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Abstract Pontocerebellar hypoplasia type 6 (PCH6) (MIM
#611523) is a recently described disorder caused by
mutations in RARS2 (MIM *611524), the gene encoding
mitochondrial arginyl-transfer RNA (tRNA) synthetase, a
protein essential for translation of all mitochondrially
synthesised proteins. This case confirms that progressive
cerebellar and cerebral atrophy with microcephaly and
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complex epilepsy are characteristic features of PCH6.
Additional features of PCH subtypes 2 and 4, including
severe dystonia, optic atrophy and thinning of the corpus
callosum, are demonstrated. Congenital lactic acidosis can
be present, but respiratory chain dysfunction may be mild or
absent, suggesting that disordered mitochondrial messenger
RNA (mRNA) translation may not be the only mechanism of

K. Hogarth - D. Saunders

Department of Radiology,

Great Ormond Street Hospital for Children,
London, UK

S. Rahman - S. Grunewald
UCL Institute of Child Health,
University College London,
London, UK

E. Glamuzina (><)

National Metabolic Service,
Starship Children’s Hospital,
Private Bag 92024,

Auckland, New Zealand

e-mail: eglamuzina@adhb.govt.nz

@ Springer


http://dx.doi.org/10.1007/s10545-011-9413-6

460

J Inherit Metab Dis (2012) 35:459-467

impairment or that a secondary mechanism exists to allow
some translation. We report two novel mutations and expand
the phenotypic spectrum of this likely underdiagnosed PCH
variant, where recognition of the characteristic neuroradio-
logical phenotype could potentially expedite genetic diagnosis
and limit invasive investigations.

Introduction

Pontocerebellar hypoplasia (PCH) is a relatively frequent
radiological finding in paediatric neurometabolic practice
and denotes a group of disorders (Table 1), for which there
are now six phenotypic subtypes (PCHI1-6) and five
causative genes identified (Renbaum et al. 2009; Budde et
al. 2008; Rajab et al. 2003; Zelnik et al. 1996; Durmaz et al.
2009; Namavar et al. 2011a and b; Edvardson et al. 2007).
In 2007, PCH type 6 (PCH6) due to mutations in the
nuclear gene RARS2 was first described in three Sephardic
Jewish siblings (Edvardson et al. 2007), and since that time,
there have been two further reports (Rankin et al. 2010;
Namavar et al 2011b). RARS2 is a nuclear gene that
encodes mitochondrial arginyl-transfer RNA (tRNA) syn-
thetase (mtRARS), one of a family of 36 aminoacyl-tRNA
synthetases (ARSs) (Antonellis and Green 2008).
Messenger RNA (mRNA) translation describes the
critical step in protein synthesis whereby genetic informa-
tion in the form of mRNA is recognised by aminoacylated
tRNA and converted to a polypeptide chain. The canonical
role of the ARS enzymes is to charge a specific tRNA with
its cognate amino acid. This occurs via a two-step
enzymatic process known as tRNA aminoacylation that
uses one adenosine triphosphate (ATP) molecule to activate
the amino acid and transfer it to its tRNA, ready for use in
mRNA translation. In addition to the aminoacylation
catalytic domain, which is highly conserved from bacteria
to humans, most ARSs have a less conserved anti-codon-
binding domain and some have additional editing functions.
The ARS genes are ubiquitously expressed in all tissues.
The ARSs for glycine (GARS), lysine (KARS) and gluta-
mine (QARS) are active in both cytoplasm and mitochon-
dria; however, 17 ARSs are active solely in the
mitochondria and 16 solely in the cytoplasm (Antonellis
and Green 2008; Guo et al. 2010; Hausmann and Ibba
2008). The 20 ARSs active in the mitochondria are vital for
the synthesis of all 13 mitochondrial DNA (mtDNA)
encoded proteins. Thus, all complexes of the respiratory
chain—other than complex II, which is purely nuclear in
origin (Rahman and Hanna 2009)—should be affected by
disruption to mtRNA aminoacylation. Accordingly, a
multisystem severe phenotype is predicted. The defining
characteristics of PCH6 initially described, however, in-
cluded PCH, epilepsy, cerebral atrophy and multiple
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respiratory chain enzyme (RCE) defects without evidence
of multiorgan disease (Edvardson et al. 2007). In a second
report, it was demonstrated that RCE activity may be
normal (Rankin et al. 2010), and more recently, a patient
was described who at autopsy was found to have had
anterior horn-cell disease in addition to PCH, a finding
typically associated with PCH1 (Table 1) (Namavar et al.
2011b). Our report of PCH6 due to novel mutations in
RARS?2 confirms the primary neurodegenerative nature of
this disease, expands the clinical and molecular spectrum of
this newly described PCH variant and demonstrates the
overlapping features within each PCH subtype.

