
Dual diagnosis of UQCRFS1-related mitochondrial complex III 
deficiency and recessive GJA8-related cataracts

Elizabeth E. Bluea,b,c,*, Samuel J. Huangd, Alyna Khanb, Katie Golden-Granta, Brenna 
Boyde, Elisabeth A. Rosenthala, Madelyn A. Gillentinef, Leah R. Flemingg, David R. 
Adamsh, Lynne Wolfeh, Aimee Allwortha, Michael J. Bamshadc,i, Nikeisha J. Caruanaj, 
Sirisak Chanpraserta, Jingheng Chenb, Nitsuh Dargiea, Daniel Dohertyc,k, Marisa W. 
Friederichl,m, Fuki M. Hisamaa, Martha Horike-Pynea, Jessica C. Leel, Tonia E. Donovanm, 
Daniella H. Hockj,n,o, Kathleen A. Leppiga, Danny E. Millerc,i,p, Ghayda Mirzaac,i,p, Jane 
Ranchalisa, Wendy H. Raskinda, Cole R. Michelq, Richard Reisdorphq, Ulrike Schwarzep, 
Sam Sheppearda, Samuel Strohbehna, David A. Stroudj,n,o, Virginia P. Syberta, Mark H. 
Wenerp,r, University of Washington Center for Rare Disease Research, the Undiagnosed 

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
*Correspondence to: Division of Medical Genetics, Department of Medicine, University of Washington, 1959 NE Pacific St, BOX 
357720, Seattle, WA 98195-7720, USA, em27@uw.edu (E.E. Blue).
1Equal contribution

Ethics statement
This study was approved by the National Institutes of Health Institutional Review Board (IRB) (IRB# 15HG0130) and written 
informed consent and parental permission were obtained from all participants. Research biochemical studies of de-identified skin 
fibroblasts were performed at University of Colorado Anschutz Medical Campus under an IRB-approved protocol (COMIRB# 18–
1828).

CRediT authorship contribution statement
Ghayda Mirzaa: Writing – review & editing, Investigation. Daniella H Hock: Formal analysis. Tonia E Donovan: Formal analysis. 
Jessica C Lee: Formal analysis. Ian Glass: Writing – review & editing, Writing – original draft, Supervision, Methodology, 
Investigation, Data curation, Conceptualization. Martha Horike-Pyne: Project administration. Johan L.K. Van Hove: Writing – 
review & editing, Writing – original draft, Methodology, Investigation, Funding acquisition, Formal analysis, Conceptualization. 
Fuki M Hisama: Investigation. Katrina M Dipple: Supervision, Project administration, Investigation, Funding acquisition, 
Conceptualization. Marisa W Friederich: Formal analysis. Gail P Jarvik: Supervision, Project administration, Investigation, 
Funding acquisition, Conceptualization. Daniel Doherty: Investigation. Christina T Lam: Writing – review & editing, Investigation, 
Conceptualization. Nitsuh Dargie: Project administration, Data curation. Brenna Boyd: Writing – review & editing, Writing – 
original draft, Project administration, Investigation, Data curation. Danny E Miller: Investigation. Kathleen A Leppig: Investigation. 
Andrew B Stergachis: Visualization, Investigation. Katie Golden-Grant: Writing – review & editing, Writing – original draft, 
Methodology, Investigation, Data curation. Mark H Wener: Writing – review & editing, Investigation. Alyna Khan: Methodology, 
Investigation, Formal analysis. Samuel J Huang: Writing – original draft, Investigation, Conceptualization. Elizabeth E. Blue: 
Writing – review & editing, Writing – original draft, Visualization, Supervision, Software, Project administration, Methodology, 
Investigation, Formal analysis, Data curation, Conceptualization. David A Stroud: Supervision, Methodology, Investigation, Funding 
acquisition. Michael J Bamshad: Writing – review & editing, Resources, Project administration, Methodology, Funding acquisition, 
Formal analysis. Samuel Strohbehn: Investigation. Aimee Allworth: Project administration, Methodology, Investigation, Data 
curation. Sam Sheppeard: Project administration, Data curation. Lynne Wolfe: Methodology, Investigation, Data curation. Ulrike 
Schwarze: Investigation. David Adams: Investigation, Data curation. Richard Reisdorph: Formal analysis. Leah R Fleming: 
Writing – review & editing, Investigation, Data curation. Cole R Michel: Formal analysis. Madelyn Gillentine: Writing – review 
& editing, Writing – original draft, Methodology. Wendy H Raskind: Writing – review & editing, Investigation. Elisabeth A 
Rosenthal: Writing – review & editing, Writing – original draft, Resources, Methodology, Investigation, Formal analysis, Data 
curation, Conceptualization. Jane Ranchalis: Investigation, Data curation. Jingheng Chen: Investigation. Sirisak Chanprasert: 
Investigation. Virginia P Sybert: Writing – review & editing, Investigation. Nikeisha J Caruana: Investigation, Formal analysis.

