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Abstract
Mitochondrial aminoacyl-tRNA synthetases (mt-aaRSs) are a family of enzymes that play critical roles in protein
biosynthesis. Mutations in mt-aaRSs are associated with various diseases. As a member of the mt-aaRS family, PARS2
encoding prolyl-tRNA synthetase 2 was recently shown to be associated with Alpers syndrome and certain infantile-onset
neurodegenerative disorders in four patients. Here, we present two patients in a pedigree with early developmental delay,
epileptic spasms, delayed myelination combined with cerebellar white matter abnormalities, and progressive cortical
atrophy. Whole-exome sequencing revealed pathogenic compound heterozygous variants [c.283 G > A (p.95 V > I)] and
[c.604 G > C (p.202 R > G)] in PARS2. Nearly all patients had epileptic spasms with early response to treatment, early
developmental delay and/or regression followed by generalized hypotonia, postnatal microcephaly, elevated lactate levels,
and progressive cerebral atrophy. Our study provides further evidence for validating the role of PARS2 in the pathology of
related infantile-onset encephalopathy, contributing to the phenotypic features of this condition, and providing clinical and
molecular insight for the diagnosis of this disease entity.

Introduction

The human nucleus-encoded mitochondrial aminoacyl-
tRNA synthetases (mt-aaRSs) constitute a family of 19
enzymes that coordinate nucleic acids and proteins for
mitochondrial translation, potentially affecting ATP pro-
duction in an indirect manner [1]. They catalyze the
attachment of an amino acid to its cognate transfer RNA
(tRNA) molecule, thus allowing each tRNA to accurately
translate the genetic code of DNA into the amino acid code
of proteins [2–4]. The mt-aaRSs, regarded as “house-
keeping” enzymes, play essential and fundamental roles in
precisely deciphering the genetic code by charging mito-
chondrial tRNAs with their cognate amino acids for protein
synthesis. Although the basic functions of the mt-aaRSs
were established several decades ago, these proteins have
recently been shown to be correlated with various genetic
diseases including Charcot-Marie-Tooth disease, Perrault
syndrome, intellectual disability, leukodystrophies, myo-
pathy, and hearing loss [5–10]. Mutations in mt-aaRSs
predominantly affect the central nervous system, but other
organs may also be involved. As a type of mt-aaRS, prolyl-
tRNA synthetase 2(mt-ProRS) encoded by PARS2 is a
putative member of the class II family of aminoacyl-tRNA
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synthetases and catalyzes the ligation of proline to tRNA
molecules. Recently, Mizuguchi and Sofou reported that
biallelic mutations in PARS2 can cause infantile-onset
neurodegenerative disorder and Alpers syndrome [11–13].
However, the role of PARS2 in this pathology was only
observed in four patients, indicating that additional studies
of PARS2 are needed to validate the pathogenicity in rela-
tion to the clinical spectrum and determine the potential
phenotype-genotype correlations.

Here, we describe the clinical and molecular character-
ization of a pedigree affected by early developmental
delay, epileptic spasms, delayed myelination, with
progressive cerebellar white matter abnormalities, and
cortical atrophy. By whole-exome sequencing, we identified
two pathogenic variants of PARS2 in the family. To
delineate the phenotype and describe the cardinal
features, we further compared the main clinical and genetic
features in patients reported to bear PARS2 mutations. Our
findings support the role of PARS2 in the pathology of
related infantile-onset encephalopathy, contribute to
the phenotypic features of this condition, and provide
clinical and molecular insight for the diagnosis of this dis-
ease entity.

Materials and methods

Standard protocol approval, registration, and
patient consent

All clinical information and materials used in this
study were obtained with written informed consent
and approved by the Medical Ethics Committee of
Xiangya Hospital, Central South University, Changsha,
China (IRB [14] NO. 201503487). Written informed con-
sent was obtained from the guardians of the patients.
Genomic DNA was prepared from peripheral blood
according to standard procedures as previously described
[15, 16].

