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Abstract

Objective: Defects in RARS2 cause cerebellopontine hypoplasia type 6 (pon-
tocerebellar hypoplasia type 6, PCH6, OMIM: #611523), a rare autosomal reces-
sive inherited mitochondrial disease. Here, we report two male patients and their
respective family histories.

Methods: We describe the clinical presentation and magnetic resonance imag-
ing (MRI) findings of these patients. Whole-exome sequencing was used to iden-
tify the genetic mutations.

Results: One patient showed hypoglycemia, high lactic acid levels (fluctuating
from 6.7 to 14.1 mmol/L), and frequent seizures after birth, with progressive at-
rophy of the cerebrum, cerebellum, and pons. The other patient presented with
early infantile developmental and epileptic encephalopathies (EIDEEs) with
an initial developmental delay followed by infantile epileptic spasm syndrome
(IESS) at 5months old, with no imaging changes. Whole-exome sequencing iden-
tified compound heterozygous RARS2 variants c.25A>G (p.I19V) with c.1261C>T
(p-Q421*) and c.1A>G (p.M1V) with ¢.122A>G (p.D41G) in these two patients.
Of these loci, c.1261C>T and c.122A>G have not been previously reported.
Significance: Our findings have expanded the RARS2 gene variant spectrum
and present EIDEEs and IESS as phenotypes which deepened the association
between PCH6 and RARS2.

Plain Language Summary: Defects in RARS2 cause cerebellopontine hypoplasia
type 6, a rare autosomal recessive inherited mitochondrial disease. Two patients
with RARS2 variants were reported in this article. One patient showed hypoglyce-
mia, high lactic acid levels, and frequent seizures after birth, with progressive atro-
phy of the cerebrum, cerebellum, and Page 3 of 21 Epilepsia OpenFor Review Only
pons. The other patient presented with an initial developmental delay followed by
refractory epilepsy at 5 months old, with no imaging changes. Our findings deep-
ened the association between PCH6 and RARS2.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
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1 | INTRODUCTION
Barth described pontocerebellar hypoplasia (PCH) as a
heterogeneous group of neurodegenerative disorders with
severe hypoplasia or atrophy of the cerebellum and pons.!
Several subtypes have been reported. Pontocerebellar hy-
poplasia type 6 (PCH6) is an autosomal recessive form of
mitochondrial encephalopathy characterized by intrac-
table epilepsy, microcephaly, feeding difficulties, lactic
acidosis, and developmental delays and presents with
cerebral hypoplasia and progressive cerebellar and pon-
tine atrophy on with magnetic resonance imaging (MRI).
PCHBS6 is caused by a homozygous or compound heterozy-
gous mutations in RARS2, which encodes the mitochon-
drial arginyl-tRNA synthetase. To date, more than 30
PCHS6 patients with RARS2 variants have been reported.
Here, we report two Chinese patients diagnosed with
PCH6 and review their medical records, including clini-
cal presentation, MRI and electroencephalography (EEG)
features, and follow-up information. Using trio-whole
exome sequencing (WES), we identified two compound
heterozygous RARS?2 variants (c.25A>G and ¢.1261C>T)
and (c.1A>G and c.122A>G). Our findings broaden our
knowledge of the PCH6 and RARS?2 genes.

2 | METHODS

2.1 | Patients

Two unrelated consanguineous patients were diagnosed
with PCH6 based on clinical manifestations, MRI, EEG,
and RARS2 mutation analyses. Informed consent was ob-
tained from the parents of the patients, and ethical state-
ments were obtained from the Ethics Committee of the
Third Affiliated Hospital of Zhengzhou University (2021-
062-01). All the procedures were performed in accordance
with the ethical standards of the Declaration of Helsinki.

2.2 | Genetic analysis

Whole exome sequencing was performed after informed
consent was obtained from the patients and their parents.
Peripheral blood was collected from both patients and their
parents. DNA was extracted using a blood genome extrac-
tion kit (Kang Wei Century), and the DNA fragments were
enriched after quality control and library establishment
to construct a whole exome library. High-throughput se-
quencing was performed using the Illumina NovaSeq 6000

Key Points

« Two novel variants broaden the spectrum of
RARS2 mutations.