Supplemental Methods 
The University of Washington Center for Mendelian Genomics protocol for genome sequence realignment and variant calling methods 
and the method for mitochondrial-focused proteomics analysis are provided in greater detail.

Appendix A. Supporting information
Supplementary data associated with this article can be found in the online version at doi:10.1016/j.rare.2024.100040.

HHS Public Access
Author manuscript
Rare. Author manuscript; available in PMC 2024 October 17.

Published in final edited form as:
Rare. 2024 ; 2: . doi:10.1016/j.rare.2024.100040.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1016/j.rare.2024.100040


Diseases Network, Andrew B. Stergachisa,c,s, Christina T. Lami,t, Gail P. Jarvika,c,s, Katrina 
M. Dipplec,i,u, Johan L.K. Van Hovel,m,1, Ian A. Glassc,i,1

aDivision of Medical Genetics, Department of Medicine, University of Washington, Seattle, WA 
98195, USA

bInstitute for Public Health Genetics, University of Washington, Seattle, WA 98195, USA

cBrotman Baty Institute, Seattle, WA 98195, USA

dDepartment of Medical Genetics, Marshfield Clinic, Marshfield, WI 54449, USA

eDepartment of Pediatrics, Columbia University Irving Medical Center, New York, NY 10032, USA

fDepartment of Laboratories, Seattle Children’s Hospital, Seattle, WA 98105, USA

gDepartment of Genetics, Saint Luke’s Genetics and Metabolic Clinic, Boise, ID 83712, USA

hNIH Undiagnosed Diseases Program, Common Fund, Office of the Director, National Institutes 
of Health, Bethesda, MD 20892, USA

iDivision of Genetic Medicine, Department of Pediatrics, University of Washington, Seattle, WA 
98195, USA

jDepartment of Biochemistry and Pharmacology, Bio21 Molecular Science and Biotechnology 
Institute, The University of Melbourne, Parkville, VIC, Australia

kDivision of Developmental Medicine, Department of Pediatrics, University of Washington, Seattle, 
WA 98195, USA

lSection of Clinical Genetics and Metabolism, Department of Pediatrics, University of Colorado 
Anschutz Medical Center, Aurora, CO 80045, USA

mDepartment of Pathology and Laboratory Medicine, Children’s Hospital Colorado, Aurora, CO 
80045, USA

nMurdoch Children’s Research Institute, Royal Children’s Hospital, Parkville, VIC, Australia

oVictorian Clinical Genetics Services, Royal Children’s Hospital, Parkville, VIC, Australia

pDepartment of Laboratory Medicine, University of Washington, Seattle, WA 98195, USA

qDepartment of Pharmaceutical Sciences, Skaggs School of Pharmacy and Pharmaceutical 
Sciences, University of Colorado Anschutz Medical Campus, Aurora, CO 80045, USA

rDepartment of Rheumatology, University of Washington, Seattle, WA 98195, USA

sDepartment of Genome Sciences, University of Washington, Seattle, WA 98195, USA

tCenter for Integrative Brain Research, Seattle Children’s Research Institute, Seattle, WA 98105, 
USA

uCenter for Clinical and Translational Research, Seattle Children’s Research Institute, Seattle, WA 
98105, USA

Abstract

Blue et al. Page 2

Rare. Author manuscript; available in PMC 2024 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Biallelic pathogenic variants in UQCRFS1 underlie a rare form of isolated mitochondrial 

complex III deficiency associated with lactic acidosis and a distinctive scalp alopecia previously 

described in two unrelated probands. Here, we describe a participant in the Undiagnosed 

Diseases Network (UDN) with a dual diagnosis of two autosomal recessive disorders revealed 

by genome sequencing: UQCRFS1-related mitochondrial complex III deficiency and GJA8-related 

cataracts. Both pathogenic variants have been reported before: UQCRFS1 (NM_006003.3:c.215–

1 G>C, p.Val72_Thr81del10) in a case with mitochondrial complex III deficiency and GJA8 
(NM 005267.5:c.736 G>T, p.Glu246*) as a somatic change in aged cornea leading to decreased 

junctional coupling. A multi-modal approach combining enzyme assays and cellular proteomics 

analysis provided clear evidence of complex III respiratory chain dysfunction and low abundance 

of the Rieske iron-sulfur protein, validating the pathogenic effect of the UQCRFS1 variant. This 

report extends the genotypic and phenotypic spectrum for these two rare disorders and highlights 

the utility of deep phenotyping and genomics data to achieve diagnosis and insights into rare 

disease.

