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Abstract

This study aims to identify gene defects in pediatric cardiomyopathy and early-onset brain disease with oxidative
phosphorylation (OXPHOS) deficiencies. We applied whole-exome sequencing in three patients with pediatric
cardiomyopathy and early-onset brain disease with OXPHOS deficiencies. The brain pathology was studied by MRI
analysis. In consanguineous patient 1, we identified a homozygous intronic variant (c.850-3A > G) in the QRSLI gene,
which was predicted to cause abnormal splicing. The variant segregated with the disease and affected the protein function,
which was confirmed by complementation studies, restoring OXPHOS function only with wild-type QRSLI1. Patient 2 was
compound heterozygous for two novel affected and disease-causing variants (c.[253G > A];[938G > A]) in the MTO1 gene.
In patient 3, we detected one unknown affected and disease-causing variants (c.2872C > T) and one known disease-causing
variant (c.1774C > T) in the AARS2 gene. The c.1774C > T variant was present in the paternal copy of the AARS2 gene, the
¢.2872C > T in the maternal copy. All genes were involved in translation of mtDNA-encoded proteins. Defects in mtDNA-
encoded protein translation lead to severe pediatric cardiomyopathy and brain disease with OXPHOS abnormalities. This
suggests that the heart and brain are particularly sensitive to defects in mitochondrial protein synthesis during late embryonic
or early postnatal development, probably due to the massive mitochondrial biogenesis occurring at that stage. If both the
heart and brain are involved, the prognosis is poor with a likely fatal outcome at young age.

Introduction

In this study, we searched for the genetic defect in pediatric
patients with severe cardiomyopathy and early-onset brain
disease with deficiencies in oxidative phosphorylation
(OXPHOS). This is often lethal at a very young age. The
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affected hearts were mostly thick-walled and diagnosed as
hypertrophic cardiomyopathy (HCM). The brain pathology
was investigated with magnetic resonance imaging

(MRI). Additionally, muscle, liver, and developmental
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abnormalities were observed, this is not uncommon for
OXPHOS diseases as the OXPHOS systems consists of five
enzyme complexes, which generate ATP, the prime source
of cellular energy, and OXPHOS defects often affect mul-
tiple organs and more particularly those organs with a high
energy requirement. Overall, OXPHOS diseases have a
prevalence of about 1 in 85,000. Genetically, 13 of the
structural proteins of the OXPHOS complex are encoded by
the mitochondrial DNA (mtDNA), which has a genetic code
different from the nuclear DNA and therefore also contains
the necessary transfer RNA (tRNA) and ribosomal RNA
(rRNA) genes to generate mtDNA-encoded proteins [1].
The vast majority of the OXPHOS proteins, but also the
proteins involved in replication, transcription, and transla-
tion of the mtDNA, in assembly of the OXPHOS com-
plexes, and in mitochondrial quality control are encoded by
hundreds of nuclear genes. This implies that
these disorders can have a dual genetic origin [2]. The
extreme variability of the clinical manifestations and
the high number of genes potentially precludes
genotype—phenotype correlations and complete, unbiased
approaches, like whole-exome sequencing (WES), have
become the preferred and successful strategy to reveal the
underlying genetic cause.

We performed WES in three patients from unrelated
families, one consanguineous and two non-consanguineous,
in which mtDNA defects were excluded as cause. We fil-
tered the consanguineous family for homozygous variants
affecting protein function in regions of homozygosity
(ROH), whereas for the non-consanguineous families first a
targeted analysis of 412 mitochondrial disease genes and
functionally or structurally related genes was performed [3].
When negative, this was followed by an analysis of all
genes captured and sequenced. For both approaches, an
autosomal recessive disease model was used [4-8]. In each
family, a severe defect in a different gene was identified
causing the disease, but all three genes were involved in
translation of mtDNA-encoded proteins.

Materials and methods

Patients with pediatric cardiomyopathy, early-onset
brain disease and OXPHOS deficiency

Patient | (Family I)