« Pontocerebellar Hypoplasia Type 6 can present
IESS with no imaging changes.

« One typical PCH6 patient was reported.

+ RARS2 needed to be related to early infantile
developmental and epileptic encephalopathies
(EIDEE:).

series sequencer. The sequencing process was completed
by Beijing Chigene Translational Medical Research Centre
Co., Ltd. Raw sequencing reads were processed using
FASTP (https://github.com/OpenGene/fastp) for adapter
removal and low-quality read filtering. High-quality se-
quencing data were generated on the Ensemble GRCh37/
hgl9 reference genome using Burrows-Wheeler Aligner
(BWA, https://github.com/lh3/bwa). GATK (http://
www.broadinstitute.org/gatk/) was used for base qual-
ity score recalibration, single nucleotide polymorphisms
(SNPs), and indel calling. A professional bioinformatics
analysis pipeline was used to determine the pathogenic-
ity of the variations, and regular population distribution
frequency queries (dbSNP, 1000 Genomes, EXAC, ESP,
etc.) were performed for the variants using variant anno-
tation software. A series of bioinformatics tools, such as
PROVEAN, SIFT, Polyphen2, MutationTaster, Reval, and
CADD, were used to predict the possible deleterious ef-
fects of variations. Variants were classified according to
the American College of Medical Genetics (ACMG) guide-
lines. MEGA?7.0 software was used to analyze the conser-
vation of amino acid variation sites, and PyMOL software
was used to model protein structure and analyze the effect
of the variation on spatial protein structure.

3 | RESULTS

3.1 | Casel

The child was delivered naturally at 41weeks and was
the first pregnancy of a nonconsanguineous couple. His
Apgar score was 9 points at 1 min (deducted based on skin
color) and 10 points at 5min. His birth weight was low
(2400g; —3 SD ~—2 SD), but his birth length and head cir-
cumference were normal.


https://github.com/OpenGene/fastp
https://github.com/lh3/bwa
http://www.broadinstitute.org/gatk/
http://www.broadinstitute.org/gatk/
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The patient was admitted to the neonatal department
of our hospital because he was hypoglycemic and small
for his gestational age after birth. After admission, he was
found to have a high lactic acid level, fluctuating from 6.7 to
14.1 mmol/L. On the third day of hospitalization, the patient
developed frequent seizures (mainly focal clonic seizures)
and status epilepticus. Midazolam was continuously pumped
and phenobarbital was intermittently administered; however,
his seizures remained frequent. During this period, cocktail
therapy (Vitamin B2, Vitamin B1, l-carnitine, coenzyme Q10,
vitamin C, Vitamin E) was administered to actively treat the
primary disease, and suspended red blood cells were infused
to correct anemia. At 14days of age, the patient was succes-
sively treated with a ketogenic diet, levetiracetam, and topira-
mate. The treatments were ineffective. He did not have status
epilepticus; however, focal clonic seizures were still observed
1-2 times a day which showed on ambulatory EEG. Blood
tandem mass spectrometry results suggested that his alanine,
methionine, and proline levels were increased.

MRI revealed a small cerebellum 20days after birth
(Figure 1A). When the patient was 7.5months old, MRI
revealed that the white matter in the bilateral cerebral
hemispheres had decreased and aggregated, the corpus
callosum and brain stem were thin, the cerebrum and

cerebellum were atrophied (Figure 1B), and the electro-
encephalogram (EEG) of the patient was abnormal, with
a lack of sleep spindles, a larger number of low-voltage
pattern bursts, and multiple isolated or clustered epileptic
spasms, partly followed by tonic seizures (Figure 1C,D),
and severe developmental delays.

Genetic testing was performed, and compound hetero-
zygous mutations of the RARS2 gene were identified from
the paternal c.25A>G (p.I9V) and maternal c.1261C>T
(p-Q421%*) alleles (Figure 2A).