Keywords

UQCRFS1 ; GJA8 ; mitochondrial complex III; alopecia; cataracts; rare disease; phenotypic 
spectrum

1. Introduction

Retrospective and observational studies of clinical exome sequencing results estimate the 

prevalence of multiple genetic diagnoses in a single individual to be between 1.4 % and 

7.2 % [1–3]. Patients with multiple genetic diagnoses or potentially relevant findings 

after clinical exome sequencing are more likely to come from consanguineous unions 

and have multi-system disease than patients with fewer clinical exome findings [1–4]. 

When more than one disorder is present in a single individual, it becomes increasingly 

difficult to attribute specific clinical features to rare disorders with limited phenotypic 

descriptions. Here, we report a male proband of consanguineous Afghan descent whose 

clinical and molecular investigations revealed a dual diagnosis of two homozygous recessive 

disorders: UQCRFS1-related mitochondrial complex III deficiency and GJA8-related 

cataracts. Beyond extending the phenotypic spectrum of both disorders, we highlight the 

value of leveraging clinical and multi-modal phenotyping to conclude complex diagnostic 

odysseys.

2. Materials and Methods

2.1. Patient enrollment and phenotyping

This study was approved by the National Institutes of Health Institutional Review Board 

(IRB) (IRB# 15HG0130) and written informed consent and parental permission were 

obtained from all participants. Records review and remote telemedicine assessment at age 3 

years were followed by an in-person assessment at 3.8 years. Research biochemical studies 

of de-identified skin fibroblasts were performed at University of Colorado Anschutz Medical 

Campus under an IRB-approved protocol (COMIRB# 18-1828).
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2.2. Genome sequencing

Blood-derived DNA from the proband, parents, and unaffected sister underwent genome 

sequencing. PCR-free genome sequence (GS) libraries with 450 bp average size and 150 

bp paired-end reads were sequenced on the NovaSeq 6000 using the NovaSeq 5000/6000 

S4 Reagent Kit (300 cycle; 20012866). FASTQs were generated following Illumina’s 

recommended protocol and aligned to the GRCh38 human reference genome to generate 

sample-level BAM files. BAMs were evaluated using several quality control (QC) metrics, 

including average coverage > 40X, > 97.5 % coverage at > 20X, and >95 % concordance 

with genotype array. After QC, sample-level VCF files were generated using the Illumina 

DRAGEN platform’s haplotype-based variant caller for single nucleotide variants (SNVs) 

and small insertions/deletions (indels), whereas structural variants (SVs) were called by 

Manta[5]. Baylor Genetics analyzed these files to provide a clinical GS report.

BAM files were reprocessed following the University of Washington Center for Mendelian 

Genomics (UW-CMG) GS protocol (Supplemental Methods). BAMs were re-aligned to 

GRCh37 to capture alignment-specific variants. SNV/indel variant calling was performed 

using GATK HaplotypeCaller (v3.7)[6,7] to generate a multi-sample VCF. SNV/indels were 

flagged using the GATK filtration walker to mark those with low quality scores, allelic 

imbalance, long homopolymer runs, or low quality by depth. SVs were identified using 

LUMPY [8], genotyped using svtyper, and a multi-sample VCF was generated using smoove 

(https://github.com/brentp/smoove).

