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Bi-Allelic UQCRFS1 Variants Are Associated
with Mitochondrial Complex III Deficiency,
Cardiomyopathy, and Alopecia Totalis
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Matias Wagner,1,2,7 Johannes A. Mayr,5 Chae-Young Lee,3,4 Vicente A. Yépez,8 Norbert Lorenz,9

Susanne Morales-Gonzalez,3,4 Daan M. Panneman,10 Agnès Rötig,11 Richard J.T. Rodenburg,10

Saskia B. Wortmann,1,2,5 Holger Prokisch,1,2 and Markus Schuelke3,4,*

Isolated complex III (CIII) deficiencies are among the least frequently diagnosedmitochondrial disorders. Clinical symptoms range from

isolated myopathy to severe multi-systemic disorders with early death and disability. To date, we know of pathogenic variants in genes

encoding five out of 10 subunits and five out of 13 assembly factors of CIII. Here we describe rare bi-allelic variants in the gene of a cat-

alytic subunit of CIII, UQCRFS1,which encodes the Rieske iron-sulfur protein, in two unrelated individuals. Affected children presented

with low CIII activity in fibroblasts, lactic acidosis, fetal bradycardia, hypertrophic cardiomyopathy, and alopecia totalis. Studies in pro-

band-derived fibroblasts showed a deleterious effect of the variants on UQCRFS1 protein abundance, mitochondrial import, CIII assem-

bly, and cellular respiration. Complementation studies via lentiviral transduction and overexpression of wild-type UQCRFS1 restored

mitochondrial function and rescued the cellular phenotype, confirming UQCRFS1 variants as causative for CIII deficiency. We demon-

strate that mutations in UQCRFS1 can cause mitochondrial disease, and our results thereby expand the clinical andmutational spectrum

of CIII deficiencies.
Complex III (CIII, also called ubiquinol:cytochrome

c oxidoreductase or bc1 complex) is an electron transfer

enzyme complex; it is the component of the mitochon-

drial respiratory chain that transports electrons from

ubiquinol to cytochrome c. This redox reaction is coupled

to proton translocation from the mitochondrial matrix to

the intermembrane space via the ‘‘Q-cycle,’’ contributing

to the proton gradient required for ATP synthesis.1

Mammalian CIII possesses a symmetrical dimeric struc-

ture (CIII2) in which each monomer is composed of 10

different subunits.2–4 Three of those subunits are catalytic

and possess electron transfer properties: CYB, CYC1, and

UQCRFS1, whose intermembrane-space-facing C termi-

nus contains an iron-sulfur (2Fe-2S) cluster. UQCRFS1 is

synthesized as a pre-protein in the cytosol, and its import

into the mitochondrial matrix is directed by its cleavable

N-terminal mitochondrial targeting sequence (MTS).

Following import, UQCRFS1 is stabilized by the chap-

erone LYRM7.5,6 Direct binding of the co-chaperone

HSC20 to LYRM7 is required for recruitment of the 2Fe-

2S transfer complex to the LYRM7-UQCRFS1 intermedi-

ate, and ultimately for 2Fe-2S cluster incorporation into

UQCRFS1.7 Once UQCRFS1 has acquired its 2Fe-2S clus-

ter, BCS1L translocates and incorporates it into the pre-
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CIII2 complex, rendering it catalytically active.8,9 Inter-

estingly, cleavage of the UQCRFS1 MTS is carried out

only after its incorporation into CIII2.
7 Although crystal

structures from bovine heart CIII revealed the presence

of UQCRFS1 N-terminal-derived peptides in between the

core subunits UQCRC1 and UQCRC2,2,9,10 later research

showed that their prominent accumulation in the

absence of TTC19 would be detrimental to CIII func-

tion.11 Hence the current assumption is that during its

incorporation, UQCRFS1 is processed in situ, and several

peptides containing its MTS remain bound to CIII2. Later,

these peptides have to be removed to preserve CIII2 struc-

tural integrity and function. This process is facilitated by

TTC19.9,11 The functional importance of this turnover

still needs to be elucidated, especially in the context of

different metabolic demands.9 Within the mitochondrial

respiratory chain, CIII2 is forming supercomplexes

together with Complex I (CI) and Complex IV (CIV),

and the most abundant of these supercomplexes

(CI1III2IV1) is termed ‘‘respirasome.’’12–14

Isolated CIII deficiencies are among the least frequently

diagnosed mitochondrial disorders. They are associated

with heterogeneous clinical presentations.15–17 To date,

mutations in genes encoding five subunits, MT-CYB
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Table 1. Clinical Phenotypes of Both Probands Encoded According to the Human Phenotype Ontology (HPO)