He still had frequent seizures and severe developmen-
tal delay at 7.5months old. Physical examination showed
microcephaly (36 cm; <—3 SD), dystrophia (Weight: 6.5kg;
—3SD~—2SD), a large auricle, small jaw, high palatal arch,
visible neck reverse tension posture, and increased mus-
cle tension of the limbs. He did not interact with the out-
side world and showed no obvious response to the stimuli.
Griffiths neurodevelopmental assessment showed that his
development corresponds to 1month of age. The patient
was followed up for 8 months after discharge. He continued
treatment with levetiracetam and topiramate, received an ir-
regular ketogenic diet and cocktail therapy, and experienced
frequent seizures and poor weight gain. The patient gener-
ally exhibited delayed cognitive and motor development.

LICTRETE v R )

I T A L B e [ Y ]

e o e e e BN e N OE (YT T (T R i =
R AP R A _;:m-@f =

::o3zo8ofi3
4R LR L LR

S :o8 787
A0t R
i

ol
@
s
.

FIGURE 1

Cranial MRI (Sagittal T1-weighted and coronal T2-weighted imaging) and EEG features of Patient 1. (A) MRI showing small

cerebellar volume at the age of 20 days (red arrow). (B) MRI showing bilateral cerebellar atrophy and thin brainstem, deepened cerebral sulci

in the cerebral hemispheres bilaterally, bilateral cerebral atrophy, reduced and tangled cerebral white matter in the cerebral hemispheres

bilaterally, thin corpus callosum, dilated ventricles, and a small amount of subdural fluid in the right frontal region at the age of 7.5 months

(red arrow). (C and D) EEG showing a lack of sleep spindles, a larger number of low-voltage pattern bursts, and multiple isolated or

clustered epileptic spasms, partly followed by tonic seizures at the age of 7.5months.
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RARS?2 variation of Patient 1 and three-dimensional protein structure. (A) Genetic analysis showed RARS2 variations

including the paternal c.25A>G (P.I9V) and maternal ¢.1261C>T (p.Q421*) mutations. (B) The nonsense mutation, ¢.1261C>T, resulted in a
shortened protein of 158 amino acids. (C) Mutation ¢.25A>G resulted in a change in the amino acid side chain, which may have an effect on

the protein structure and thus the function.

3.2 | Case2

Patient 2 was a second pregnancy in a nonconsanguine-
ous parent with full-term spontaneous delivery. There
was no remarkable family history.

At the age of 5months, he appeared to have intermit-
tent seizures that initially manifested as bilateral upper
limb tremors, which lasted for several minutes and grad-
ually evolved from a nodding hug-like action into a se-
ries of attacks, 4-5 times/series, 3-4 series/day. He was
admitted to our hospital with infantile epileptic spasm
syndrome (IESS) and developmental delay. The patient
received intravenous vitamin B6 injections, sodium val-
proate oral solution (initial dose 20mg/kg/day, mainte-
nance dose 30mg/kg/day; total 4months), topiramate

tablets (initial dose 1.5mg/kg/d, maintenance dose 8 mg/
kg/day; total 10months), and one course of steroid pulse
therapy (5months old, methylprednisolone 20 mg/kg/day
for 5days). Although oral prednisone was administered
for 3months, he still experienced epileptic spasms. After
vigabatrin (starting dose 15mg/kg/d, maintenance dose
100mg/kg/d) was administered, the seizures were con-
trolled; however, the EEG remained abnormal.

Tandem mass spectrometry and lactate tests revealed
no abnormalities. MRI revealed a wide subarachnoid
space in the frontotemporal region bilaterally at the age
of 5months, and a left temporal pole cyst at the age of
20months (Figure 3A,B). EEG revealed a high degree of
arrhythmia when the spasms appeared. After treatment
at the age of 15months, EEG showed a large number
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Cranial MRI (Sagittal T1-weighted and coronal T2-weighted imaging) and EEG features of Patient 2. (A) MRI showing

wide subarachnoid space in the frontotemporal region bilaterally at the age of 5months (red arrow). (B) MRI showing left temporal pole

cyst at the age of 20 months (red arrow). (C) EEG displayed highly dysrhythmic patterns at 5months old. (D) EEG showed a large number of

multifocal slow and spike-and-slow waves issued in each conductor during sleep, with the left posterior head dominant.

of multifocal slow and spike-and-slow waves issued by
each conductor during sleep, with the left posterior head
being dominant (Figure 3C,D). The patient had inherited
c.1A>G (p.M1V) RARS?2 variations from his father and
c.122A>G (p.D41G) from his mother (Figure 4A). Based
on clinical features and genetic testing results, the patient
was diagnosed with PCH6.

