuals [33]. Pathogenicity predictor tools based on amino 
acid sequence analysis, as Polyphen2 [34], Provean [35], and SIFT [36] 
have classified the COX18 c.598G>A variant as benign. However, those 
tools that consider additional factors, such as the splicing process, 
(Mutation Taster [37], dbscSNV [38], and FATHMM-MKL [39]), clas-
sified the variant as likely pathogenic. The splicing site predictor var-
SEAK (varseak.bio) predicted exon skipping (100 %, class 5). Following 
the American College of Medical Genetics (ACMG) guidelines, the 
variant is classified as a variant of uncertain significance (VUS). No 
candidate variants were prioritized in muscle mtDNA. Exome analysis 
did not identify any additional homozygous variants that could explain 
the clinical phenotype in the patient, the isolated and severe reduction 
of COX activity, and that segregate with the disease (Table S1). 

3.4. Mitochondria ultrastructural alteration 

Electron microscopy of the patient’s fibroblasts showed more elec-
trodense mitochondria with increased fragmentation compared to con-
trol, but normal cristae morphology. The cytoskeleton appeared 
partially disrupted, and an increased autophagosome formation and 
mitophagy was observed as compared to those of the controls (Fig. 3A). 
We analyzed confocal images of fibroblasts using MitoTracker staining 
through MiNA methods [27]. The quantification of the binary images 
demonstrated an increased mitochondrial footprint in the patient sam-
ples as compared to the control samples (Fig. 3B). Skeletonization of 
binary images showed the same number of networks but an increased 
number of mitochondria (individuals) and branching size in the patient 
samples, consequently leading to an increased network (Fig. 3C). The 
marker of mitochondrial stress PGC-1α mRNA showed a higher expres-
sion in patient’s fibroblast compared to healthy controls and to fibro-
blasts from a patient with a mitochondrial myopathy due to a 
homozygous variant in thymidine kinase 2 gene (TK2) (Fig. 3D). 

3.5. mRNA analysis suggests the expression of a truncated form of the 
COX18 protein 

To investigate whether the COX18 c.598G>A variant affects splicing, 
we examined the PCR results of cDNA from skin fibroblast total RNA. We 
obtained a band with the expected size in three different PCR experi-
ments using control fibroblasts. In contrast, we did not observe this band 
from the patient sample; instead, we observed three PCR products of 
smaller sizes (Fig. 4A). Sequencing analysis of the cDNA in these bands 
revealed that each was the result of a failure in the splicing process 
during mRNA maturation. Specifically, the largest PCR product lacked 
the exon 3; the medium one lacked the exons 3 and 4; and the smallest 
one lacked exons 2, 3, and 4 (Fig. 4B). 

To confirm this result, we used qRT-PCR with two different probes: 
one probe that binds to the exon 2–3 boundary, and a second probe that 
binds to the junction of exons 5–6, present in all the PCR products ob-
tained. Indeed, the exon 5–6 boundary probe amplified all transcripts, 
while the exon 2–3 boundary probe amplified the transcript only from 
the control samples but not from the patient sample (Fig. 4C). 

Analysis of the PCR product sequences indicated that transcripts 
from the medium and largest bands, but not from the smaller band, were 
the result of a frameshift, which is degraded through the process of 
nonsense-mediated decay [40]. In silico translation of the smaller band 
corresponded to the sequence NM_173827.4, which lacked the amino 
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acids from Val112 to Glu240 (Fig. S1A). 
The 3D molecular modeling of the 204-residue sequence corre-

sponding to the truncated COX18 protein (COX18Δ112-240) showed 
structural similarity to COX18-fl, including a disordered N-end towards 
the IMS that elongates α-helix onto IMM (Fig. S1B). However, two 

transmembrane α-helices along with the helix-turn-helix motif oriented 
towards MM are missing in COX18Δ112-240 (Fig. S1B). In addition, the 
remaining three transmembrane α-helices of COX18Δ112-240 are 
slightly tilted with respect to the ones in COX18-fl (Fig. S1B). The hy-
drophobic thickness, which defines how the protein sits within the hy-
drocarbon core of the lipid bilayer that surrounds it in a membrane, 
remained unaltered between both proteins. 