Characteristics and Symptoms HPO ID Proband 1 Proband 2

Mutation in UQCRFS1 (NM_006003) NA homozygous c.215-1G>C c.41T>A | c.610C>T

Effect on translation (NP_005994) NA p.Val72_Thr81del10 p.Val14Asp | p.Arg204*

Origin NA Afghanistan Germany

Gender NA male male

Age at onset NA congenital congenital

Age at last assessment NA 3.5 months 9 years

Age at death NA 3.5 months NA

Fetal Development

Intrauterine growth retardation (<P10) HP:0001511 - þ

Low birth weight HP:0001518 - (59th percentile) þ (3rd percentile)

Fetal bradycardia HP:0001662 þ þ

Perinatal Development

Persistent fetal circulation HP:0011726 ND þ

Hypothermia HP:0002045 þ ND

Feeding difficulties HP:0008872 þ þ

Hyperventilation HP:0002883 þ ND

Metabolism

Lactic acidosis [highest level] HP:0003128 24 mmol/l 15 mmol/l

Metabolic crises during febrile infections HP:0004897 ND þ

Cardiovascular System

Hypertrophic cardiomyopathy HP:0001639 þ þ

Ventricular septal defect HP:0001629 - þ

Persistent left superior vena cava HP:0005301 - þ

Pericardial effusion HP:0001698 þ ND

Motor System

Muscular hypotonia HP:0001252 (þ) þ

Muscular weakness HP:0001324 þ þ

Delayed motor development HP:0001270 ND þ

Elevated creatine kinase levels [highest] HP:0003236 >5,000 U/l ND

Hematologic System

Thrombocytopenia HP:0001873 (þ) þ

Normochromic anemia HP:0001895 ND þ

Abnormality of blood coagulation HP:0001928 þ ND

Visual System

Bilateral papilledema HP:0001085 ND þ

Skin and Appendages

Alopecia totalis HP:0007418 þ þ

Gastrointestinal System

Cholelithiasis HP:0001081 þ ND

NA—not applicable, ND—not done or no information available
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Figure 1. Clinical Images of Both Pro-
bands and Family Pedigrees
(A and B) Proband 1 (P1) at the age of
1 week (A) and of 8 weeks (B) after loss of
his scalp hair.
(C) Proband 2 (P2) at the age of 6 years
with alopecia totalis of his scalp with only
sparse hair growing around his eyebrows.
(D) Entirely normal cranial MRI scan of P2
without characteristic T2-signal-intense
areas in the basal ganglia; these areas are
often seen in Leigh syndrome and many
other mitochondrial disorders.
(E) Pedigrees of both families with
UQCRFS1 genotypes.
(MIM: 516020),18,19 CYC1 (MIM: 615453),20 UQCRC2