Patient 2.2, the female proband of a consanguineous
Turkish couple, was prenatally diagnosed with HCM using
fetal echocardiography (ultrasound) and postnatally con-
firmed by electrocardiography (ECG). From birth she
developed encephalopathy, failure to thrive, and lactic
acidosis. MRI of the brain at 5 months showed diffuse
cerebral atrophy with T2 weighed imaging including hyper-
intensive abnormalities in globus pallidus and putamen and
also infratentorial in the dorsal brain stem, medulla oblon-
gata, and mesencephalon, which is characteristic for Leigh
syndrome (Fig. 1, the female patient 2.2). MRI spectro-
scopy of the white matter showed high lactic acid peak, and
elevated biochemistry data for choline/creatine ratio, con-
sistent with demyelination. She died at the age of 6 months.
Her brother (2.1), with a comparable phenotype, died in
utero and both were prenatally diagnosed with HCM using
fetal echocardiography (ultrasound). Patient 2.2 was also
prenatally diagnosed with a growth delay and a head lag.
This head lag in infants is showing a developmental delay in
head and neck muscle control. In conclusion, the pregnancy
of 2.1 and 2.2 was not a normal development in contrast to
2.3 and 2.4.Their parents, a second sister (2.3), and the
youngest brother (2.4) were healthy (Fig. 2a).

The relative activities of OXPHOS enzyme complexes in
muscle tissue biopsy of patient 2.2 were normalized to citrate
synthase (CS); CI=41%, CIl =68%, CIll =70%, CIV =
71%, CV =40%. Skin fibroblast (2.2) OXPHOS data
showed CI=43%, CIl=81%, CII=86%, CIV =54%,
CV = 64%. This indicates a complex I and V deficiency in
muscle and a complex I, IV, and V deficiency in fibroblasts.

Fig. 1 MRI of the brain data from patient 1.2.2. aT1 weighted sagittal
image: small corpus callosum, atrophy of the cerebellar vermis,
abnormal intensity dorsal pons, and mesencephalic region (arrow). b
Axial T2 weighted images showed subdural effusions, diffuse atrophy,
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frontal > occipital and hyperintensities in dorsal mesencephalon
(arrow) in figure. ¢ Hyperintensities in the dorsolateral part of the
putamen (arrow). All three figures showed Leigh syndrome
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A. Family I (QRSLI,NC 000006.11(NM _018292.4)) B. Family II ( MTO1,NM _001123226.1)
¢.850-3A>G/wt wt/c. 850 3A>G
1.1
¢.253G>A/wt wt/c.938G>A
1.1 1.2

.

c.253G>A/wt

hz ¢.850-3A>G  hz c.850-3A>G  wt/c.850-3A>A
2.1 2.2 23

C. Family I ( AARS2, NM_020745.3)

e

c.1774C>T/wt wt/c. 2872C>T
1.1
\ 2.1 23 }
¢.1774C>T/wt wt/c.2872C>T

Fig. 2 Pedigree of three families with pediatric cardiomyopathy and
Leigh (Family A) or Leigh-like syndrome (Family B and C) with
multiple OXPHOS deficiencies. a Patient 1.2.1 and 1.2.2 from a con-
sanguineous marriage carried a homozygous splicing defect in QRSLI

Patient 2 (Family II)

Patient 2.1 was diagnosed with a severe pediatric, HCM by
ECG and died at the age of 1.5 year. He was the only child
of non-consanguineous Dutch healthy parents (Fig. 2b)
during a normal pregnancy. He showed diffuse cerebral
atrophy with intraventricular septa on the MRI, character-
istic for brain disease, and high levels of alanine and lactic
acid, suggesting a mitochondrial disorder. The relative
activities of OXPHOS enzyme complexes in muscle biopsy
material of patient 2.1 were normalized to CS; CI=11%,
CII = 128%, CIIl = 25%, CIV = 11%, CV = 61%, showing
a severe deficiency of complex I, III, and I'V. Skin fibroblast
data showed a decreased activity of CI=50%, unfortu-
nately CII, CIII, CIV, and CV were not determined.

wt/c.850-3A>G

wt/c.938G>A
2.1

gene (NC_000006.11(NM_018292.4)). b Patient 11.2.1 showed two
novel variants in the MTO! gene (NM_001123226.1). ¢ Patient I11.2.1,
11.2.2, and II1.2.3 showed two variants in the AARS2 gene
(NM_020745.3)

Patient 3 (Family III)