The patient is now 2years old and has no seizures, but
still has a psychomotor delay. He can roll over, but can-
not sit alone and can only pronounce “mama” and “baba.”
Griffiths neurodevelopmental assessment showed that his
development corresponds to 5months of age.

3.3 | RARS2gene mutation

Whole-exome sequencing confirmed that Patient 1 har-
bored paternal ¢.25A>G (p.I9V) and maternal c.1261C>T
(p-Q421*) mutations in RARS2, which were both predicted
to be pathogenic mutations. The ¢.1261C>T (p.Q421%)
mutation was inherited from his father, leading to prema-
ture termination of translation. The variant pathogenicity
was evaluated according to the medical genetics criteria
and guidelines of the American Academy of Genetics
and Genomics (ACMG). This variation has not been re-
ported in the dbSNP, EXAC, or 1000 Genomes databases.

The mutation was highly conserved and predicted to be a
pathogenic mutation using several software packages. The
missense mutation ¢.25A>G (p.I9V) was inherited from
the mother, similarly highly conserved, located in con-
strained coding regions, and had been previously reported
in a child with severe neonatal onset of epileptic encepha-
lopathy, with a clinical presentation similar to that of this
case.” Further mapping using PyMOL predicted that both
mutations might affect protein function (Figure 2B,C).

Patient 2 had compound heterozygous variants
c.1A>G (p-M1V) and c.122A>G (p.D41G) in the RARS2
gene, which were inherited from his father and mother,
respectively. The compound heterozygous variants were
confirmed by Sanger sequencing. Two mutations were
not present in the dbSNP, EXAC, or 1000 Genomes da-
tabases and had a low MAF frequency (<0.0005). SIFT,
Polyphen2, and Mutation Taster analyses showed that
the mutation could lead to structural changes in the pro-
tein, and conservation analysis suggested that the variant
was highly conserved across multiple species (Figure 4B).
Variant c.1A>G, classified as pathogenic, was reported in
one patient who rapidly progressed to death and showed
cardiomyopathy, hydrops fetalis, and severe multisystem
respiratory chain deficiency.? The c.122A>G mutation has
not yet been reported and is classified as a variant of un-
known significance (VUS).
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FIGURE 4 Heterozygous variants of RARS2 gene in Patient 2 and three-dimensional protein structure. (A) Genetic analysis detected
c.1A>G (p.M1V) inherited from his father and ¢.122A>G (p.D41G) inherited from his mother. (B) Mutation ¢.122A>G (p.D41G) formed
hydrogen bonds with PHE at position 90 and no hydrogen bonding interaction with position 92, 94, or 500 and thus affect protein function.

4 | DISCUSSION

The RARS2 gene comprises 20 exons and encodes a mi-
tochondrial aminoacyl transfer-RNA synthetase that
mediates mitochondrial protein synthesis by binding
amino acid arginine to its cognate tRNA. It plays a vital
role in maintaining cellular integrity.> RARS2 gene vari-
ations have been reported in PCH6, which is a classifica-
tion type of PCH syndrome characterized by severe early
onset encephalopathy, lactic acidosis, abnormal respira-
tory chain, backward psychomotor function, and pro-
gressive pontocerebellar atrophy.® Some children show
progressive encephalopathy with edema, hypsarrhyth-
mia, and optic atrophy (PEHO) syndrome.* Typical MRI
findings include cerebellar hypoplasia with progressive
cerebellar atrophy and pons and white matter atrophy.’
Since it was first reported by Edvardson et al.® in 2007,
around 30 cases have been reported,7 few of which were
from China.®’

Patients with RARS2 mutations are more likely to
develop symptoms within 3months of birth. Initial
symptoms include seizures, hypotonia, difficulty feed-
ing, dyspnea, and hypoglycemia. Seizure types include
focal clonic, generalized tonic-clonic, myoclonic, and

epileptic spasms, many of which are refractory to treat-
ment. Edema, progressive encephalopathy, and optic atro-
phy have also been reported in PCH6 patients. Depending
on the number and activity of the remaining aminoacy-
lases, the clinical symptoms vary and can progress rapidly
to death after onset. Patient 1 suffered from the typical
clinical manifestations of PCHS6, including hypoglycemia,
multiple increased lactic acid levels, microcephaly, intrac-
table epilepsy, and cognitive and motor delay after birth.
A sibship with infantile epileptic spasm syndrome and
RARS2 mutations was first reported by Ngoh A firstly’;
Patient 2 presented with a similar clinical performance,
including epileptic spasms at 5 months old.

