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Abstract

Mitochondrial translation is essential for the biogenesis of the mitochondrial oxidative phosphorylation system (OXPHOS)
that synthesizes the bulk of ATP for the cell. Hypomorphic and loss-of-function variants in either mitochondrial DNA or in
nuclear genes that encode mitochondrial translation factors can result in impaired OXPHOS biogenesis and mitochondrial
diseases with variable clinical presentations. Compound heterozygous or homozygous missense and frameshift variants in
the FARS?2 gene, that encodes the mitochondrial phenylalanyl-tRNA synthetase, are commonly linked to either early-onset
epileptic mitochondrial encephalopathy or spastic paraplegia. Here, we expand the genetic spectrum of FARS2-linked
disease with three patients carrying novel compound heterozygous variants in the FARS2 gene and presenting with spastic
tetraparesis, axial hypotonia and myoclonic epilepsy in two cases.

Introduction

Mitochondria contain their own translation system complete

with a mitochondria-specific ribosome (mitoribosome) and

translation factors that function like their cytosolic coun-
Supplementary information The online version of this article (https:// terpal.‘ts. ?ntramlto'chondrlal tra.nslatlor} of mDNA-encoded
doi.org/10.1038/541431-020-00757-x) contains supplementary proteins is essential for the biogenesis of four of the five
material, which is available to authorized users. multiprotein complexes that form the ATP-producing oxi-
dative phosphorylation system (OXPHOS). Inhibition of
mitochondrial translation results in isolated or multiple
OXPHOS deficiencies and mitochondrial disease.
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global brain atrophy, cerebellar and basal ganglia abnorm-
alities. In the second group, spastic paraplegia is associated
with weakness of the lower extremities, spasticity and dif-
ficulties with walking. Intellectual disability/developmental
delay may be observed in both groups. Here, we report the
identification of 4 novel missense or frameshift variants in
the FARS2 gene in three unrelated patients (Pts) presenting
with spastic tetraparesis, developmental delay and myo-
clonic epilepsy in two cases.

Subjects and methods

Informed consent was obtained for all patients in accor-
dance with the Declaration of Helsinki protocols and
approved by local institutional review boards in Paris.

Detailed clinical presentations of the patients are shown
in Table 1. Briefly, all three patients (Pts 1, 2 and 3) were
born to non-consanguineous parents (Fig. 1a) and presented
with disease within the first weeks of life. They all had
developmental delay and axial hypotonia. Pts 1 and 2
developed spastic quadriplegia. Pts 2 and 3 developed
pharmaco-resistant epileptic seizures, mainly myoclonic
and associated with a marked photosensitivity in Pt 2; brain
MRI showed variably severe ventriculomegaly (Pts 1, 2 and
3) and brain-stem and basal ganglia involvement (Pts 2 and
3) (Fig. 1b).

Causative variants were identified using a next genera-
tion sequencing panel targeting 382 genes involved in
mitochondrial diseases (Ptsl and 3) or whole exome
sequencing (Pt 2). The variants were assessed in silico and
confirmed by Sanger sequencing as in [16]. Segregation
analysis confirmed the presence of the variants in the
parents.

Skin fibroblast cultures from controls and patients, pro-
tein extraction and immunoblotting were carried out as in
[17]. MtPheRS antibody was purchased from Proteintech
(Manchester, UK, 16436-1-AP). The remaining antisera
used here were described previously [17]. In vitro pulse-
labeling of mtDNA-encoded proteins was carried out in
cultured patient fibroblasts as described in [17].

Results

All three patients carried compound heterozygous variants
including four missense variants NM_001318872.1:
¢.1256G>A p.(Arg419His), NM_001318872.1:c.989G>A p.
(Arg330His), NM_001318872.1:¢c.1113G>T p.(Leu371Phe)
and NM_001318872.1:c.251A>C p.(His84Pro) all affecting
evolutionary conserved amino acids and predictably patho-
genic, and one  duplicaion @ NM_001318872.1:
¢.1269_1276dup p.(Ser426*) (Fig. 1a, c, and Supplementary
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Table S1). None of these variants, but c.1256G>A, were
previously reported in the literature. All newly identified
variants were submitted to ClinVar (Submission ID:
SUB6685161).