Whole-exome sequencing, variant calling,
annotation, and prioritization

Chromosome G-banding staining was performed using cells
derived from the two patients. No abnormalities were
observed by karyotype analysis. Whole-exome sequencing
was performed on the two patients as well as their parents.
DNA was isolated using the SureSelect XT library Prep Kit
(Agilent Technologies, Santa Clara, CA, USA) and then
sequenced on the Illumina HiSeq X Ten platform (Illumina,
San Diego, CA, USA) with 150 base pair paired-end reads.
BAM and VCF files were attained from the exome
data process. Alignment to the human genome assemblyTa
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hg19 (GRCh37) was carried out, followed by recalibration
and variant calling. Single-nucleotide variants and indel
calls were considered when these positions had a coverage
depth of at least 10 reads. We then used the Clinical
Sequence Analysis system from WuxiNextCODE to

analyze the variants under autosomal recessive inherited
and X-linked inherited models. De novo variations
were also considered [17–19]. The candidate variants were
further confirmed by Sanger sequencing in all available
family members.
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Results

Clinical characteristics of the family

(Summarized in Table 1) The proband, a 3-year-old female,
was the first child of healthy, nonconsanguineous parents of
Chinese descent (Fig. 1a, II:1). This girl was born at
41 weeks of gestation after an uncomplicated pregnancy
and delivery. At birth, her weight, length, and head cir-
cumference were within the normal range. However, she
showed early signs of developmental alert in the early
infantile period. At nearly 1 month of age, she had difficulty
feeding from a regular nipple and showed little response to
loud sounds and bright lights. At 3 months of age, she could
neither focus on moving objects nor lift her head briefly
when lying on her stomach. She was able to control her
head movement until 6 months of age and sit on her own at
nearly 3 years. Since the age of 9 months, she experienced
typical epileptic spasms with hypsarrhythmia on electro-
encephalogram (EEG), indicating a diagnosis of West
syndrome (Fig. 1c). The seizures occurred in clusters with a
frequency of up to 30 times per day. The patient received
antiepileptic treatment with topiramate and sodium valpro-
ate. Both the epileptic spasms and hypsarrhythmia on EEG

were significantly improved after 2 weeks. One month later,
the EEG showed no hypsarrhythmia but multifocal spikes
and sharp waves with a symmetric background pattern
(Fig. 1c). However, her intellectual disability was profound,
and her neurologic examination was notable for generalized
hypotonia, dystonia, and progressive microcephaly. Lactate
levels in her blood were elevated to 21.7 mg/dL (normal
range: 5.0–15.0 mg/dL). Magnetic resonance imaging
(MRI) of her brain, performed at 10 months of age, revealed
moderate T2 hyperintensities in the subcortical white matter
along with decreased frontal lobe volume, and relatively
greater T2 signal intensity associated with T1 hypointensity
in the bilateral cerebellar white matter around the dentate
nuclei (Fig. 1d). At 16 months of age, brain MRI demon-
strated blurred gray-white matter interface on the T1-
weighted images, suggesting delayed subcortical white
matter myelination, along with generalized cortical atrophy
(Fig. 1e). Additionally, further progression of the cerebellar
white matter abnormalities was observed (Fig. 1f). No signs
of cardiac, hepatic, or renal dysfunction were observed.
Hearing and visual impairments were not apparent.

Individual II, a female, was the second child in this
family (Fig. 1a, II:2). She was born after a normal preg-
nancy and delivered at 40 weeks of gestation. As observed
in her older sister (II:1), her weight, length, and head cir-
cumference were normal at birth. However, she showed no
obvious response to a sound stimulus and less attention to
the mother’s face accompanied by poor feeding at a15 days
of age. Because her older sister showed abnormal devel-
opment as a risk factor, an MRI scan of her brain was
performed at 3 weeks of age, revealing relatively higher T2
intensity in the bilateral cerebellar white matter around the
dentate nuclei (Fig. 1h). Until the age of 3 months, indivi-
dual II showed little ability to control her head movements.
Instead, at this time, she began to develop epileptic spasms
with hypsarrhythmia evident by EEG (Fig. 1g), which
occurred significantly earlier than in her older sister. The
seizures occurred in clusters with a frequency of 20–30
times per day. She was also diagnosed with infantile spasms
and treated with adrenocorticotropic hormone, which,
unfortunately, showed a less effective treatment response.
She still had 5–6 spasms per day after treatment, but hyp-
sarrhythmia also existed for only a very short period
(Fig. 1g). Her blood lactate levels increased to 20.3 mg/dL.
Hepatic and renal dysfunction were not observed. Visual
and auditory evoked potentials were both normal. She died
of refractory pneumonia at 4 months of age without
achieving further developmental milestones.