2.3. Research GS analysis

The multi-sample VCFs generated by the UW-CMG were annotated with allele frequencies 

in reference data sets, predicted consequences, and evidence of conservation and/or 

pathogenicity as previously described [9]. Sample-level QC was performed using peddy 

(v0.4.7) [10], confirming sample identity through genetically derived sex, ancestry, and 

pedigree relationships and 36–42X median sequencing depth for each participant. Pedigree 

and genotype data were combined using GEMINI (v30.1) [11]. SNV/indels co-segregating 

with the phenotype were restricted to those with moderate or high impact consequences, 

GATK filters of “PASS” or “SBFilter”, maximum alternate allele frequency (maxAAF) ≤ 

0.005 across reference populations [12–15], a lower bound of the 95 % maxAAF confidence 

interval within UW-CMG data ≤ 0.05, depth ≥ 6, genotype quality ≥ 20, and no missing 

genotypes. Similar filters were applied to SVs co-segregating with the phenotype, including 

depth ≥ 6, genotype quality ≥ 20, and maxAAF ≤ 0.05 across reference panels [16,17] given 

these resources have small samples and include individuals affected by pediatric and/or 

Mendelian disorders. Custom queries identified all rare variants with maxAAF < 0.005 

observed in the proband where: 1) the proband was homozygous for the alternative allele 

and the unaffected relatives were not, 2) ClinVar reported evidence of pathogenicity as 

of April 2021 [18], or 3) fell within or near genes underlying mitochondrial disorders or 

glycogen storage disorders. All variants meeting any of these criteria were evaluated by the 

Pacific Northwest (PNW) Undiagnosed Diseases Network (UDN) at a series of case review 

meetings. Variant plots were generated using Adobe Illustrator.
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2.4. Functional studies

Functional studies in fibroblasts included respiratory chain enzyme activities measured 

spectrophotometrically (Supplemental Methods) [19,20]. The results were described as 

initial velocity rates for complexes I, II, II-III combined and citrate synthase, and as rate 

constants for complexes III and IV. Ratios of each complex activity over citrate synthase 

activity and over complex II activity are provided. Proband results are also described as Z-

scores relative to the log-normal control distribution. The respiratory chain complexes were 

separated by non-denaturing blue native polyacrylamide gel electrophoresis (BN-PAGE) and 

activities of complexes I, II, IV and V assayed by in-gel activity staining [21,22]. Complex 

I assembly was assessed by a non-denaturing polyacrylamide gel electrophoresis followed 

by western blotting [23]. Proteomics analysis was performed with the proband sample 

analyzed in triplicate along with five individual in-assay controls as described [23,24] with 

modifications listed in Supplemental Methods. Mass spectrometry quantity (MS2) from 

protein groups were imported into Perseus (v2.0.5.0) [25], mitochondrial proteins were 

identified by MitoCarta3.0 [26], and volcano plots were generated using normalization via 

subtract row cluster means prior to a two-sample t-test with significance set to +/− 2 fold-

change and p-value <0.05. From the mitochondrial abundance-corrected values, the Relative 

Complex Abundance (RCA) was calculated in R (v4.3.0) and RStudio (v2023.03.1+446) 

and patient values compared to those derived from a similar analysis in 14 normal controls 

and a patient affected by UQCR-C2-related mitochondrial complex III deficiency as a 

positive control [23,24].

3. Results

3.1. Medical history

The proband is the second child of consanguineous Afghan parents, first cousins through 

their maternal lines (Fig. 1). He has a healthy older sister, while two other pregnancies 

resulted in a 32-week stillborn male and an ectopic pregnancy. Following an unremarkable 

pregnancy, the proband was born at 39-weeks’ gestation by cesarean section after failure 

to progress. Birth weight was at the 39th percentile (3210 g), length at 72nd percentile 

(51 cm), and occipitofrontal circumference at 22nd percentile (OFC; 33.5 cm) (US for-age-

percentiles for boys from birth to 36 months). Tachypnea at age 17 hours prompted intensive 

care unit admission where a severe lactic acidosis was identified (lactate >20 mmol/L; 

reference range [ref. range] <2.4). Plasma ammonia was elevated (157 mmol/L; ref. range 

30–90), while plasma amino acids revealed a markedly elevated alanine (1213 μmol/L; ref. 

range 205–540 μmol/L), elevated proline (596 μmol/L; ref. range 89–273), and elevated 

tyrosine (239 μmol/L; ref. range 27–104 μmol/L). Urine organic acids confirmed massive 

excretion of lactate with lesser amounts of pyruvate and 3-hydroxybutyric acid. A normal 

echocardiogram was also recorded.

He was discharged home at 45 days of life, feeding independently on fortified formula. 