3.6. Lesser amounts of functional complex IV are assembled in the 
presence of the truncated COX18 protein 

First, we demonstrated that the mutated protein COX18Δ112-240 
was expressed in the patient fibroblasts (Fig. S2). Notably, the patient 
fibroblasts showed a largely reduced level of COX2 protein, but similar 
level of COX1 and COX4 subunits, as compared to the control fibroblasts 
(Fig. 5A). This decrease is likely attributed to an increase in proteolysis 
of unassembled COX2, consistent with previous reports [12], rather than 
a substantial decrease in the level of mRNA encoding COX2. 

To analyze the assembly of complex IV together with super-
complexes formation we examined the respiratory chain components in 
isolated mitochondria by BN-PAGE analysis. No substantial differences 
were found in the BN-PAGE band patterns, along with band intensities, 
between control- and patient-derived mitochondria, supporting that 
either the CIV assembly by COX18Δ112-240 or supercomplex formation 
remained unaltered (Fig. 5B). The presence of COX18Δ112-240 in the 
CIV-band of patient fibroblasts by tryptic digestion providing further 
evidence that truncated COX18 participates in the assembly of CIV 
(Fig. S2). However, differences in the mode of molecular recognition 
between truncated COX18Δ112–240 and COX2 regarding COX18-fl 
cannot be ruled out. 

COX activity of COX18Δ112–240-including CIV in patient-derived 
mitochondria was significantly diminished, with an enzymatic activity 
7.5 times lower that measured in mitochondria of healthy control in-
dividuals (Fig. 5C). Thus, patient with COX18Δ112-240 should suffer 
serious dysfunction in their mitochondrial energetic metabolism, as 
above mentioned. To explore molecular features that explain such dif-
ferences in COX activity, we performed docking calculations to compare 
COX2:COX18-fl and COX2:COX18Δ112-240 ensembles, using 
HADDOCK software [41]. The resulting docking solutions (clusters) 
were grouped into a main clump, indicating a single binding site for 
COX2 on the surface of both COX18 proteins (Fig. 6). Moreover, an 
analysis of clusters organized by root mean square deviation (RMSD) 
showed that the binding site of COX2 in COX18-fl was well-defined and 
restricted to the surrounds of the helix-loop-helix motif, which is missing 
in COX18Δ112-240 (Fig. S3). Consequently, the larger number of clus-
ters identified for the COX2:COX18Δ112-240 ensemble suggests that 
COX2 explores a broader region of the truncated COX18 surface, leading 
to a less defined binding site. The thermodynamic analysis of the mo-
lecular docking results showed that both complexes are driven by 
electrostatic and non-polar interactions (Tables S2 and S3) [42]. How-
ever, the major differences between the two types of ensembles are due 
to non-polar contacts, most favorable for COX18-fl-involving complexes 
with a large, buried surface area (Tables S2 and S3) [42]. 

We further explored the possible crosstalk between COX18-fl and 
COX18Δ112-240 by transfecting the patient’s fibroblasts with a lenti-
virus overexpressing COX18-fl and recording COX activity. The activity 
measured in isolated mitochondria from the patient fibroblasts infected 
with a lentivirus expressing COX18-fl was three times higher than that 

Fig. 2. Clinical features, muscle biopsy and genetic data. A. Patient’s pictures show a normal motor development during the first seven months of life (pictures 1 and 
2), need for KAFO at the age of 1 year (picture 3) and further need for wheelchair (picture 4), due to severe weakness and muscle atrophy in four limbs. B. Muscle 
biopsy showed with H&E increased fibrosis and fatty replacement with some fascicles full of atrophic fibers alternated with better preserved fascicles showing nuclear 
clumps (arrowhead) and some groups of atrophic fibers in the periphery (arrow). Combined SDH/COX staining showed a severe diffuse reduction of COX staining in 
most fibers, which is obvious compared to control. Notice the complete absence of mitochondrial proliferation signs (no red or blue ragged fibers). C. Electro-
pherograms of the genomic DNA Sanger sequencing shows the homozygous COX18 c.598G>A variant in the patient (arrow), the heterozygous variant in the mother 
and brother (arrowhead), and the absence of this variant in the paternal aunt. D. Family pedigree shows the relatives in whom the COX18 variant was sequenced. 