Patient summary

The proband is the first child to nonconsanguineous
British Caucasian parents who was delivered at
40 weeks’ gestation after an uncomplicated pregnancy.
Birth weight was 2.92 kg (9th percentile) and head
circumference 32 cm (0.4th percentile). Physical exam-
ination was normal. At 16 h of age, she developed
hypotonia and encephalopathy associated with hypogly-
caemia, raised anion gap and metabolic acidosis with
unrecordably high lactate. In intensive care, she
remained unresponsive; acidotic and arterial lactate was
14 mmol/L. Creatine kinase was mildly elevated, and
there was mild tubulopathy. Liver function tests were
deranged, with abnormal coagulation profile. Workup
for a treatable inborn error of metabolism and bacterial
or viral pathogens was negative. Initial supportive
evidence of mitochondrial dysfunction included high
concentrations of proline and alanine in plasma, increased
excretion of lactate and pyruvate in urine and reduction
in homovanillic acid to 5-hydroxyindoleacetic acid ratio
in cerebrospinal fluid (CSF) (Table 2). A muscle biopsy
taken at day nine of life showed normal histology.
Spectrophotometric assays of RCE activity (as described
by Hargreaves et al. 2002) revealed mild reduction of
cytochrome oxidase (complex IV) activity relative to
citrate synthase (0.011, normal 0.014-0.034). Activities
of complex I [nicotinamide adenine dinucleotide (NADH)
ubiquinone reductase] and complexes II + III (succinate
cytochrome c¢ reductase) were normal (Table 2). Initial
magnetic resonance imaging (MRI) of the brain revealed a
small pons and dysplastic cerebellum with large bilateral
cysts. A small lactate peak was resolved on MR
spectroscopy (Fig. 1a, d and g).

By day 3, the patient was extubated and blood
biochemistry had normalised. At 10 days of age, she had
a structurally normal eye examination, she was mildly
hypotonic but alert, she fed orally and was discharged from
hospital. At 4 weeks of age, she re-presented with status
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Table 1 Summary of the known genes associated with the pontocer-
ebellar hypoplasia (PCH1-6) variants and other largely neurodegen-
erative phenotypes associated with mutations in cytoplasmic and
mitochondrial aminoacyl-transfer RNA (tRNA) synthetase (ARS)

genes. Four of the known genes associated with PCH are essential
for messenger RNA (mRNA) translation. Once thought to be distinct
entities, it is now clear that there is significant genetic heterogeneity
within the different PCH phenotypic subtypes

Key clinical features

Gene Role in mRNA translation
TSEN54 Subunits of tRNA splicing
TSEN2 endonuclease

TSEN34

TSEN54

PCH2: movement disorder with chorea or dystonia and spasticity, dragonfly cerebellum
on MRI brain scan associated with TSEN54 mutations (Namavar et al. 2011b)

PCH4: hypertonia, myoclonus, inferior olivary nucleus involvement (Budde et al. 2008)

PCHS: severe prenatal onset, cerebellar vermis and inferior olivary nucleus involvement
(Patel et al. 2006; Namavar et al. 2011a)

Mitochondrial ARS

PCHG6: cerebral atrophy, variable respiratory chain enzyme abnormalities and lactic

acidosis (Edvardson et al. 2007, Rankin et al 2010, Namavar et al 2011b)

PCHI: loss of spinal anterior horn cells (Namavar et al. 2011b)

Leukoencephalopathy with brain stem and cord involvement and raised lactate (LBSL)

Mitochondrial myopathy, lactic acidosis, sideroblastic anaemia (MLASA), progressive

pharyngeal and vocal cord paralysis with multiple respiratory chain enzyme
abnormalities (Riley et al. 2010)

Renal tubulopathy with hyperuricemia, metabolic alkalosis, pulmonary hypertension and

progressive renal failure in infancy (HUPRA syndrome) (Belostotsky et al. 2011)

Perrault syndrome: ovarian dysgenesis and sensorineural hearing loss (Pierce et al. 2011)

RARS2 Arginyl-tRNA synthetase
PCH2: dystonia
DARS2 Aspartyl-tRNA synthetase
(Scheper et al. 2007)

YARS2 Tyrosyl-tRNA synthetase

SARS?2 Seryl-tRNA synthetase

HARS?2 Histidyl-tRNA synthetase

AARS?2 Alanyl-tRNA synthetase

Cytoplasmic ARS

Infantile- and prenatal-onset cardiomyopathy (Gotz et al. 2011)

Charcot-Marie-Tooth disease 2D (CMT2D) and distal spinal muscular atrophy type V

(Antonellis et al. 2003)