Postnatal growth was restricted, in part related to a labile clinical course with repeatedly 

elevated plasma lactate levels at age 10 months (as high as 11.1 mmol/L; ref. range 0.7 – 

2.1). Persistent feeding problems, emesis, oral aversion, and faltering growth resulted in a 

gastrostomy tube placement at age one year. Growth improved although emesis persisted, 
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frequently associated with episodic lactic acidosis and viral respiratory tract infections, 

requiring multiple hospitalizations. Normal levels of plasma copper, ceruloplasmin, 7-

dehydrocholesterol, growth differentiation factor 15 (GDF15 = 739 pg/ml; normal <750), 

thyroid stimulating hormone and biotinidase activity were recorded within the first year of 

life. At age 13 months, his weight was at the 21st percentile (9 kg, Z-score = −0.82 SD), 

height was 33rd percentile (75.7 cm, Z-score = −0.45 SD), and head circumference was 4th 

percentile (44 cm, Z-score = −1.79 SD) (WHO growth standards for boys aged 0–2 years) 

Fig. 2.

Bilateral cataracts were detected at age 2 months, described as symmetric pinpoint nuclear 

opacities in each eye with more subtle lamellar changes (~3 mm). The lamellar changes 

were stable, visible on retinoscopy but were not completely opaque on slit lamp. He did 

not have impaired vision. An echocardiogram at age 13 months demonstrated mild left 

ventricular posterior wall and septal hypertrophy. An auditory brainstem response study 

at 20 months demonstrated bilateral mixed conductive and sensorineural hearing loss 

(SNHL), prompting ear tube placement and hearing aid fitting. Head MRI at age 20 months 

demonstrated normal brain structure.

Clinical genetic testing was non-diagnostic, including both duo BCM-MitomeNGSSM 

mitochondrial disease panel testing of 200 nuclear and mitochondrial genes in the proband 

and mother and trio exome sequencing of the proband and parents conducted within the 

first week of life. A maternally inherited heterozygous pathogenic variant in BTD (c.968 

A>G; p.His323Arg) associated with autosomal recessive biotinidase deficiency [MIM: 

253260] and a paternally inherited heterozygous variant of uncertain significance (VUS) 

in SDHB (c.607 G>A; p. Gly203Arg) associated with autosomal recessive mitochondrial 

complex II deficiency [MIM: 619224] were reported in the proband. A SNP microarray 

study at 5 months of age identified 12 regions of homozygosity > 5 Mb, consistent with 

parental consanguinity (~248.86 Mb) without detection of pathological structural variants. 

Reanalysis of the exome data one year later was non-diagnostic.

3.2. Deep Phenotyping by the UDN

A video-telehealth examination at age 3 years showed a non-dysmorphic globally delayed 

male with mild limb and axial hypotonia, absent scalp hair, and sparse body hair with 

retained eyelashes and eyebrows. Clinical evaluation aged 3.5 years revealed expressive and 

receptive language levels at 6 months with guttural verbalizations and an inability to follow 

commands. Fine motor skills were estimated at a 10- to 12-month level and gross motor at 

15-months level.

Aged 3.8 years, a head MRI was normal and magnetic resonance spectroscopy imaging 

demonstrated a slight deficit of N-acetyl aspartate in the midline parietal gray matter and 

left centrum semiovale with elevation of creatine in the superior cerebellar vermis and pons. 

An electromyogram and nerve conduction velocity study were normal. A sedated auditory 

brainstem response test confirmed bilateral SNHL. An abdominal ultrasound detected a 

mildly enlarged liver and right kidney. Biochemical testing of blood showed a normal 

acylcarnitine profile and carnitine levels, plasma amino acids, urine amino acids, and 

GDF15 (512 pg/ml; ref. range <750). Urine organic acids demonstrated excretion of Krebs 
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cycle intermediates in the presence of mild ketonuria and minimal lactic aciduria, consistent 

with a mitochondrial respiratory chain disorder. Parental ophthalmological evaluations were 

unremarkable.

3.3. Quad GS analysis

Baylor Genetics confirmed the regions of homozygosity previously detected by microarray 

(~253 Mb) and reported VUS co-segregating with disease in genes underlying disorders 

sharing phenotypic features with the proband: a homozygous likely pathogenic variant 

in GJA8 (c.736 G>T, p.Glu249*), a de novo heterozygous VUS in POU3F3 (c.370 

G>T, p.Gly124Cys), a homozygous VUS in ARMC9 (c.1148 C>T, p.Thr383Met), and 

a homozygous VUS in GLDC (c.334+1115 A>T). Baylor Genetics provided a separate 

research-tier variant table to UDN investigators noting 5 rare homozygous variants co-

segregating with the phenotype which did not meet clinical reporting criteria, including 

variants in ADARB1 (c.–219–14589 G>T and c.664 C>T, p.Leu222Phe), DHPS (c.379 

G>A, p.Val127Ile), INTS1 (c.6248 T>G, p.Phe2083Cys), and UQCRFS1 (c.215–1 G>C). 