Immunoblotting of whole-cell extracts revealed a
decreased abundance of mutant mtPheRS in all three
patients’ fibroblasts suggesting a structurally destabilizing
role of the identified variants (Fig. 2a). Examination of the
abundance of mtDNA and nuclear-encoded OXPHOS
proteins revealed a pattern of changes in their abundance
consistent with impaired mitochondrial translation—
decreased abundance of the mtDNA-encoded COXII pro-
tein and some, but not all, nuclear-encoded OXPHOS
proteins [17], revealing multiple OXPHOS deficiency
where CI and CIV are affected (Fig. 2b). Interestingly,
unlike COXII, the abundance of the mtDNA-encoded ATP8
was unchanged, probably because it contains a single phe-
nylalanine whereas COXII contains ten (Fig. 2b). Con-
sistent with the immunoblot analysis above and the essential
role in mtPheRS in mitochondrial translation, in vitro pulse
labeling of mtDNA-encoded proteins revealed a general
decrease in mitochondrial translation in fibroblasts from all
three patients (Fig. 2c). Cumulatively, these data indicate
that the newly identified FARS2 variants result in a desta-
bilized mtPheRS protein and in an inhibition of mitochon-
drial translation.

Discussion

Our report expands the genetic spectrum of FARS2-linked
pathologies with four novel FARS2 missense or duplication
variants whose causal role was supported by bioinformatics
and biochemical analyses.

The clinical presentations of FARS2-linked disease fall
into two categories: (a) early-onset severe encephalopathy
with or without epilepsy or (b) spastic paraplegia. The
epileptic seizures observed in FARS2 patients can have
variable features in the different patients including neonatal
multifocal seizures, infantile spasms or myoclonic epilepsy
with an onset later in infancy. Patients with early-onset
FARS2-linked encephalopathy also present with develop-
mental delay and may have a wide range of brain
abnormalities. Most of the previously reported FARS2
patients with an early-onset encephalopathy died before two
years of age [3—10, 12] whereas two patients with juvenile-
onset epilepsy died soon after it became refractory [11]. The
clinical presentation of the three patients reported here was
typical of FARS2 disease with early-onset encephalopathy
with or without epilepsy, included developmental delay and
was associated with a prolonged survival. Pts 2 and 3
developed myoclonic pharmaco-resistant seizures whereas
no seizures were reported for Pt 1. In contrast to most other
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Fig. 1 Family pedigrees, neuroimaging findings in patients carry-
ing FARS2 variants and evolutionary conservation of the amino
acids affected by these variants. a Segregation of the newly identi-
fied FARS2 variants into the pedigrees of the three reported families.
b Axial T2-weighted images showing mild ventriculomegaly, no
enlargement of the subarachnoid spaces in Pt 1; marked ven-
triculomegaly, enlargement of the subarachnoid spaces due to white
matter loss, especially in the sylvian fissures, abnormal T2 hyper-
intensities in the lentiform nuclei and dorsal brainstem in Pt 2;
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catalitic domain

anticodon-binding

domain
451 aa

Ser426*

moderate ventriculomegaly and enlargement of the subarachnoid
spaces in Pt 3. ¢ Linear map of the mtPheRS protein indicating its
domain organization and position of the identified variants. Previously
reported variants are shown above the mtPheRS map whereas variants
reported here are below. FARS2 variants found in patients with her-
editary spastic paraplegia are indicated with filed square. Evolutionary
conservation of the amino acids affected by the newly described
missense variants is shown in a multisequence alignment of mtPheRS
proteins from different species.
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Fig. 2 Decreased abundance of mtPheRS protein and an impaired
mitochondrial translation in patient fibroblasts expressing differ-
ent FARS2 variants. a Immunoblot analysis of whole-cell extracts
from control (C1 and C2) and patient (Pt 1, Pt 2, Pt 3) fibroblasts
showing decreased abundance of mtPheRS. f-actin was used as a
loading control. b Immunoblot analysis of whole-cell extracts from
control (C1 and C2) and patient (Pt 1, Pt 2, Pt 3) fibroblasts showing
decreased abundance of mtDNA-encoded COXII (OXPHOS complex
IV) and nuclear-encoded NDUFA13 (OXPHOS complex I) and

patients with early-onset epilepsy, Pts 2 and 3 were alive at
the age of 16 and 5 years, respectively. Similar finding has
been reported for one other FARS2 patient who presented
with generalized epilepsy at age of 19 months and was alive
at 17 years of age [9] suggesting that early-onset epilepsy
can be associated with prolonged survival.