In addition to typical brain atrophy, some patients
were regular at the time of onset and exhibited gradu-
ally progressive brain atrophy. Nishri et al.'’ reported a
patient with PCH6 without pontocerebellar hypoplasia
or diffuse brain atrophy, which was more prominent in
the frontal regions with cerebellar atrophy. Two siblings
with typical clinical symptoms without the character-
istic neuroradiological abnormalities of PCH6 (such as
vermis, cerebellar hypoplasia, and progressive pontocer-
ebellar atrophy) have been reported. Therefore, as the
nomenclature of PCH6 is misleading,'' we propose to
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replace it with RARS2 mutations. In this study, Patient 1
had typical MRI brain atrophy, whereas Patient 2 had a
normal brain MRI scan. Based on his clinical manifesta-
tions and genetic results, we diagnosed him with PCH6.
Our report broadens the phenotypic spectrum of RARS2
mutations; however, this patient requires regular MRI
checks.

The reported variants of RARS2 include missense,
frameshift, and splicing-site mutations. Compound
heterozygous variants c.25A>G and c.1261C>T in
RARS2 were detected in Patient 1, both of which were
pathogenic. c.25A>G was reported in a patient who
presented with severe acidosis, intractable epilepsy,
and microcephaly after birth.'*> They developed severe
mental delay and progressive cerebellar and cerebral
atrophy, similar to Patient 1 in this study. The non-
sense variant ¢.1261C>T, resulting in the protein being
shortened by 158 amino acids and seriously affecting
its structure, was considered pathogenic. Molecular in-
vestigations of RARS2 revealed c.1A>G and c.122A>G
mutations in Patient 2. Variant c.1A>G has been re-
ported in PCH6 patients with cardiomyopathy, hydrops
fetalis, and severe multisystem respiratory chain defi-
ciency, who died at 1 day and 14 days of age.” This muta-
tion was predicted to abolish the initiator methionine;
therefore, it was identified as a disease-causing vari-
ant. Here, we report a missense mutation, c.122A>G,
for the first time. After analysis, we considered that it
might affect protein structure, thereby affecting pro-
tein function.

Although most reported cases with RARS2 gene mu-
tations are classified as PCH6, the clinical phenotype
of RARS2 gene mutations is more extensive than that
of PCH6. Therefore, EIDEEs were used to describe the
RARS2 mutation.'” Some authors even consider that the
diagnosis of PCH6 cannot be used to generalize all pheno-
types of RARS2 mutations, and suggest that “early onset
mitochondrial encephalopathy” or “RARS2 mutations”
should be used instead.'™" In two recent domestic stud-
ies, Xu et al.® reported early myoclonic encephalopathy,
suggesting that the RARS2 gene be included in the de-
tection of early myoclonic encephalopathy. Jiang et al.
suggested that PCH6, a RARS2 mutation, was no longer
suitable for clinical diagnosis.” Namavar et al. have shown
that pontocerebellar hypoplasia type 1 and elevated cere-
brospinal fluid lactate levels may be caused by RARS2 mu-
tations.'* The phenotype of Patient 2 was different from
that of the typical PCH6 phenotype. Additional cases
should be reported to deepen our understanding of PCH6-
and RARS2-related diseases.

Here, we reported two patients diagnosed with clin-
ically distinct PCH6 from unrelated families; one pa-
tient presented with IESS and did not undergo cranial

MRI. These two novel variants broadened the spectrum
of RARS2 mutations; however, further functional stud-
ies are required. In conclusion, our findings expand
the RARS2 gene variant spectrum and deepen our un-
derstanding of PCH6 and RARS2. Genetic testing is
recommended for patients with refractory epilepsy and
developmental delays.
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