(MIM: 191329),21 UQCRB (MIM: 19330),22 and UQCRQ

(MIM: 612080),23 and five assembly factors, UQCC2

(MIM: 614461),24,25 UQCC3 (MIM: 616097),26 LYRM7

(MIM: 615838),6 BCS1L (MIM: 124000, 603358, and

262000),27–29 and TTC19 (MIM: 615157),30 have been re-

ported in more than 140 individuals.25

With more than 50 published cases, the most frequent

causes of CIII deficiency are variants in MT-CYB, typically

associated with myopathy and exercise intolerance. This

is followed by more than 30 cases with variants in BCS1L

that are associated with either Björnstad syndrome or

GRACILE syndrome.17,25 Both of these syndromes are se-

vere neurologic and multi-systemic diseases with neonatal

onset. Similar phenotypes have been reported in individ-

uals with pathogenic variants in UQCRB, UQCRC2, and

CYC1, who presented with neonatal or early infantile

onset, recurrent metabolic crises with elevated lactate

levels and hypoglycemia, from which they completely

and quickly recovered with intravenous glucose. All but

one showed normal development and intellect.25 Based

solely on clinical presentation, it is impossible to distin-

guish between subunit or assembly factor defects. All re-

ported affected individuals are following an autosomal

recessive mode of inheritance, apart from those with path-

ogenic variants in the mitochondrial DNA (mtDNA)-en-

codedMT-CYB that are maternally inherited or occur spon-

taneously. CIII defects, with the exception of TTC19

deficiency, often present as combined respiratory chain de-

ficiencies in combination with CI and, in some cases, with

CIV deficiencies.24,31 One reason could be the formation of

supercomplexes, in which the presence of fully assembled

CIII would be a prerequisite for the stability or assembly of

CI and CIV.25,32

In this study, we report the clinical and molecular find-

ings of two unrelated children with CIII deficiency, lactic

acidosis, fetal bradycardia, lactic acidosis, hypertrophic

cardiomyopathy, and alopecia totalis (Table 1). We recruited
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both individuals from the German

network for mitochondrial disorders

(MitoNET). Their parents provided
written informed consent for all aspects of the study and

for publication of facial photographs according to the

Declaration of Helsinki. The ethical committees of both

participating centers (Charité EA2/107/14 and TU Munich

5360/12S) have approved the study.

The male proband 1 (P1, Figure 1) was the first child of

consanguineous Afghan parents, born at term by emer-

gency Caesarean section due to fetal bradycardia. At the

first day of life, physicians noted hypothermia, borderline

thrombocytopenia (152/nL; N > 150), lactic acidosis

(24 mmol/l; N < 2.0), and elevated creatine kinase levels

(>5.000 IU/l; N < 190). Skin and skeletal muscle biopsies

were performed on the first day of life. Measurements of

respiratory chain enzyme activities showed normal values

in the muscle and low-normal values in skin fibroblasts for

combined CIIþIII activity (Tables S1 and S2). Metabolic

urine tests revealed increased excretion of ketone bodies

and of lactate. Plasma alanine wasmarkedly elevated. Thia-

mine and coenzyme Q10 supplementation was initiated.

Electroencephalogram (EEG) showed slightly pathologic

baseline activity initially, but EEG results were normal at

7 weeks of age. Neonatal screening revealed hearing

impairment. Echocardiography at the first day of life

showed septum and right ventricle hypertrophy, increased

right-ventricular pressure (z65% of systemic pressure),

and a patent ductus arteriosus with bi-directional shunting.

At day 13, hypertrophic cardiomyopathy had progressed

in severity and was treated with metoprolol. Echocardiog-

raphy at age 2 months showed reduced biventricular func-

tion with severe ventricular hypertrophy. The size of the

left ventricular posterior wall was 6–7 mm (Z score þ5.3),

and the left ventricular outflow tract was obstructed

(Vmax of 2.9 m/s). Although P1 was born with scalp hair,

8 weeks after birth, his scalp hair had been lost entirely

(Figure 1). P1 deceased at the age of 3.5months from severe

hypertrophic cardiomyopathy.

Proband 2 (P2, Figure 1) is a male and the youngest child

of healthy unrelated German parents. An elder brother is



Figure 2. Molecular Genetic Findings in
Both Probands
(A) Electropherograms of the homozygous
c.215-1G>C splice-site variant in P1,
which was heterozygous in both parents.
(B) Loss of the splice acceptor site of intron
1 leads to activation of an alternative
downstream cryptic splice site (high-
lighted by a red box) with subsequent
loss of 30 bp from the cDNA.
(C) Electropherograms of the compound
heterozygous variants, c.41T>A inherited
from the mother and c.610C>T from the
father. The effect of the mutation on the
amino acid sequence is depicted below
the electropherograms.
(D) Genomic organization of UQCRFS1
into two exons, the mRNA, and the pro-
tein structure depicting the location of
the identified variants. The localization of
the altered amino acids is highlighted on
the protein domain structure. Phyloge-
netic conservation of the affected amino
acid residues is presented in the alignment
of homologs across different species. Posi-
tions of affected amino acids are high-
lighted in red. NB; the intronic region is
not drawn to scale.
healthy. During pregnancy, fetal growth retardation and a

persistent left upper vena cavawere diagnosed. Hewas born

at 37 weeks of gestation by Caesarean section due to fetal

bradycardia. Postnatal complications arose from hypertro-

phic cardiomyopathy, ventricular septum defect (VSD),

persistent fetal circulation, and lactic acidosis, as well as

thrombocytopenia and severe normochromic anemia.