Fig. 3. Mitochondrial alterations. A. Electron microscopy of patient fibroblasts 
show more fragmented and electro-dense mitochondria with normal cristae, 
cytoskeleton is partially disrupted, and autophagosome formation and 
mitophagy are increased (arrows), compared to control. B. Mitochondrial 
Network Analysis (MiNA) of MitoTracker confocal images in fibroblast from 
patient and controls shows increased mitochondrial footprint in the patient. C. 
Skeletonisation of binary images shows the same amount of networks but an 
increased number of mitochondria (individuals) and branching size in the pa-
tient, resulting in an increased network size in patients compared to controls. D. 
PGC-1α mRNA expression, a marker of mitochondrial stress, is increased in fi-
broblasts from this patient compared to controls and a patient with a different 
mitochondrial disorder (TK2 mutation). 
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from mitochondria from the non-infected patient fibroblasts. However, 
COX activity did not recover to 100 % (Fig. 5C and D). The infection 
with the empty lentivirus expression vector ruled out secondary effects 
on COX activity due to cell infection, as can be observed in the activity 
recorded in mitochondria of healthy individual fibroblasts (Fig. 5C and 
D). 

Using WT and COX18-KO-HEK293 cell lines we have dept into the 
possible interference between COX18-fl and COX18Δ112-240. As pre-
viously reported [12], neither CIV nor respiratory supercomplexes were 
assembled in COX18-KO-HEK293 cells. Upon infection of COX18-KO- 
HEK293 cells with a lentivirus expressing COX18Δ112-240, the levels 
of COX activity measured were substantially lower than those with 
COX18-fl (with about 1.5× less activity; Fig. 5E). However, COX activity 
was fully restored in COX18-KO-HEK293 cells infected with a lentivirus 
expressing COX18-fl (Fig. 5E), which supports the potential crosstalk 
between the wild-type and truncated COX18 proteins observed in the 
mitochondria from fibroblasts of the patient. 

3.7. cox-18 depletion showed morphological anomalies, fragmentation in 
the mitochondrial network, and impaired mobility in Caenorhabditis 
elegans 

Despite the low level of amino acid sequence identity between 
COX18 proteins from human and C. elegans (26.76 %), the 3D structural 
models are very similar to each other (Fig. S4). Based on this similarity, 
we used cox-18 RNAi knock-down in C. elegans to explore phenotype 
features by depleting COX18-encoding gene. cox-18 downregulation in a 
C. elegans wild-type strain produced no visible phenotypes. However, 
cox-18 downregulation in a rrf-3(pk1426) mutant strain causes hyper-
sensitivity to RNA interference [43], and worms display a slow growth 
phenotype [44]. Therefore, we decided to perform all subsequent RNAi 
experiments in a rrf-3(pk1426) mutant background. 

rrf-3 animals with decreased cox-18 expression had a sick, less turgid 
appearance and, consistent with the previous report [44], showed a 
significant reduction in body length and area as compared to control 
animals (Fig. 7A). At the morphological level, cox-18 downregulated 
animals displayed obvious germline phenotypes consisting of aberrant 
gonad migration and decreased production of oocytes (Fig. 7B). How-
ever, we did not find any gross alteration of the myofibers as determined 

by the integrity of myofilaments along the longitudinal axis of the 
muscle cells (Fig. 7C). 