Genetic analysis

Chromosomal analysis of the two female patients revealed
normal female 46, XX karyotypes. Whole-exome

Fig. 1 Identification of compound heterozygous variants in PARS2 in
the studied family. a Pedigree structure of the studied family. Whole
exome sequencing was performed for I:1, I:2, II:1, and II:2. The
compound heterozygous variants cosegregated with the disease. The
genotype is indicated under each family member (–, wild-type allele;
v1/v2, variation allele). b Sanger sequencing confirmed the compound
heterozygous missense variants [c.283 G >A (p.95 V > I) and c.604 G
> C (p.202 R > G)] in affected individuals. c In patient II:1, an EEG at
9 months of age (above) showed typical hypsarrhythmia; an EEG at
10 months of age (below) showed multifocal spikes, sharp waves with
a symmetric background pattern without hypsarrhythmia. d In patient
II:1, the axial T2-weighted image at 10 months of age showed mod-
erate T2 hyperintensities in the subcortical white matter along with
decreased frontal lobe volume (black arrow, d, left), and relatively
greater T2 signal intensity associated with T1 hypointensity in the
bilateral cerebellar white matter around the dentate nuclei (white
arrow, d, middle and right). e In patient II:1, the axial T2-weighted
image at 16 months of age displayed mild T2 hyperintensities in the
subcortical white matter (e, left), the T1-weighted images show iso-
intensity of the subcortical white matter relative to gray matter,
resulting in a blurred gray-white matter interface (e, right). Progressive
enlargement of cerebrospinal fluid spaces (white arrowhead, e, right)
and subarachnoid space was observed in the bilateral frontal and
temporal lobes (black arrow, e, left). f In patient II:1, the axial T2-
weighted image at 16 months of age displayed prominent hyper-
intensities on T2WI and hypointensities on T1WI in expanded lesions
of the deep cerebellar white matter (white arrow, f, left and right). g In
patient II:2, an EEG at 3 months of age (above) demonstrated typical
hypsarrhythmia; an EEG at 4 months of age (below) showed multi-
focal spikes, polyspike, and sharp waves with an asymmetric back-
ground pattern without hypsarrhythmia. h In patient II:2, the axial T2-
weighted image at 3 weeks of age showed sight higher T2 intensity in
the bilateral cerebellar white matter around the dentate nuclei (white
arrow, h)
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sequencing data showed that more than 97% of the target
regions had a coverage of at least 10 reads for all four
individuals. Through sequencing data sorting, variant fil-
tering, and prioritization, we obtained one candidate gene,
PARS2, with compound heterozygous variations. No can-
didate variants with homozygous, de novo, or X-linked
inherited models were found. Sanger sequencing was con-
ducted to confirm cosegregation of the compound hetero-
zygous missense variants (NM_152268, [c.283 G > A (p.95
V > I)]; [c.604 G > C (p.202 R > G)]) in PARS2 with the
disorder in this family (Fig. 1b). PARS2 encodes prolyl-
tRNA synthetase 2 (mt-ProRS), a mt-aaRSs catalyzing the
ligation of proline to tRNA molecules. The paternally
inherited variant c.283 G > A (p.95 V > I), previously
reported by Mizuguchi et al. in a family with infantile-onset
developmental delay/regression and epilepsy, has an allele
frequency of 0.0132% in the total of approximately 60,000
individuals in the Exome Aggregation Consortium (ExAC)
database and 0.161% in the East Asian population, with no
homozygotes identified. This mutation was predicted to be
disease-causing by MutationTaster. The other variant,
c.604 G > C (p.202 R > G), newly identified in our study,
was inherited from the mother, and predicted as “damaging”

by SIFT, PolyPhen, and MutationTaster (Table 2). It shows
an extremely rare frequency of 1.648E-5 in ExAC and is
absent from the dbSNP and 1000 genome databases, which
supports the expected very low prevalence of the disease.
The R202G mutant changes the evolutionarily conserved
arginine to glycine in the class II catalytic motif 2 of the mt-
ProRS catalytic domain, which is close to the reported
variant c.607 G > A (p.203E > K) (Fig. 2a, b). According to
the standards and guidelines for the interpretation of
sequence variants from ACMG [17, 20, 21], the compound
heterozygous variants that we identified are categorized as
“pathogenic variant” belonging to 1 pathogenic strong
evidence (PS1), 2 pathogenic moderate evidences (PM1, 3),
and ≥ 2 pathogenic supporting evidences (PP1–4), indicat-
ing that the variants have high pathogenicity.