Patient 2.1 was born dysmature and was diagnosed at birth
with severe HCM by ECG, and encephalomyopathy, per-
sistent hypotonia, lung hypoplasia, and also high levels of
lactic acid. Two other male siblings showed a similar phe-
notype and all three affected siblings died within 2 weeks
after birth (2.2 within 1 day, 2.1 within 4 days, and 2.3
within 16 days) (Fig. 2c). The Dutch healthy parents were
unrelated. Patient 2.1 and 2.2 patients were described as a
spontaneous twin pregnancy and no complications before
planned cesarean section. Nevertheless, after birth patient
2.2 showed immediately lung hypoplasia and died after 2 h
post-mortem. No further information of patient 2.3 was
available. Muscle biopsy (2.1) taken directly after birth
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showed many Cytochrome ¢ oxidase (COX)-negative fibers
with no other abnormalities. Postmortem brain pathology
(2.1) confirmed the postmortem MRI and showed degen-
eration of the fasciculus gracilis and cuneatus with some
vacuolization of the substantia nigra, characteristic for
Leigh-like syndrome. The HCM was also confirmed during
the postmortem heart pathology (2.1). The heart tissue was
observed by transmission electron microscopy (TEM) and
showed abnormal mitochondria, which were less in amount
and large in size (data not shown). The relative activities of
OXPHOS enzyme complexes in muscle tissue biopsy of
patient 2.1 were normalized to CS; CI =27%, CII = 120%,
CllI=11%, CIV=6%, CV =48%. Skin fibroblast data
showed activities of CI1=45%, CIl =67%, CIIl =119%,
CIV =97%, CV = 107%. In muscle, all complexes showed
a decreased activity, except complex II, whereas in fibro-
blasts only complex I was decreased.

Homozygosity mapping

Homozygosity mapping was performed using the Affyme-
trix GeneChip Human Mapping 250K SNP array (Affy-
metrix, Santa Clara, USA) using peripheral blood DNA of
consanguineous parents and siblings (Family I). The DNA
was labeled and processed according to the manufacturer’s
instructions. Genotypes were generated by the Affymetrix
Genotyping Analysis Software (GTYPE). Homozygous
regions were determined by the online tool Homozygosity
Mapper (http://www.homozygositymapper.org/).

WES and analysis

Genomic DNA was isolated from peripheral blood leuko-
cytes using the DNeasy Blood & Tissue kit (Qiagen, Hil-
den, Germany). The quality of the genomic DNA was
determined on a NanoDrop (Wilmington, USA) and by
Agarose gel electrophoresis and finally quantified with
PicoGreen on a Qubit fluorometer (Invitrogen, Bleiswijk,
The Netherlands). A total of 4 ug starting material was used,
which was further purified with a DNA Clean & Con-
centrator TM (ZymoResearch, BaseClear Diagnostics, Lei-
den, The Netherlands). The genomic DNA was fragmented
to 150-200-bp lengths by shearing on a Covaris S2 (Cov-
aris Inc., Massachusetts, USA). The exome was captured
with the SureSelect Human All Exon V4 plus UTR’s kit
(Agilent Technologies, Amstelveen, The Netherlands) for
Paired-End Illumina Sequencing platforms (Illumina,
Eindhoven, The Netherlands) using the standard SureSelect
protocol (version 1.3). Quality was controlled on a Bioa-
nalyzer 2100 (Agilent). Basecalling was performed using
Casava 1.8 (Illumina). Reads were aligned to the human
reference genome (UCSC hgl9) using Burrows-Wheeler-
Alignment tool (BWA) version 0.5.9. Single base variants

were identified using Sequence-Alignment-MAP tools
(SAM) version 0.1.16 and annotated according an in-house
annotation Python/R script that matched variants to the
RefGene, GenCode v19, and dbSNP144 hgl19 tracks from
the UCSC genome browser. Variants between the proband
and the reference sequence were annotated and listed in an
Excel file for further analyses. Two filtering strategies were
applied. In the consanguineous patient 1.2.2, homozygous
variants from homozygosity regions were analyzed. In the
non-consanguineous patients I1.2.1 and IIL2.1, first a
diagnostic panel of 412 mitochondrial genes was analyzed
for compound heterozygous variants, and if negative all
captured genes would be analyzed.