During early infancy, feeding difficulties, muscular hypo-

tonia, and a moderately delayed psychomotor develop-

ment became evident. Febrile infections triggered a series

of more than 10 severe metabolic crises with high lactate

levels of up to 15 mmol/l (N 0.5–2.2). Under normal con-

ditions, serum lactate levels were within the reference

range. Cranial MRI performed at the ages of 6 months

and 5 years did not reveal any abnormality, especially no

signs for Leigh syndrome (Figure 1). Subsequently, the

boy‘s condition stabilized, and he was able to walk inde-

pendently at 23 months of age, while language and cogni-

tive development were adequate for his age. Both VSD and

persistent fetal circulation resolved spontaneously in the
The American Journal of Human Ge
first year of life while the hypertro-

phic cardiomyopathy remained sta-

ble without impairment of cardiac

function. Normocytic anemia with

blood hemoglobin of 6.25 mmol/l

(N 7.4–9.1) and thrombocytopenia

with 178/nL (N 285–510) are persis-

tent, but do not require therapeutic

intervention. Assessment of cultured

skin fibroblasts revealed isolated CIII

deficiency (Table S3). At birth, P2

had very fine and curly hair of the
scalp, which he lost entirely during early infancy. Since

then, he has total alopecia of the scalp with very fine and

sparse hair intermittently growing only to be lost again.

In contrast, his eyelashes and eyebrows are present

(Figure 1). Microscopic hair analysis did not reveal any ab-

normalities. At 5 years of age, bilateral papilledema was

diagnosed despite normal cerebrospinal fluid pressure

(13 cm H2O) and without visual impairment. After initia-

tion of Coenzyme Q10 supplementation with 8 mg/kg

BW at the age of 6 years, the boy has remained in a good

health for the last 3 years, without any further metabolic

crises and with improved exercise tolerance. He displays

slightly impaired gross and fine motor skills. His general

muscle strength is reduced, but his walking ability in the

plain is normal. The clinical phenotypes of both probands

using the Human Phenotype Ontology33 terms are

described on Table 1.

In order to elucidate the genetic cause of the disease,

we performed whole-exome sequencing (WES) on blood

cell genomic DNA from both probands. This was done
netics 106, 102–111, January 2, 2020 105



Figure 3. Protein Studies
(A) SDS-PAGE of fibroblast homogenates showing UQCRFS1 and
SDHA. Citrate synthase (CS) was used as a mitochondrial loading
control. UQCRFS1 protein levels were strongly reduced in P1 and
P2 fibroblasts. Transduction rescued UQCRFS1 levels in P2 cells
(Proband 2-T) and had no effect on control fibroblasts (Control-T).
(B) BN-PAGE stained for ATP synthase and complex III (CIII)
(using anti-ATP5F1A and anti-UQCRC2 antibodies) with densito-
metric analysis of CIII/ATP synthase ratios in BN-PAGE. Relative
CIII reduction is rescued by lentiviral transduction in P2 fibro-
blasts. P1 fibroblasts reached a high passage number after trans-
duction and did not replicate sufficiently enough to be included
in this experiment. Bars depict the mean and SD of two repeated
measurements.
independentlyat the InstituteofHumanGenetics, Technical

University Munich and at the NeuroCure Clinical Research

Center, Charité–Universitätsmedizin Berlin, as described.34,

35 Later, both groups connected via GeneMatcher.36

Clinical and biochemical data suggested amitochondrial

disorder with the autosomal recessivemode of inheritance.