We next aimed to evaluate whether mitochondria of cox-18 down-
regulated animals were functionally compromised. We first evaluated 
the integrity of the mitochondrial network in the body muscle cells, 
which align in parallel to myofilaments along the longitudinal cell axis 
[45]. Using a transgene that expresses GFP in the mitochondrial matrix 
[19], we observed that decreased expression of cox-18 caused a strong 
fragmentation of the muscle cell mitochondrial network, already 
obvious at day 3 after synchronized egg-lay (Fig. 6D). Consistently, cox- 
18 downregulated animals displayed a robust induction of the Phsp-6:: 
gfp reporter (Fig. 7E), which is a proxy for UPRmt activation [46], 
demonstrating that cox-18 downregulated animals were under severe 
mitochondrial stress. Consequently, cox-18 downregulated animals 
exhibited diminished muscular function, measured as motility of worms 
in liquid and solid media (Fig. 7F and G). 

4. Discussion 

We report a patient with a pathogenic biallelic variant in COX18 
resulting in the production of truncated protein associated with an in-
fantile form of sensory-motor neuropathy with oculofacial apraxia. Only 
one other case has been described, of a homozygous missense variant in 
COX18, the affected individual presented a neonatal encephalo- 
cardiomyopathy and axonal sensory neuropathy. Our study expands 
the phenotype and genotype linked to COX18 deficiency and supports 
functional and molecular modeling studies for shedding light on the 
pathogenic effects caused by this variant, which affects splicing of 
COX18 mRNA. 

From a clinical perspective, the severe neurological phenotype, with 
involvement of both central and peripheral nervous system, are 
consistent with COX18 defects. COX18 is an assembly factor of the 
COX2. A review showed that all cases reported with causative variants in 
the assembly factors and subunits of this module presented a neonatal or 
infantile onset of severe neurological manifestations with encephalop-
athy, sensory axonal neuropathy, motor involvement with SMA features 
[47,48], even one case with mutation in COX20 presented oculomotor 
apraxia [49] (Table S4). Notably, all of these clinical features are line 
with those in the patient reported here. In addition, the muscle biopsies 

Fig. 4. COX18 c.598G>A affects splicing. A. Total RNA extracted from fibroblast, retrotranscribed to cDNA and amplified by PCR, show three products of smaller 
sizes in the patient (P) compared to controls (C1–C3). Mw: molecular weight marker (Kb). Bands marker with arrows are schematically represented in panel B. B. The 
sequencing of each band showed in the largest PCR product a skipping of exon 3 (B), in the medium-size done an absence of exons 3 and 4 (C), and in the smallest one 
an absence of exons 2, 3 and 4 (D), supporting an alteration of the splicing. C. qRT-PCR confirmed the presence of undegraded truncated transcript in the patient 
using different probes. One probe aligned to the exon 2/3 junction, absent in the patient’s transcript, and a second probe aligned to the exon 5/6 junction, present in 
both the patient and controls. 
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available from the reviewed cases show isolated CIV reduced activity, 
with uniform reduction or absence of COX histochemical staining, while 
the muscle morphological findings range from normal (in cases with 
isolated encephalopathy) to neurogenic pattern (in cases with motor 
neuropathy). Patients with mitochondrial disorders involving the pe-
ripheral nervous system use to display ragged red or ragged blue fibers 
in the muscle biopsy, as a sign of mitochondrial proliferation. Interest-
ingly, none of the previously reported patients with mutations in genes 
involved in COX assembly show these types of fibers, neither the patient 
we report with the variants in COX18. Despite this, the electron mi-
croscopy and the structural analyses of the mitochondria in our patient’s 
muscle and fibroblasts demonstrated profound mitochondrial morpho-
logical and network alterations. Thus, since we ruled out variants in 
other genes involved in CIV assembly, it is highly plausible that the 
clinical phenotype in the patient reported here was caused by the newly- 
reported COX18 variant. 