All variants were filtered for a predicted functional effect
(nonsense, missense, INDELSs, and splice site variants) and
frequency (<1% or absent in sequence databases
(dbSNP144, Exome Variant Server, Exome Sequencing
Project, Exome Aggregation Consortium (ExAC), and in-
house patient database). Possible splice site variants were
analyzed with Maximum Entropy Modeling of Short
Sequence Motifs (MaxEnt), Neural Networks Berkeley
Drosophila Genome Project (NNSPLICE), and Human
Splicing Finder (HSF). Missense variants were classified,
using SIFT (http://sift.jcvi.org/) and PolyPhen-2 (http:/
genetics.bwh.harvard.edu/pph2/). Additionally, in the con-
sanguineous patient [.2.2, novel genes carrying variants were
prioritized for their likelihood of being involved in mito-
chondrial disease using Weighted Gene Expression Tool and
database (WeGET; http://weget.cmbi.umcn.nl). Shortly,
remaining variants were analyzed for their co-expression
with genes encoding mitochondrial proteins (mitochondrial
system) in mammalian tissues. A weighted average of co-
expression with mitochondrial system was calculated for all
genes containing rare variants affecting protein function. A
higher contribution was assigned to data sets that showed
congruent expression (concomitant up and downregulation)
of the mitochondrial system itself. The variants affecting the
protein function could be the cause of the disease in the
patient were submitted to the gene variant database. Links
were described as: (1) www.lovd.nl/QRSL1, (QRSLI,
#00100428: patient 1.2.2), (2) www.lovd.n/MTO1, (MTOI;
#00100427: patient I1.2.1), and (3) www.ovd.nl/AARS2,
(AARS2; #00100426: patient II1.2.1). Relevant variants were
sequenced with gene-specific primers with an M13 tail and
the BigDye Terminator v1.1 Cycle Sequencing kit (Applied
Biosystems, Bleiswijk, The Netherlands) on an ABI 3730
DNA Analyzer. Data were processed using Sequence Scan-
ner v1.0 from Applied Biosystems.

cDNA analysis and complementation assay of QRSL1

All primers used are listed in Table 1. RNA was isolated
from patient and neonatal dermal human fibroblast cells
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3,00E+13

Relative QRSL1 Expression

0,00E+00

C. ORSLI (NC_000006.11(NM_018292.4):c.850-3A>G)

Fwd Primer 2>

Exon 6 Exon 7

Abundance Wt Transcript (QRSLI )

2,50E+13 +

2,00E+13

1,50E+13

1,00E+13 -

5,00E+12

3=439bp

Control Patient 1

1=243bp

2=330bp

Exon 8 Exon 9

cDNA wild-type

Fig. 3 Analysis of splice defects in QRSL1 cDNA in patient 1.2.2. a
QRLS1 cDNA of patient 1.2.2 with variant A > G (NC_000006.11
(NM_018292.4):c.850-3A > G) showed three cDNA fragments. b
Sequence analysis confirmed three different splicing events of intron 7
and 8, resulting in fragments of 439 bp (wild-type), 330 bp and 243 bp.

(NDHF control cells) using Total RNA Isolation Kit
according to the manufacturer’s manual (Roche Nederland
B.V., Almere, The Netherlands). Copy DNA (cDNA)
synthesis was performed by the qScript cDNA Synthesis
Kit (Quanta Biosciences, Gaithersburg, MD, USA) using 1
pg of RNA input. Standard PCR steps: (1) 5 min 94 °C, (2)
1 min 94 °C, (3) 1 min 58 °C, (4) 1.5 min 72 °C, (5) 7 min
72 °C, repeat steps 2—4 34 cycles and cooling down to 4 °C.
QPCR mRNA expression protocol were designed to gen-
erate a cDNA fragment across the site of the QRSL/ variant.
ORSLI mRNA expression was measured by the 7900HT
Fast Real-Time PCR System (Applied Biosystems, Foster
City, CA, USA) and was based on a primer pairs at exon 7
(209-bp amplicon), intron 7—-exon 8 (169-bp amplicon,
splice position), exon 8 (202-bp amplicon) and exon 9 (162-
bp amplicon) of the QRSLI transcript (NM_018292.4).
ORSLI expression was corrected for the TBP housekeeping
gene (TATA box-binding protein, NM_003194.4, primer
set in exon 5, 89-bp amplicon). Sensimix Sybr Hi-Rox
(Bioline, Taunton, MA, USA) was used for cDNA ampli-
fication under the following conditions: 2 min 50 °C, 2 min

SPRINGER NATURE

X

< Rev Primer
x=¢.850-3A>G (intronic)

b Percentage wild-type cDNA in patient 1.2.2 compared with controls.
The wild-type of patient 1.2.2 ¢cDNA (c.850-3A > G) resulted in a
wild-type significant rest (¥) level of 40% of the normal spliced cDNA
in exon 8 (p < 0.05 by student 7-test), three splice events for QRSL1
exon 8 in ¢