In P1, WES failed to identify likely pathogenic variants in

genes associated with mitochondrial disease, but it did

reveal a rare, potentially pathogenic homozygous splice-

acceptor-site variant in UQCRFS1 (chr19:g.29,699,066C>G

[GRCh37.p11] | c.215-1G>C [RefSeq accession number

NM_006003.2]; Figure 2) as the only mitochondrial

protein candidate gene.37 Segregation analysis via Sanger

sequencing identified both parents as heterozygous

carriers of this splice-site variant. To investigate the effect

of this splice-site variant on the transcript level, we

performed splicing analysis via RT-PCR and subsequent

Sanger sequencing. This revealed a splicing defect resulting

in the activation of a cryptic downstream splice-site
106 The American Journal of Human Genetics 106, 102–111, January
and an in-frame deletion of 30 nucleotides and thus of

10 amino acids at a highly conserved region of the protein

(Figure 2).

In P2, after assessing the pathogenic potential of variants

with MutationTaster2,38 we identified two heterozygous

UQCRFS1 variants (chr19:g.29,703,985A>T [GRCh37.p11] |

c.41T>A [RefSeq NM_006003.2] | [p.Val14Asp] [RefSeq

NP_005994.2] and chr19:g.29,698,670G>A | c.610C>T |

[p.Arg204*]; Figure 2). Segregation analysis via Sanger

sequencing showed the c.41T>A variant to be inherited

from the mother and the c.610C>T variant from the

father. His elder sibling was also tested and discovered

to be heterozygous for the c.610C>T variant only.

RT-PCRverified that the c.610C>Tmutant transcript evaded

nonsense-mediated mRNA messenger (NMD) decay

(Figure S1) because the premature termination codon (PTC)

was located within 30 of the last exon-exon boundary.39 No

additional predicted pathogenic variants were detected for

P2 in virtual gene panels for muscle diseases (n¼ 337 genes)

andalopecia (n¼ 62genes) (see Supplemental Information).

Bioinformatic analysis of p.Val14Asp on the TargetP-2.0

Server40 showed that replacement of the non-polar valine

by a negatively charged aspartic acid in the MTS reduces

the probability that the MTS will fold correctly into an

amphiphilic a-helix.41 All identified UQCRFS1 variants

were submitted to ClinVar (see Accession Numbers). They

affect regions that are highly conserved across vertebrates

(Figure 2) andhaveneither been reported inpublic databases

(gnomAD) nor in our in-house database, which contains

>16,000 exome datasets of individuals with unrelated

phenotypes.

In order to characterize the consequence of the UQCRFS1

variants, we did functional investigations on primary fibro-

blast cell lines from both probands. Proband and control fi-

broblasts were cultivated in DMEM media supplemented

with 10% FBS, 1% penicillin-streptomycin, and 200 mmol/

l uridine at 37�C and 5%CO2. First, we assessed steady-state

levels of UQCRFS1 protein by SDS-PAGE of fibroblast cell ly-

sates. Immunoblotting using antibodies against UQCRFS1

(1:1,000, Abcam, ab14746), SDHA (1:3,000, Abcam,

ab14715, a subunit of CII, the only respiratory chain com-

plex not involved in the supercomplexes), and citrate syn-

thase (CS) (1:3,000; THP, NBP2-43648) as controls for mito-

chondrial proteins showed strongly reduced UQCRFS1

band intensities in both probands, and hardly any signal

was detected in P1 (Figure 3). Next, we wanted to gain

insight into the consequences of UQCRFS1 depletion on

CIII composition. To do this, we separated multi-protein

complexes from lauryl-maltoside-solubilized fibroblast

mitochondria in their native conformation through the

use of Blue Native Polyacrylamide Gel Electrophoresis

(BN-PAGE).25 In accordance with the crucial role of

UQCRFS1 in CIII assembly and function, after we stained

for CIII2 (UQCRC2; 1:1,500; Abcam, ab14745) and ATP syn-

thase (ATP5F1A; 1:2,000; Abcam, ab14748) as control,

assembled CIII2 was barely detectable in both probands’

mitochondria (Figure 3). CIII2 depletion indicated impaired
2, 2020



Figure 4. Immunohistology and Mitochondrial Import
(A) Absent or reduced UQCRFS1 protein levels in both probands’ fi-
broblasts in comparison to wild-type (WT) control fibroblasts. The
anti-VDAC1 antibody signal marks the mitochondria. In WT fibro-
blasts, anti-UQCRFS1 and anti-VDAC1 signals colocalized, thereby
verifying the mitochondrial localization of UQCRFS1 (see magni-
fied inset on the right). Nuclei stained with DAPI.
(B) Lentiviral transduction of UQCRFS1 in the fibroblasts of P2
(Proband 2-T) restores normal localization.
(C) The first 68 amino acids of WT and p.Val14Asp mutant mito-
chondrial import sequences of UQCRFS1 were fused to the
enhanced green fluorescent protein (EGFP). For control, the WT
sequence was fused to red fluorescent protein (RFP). After co-trans-