PNW UDN analysis identified no additional candidate variants. The clinical team evaluated 

the phenotypic overlap between the proband and each Mendelian condition associated 

with these strong candidates (Supplemental Table 1) and determined the homozygous 

variants in UQCRFS1 (NM_006003.3:c.215–1 G>C, p. Val72_Thr81del10) and GJA8 
(NM_005267.5:c.736 G>T, p.Glu246*) were diagnostic, as described below.

3.4. Autosomal recessive UQCRSF1-related complex III deficiency

The proband is homozygous for a splice acceptor site variant in UQCRFS1 (encoding 

ubiquinol-cytochrome c reductase, Rieske iron-sulfur polypeptide 1), while his unaffected 

relatives were heterozygous. This nucleotide is highly conserved (GERP score = 4.38 [27]) 

and the variant allele has evidence for pathogenicity (phred-scaled CADD v1.6 score = 32 

[28]), is predicted to cause acceptor loss (SpliceAI delta score = 0.99), and was not observed 

in reference population databases. This variant was previously reported as pathogenic for 

mitochondrial complex III deficiency [MIM: 618775], characterized by lactic acidosis, 

hypertrophic cardiomyopathy and alopecia [29]. Clinical testing over-looked this variant 

because UQCRFS1 was not included in the BCM-MitomeNGSSM panel while clinical GS 

analysis did not recognize its effect on splicing and prior publication.

Complex III deficiency is characterized by decreased complex III enzyme activity and 

lactic acidosis and is frequently observed with developmental delay, encephalo-myopathy, 

growth deficiency, hypoglycemia, hypotonia, and ataxia (Table 1) [30,31]. SNHL is a 

well-established feature of complex III disorders while cataracts are much less prevalent. 

Gusic et al. (2020) demonstrated complex III deficiency in patient fibroblasts with the 

identical UQCRFS1 pathogenic variant in our proband, with similar borderline low activity 

of complex III [29]. Direct comparison revealed our proband closely matched the two cases, 

except the original cases lacked cataracts or SNHL [29].

Functional studies in our proband’s fibroblasts showed decreased activity of isolated 

complex III to 41 % of average controls, but not of the combined complex II+III activity 

(Table 2). The activity of citrate synthase was relatively increased, suggesting compensatory 
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increase in mitochondrial biogenesis, and the ratio of complex III activity to citrate synthase 

was decreased to 24 % of control mean. BN-PAGE with in-gel activity staining revealed 

no abnormalities for complexes I, II IV and V including normal assembly of complex V 

(Fig. 3). Tracing the assembly of complex I showed normal amounts of the holocomplex and 

230 kDa intermediate but an unusual trace amount at 950 kDa of lesser intensity than for a 

primary complex I disorder (Fig. 3A). Label-free quantitative proteomics analyses showed 

a decrease in all subunits of complex III including UQCRFS1, a decrease in complex I 

subunits, and in SQOR abundance (Fig. 4A). When all the subunits of a complex were 

analyzed in RCA analysis, complex III was significantly decreased to 76 % relative to 

in-assay controls, complex I was borderline decreased to 85 % relative to in-assay controls, 

and the proband exhibited a significant increase in the mitoribosomal subunits (Fig. 4b, 

Table 3).

3.5. Autosomal recessive GJA8-related cataracts

It was initially unclear whether our proband’s cataracts were due to the homozygous stop-

gain variant in GJA8 (c.736 G>T, p.Glu246*) or from the UQCRSF1-related complex 

III deficiency. GJA8 encodes gap junction protein alpha 8 also known as connexin50 

(Cx50) which forms gap junctions critical for lens development, supporting circulation 

and maintaining lens transparency [32,33]. While pathogenic missense variants in GJA8 
are most frequently associated with autosomal dominant congenital cataracts, autosomal 

recessive frameshifts have been reported [34–37] (Fig. 2). Biallellic GJA8 congenital 

cataract patients may also manifest microcornea and/or microphthalmia [34–37], absent 

in our proband. While heterozygous carriers of recessive pathogenic variants may manifest 

slight lens opacities, these were absent in the parents. GJA8 p.Glu246* occurs at a conserved 

nucleotide (GERP score = 3.48), the variant has compelling evidence of pathogenicity 

(phred-scaled CADD score = 35), and has been reported once in the ExAC Asian sample 

[38].