95 °C, followed by 40 cycles of 15s 95 °C (denaturation)
and 1min 60 °C (annealing and extension). Nonspecific
primer annealing was excluded by analysis of a primer
dissociation curve, which was obtained by the following
PCR steps: 15595 °C, 155 60 °C, 155 60 °C, cooling down
to 4 °C. For patient 1, QRSLI mRNA expression was cal-
culated using the standard 272 € method toward a TBP
housekeeping gene, and compared with healthy control
NDHF cells. The mutant spliced cDNA (NC_000006.11
(NM_018292.4):c.850-3A > G) resulted in a percentage
wild-type rest level of the normal spliced cDNA in exon 8.
Mutant and wild-type PCR fragments were cloned using the
pGEM T Easy cloning system (Promega, Madison, USA).
Wild-type QRSL1 was expressed using QRSLI cDNA
(NM_018292.4) pcDNA3.1_DYK clone (Genscript, Pis-
cataway, USA). All wild-type and mutant (patient 1 cDNA)
QRSL1 constructs were also cloned in a pUltra-Chili Len-
tiviral (Addgene, Cambridge, USA) with special restriction
enzymes sites primers (with an overhang generating
restriction sites for BamHI (GGATCC) and Xbal
(TCTAGA)).
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Metabolic complementation experiments

Human fibroblasts were grown in media containing either
glucose or galactose as the main carbohydrate source and
the acidification rate or the oxygen consumption rate was
determined with the Seahorse device (Seahorse Biosciences,
Massachusetts, USA), according to the protocol of the
manufacturer. Fibroblasts of patient 1.2.2 and a control were
transduced with wild-type and mutant (without exon &)
cDNA, cloned in a QRSL1-pUltra-Chilli Lentiviral vector
[9]. The results for mitochondrial respiration are normalized
to control fibroblasts, transduced with wild-type cDNA.

Results
Patient 1

For patient 1.2.2, a total of 41,338 variants were detected in
the WES data, of which 366 were homozygous variants
mapping in the ROH. Variants that affected protein function
were determined by in silico protein prediction tools,
resulting in 24 of low frequency, damaging candidate var-
iants (Supplementary Table 4). The genes involved were
prioritized for their likelihood of causing mitochondrial
disease using WeGET. Based on this prioritization list, we
started our analysis with the QRSLI gene, located in the

ATP Production and mitochondrial OXPHOS

. (QRSL1)
120 *ﬁ‘
100
%
[
80 I —‘
60
40
20 -
0 A
d 3 X N 3 X
& N N & ) ,\,@
¢ & & & &
@ ¢ RN

Fig. 4 Complementation of QRSL1 defects in fibroblasts with two
different vectors. Transduction with QRSL1 c¢cDNA without exon
8 showed a significant decrease of 49% ATP production in control
cells. A significant increase of 42% ATP production in patient (1.2.2)
and patient (1.2.2) plus transduced wild-type cDNA QRSLI1 was
observed. The standard deviation was measured at four independent
time points after transduction (wild-type or mutant) and non-
transduced (Control or Patient 1.2.2). The results for mitochondrial
respiration are normalized to control fibroblasts, transduced with wild-
type cDNA. The * symbol indicates that the difference is statistically
significant (student 7-test).

ROH of chromosome 6, which carried a homozygous
intronic variant A >G (NC_000006.11(NM_018292.4):
c.850-3A > G (p.7), NP_060762.3), (Fig. 2a). The QRSLI
variant possibly leads to abnormal splicing, based on three
splicing predictions (MaxEnt: —-100.0%, NNSPLICE:
-98.6% and HSF: —1.1%), which showed that the normal
splice acceptor site was slightly reduced and an acceptor site
3-bp downstream could be used. Functional splicing vali-
dation was required and segregation analysis showed that
both affected siblings (I.2.1 and 1.2.2) were homozygous for
the variant. The parents (I.1.1 and 1.1.2) were heterozygous,
as was the unaffected brother (I1.2.4). The unaffected sister
(1.2.3) did not carry the variant (Fig. 2a).

PCR amplification of the QRSLI cDNA using primers
spanning the site of the variant, followed by sequence
analysis revealed three different PCR fragments of 439, 330
and 243 bp for the mutant, whereas the wild-type control
cDNA showed only one band of 439bp (Figs. 3a, b).
Additional denaturing 10% UREA PAGE gel confirmed the
presence of three different fragments, excluding the possi-
bility of one band being a hetero-duplex (data not shown).
Sequence analysis showed that in the PCR fragment of 243-
bp exon 8 was completely absent (NM_018292.4:
r.850_1042del), leading to a frameshift and premature stop
codon at exon 9. In the PCR fragment of 330 bp, exon 8
was partly retained (37 amino acids of a total of 64
(NM_018292.4:r.850_931del), therefore missing 27 amino
acids) and an exonic splice acceptor was used at position
NM_018292.4:r.933 (c.933A). This also caused a frame-
shift and premature stop codon at position NM_018292.4:
r.887* (c.887C). The 439-bp fragment was the normally
spliced cDNA fragment. Quantitative PCR analysis showed
that wild-type ¢cDNA was about 40% of the amount
observed in control fibroblast (Fig. 3c).