The Americ
oxidative phosphorylation, which was later confirmed via

microscale respirometry (Seahorse) in both fibroblast cell

lines.42

In order to investigate the subcellular distribution of

wild-type (WT) and mutant UQCRFS1, we immunostained

control and proband fibroblasts with anti-UQCRFS1

(1:100, Abcam, ab14746) and anti-VDAC1 (1:400, Abcam,

ab15895) antibodies. The results confirmed a strong reduc-

tion of UQCRFS1 protein abundance in the mitochondria

of both probands (Figure 4). For verification of the mito-

chondrial import defect caused by the UQCRFS1 c.41T>A

variant, we cloned a set of protein expression plasmids

by fusing the 50 204 bp of the WT and c.41T>A mutant

UQCRFS2 cDNA (encoding the 68 N-terminal amino acids)

to the coding sequence of EGFP (p.Val14-EGFP and

p.Asp14-EGFP constructs). For controls, we fused the WT

sequence to an RFP sequence (p.Val14-RFP construct). We

transfected a mixture of p.Val14-EGFP þ p.Val14-RFP and

of p.Asp14-EGFPþ p.Val14-RFP constructs into COS1 cells,

and we followed the distributions of the fusion proteins

through the use of fluorescence microscopy. The WT red

and green fusion proteins had a normal mitochondrial

distribution, while the mutant fusion protein failed to be

imported and was found to be distributed over the entire

cytosol and in the nucleus (Figure 4).

In order to determine whether the identified UQCRFS1

variants are indeed responsible for the CIII defect,

we tested whether a WT copy of the UQCRFS1 cDNA could

rescue the CIII deficiency in proband fibroblasts after

lentiviral transduction.43 Only P2-transduced cells were

growing sufficiently well to generate enough material to

verify the rescue of all the various phenotypes; later, the

growth potential these fibroblasts was also exhausted,

which only allowed two repetitions of the experiment

with comparative low cellular yields. Functional analysis

confirmed that the transduction of cell lines with a WT

UQCRFS1 cDNA transcript restored normal UQCRFS1 levels

in P2 (Figure 3), restored the CIII assembly defect in P2

(Figure 3), and rescued the respiration defect in both pro-

bands’ cell lines (Figure 5 and Figures S2–S4). The Seahorse

protocol allows calculation of various parameters pertinent

to mitochondrial function (Figure S5). These show signifi-

cant improvement of basal respiration, ATP production,

maximum respiration, and spare respiratory capacity after

lentiviral transduction. The maximum respiration could

be augmented into the normal range (Figure S5).