GARS Glycyl-tRNA synthetase (bifunctional)
YARS Tyrosyl-tRNA synthetase
AARS Alanyl-tRNA synthetase

Unknown role

VRK1 Serine/threonine kinase implicated in

regulation of cell division

Possible gene

Putative EIF4H: translation initiation factor
locus ZSCAN21, ZNF107, ZNF138: zinc-
7ql11-21 finger genes implicated in transcrip-

tion regulation

Dominant Charcot-Marie-Tooth disease (Jordanova et al. 2006)
Dominant axonal Charcot-Marie-Tooth disease (CMT2) (Latour et al. 2010)

PCH 1: anterior horn-cell disease (Renbaum et al. 2009)

PCH3: optic atrophy, cerebral atrophy and thinning of the corpus callosum (Rajab et al.
2003; Durmaz et al. 2009)

PCH pontocerebellar hypoplasia, tRNA transfer RNA,

epilepticus requiring reintubation. She had frequent jerks,
spasticity and fluctuating consciousness level. Her head
circumference was 35 cm, now well below the 0.4th
percentile for age. There were no biochemical abnormalities
detected in blood and urine. Electroencephalogram (EEG)
showed severely abnormal background with long periods of
marked attenuation, interrupted by sharpened slow activi-
ties. Repeat MR imaging of the brain showed remarkable
loss of cerebral and cerebellar volume with thinning of the
corpus callosum and optic nerves. The basal ganglia
remained relatively spared (Fig. 1b, e and h). Over the
following 6 months she made no developmental progress,

had poor visual attention, no social smiling and continued
to have a severe combined seizure and movement disorder.
After recovery from prolonged status epilepticus, repeat
EEG showed bilateral frontocentral epileptiform discharges,
with left-sided predominance. The background showed
bilateral anterior more than posterior slowing, suggesting
underlying cerebral dysfunction. Repeat brain MR imaging
showed minimal worsening (Fig. 1c, fand i). At 12 months,
she had near-continuous jerks interrupted by clinically
correlated, electrographic seizures, disturbing sleep and
required frequent sedation. She was almost entirely depen-
dent on nasogastric feeds, with some pureed food. Auditory
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Table 2 Key biochemical investigations performed on the patient in the first 2 weeks of life, with normal ranges in brackets

Investigation Age Result

Lactate Day 0 Unrecordably high
Day 1 14.3 mmol/L
Day 3 2.1 mmol/L

Arterial gas Day 1 pH 7.0, CO, 4, HCO; 4, BE-20

Ammonia Day 1 64 umol/L (<50)

Creatine kinase Day 1 601 U/L (60—400)

Plasma amino acids Day 1 Proline 836 pumol/L (85-290)

Alanine 1,699 pmol/L (150-450)

Organic acids Day 1 Grossly raised lactate, pyruvate and 2-hydroxybutyrate with
moderately raised 2-oxo-isocaproate and mildly raised 2-
hydroxyvalerate. Strongly raised 3-hydroxybutyrate with
mildly raised acetoacetate. Strongly raised 4-
hydroxyphenyllactate and 4-hydroxyphenylpyruvate

Acylcarnitine profile Day 1 Mildly raised hydroxybutyryl carnitine. Otherwise normal

CSF: plasma lactate Day 3 2.1:2.4 mmol/L (CSF lactate normal levels <2)

Homovanillic acid Day 7 187 nmol/L (324-1098)

5-Hydroxyindoleacetic acid Day 7 177 nmol/L (199-608)

Mitochondrial respiratory chain enzyme Day 9 Complex 1 0.207 (0.104-0.268)

activity in muscle (ratio to citrate synthase)

Complex II + TIT 0.209 (0.040-0.204)
Complex IV 0.011 (0.014-0.034)

CO, carbon dioxide, HCOj; bicarbonate, BE base excess, CSF cerebral spinal fluid

and flash visual evoked potentials were absent, with normal
flash electroretinograms suggesting profound sensorineural
hearing and visual loss. Ophthalmological examination
revealed a structurally normal anterior segment, with pupils
reacting sluggishly to light, gross pallor of mildly hypo-
plastic, cupped optic discs with normal intraocular pressure
and gross thinning of the nerve fibre layer. This is
consistent with secondary optic atrophy associated with
loss of function of her anterior vision pathways.

At 24 months of age, she has severe microcephaly and
had no motor or cognitive development. She rarely cries
and has no purposeful movements. Her jerks are less
continuous and are elicited by external stimuli. She has
frequent tonic—clonic seizures that are resistant to multiple
medications. She is entirely dependent on gastrostomy
feeding for nutrition. Her blood and urine lactate have
remained normal.