Metabolic complementation measurements in fibroblasts
of patient 1.2.2 showed defects in glycolysis and OXPHOS.
For a complementation test, wild-type and mutant QRSL]
cDNAs was cloned in a pUltra-Chili Vector and subse-
quently used to transduce the fibroblasts of patient 1.2.2
NDHEF cells were negative controls. Patient cells transduced
with wild-type ¢cDNA QRSLI showed a 61% OXPHOS
activity (42% increase compared with non-transduced
patient cells). The control cells showed a 51% OXPHOS
activity when transduced with variant 1 (exon 8 was com-
pletely absent) cDNA QRSLI (Fig. 4). Polybrene was added
to enhance the expression after transduction, but in addition
to that a minor cytotoxic effect was observed in all cells for
all conditions.

Patient 2

In patient I1.2.1, we detected 4540 variants in the 412
mitochondrial genes, of which the MTO1 gene, containing
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two novel variants (NM_001123226.1, NP_001116698.1),
Alanyl-tRNA Synthase 10 (Supplementary Table 5), was
the most likely candidate based on function and
genotype—phenotype correlation [10, 11]. The patient car-
ried a G> A substitution (NM_001123226.1:¢.253G > A)
in exon 2, changing p.(G85R), and a G > A substitution
(NM_001123226.1:¢.938G > A) in exon 5, changing p.
(R313Q), both of which were damaging by in silico pre-
dictions of Polyphen (probably damaging, score 0.95) and
Sorting Intolerant From Tolerant (SIFT-deleterious, score
0.001). The first variant was not present in the in-house and
ExAC database, whereas the second variant (rs number
371179032) had a very low allele frequency (1/1211348,
AF = 8.241E-6) in the EXAC database. Both variants were
located in functional protein domains of MTO1, which were
highly conserved, based on protein BioGraph annotated
predictions. Each parent (IL.1.1 and II.1.2) was hetero-
zygous for one of the variants (Fig. 2b).

Patient IlI

In patient II.2.1, we detected 4917 variants in the 412
mitochondrial genes, of which we identified two unknown
variants and one known variant in the AARS2
(NM_020745.3, NP_065796.1, Alanyl-tRNA synthetase)
gene (Supplementary Table 6). Based on the HCM and
Leigh-like phenotype, the AARS2 (Alanyl-tRNA synthe-
tase) gene was the best candidate gene from the list (Sup-
plementary Table 6). The first variant was a G>A
substitution (NM_020745.3:c.1774C>T) in exon 13
(rs138119149 with a frequency of 0.001), causing a sub-
stitution of p.(R592W) with a damaging score based on
Polyphen (probably damaging score 0.97) and SIFT (dele-
terious score 0.002). The first variant was listed in ExAC:
rs138119149 (33/121110, AF =0.0002725). The second
variant was a G> A nonsense variant (NM_020745.3:
¢.2872C >T) in exon 22 had no rs number and was not
present in the in-house or EXAC databases, p.(R958%). The
unaffected father was heterozygous for the G > A (c.1774C
> T) substitution in exon 13 and the unaffected mother was
heterozygous for the nonsense variant ¢.2872C > T in exon
22 (Fig. 2c).

Discussion

Cardiomyopathy is a disease of the heart muscle, interfering
with efficient contraction and often leading to heart failure.
According to the definition of the American Heart Asso-
ciation (AHA), cardiomyopathies can be either primary
limited to the heart or can be a secondary result of other
illnesses [12]. In three families with pediatric cardiomyo-
pathy, brain disease, and multiple OXPHOS deficiencies,

we identified the causative variant by WES. Given the
genetic heterogeneity of OXPHOS disorders with >1400
nuclear genes potentially involved, WES is the best suitable
unbiased approach for finding the underlying genetic cause
[13]. We started with an autosomal recessive disease model
and in case of consanguinity as in patient 1.2.2, we focused
on homozygosity regions.