The information provided in the previously reported cases with 
mutations in proteins associated to CIV assembly, suggest that the 
amount of residual CIV activity is associated with the clinical severity, as 
reflected by fatal neonatal cases with early deaths and abortions due to 
SCO1 and SCO2 mutations, in which muscle biopsy showed COX- 

negative histochemical staining and minimal CIV residual activity 
[14,47,50–52]. In our case, the residual activity was higher than in 
previously reported cases, and the COX staining was reduced but not 
negative. This may could explain the infantile rather than neonatal 
onset, and the longer survival. 

Fibroblasts from the patient reported here express a truncated form 
of COX18 that can assemble CIV and CIV-containing supercomplexes. 
This conclusion is based on the analysis of respiratory complexes and 
supercomplex assemblies by BN-PAGE, with similar pattern of bands for 
mitochondria isolated from healthy fibroblasts—expressing COX18- 
fl—and patient fibroblasts—expressing COX18Δ112-240. However, 
COX activity measured in mitochondria isolated from the patient 
showed a 90 % reduction, compared to control fibroblasts. Over-
expression of COX18-fl partially rescued COX activity in the patient fi-
broblasts. This result suggests a competition for the binding site on 
COX2 between the endogenous COX18Δ112-240 and exogenous 
COX18-fl, since both COX18 proteins uses their surface area oriented 
towards the mitochondrial matrix to bind to COX2. 

The rescue experiments performed in wild type and COX18-KO- 
HEK293 cell lines showed an approximately 40 % lower COX activity 
in COX18-KO-HEK293 cells expressing truncated COX18 than in cells 

Fig. 5. Effect of COX18-fl and COX18Δ112-240 proteins on the functionality of complex IV, along with their impact on the assembly of respiratory supercomplexes. 
A. Western blot analysis of fibroblasts obtained from healthy individuals (C1 and C2) and the patient (P) reveals the abundance of COX1, COX2, and COX4 proteins. 
GAPDH is used as a loading control. B. BN-PAGE of mitochondria isolated from fibroblasts of healthy individuals (C1 and C2) and the patient (P). The hypothetical 
complex or supercomplex corresponding to each band is indicated on the right (I: complex I; III: complex III; IV: complex IV; V: complex V). The band submitted to 
tryptic digestion is highlighted by an asterisk. M: molecular weight marker (kDa). The inset shows a zoom and high contrast image of the supercomplexes region in 
the BN-PAGE gel. C. COX activity measured in mitochondria isolated from fibroblasts of healthy individuals (C) and the patient (P). D. COX activity was measured in 
isolated mitochondria from fibroblasts of healthy individual (C) infected with a lentivirus containing empty vector and from the patient́s fibroblasts (P) infected with 
a lentivirus expressing COX18-fl. E. COX activity measured in isolated mitochondria from HEK293 cell lines infected with lentivirus expressing: empty vector for 
wild-type HEK293 (WT); COX18-fl, COX18Δ112-240 or without infection for COX18-KO-HEK293 (KO). All data included in panels C, D and E represent the mean ±
SD of three independent experiments. Unit definition: One unit oxidizes one micromole of ferrocytochrome c/min at 25 ◦C, pH 7.0. 
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infected with lentivirus expressing COX18-fl. However, this decrease 
was not comparable to that in patient’s fibroblasts (ca. 90 %). The 
discrepancy can be attributed to inherent differences between cell lines 
and primary cell cultures. The metabolic activity of immortalized cell 
lines is faster, which affects their ability to produce exogenous proteins. 
Additionally, they exhibit a less active antiviral response due to adap-
tations induced by immortalization, which allows for a higher expres-
sion of COX18Δ112-240. 

In silico analyses of the COX2:COX18Δ112-240 interaction suggests 
the formation of a dynamic conformational ensemble rather than a 
single, well-defined complex. The dynamic ensemble broadens the range 
of conformational states, which may hinder the induced fit between the 
proteins. The buried surface area—which measures the size of the 
interface in a protein-protein complex in terms of solvent-accessible 
surface area—of truncated COX18 covered by COX2 was substantially 
smaller, in agreement with the suggested flexibility and plasticity of 
COX2:COX18Δ112-240 clusters. Furthermore, electrostatic contacts and 
the exclusion of water molecules were less favorable in complexes 
involving truncated COX18 protein (Tables S2 and S3). In other words, 
COX2:COX18Δ112-240 complex formation is energetically less favor-
able than the COX2:COX18-fl assemble. 