Because P2 had clinically benefitted from Coenzyme Q10

supplementation, we incubated his fibroblasts for 7 h in 0,

10, 30, and 100 mM Coenzyme Q10 prior to measurement

of CIII activity and oxygen consumption rate, but we did

not find any significant differences in the ensuing oxygen

consumption rates (Figure S6).
fection of EGFP and RFP constructs into COS1 cells, only those
EGFP constructs were imported into the mitochondria that carried
the WT import sequence. The p.Val14Asp variant entirely pre-
vented mitochondrial import.
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Figure 5. Microscale Respirometry Analysis in Fibroblasts
Combination of two replication experiments of normalized oxygen consumption rates (OCRs) of proband and control fibroblasts as
measured with the Seahorse instrument (two biological replicates, 12–16 technical replicates for each condition). Each data point rep-
resents mean 5 SEMs of measurements from 24–32 wells of technical replicates. The separate replication experiments are depicted in
Figures S2–S4. OLIG, oligomycin; FCCP, carbonyl cyanide m-chlorophenyl hydrazone; ROT, rotenone; ANT; antimycine.
(A) Oxygen consumption rates of fibroblasts in the native state.
(B) Rescue of the OCR in fibroblasts of proband P1 after transduction with a lentivirus encoding wild-type (WT) UQCRFS1 (Proband 1-T).
(C) Rescue of the OCR of fibroblasts of P2 after transduction with a lentivirus encodingWT UQCRFS1 (Proband 2-T). NB, we normalized
the OCRs of different wells in the Seahorse experiment separately for each plate. For that, we first determined cell numbers in each well
through the use of the CyQUANT kit (ThermoFischer) and computed a correction factor for each well by dividing the number of cells in
the individual well by the average number of cells in the wells of the whole plate. For normalization of OCR values, we then divided raw
OCR readings from each well by its correction factor.
Mitochondrial diseases associated with isolated CIII defi-

ciency are rare, and due to general technical difficulties in

measuring CIII activity in human tissues, they might be

underdiagnosed.44 They may also be missed due to unre-

markable or statistically insignificant reduction of CIII activ-

ity in the tissues under investigation. The increasing appli-

cation of WES and whole-genome sequencing early in the

diagnostic work-up will provide a more unbiased picture

about the frequency of CIII deficiencies in the future.45

Considering the crucial role of UQCRFS1 for the catalytic

function of CIII, it was no surprise that homozygous

Uqcrfs1 loss-of-function variants are embryonically lethal

in mice,46 and variants associated with impaired UQCRFS1

function are disease-causing. Here we describe two pro-

bands with pathogenic bi-allelic variants in UQCRFS1 lead-

ing to CIII deficiency. Their shared clinical features

included fetal bradycardia, lactic acidosis, thrombocyto-

penia, hypertrophic cardiomyopathy, and alopecia totalis.

It is estimated that cardiomyopathy occurs in 20%–40%

of children with mitochondrial disorders, and hypertro-

phic cardiomyopathy is the most frequently observed of

these cardiac manifestations.47,48 Hypertrophic cardiomy-

opathy was observed in two individuals with BCS1L

variants.49 In addition, different forms of cardiomyopathy

(hypertrophic, dilated, and histiocytoid) have been

described in three individuals with MT-CYB variants.19,50,

51 In one instance, the MT-CYB variant m.15243G>A

(p.Gly166Glu) (RefSeq NC_012920.1) from an individual

with cardiomyopathy50 disrupted the interaction between

cytochrome b and UQCRFS1 in a yeast model of the

disease.52
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Early onset alopecia totalis is rarely observed in individ-

uals withmitochondrial disease. In the past, 14 individuals

were reported with specific hair and skin disorders in a

group of 140 children with mitochondrial diseases, and

three of those were CIII deficient.53 In addition, pili torti

and secondary alopecia are common hair abnormalities of

BSC1L-related Björnstad syndrome.29 Besides the above

mentioned features, P2 suffers from chronic anemia and

both probands suffered from thrombocytopenia, which is

a known feature of mitochondrial disorders, especially of

Pearson’s syndrome.54 Recent investigations in mice eluci-

dated the importance of the Rieske iron-sulfur protein

(RISP) and overall CIII function in hematopoiesis and im-

mune response. Cell-specific loss of RISP in fetal hemato-

poietic stem cells impaired their differentiation, resulting

in anemia and prenatal death.55 Cell-specific Uqcrfs1

knockout in regulatory T cells in mice led to an early-onset

fatal inflammatory disease without any effect on the num-

ber of regulatory T cells. This suggests a role of CIII in the

modulation of protein products relevant for regulation

and suppression of immune responses.56

In summary, we have expanded the clinical and muta-

tional spectrum of CIII deficiencies by reporting patho-

genic variants in UQCRFS1 that lead to a mitochondrial

disorder in two unrelated individuals. Persistent clinical

improvement of individual P2 after high-dosage Coen-

zyme Q10 supplementation points toward a therapeutic

option despite the fact that we did not see any increase

in the oxygen consumption rate in his fibroblasts. Such

supplementation might be beneficial if some residual CIII

activity is present, but more research has to be done
2, 2020



regarding the pharmacokinetics, subcellular distribution,

and effect of Coenzyme Q10 supplementation.
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