Discussion

We identified pathogenic compound heterozygous varia-
tions in PARS2 in the two patients with early developmental
delay, epileptic spasms, delayed myelination combined with
cerebellar white matter lesion, and progressive cortical
atrophy by exome sequencing of parent-child trios. Com-
pound heterozygous mutations were first reported in PARS2
in a patient presenting with infantile mitochondrial Alpers
encephalopathy in 2015 [12]. In 2016 and 2017, two studies
describing the pathogenic role of PARS2 biallelic variants in
infantile-onset developmental delay/regression and epilepsy
were published [11, 13]. Here, we describe the similarities
and differences between the affected sisters in China and
cases presented in previous studies (Table 1) in hopes of
providing insight into the main clinical features and
phenotype-genotype relationships of the disease. Unlike
some other mt-aaRS enzymes, mutations in mt-ProRS lead
exclusively to epileptic encephalopathy. The phenotypic
spectrum of PARS2-related infantile-onset encephalopathy
shows wide variation and heterogeneity, as reflected by the
range of clinical characteristics summarized in Table 1.
However, a core set of clinical features shared by our
patients has emerged, including epilepsy, characterized by
epileptic spasms with short duration, early developmental
delay and/or developmental regression followed by gen-
eralized hypotonia, postnatal microcephaly, elevated lactate
levels, and progressive cerebral atrophy. Other phenotypes
are also observed in these patients, such as cardiac anomaly,
cortical visual impairment, renal dysfunction, hyperreflexia,
and cerebral white matter hypomyelination. Compared to
individuals with NARS2 (asparaginyl-tRNA synthetase 2)
mutations, patients with PARS2 mutations may have no
obvious sensorineural hearing impairments. Moreover,
unlike the myoclonic seizures associated with NARS2
mutations, early onset epileptic spasms with or without

Table 2 Pathogenicity prediction of the identified variants in PARS2

Variant 1 (paternal) Variant 2 (maternal)

Position (hg19) chr1:55224552 chr1:55224231

Transcript NM_152268 NM_152268

Variant
genotype

Heterozygous Heterozygous

cDNA change c.283 G >A c.604 G > C

Protein change p.95 V > I p.202 R > G

dbSNP ID rs147227819 rs141760650

ExAC 0.0001 (0.0016 in East
Asian)

1.648E-5 (0 in East
Asian)

1000 G 0.000998403 (0.005 in
East Asian)

−

ESP − −

SIFT 0.212 (Tolerated) 0.002 (Deleterious)

Polyphen-
2_HDIV

0.443 (Benign) 1.0 (Probably
damaging)

Polyphen-
2_HVAR

0.045 (Benign) 0.997 (Probably
damaging)

Mutation Taster 0.979 (Disease causing) 1 (Disease causing)

REVEL 0.192 (Tolerable) 0.934 (Damaging)

CADD 13.55 (Tolerable) 27.7 (Damaging)

GERP++ 4.13 (Conserved) 5.2 (Conserved)

dbSNP the single-nucleotide polymorphism database, ExAC exome
aggregation consortium, 1000 G 1000 genomes, ESP exome sequen-
cing project, PolyPhen-2 polymorphism phenotyping v2, REVEL rare
exome variant ensemble learner, CADD combined annotation
dependent depletion, GERP genomic evolutionary rate profiling

The genotypic and phenotypic spectrum of PARS2-related infantile-onset encephalopathy 977



hypsarrhythmia appear to be a common feature of PARS2-
related infantile-onset encephalopathy. Interestingly, hyp-
sarrhythmia on EEG occurs over a short period and the
epileptic spasms tend to be responsive to anti-epileptic
drugs in nearly all patients. Although the epileptic spasms
are easily controlled, the intellectual disability and psy-
chomotor regression were still profound. In some patients,
focal impaired awareness seizures were observed at later
ages, also indicating progressive neurodegeneration.
Activities of complex I and IV in the mitochondria may be
decreased or within the normal range. However, hepatic
dysfunction has not been reported, which differs from
Alpers syndrome caused by mutations in POLG1. Of these
six patients, three have died at infancy or during childhood,
mainly because of heart failure and/or respiratory dysfunc-
tion. Some patients can survive to school age.

Compared to the sisters with similar mutations reported
by Mizuguchi, two of our patients showed earlier devel-
opmental delay with feeding difficulties. Moreover, the
younger sister suffered from respiratory dysfunction that led
to early death. Another specific clinical manifestation of our
patients was the delayed myelination in subcortical white
matter combined with progressive cerebellar white matter

abnormalities, which is significantly different from MRI
findings in previously reports [11, 12]. Delayed myelination
maybe a common feature observed in children with delayed
development [22]. It is also possible that there are super-
imposed lesions on a background of diffuse delayed mye-
lination/deficient myelination [23, 24], indicating instability
of myelin formation and maintenance. In early onset neu-
ronal degenerative disorders, deficient myelination may also
be more inhomogeneous and patchy. The prominent chan-
ges of cerebellar white matter in our patients may represent
myelin damage caused by the loss of oxygen and/or meta-
bolic problems in mitochondrial disorders. The cerebellum
is sensitive and often the target of mitochondrial dysfunc-
tion. In patients with Alpers syndrome, the cerebellum,
basal ganglia, and thalamus were involved to variable
extents, and at least 21% (4/19) patients were with cere-
bellar lesions in neuroimaging. Neuropathological changes
in the cerebellum were also observed in most patients with
Alpers syndrome, and the types of alterations were incon-
sistent. Focal loss of Purkinje cells with gliosis and spon-
giosis in dentate nucleus and white matter were found [25].
Additionally, the patient with PARS2 mutations reported by
Ewa Pronicka showed Leigh-like syndrome with basal