Thus, we speculate that truncation of COX18 affects the binding and 
effective translocation of the COX2 C-tail, therefore, the integration of 
COX2 and its orientation at the IMM [45–47]. Since the C-tail domain of 
COX2 contains the apoCuA site, the proper orientation of the ternary 
COX20–COX2-COX18 complex is crucial for recruiting protein adaptors 
SCO1, SCO2, and COA6, which mediate the insertion of two copper 
atom [53,54] (Fig. 1). In line, yeast COX18-KO shows no interaction 
between COX2 and COA6 and, consequently, a lack of CIV assemblies. 
Therefore, the decreased COX activity in mitochondria from the pa-
tient’s fibroblasts could be due to a hindered interaction between 
COX20, COX2 and truncated COX18 complex that, in turn, affects the 
incorporation of copper in COX2 [55,56]. Previously, it has been re-
ported that patient cell lines, which exhibit COX deficiency caused by 
pathogenic variants in the genes encoding SCO1, SCO2, and COA6, 
either partially or fully restore the enzymatic activity of cells upon 
copper treatment [ 57]. Future experiments are necessary to be explored 
the role of the truncated COX18 in the metalation of the binuclear CuA 
center. 

The newly-described pathogenic variant COX18Δ112-240 causes a 
similar phenotype than that of the homozygous variant recently 
described at position 223 in COX18 (p.Asp223His) [26]. The pathogenic 

role of this variant could also be explained by the protonation of His223 
could change its pKa, which would affect the insertion of the third 
transmembrane domain of COX18 into the IMM (Fig. S5). This is turn 
could affect the molecular recognition with COX2, similar to our pro-
posal for the COX2:COX18Δ112-240 complex. Thus, the results of our 
docking analysis of the only two pathogenic variants described so far for 
the COX18 support a similar explanation for the altered function of this 
CIV assembly factor. 

Despite the low probability of finding COX18 pathogenic variants as 
a cause of reduced CIV activity [25], we would recommend carefully 
searching for variants in this gene in any infantile or neonatal case with 
signs of severe neurodegeneration, associated or not to cardiomyopathy, 
regardless of absence of ragged-red fibers in muscle biopsy, and even in 
cases of repeated spontaneous abortions, to reduce the incidence of new 
cases of this severe and devastating condition. 
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Fig. 6. The molecular interface of COX2:COX18 variants complex. Each complex shows the mass centers—plotted as a ball—of COX2, corresponding to the four 
lowest energy structures of each cluster. Balls are colored according to the Z-scores. The ribbon representation of COX18-fl (AlphaFold: AF-Q8N8Q8-F1) is colored in 
tan, and COX18Δ112-240 in blue. Z-score indicates how many standard deviations from the average this cluster is located in terms of score (the more negative, the 
better). IMS: intermembrane mitochondrial space; IMM: inner mitochondrial membrane; MM: mitochondrial matrix. 
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Fig. 7. Phenotypic characterization of cox-18 downregulation in C. elegans. Feeding RNAi downregulation of cox-18 in a rrf-3(pk1426) mutant background. A. 
Reduction of cox-18 expression results in animals with a sick and less turgid appearance, with a significant reduction in body length and body area compared to 
control animals. B. Morphologically, animals show aberrant gonadal migration and reduced oocyte production. C–D. Downregulation of cox-18 expression caused a 
strong fragmentation of the mitochondrial network of muscle cells with normal sarcomeres. E. Reduction of cox-18 expression causes a robust induction of mito-
chondrial unfolded protein response (UPRmt). F–G. cox-18 downregulated animals exhibit diminished muscular function measured as motility of worms in both 
liquid and solid medium. 
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