The second patient from a consanguineous marriage car-
ried a homozygous splicing defect (NC_000006.11
(NM_018292.4):c.850-3A > G, NP_060762.3) in the QRSLI
gene, leading to two mRNAs with a premature stop codon
and a strong reduction of the normal mRNA. A com-
plementation assay confirmed a causative role in the complex
I deficiency and pathology. Therefore, we did not proceed
with other candidate genes on the list. During the course of
our studies, an article was published, reporting the first
disease-causing variants in the QRSLI gene. A homozygous
variant (NM_018292.4:¢.398G>T (p.(G133V)) was pre-
sented in a consanguineous family with two affected siblings
(Patient Y and Z in Table 2) including HCM [14]. Also, a
compound heterozygosity for the variants (NM_018292.4:
¢.350G > A (p.(G117E) and NM_018292.4:c.398G>T (p.
(G133V)) was reported in another non-HCM patient (Patient
AA in Table 2) with interstitial pneumonia and mitochondrial
respiration deficiencies [14]. These data confirmed the
involvement of QRSLI in pediatric cardiomyopathy with
OXPHOS deficiency. The clinical manifestations vary, and
based on the limited data, a strong reduction in QRSLI seems
more severe than the amino-acid changes reported, although
data on the brain phenotype are lacking (Tables 2 and 3).

QRSL1 (or GatA) is part of a heterotrimeric enzyme
complex GatCAB; GatA, GatB (PET112L), and GatC
(GATC). GatA (QRSL1) plays a role as a mitochondrial
amidotransferase, recognizing Glu-tRNA (Gln) and con-
verts Glu to Gln. An accumulation of Glu-tRNA previously
showed defects of mitochondrial mammalian translation
processes and respiration [15]. The QRSLI1 defect can
explain the observed defects in glycolysis and OXPHOS.
This is supported by earlier data on the role of mitochon-
drial translation and glutaminyl-mt tRNA®™ in mouse cells,
which demonstrated that mgatA produced a strong mito-
chondrial translational aminoacylation defect [16]. In Dro-
sophila, null mutants of GatA gene, the homolog of
QRSLI1, caused larvae to grow slowly and die before
pupariation [17].

As one (I.2.1) of the siblings of family 1 died in utero,
this could reflect a similar developmental defect. Both stu-
dies support the essential role for glutaminyl-mt tRNAS" in
mitochondrial protein synthesis and OXPHOS.

In patient I1.2.1, we identified two novel variants in the
MTOI1 gene, which is involved in mitochondrial tRNA
modification. MTO1 catalyzes the S5-carboxymethyla-
minomethylation of the uridine base in mitochondrial
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Fig. 5 Mitochondrial biogenesis. A schematic overview of the pathways involved in mitochondrial biogenesis, including the translation processes,

affected in our patients. The reported genes are highlighted

tRNA-GIn, tRNA-Glu, and tRNA-Lys, usually together
with MTO2 (TRMU). A disease-causing role of MTOLI in
mitochondrial patients with HCM (Tables 2 and 3) has been
described before [10, 11]. The two variants (NM_012123.3:
c.1282G > A (p.(Ala428Thr) and NM_012123.3:c.1858dup
(p-(Ala620Lysfs*8)) in siblings patients P and Q showed
early-onset lethal HCM, but normal brain anatomy
(Table 2). An unrelated third consanguineous patient R with
NM_012123.3:¢c.1282G > A (p.(Ala428Thr) showed HCM
without lethality, and also normal brain development. In
two consanguineous families (lethal male siblings T/U and
non-lethal female siblings V/W), a homozygous variant
(NM_012123.3:¢.1232C > T (p.(Thr411Ile)) was reported
causing early-onset HCM including abnormal brain mor-
phology by MRI. Our two novel variants in MTOI gene in
patient I1.2.1 (Table 2, patient X) displayed a similar early-
onset HCM, a diffuse cerebral atrophy with an intraven-
tricular septa, and multiple OXPHOS deficiencies, and
lethality at 19 months.

In patients I11.2.1, 1I1.2.2, and 1I1.2.3, we identified two
variants in the AARS2 gene: NM_020745.3:¢c.1774C > T
(p-(R592W), and NM_020745.3:c.2872C > T (p.(R958%).
AARS2 consists of three functional domains; the
N-terminal catalytic domain, the editing domain and the