Like GJA8 p.Glu246*, most recessive pathogenic variants in GJA8 result in truncated 

Cx50 and functional studies indicate these can lead to mislocalization to the endoplasmic 

reticulum and increased intracellular degradation, decreasing the level of Cx50 localizing to 

the plasma membrane and active gap junctions [39,40]. GJA8 p.Glu246* deletes most of the 

last intracellular domain of this multi-pass membrane protein and occurs in the second of 

two exons, suggesting the mRNA would be stable while the fate of the protein is uncertain. 

Extensive terminal deletions of Cx50, including GJA8 p.Glu246*, are observed as somatic 

changes in aged cornea, decrease junctional coupling, and are consistent with the proposed 

mechanisms of cataract formation [41,42].

4. Discussion

The UDN is a research study that combines emerging genomic technologies and team 

science with the goal of identifying the cause of disease in individuals and families affected 

by previously undiagnosed conditions. In this case, detailed GS and molecular analyses 

determined our proband‘s complex phenotype was the outcome of two separate autosomal 

recessive conditions: mitochondrial complex III deficiency and GJA8-related cataracts.
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Coding changes in 6 of 11 complex III components and 5 of 8 assembly factors underlie 

nuclear mitochondrial complex III deficiency while mutations in MT-CYB can also cause 

isolated complex III deficiency [31]. Most of these conditions are rare, described in 

< 3 unrelated families and many are consanguineous. Cataracts are rarely observed in 

mitochondrial disease [43–47] but may be under-recognized [48–50]. However, BCS1L-

related mitochondrial complex III deficiency [MIM: 262000] includes the SNHL and scalp 

alopecia present in our proband [29,30,51–53], suggesting they are distinctive features for 

these sub-types of complex III deficiency.

Complex III catalyzes the transfer of electrons from reduced coenzyme Q to cytochrome 

c, thereby contributing to the proton gradient across the inner mitochondrial membrane 

required for ATP synthesis [54–56]. It forms a homodimeric complex and has three 

subunits containing the catalytically active core that involves hemes and an iron-sulfur 

cluster: cytochrome b, cytochrome c1, and the Rieske iron-sulfur protein (UQCRFS1). The 

functional characterization of complex III disorders in fibroblasts is challenging, particularly 

for partial deficiencies. Deficiencies are usually more pronounced in the isolated complex 

III enzyme activity assay when assayed as the optimized decylubiquinol:cytochrome c 

oxidoreductase [57] than in the combined complex II-III or the combined complex I-III 

assays. These combined assays cannot reliably detect pathogenic complex III defects as they 

yielded normal results for our proband and the previously reported patients [29], perhaps due 

to the low rate control that complex III exerts over them [58–60]. The substantial variability 

in the isolated complex III assay still only resulted in a borderline value when the proband 

had 41 % the control mean activity (Z-score = −2.4 SD) and 24 % of control mean for 

the complex III activity/citrate synthase ratio. Proteomics analysis showed a clear decrease 

in the abundance of complex III, further validated in the quantitative RCA analysis, and 

revealed secondary changes related to the decrease in complex III. Complex I physically 

interacts with complex III in the respiratory chain supercomplex [61], and complex III 

is required for the assembly of complex I by reduced maturation of the N-module [62], 

resulting in decreased complex I in complex III deficiency states [63]. The c.215–1 G>C 

variant has been shown to result in strongly reduced steady state UQCRFS1 protein level 

and on blue native PAGE to result in strongly reduced CIII2 homodimer of complex III, 

which is needed for complex I assembly [27]. Indeed, a faint band at 950 kDa was present 

in our complex I assembly assay, compatible with accumulation of a subcomplex without 

the addition of the N-module, and a mildly reduced complex I abundance on RCA. This 

secondary reduction in complex I was not sufficient to affect the amount of the holocomplex 

and did not affect activity as measured by enzymatic assay or BN-PAGE. The reduction 

of SQOR protein was interesting, as SQOR donates electrons to the coenzyme Q pool 

although a physical interaction with complex III has not been described. Together, these 

results clearly indicate a defect in complex III stability and enzymatic function, with 

mild secondary effects at least on complex I formation, attributable to this UQCRFS1 
pathogenic variant. Our restricted access to patient fibroblasts limited our analyses: GJA8 is 

not expressed in fibroblasts and could not be evaluated with proteomics, while muscle and 

liver tissue is preferred for electron microscopy assessment of mitochondrial disorders.
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5. Conclusions