Even though hypomorphic or loss-of-function variants in
different mitochondrial tRNA synthetases consistently
result in neurological phenotypes, these are generally not
specific to individual enzymes including FARS2—early-
onset epilepsy and hereditary spastic paraplegia are
genetically heterogeneous and not necessarily linked to
tRNA aminoacylation. Moreover, there is no apparent cor-
relation between the location of different FARS2 variants
along the mtPheRS polypeptide and the type, onset and
severity of disease as, for example, variants affecting the
catalytic domain are just as likely to cause an epileptic
phenotype as variants affecting the ABD domain. This
prevents us from establishing precise genotype-phenotype
correlations. Most likely, the specific structural and func-
tional effects of each variant intersect with the genetic
background to determine the extent to which tRNAPM®
aminoacylation is impacted in each individual and the
specific clinical presentation in that individual. For

Cc
C1 C2 Pt1 P2 Pt3 C1 C2 Pt1 P2 Pt3

-l n SESEE

cox 1_““ -

ND17~— .
COX || -

OX II— S S8 &= o

ATPG

ND6—
ND3—

ND4L__
ATP8—

autoradiograph Coomassie

COXIV (OXPHOS complex IV). Abundance of SDHA (OXPHOS
complex II), ATPSA (OXPHOS complex V) and the mtDNA-encoded
subunit ATP8 was unchanged. f-actin was used as a loading control. ¢
Pulse-labeling of mtDNA-encoded proteins in control (C1 and C2) and
patient (Pt 1, Pt 2, Pt 3) fibroblasts reveals an inhibition of mito-
chondrial translation in patient fibroblasts. Coomassie staining was
used to assess loading. A representative of two independent experi-
ments is shown.

example, of the variants reported here, p.(Argd19His) was
previously identified in a patient with pediatric spastic
paraplegia and encephalopathy [18]. Like this patient, Pt 1
had a non-fatal disease and did not present any epileptic
phenotype. Although similar, the two phenotypes were not
identical, which may result from the fact that the patient
reported by Jou and colleagues was compound hetero-
zygous for this missense variant and a large deletion
whereas Pt 1 is compound heterozygous for the p.
(Arg419His) variant and a frameshift variant whose
expression status is unclear. Pt 3 also expressed the p.
(Arg419His) variant but deviated from the other two
patients in that he also had epileptic phenotype and white-
matter degeneration resulting in a relatively more severe
disease. In this case, the p.(Arg419His) variant is compound
heterozygous with another missense mutant, p.(His84Pro),
that may account for the specific phenotype observed in the
patient. Thus, phenotypic differences in these cases may
result from different genetic modifiers and/or the presence
of different compound heterozygous FARS2 variants.
Keeping in mind the small number of patients, it appears
that the p.(Arg419His) variant is associated with long sur-
vival with or without epilepsy and white matter abnormal-
ities. In the absence of in vitro activity data, we speculate

SPRINGER NATURE
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that even though Arg419 is a structurally-important amino
acid, its exchange to proline results in a semi-functional
enzyme in manner similar to that proposed for p.(Arg419-
Cys) which resulted in spastic paraplegia and only transient
epileptic seizures [13, 19].

Our data further expands the genetic spectrum of FARS2
variants and raises awareness that some patients may present
with early-onset epilepsy and long survival. As many
patients with FARS2 variants are compound heterozygous
for two missense variants it would be interesting to integrate
data from in vitro activity assays of individual and combined
mutant mtPheRS to determine to what extent, or if at all,
different mutant mtPheRS interact functionally and whether
this could add additional information that can help explain
the phenotypic presentations observed in different patients.
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