SPRINGER NATURE

C-terminal (C-Ala domain). The AARS2 gene belongs to
the class-II aminoacyl-tRNA synthase family and the pro-
tein is functional as a dimer. The first variant (c.1774C > T)
on the paternal allele are in the editing domain of the
AARS2 gene. The editing domain removes incorrectly
charged amino acids and the first (c.1774C > T) variant is
previously reported as a disease-causing variant associated
with HCM and a poor prognosis [18, 19]. The second novel
stop (c.2872C > T) variant on the maternal allele is located
in the c-terminus (C-Ala domain) for the AARS2 gene and
most likely leads to nonsense-mediated decay of the tran-
script. The presence of a reduced amount of the protein and
the presence of two detrimental amino-acid substitutions in
the other allele could, especially in dimers like AARS2,
explain the more severe disease manifestation, of pediatric
cardiomyopathy, Leigh-like syndrome, and multiple
OXPHOS deficiencies. One of the patients in literature
(patient D in Table 2) was compound heterozygous for
the same missense mutation in combination with a frame-
shift mutation (NM_020745.3:c.[647dup];[1774C > TY)),
(p-[(C218Lfs*6)];[(R592W)]). The frameshift variant (p.
(C218Lfs*6)) probably leads to nonsense-mediated decay
of the transcript. Both variants resulted in cardiomyopathy
and lethality after 3 months of birth [19, 20].
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Different variants affecting protein function have been
reported for the AARS2 gene resulting in HCM, leukody-
strophy, and ovarian failure [20, 21] and a
genotype—phenotype correlation is needed for novel var-
iants in genes. Structural modeling of tissue-specific mito-
chondrial alanyl-tRNA synthetase (AARS2) defects was
previously reported to predict different effects on aminoa-
cylation activity level for the protein [20]. The study
showed a clear correlation between the amino-acid change
(p.(R592W)) and the severity of the predicted aminoacyla-
tion activity of AARS?2 linked to cardiomyopathy. In case
of a significant residual amount of mischarged amino acids,
the predicted activity of aminoacylation resulted in a brain
disease phenotype. Strikingly, none of the missense variants
in leukodystrophy patients were reported in the editing
domain in contrast to the cardiomyopathy patients [20].
Nevertheless, several missense variants were described
outside the editing domain (N-terminal catalytic and C-
terminal (C-Ala domain) and caused a cardiomyopathy
phenotype [18-20]. Further insights in protein modeling
and in vivo studies (e.g., mice or zebrafish) can further
elucidate the role of translation defects during mitochon-
drial protein synthesis.

In all three patients, pediatric cardiomyopathy, early-
onset brain disease, and multiple OXPHOS deficiencies
were present. Our data, together with other reports, indicates
that the heart is sensitive to severe defects in mitochondrial
translation during prenatal development (Table 3). The heart
muscle consists for 30% of mitochondria, which have a
critical role in the structure alignment of heart muscle fibers
and, in supplying the heart with sufficient energy. Adequate
mitochondrial translation is essential for both processes,
especially during development when the heart differentiates
from early embryonic cells by massive proliferation of the
mitochondria. It is therefore likely that the disturbed
translation causes structural problems (HCM) in combina-
tion with OXPHOS defects in the prenatal and neonatal
heart. Evidence supporting this hypothesis can be derived
from other cardiomyopathy disease-causing variants in
mitochondrial translation, like the tfRNAGly NC_012920.1:
m.9997T > C, tRNAHis NC_012920.1:m.12192G > A,
tRNALys NC_012920.1:m.8344A > G, tRNALeu
NC_012920.1:m.3243A > G and NC_012920.1:m.3302A
>G, tRNAlle NC_012920.1:m.4317A> G, tRNATrp
NC_012920.1:m.5545C > T, and tRNAVal NC_012920.1:
m.1644G > A. Furthermore, other defects in nuclear genes
involved in mitochondrial protein synthesis are reported to
cause pediatric cardiomyopathy, for example, mitochondrial
ribosomal subunits (MRPL3, MRPL44), tRNA-modifiers
(GTPBP3), and RNA processing enzyme (ELAC2) [20,
22]. Cardiomyopathy can be the sole manifestation, but it
can also be part of a broader syndromic spectrum. However,
not all defects in genes involved in mitochondrial

translation lead to HCM, as apart from the AARS2 gene
none of the tRNA synthetases genes affect the heart, but
rather the brain, liver, and peripheral nervous system
(Table 3). The number of variants involved in translation of
mitochondrial proteins, is yet too low to define whether this
is gene specific or variant specific, except for the AARS2
gene where a genotype—phenotype correlation has been
established.

In conclusion, our study showed disease-causing variants
in the nuclear aminoacyl-tRNA synthetase genes (AARS2,
MTOI, QRSLI), causing pediatric cardiomyopathy, brain,
and multiple OXPHOS deficiencies (Fig. 5). As the
expression can be variable, it would be worthwhile to
investigate the brain, even if the patient only presents with
cardiomyopathy, as this is important for prognosis. Our data
are in line with a key role of mitochondria in cardiovascular
genetics and disease [23].
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