Fig. 2 Disease-associated mutations of mitochondrial prolyl-tRNA
synthetase 2 (mt-ProRS). a The mt-ProRS mutations are shown as a
schematic representation; the known functional domains are color-
coded. Allelic compositions, as identified in patients, are linked
through black lines for all reported mutations. The V95I and R202G

mutations identified in this study are indicated in red characters. V95I
is in the dimerization domain and R202G is in the class II catalytic
motif 2 domain. b Evolutionary conservation of p.Val95 and p.Arg202
amino acid residues in the mt-ProRS reveals that these residues are
highly conserved across several species
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ganglia involvement [13], supporting that sensitive regions,
such as the basal ganglia, thalamus, and cerebellum, are
damaged by oxygen and metabolic problems in this
disorder.

The exact pathogenesis of cerebellar white matter chan-
ges require further exploration and discussion. It has been
suggested that cerebellar white matter lesions lead to
hypoactivity in supratentorial areas of the brain via dis-
connection of cortical areas or disruption of the cerebello-
cerebral circuitry, resulting in cognitive and language
dysfunction [26, 27], which may contribute to the patho-
logic basis of our patients. Because PARS2-related syn-
dromes exhibit variable phenotypic features and clinical
heterogeneity, it is likely that our newly described MR
finding is inconsistent with previous observations. This is
important because cerebellar white matter abnormalities
appear early in the course of disease and may help to early
diagnosis of the disorders.

The variant c.283 G > A (p.95 V > I) identified in this
study was located on a highly conserved dimerization
domain in PARS2 but predicted to be benign by partial
prediction tools. The frequency of this variant was 0.001619
in the East Asian population but rare or absent in other
populations in the ExAC, indicating that it acts as a hypo-
morphic allele that contributes to a severe neurological
phenotype only when in trans with a deleterious mutation in
PARS2. This relatively high frequency may be a result of
either a founder effect or selective advantage for hetero-
zygotes. While this variant in PARS2, with a deleterious
variant in trans, was identified in four patients from two
unrelated families with similar encephalopathy phenotypes,
the data suggests that even mildly impaired function from
recessive mutations can cause mitochondrial disease [11].
Such pathogenic variants with high ancestry-specific minor
allele frequency are not rare in disorders inherited as auto-
somal recessive traits. For instance, the carrier frequency for
the 35delG deafness mutation in GJB2 was 1 in 51 in the
overall European population [28].

To date, including those in our study, seven pathogenic
variations in PARS2 have been identified in four separate
families [11–13]. All variations were compound hetero-
zygotes (Fig. 2a) and accounted for ~4.5% (7/154) of the
total mutations in nuclear-DNA encoded mt-aaRSs [10].
While these variants are found throughout the constitutive
functional domains of mt-ProRS, three were positioned in
the core catalytic domain, strongly suggesting that the
affected function of this core domain is involved in disease
generation [11, 12]. The only frameshift mutation was in the
anticodon binding domain, suggesting a direct impact on
aminoacylation function [10]. More importantly, the clinical
manifestations of patients with compound heterozygous
missense variants were less severe than those of patients
carrying a missense variant combined with a frameshift

mutation. This indicates that the pathogenicity of mutated
mt-ProRS exclusively relies on the retained activity of
the enzyme. Because disease-related mutations in mt-aaRSs
do not lead to multi systemic injuries and the central
nervous system is the most frequently affected system,
numerous specific mechanisms may affect, exploit,
or modulate the mitochondrial translation apparatus in
neuronal cells.

Taken together, we identified pathogenic variants of
PARS2 in two patients with early developmental delay,
infantile spasm, delayed myelination combined with cere-
bellar white matter abnormalities, and progressive cortical
atrophy. Although a broad range of clinical characteristics is
associated with PARS2 mutations, a core set of phenotypic
features of PARS2-related infantile-onset encephalopathy
can be summarized. Clinicians should consider including
this condition in the differential diagnoses suggested by
features such as epileptic spasms with early response to
treatment, early developmental delay and/or regression
followed by generalized hypotonia, postnatal microcephaly,
elevated lactate levels, and progressive cerebral atrophy.
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