The proband described in this case report ultimately received a dual diagnosis of nuclear 

encoded complex III deficiency and GJA8-related cataracts only after the deep clinical and 

molecular phenotyping offered by the UDN. He demonstrates the underlying metabolic 

derangement in complex III deficiency due to UQCRFS1 loss-of-function. Our proband 

shares metabolic instability with episodic lactic acidosis resulting from respiratory chain 

disruption, cardiomyopathy, marked developmental and growth delays, and scalp alopecia 

with the two previously reported cases. Alopecia in the presence of a primary mitochondrial 

disorder is suggestive of CIII deficiency [29,52]. Unlike the patient previously described 

with the same UQCRSF1 genotype who ultimately died from progressive hypertrophic 

cardiomyopathy in infancy, our proband had a transitory cardiomyopathy, expanding the 

clinical trajectories for this disorder. Both patients bearing this pathogenic variant in 

UQCRFS1 share Afghani ancestry, suggesting a founder allele [29] which physicians 

should consider when caring for patients with similar backgrounds presenting acutely with 

mitochondrial disease, especially when paired with alopecia. A multi-modal investigation 

of mitochondrial function combining enzyme activity assays and proteomics analysis 

proved an effective way to confirm the pathogenicity of this variant and its functional 

consequences on mitochondrial biochemistry. With respect to the discovery of recessive 

GJA8-related cataracts, our patient represents an example of a germline variant observed 

among somatic-acquired terminal deletions in aged cornea. Finally, these results highlight 

the importance of searching for multiple pathogenic variants in patients with complex 

phenotypes, especially for those born to consanguineous parents and with atypical features 

for the disease designation.
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Fig. 1. Proband pedigree and clinical images.
Panel A: Pedigree depicting family history and UQCRFS1 and GJA8 genotypes. The 

proband’s parents are first cousins through their maternal lines. Panel B: Photo of the 

proband at nearly 2 years of age illustrating non-dysmorphic craniofacial features, normal 

proportionate stature, and scalp alopecia.
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Fig. 2. Diagram of the proband’s GJA8 variant in context of known pathogenic variants.
The proband’s Q246Ter variant is shown in relation to variants underlying either recessive 

(top) or dominant (bottom) cataracts. Transmembrane domains (TM) are shown in brown.
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Fig. 3. : Analysis of mitochondrial function in fibroblasts.
Panel A: Mitochondrial complex I (CI) assembly is followed on non-denaturing gel after 

western blotting and identification with an antibody against NDUFS2. Normal fibroblasts 

show a large amount of fully assembled complex I at 1000 kDa with a small band at 230 

kDa. The proband’s cells show the normal amount of the holocomplex and the 230 kDa 

band. There is a faint band at 950 kDa (arrow) which represents an intermediate without 

the incorporation of the N-module. Huh-7cells treated with chloramphenicol are shown as 

a positive control. Panel B: The activity and assembly of the respiratory chain enzyme 

complexes were analyzed by BN-PAGE followed by in-gel activity staining. The activities of 

all enzyme complexes were normal, including assembly of complex V. Abbreviations: CI = 

complex I, CII = complex II, CIII = complex III, CIV = complex IV, CV = complex V.
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Fig. 4. : Proteomics analysis of the fibroblasts of the patient with UQCRS1 variants compared to 
controls.
Panel A: Volcano plot of differential mitochondrial protein abundance results after 

correction of mitochondrial abundance. The x-axis represents the difference between the 

patient and control mean values. This shows a decrease in the abundance of the subunits 

of complex III (red), complex I (blue), and the SQOR protein (black). Proteins encoding 

subunits of complex I or III are shifted to the left, indicating reduced abundance in the 

proband. The horizontal line shows a cutoff p-value <0.05. Panel B: Quantification of 

mitochondrial complex abundance shows a decrease in complex III, and a smaller decrease 

in complex I, and an increase in the mitoribosomal subunits. These data represent an 

aggregation of the data presented in Fig. 4A. The p-value and the relative % of the complex 

in the proband compared to the controls are provided in sequential rows above the figure. 

Abbreviations: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, ns = non-significant. CI 

= complex I, CII = complex II, CIII = complex III, CIV = complex IV, CV = complex V, 

mtLSU = large subunit of the mitoribosome, mtSSU = small subunit of the mitoribosome, 

PDH = pyruvate dehydrogenase complex.
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