Molecular diagnosis

The appearance of PCH, congenital lactic acidosis and
the presence of mild complex IV deficiency led to the
suspicion of PCH6 secondary to RARS2 mutations.
Using standard methods, complementary DNA (cDNA)
and genomic DNA were prepared from cultured fibroblasts
from the patient and both parents, amplified by polymer-
ase chain reaction (PCR) and sequenced. Primer pairs for
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the various PCR are available on request. Initial analysis
of cDNA revealed a heterozygous missense mutation,
c.1211T>A, M404K, and a heterozygous three base pair
(bp) deletion after position c.471 resulting in deletion of
lysine 158. Methionine 404 is highly conserved in the
RARS2 gene, down through vertebrates, invertebrates to
some fungi. The substitution by lysine has not been
observed in sequence analysis of normal individuals or
other patients suspected of having mutations in the RARS2
gene, nor is it represented in the Single Nucleotide
Polymorphism data base (dbSNP). The potential signifi-
cance of the substitution was analysed using the Sorting
Intolerant from Tolerant (SIFT) and PolyPhen programs
(Ng and Henikoff 2003; Ramensky et al. 2002) and both
predicted that the change would not be tolerated. The
human and yeast cytoplasmic and mitochondrial RARS
enzymes are members of the class I aminoacyl-tRNA
synthetases and share significant sequence homology
(supplementary Fig. 1). As the structure of the yeast
cytoplasmic enzyme is available (Cavarelli et al. 1998;
Delagoutte et al. 2000), it is possible to assess the likely
consequences of the mutation based on this structure.
Methionine 404 is predicted to be located in helix 15, part
of additional domain 2 (Cavarelli et al. 1998). This helix is
specifically involved in binding the anticodon loop of
tRNA and undergoes significant conformational change
on tRNA binding (Delagoutte et al. 2000). This change
results in modification of the two signature motifs, which
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Fig. 1 A-I: a—c Axial T2-
weighted magnetic resonance
(MR) images of the brain taken
at 5 days, 6 weeks and 7
months of age showing pro-
gressive loss of cerebral volume
with delayed myelination and
relative sparing of the basal
ganglia. d—f Coronal T1-
weighted MR images of the
brain at 5 days, 6 weeks and

7 months of age demonstrating a
butterfly pattern of cerebellar
hypoplasia with bilateral cysts
(+). There is progressive cere-
bellar volume loss that is most
marked between 5 days and

6 weeks but is out of proportion
to the degree of supratentorial
brain atrophy. g—i Sagittal T1-
weighted MR images of the
brain at 5 days, 6 weeks and

7 months demonstrating marked
progressive cerebral atrophy
with progressive thinning of the
pons (*), corpus callosum (**)
and some degree of optic nerve
atrophy (**%*), particularly
between the first two scans

are characteristic of the active site of class I enzymes, and
are of key functional importance. Insertion of a positively
charged amino acid residue into this helix is very likely to
be deleterious.

It is not possible to analyse the consequences of the
deletion of lysine 158 using available software packages.
However, this residue is also highly conserved and is within
a short sequence of amino acids, which is also conserved in
both the mitochondrial and cytoplasmic RARS enzymes
(supplementary Fig. 1). Based on the structure of the yeast
cytoplasmic enzyme, it would be located in helix 6, which
makes up part of the active site, and would be just
downstream of the conserved HIGH signature sequence of
class I synthetases. The loss of a positively charged residue
is predicted to disrupt the helix and alter interactions with
adjacent parts of the protein in this critical region and is
therefore expected to impact activity. This deletion has not
been identified in the RARS2 gene of any other normal
individuals or patients, nor is it recorded in databases of
human sequence variation.

Both mutations were initially identified in cDNA. The
heterozygous maternal mutant allele (M404K) was con-
firmed directly by genomic DNA sequencing; however, the

3-bp deletion was initially not detected in genomic DNA
from either the patient or her father. This was subsequently
found to be due to a novel intronic base substitution linked
to the mutant allele in one of the primer binding sites, a C >
A substitution 167 bp upstream of the 5’ end of exon 7. The
heterozygous deletion was revealed following primer
redesign. This intronic substitution has not been identified
in any other individuals but is not considered of functional
significance.

Discussion

We present the fourth report of PCH6 secondary to
mutations in RARS2. As was the patient described by
Rankin et al. (2010), our patient is a British Caucasian child
born to nonconsanguineous parents. Both patients were
compound heterozygous for two novel mutations, thus
expanding the mutation spectrum of this seemingly rare
disorder (Table 3).

Reduced mitochondrial RCE activity without significant
biochemical or neuroradiological features typical of a
mitochondrial disorder was initially considered a hallmark
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Table 3 Comparison of the clinical and molecular characteristics of six children reported with pontocerebellar hypoplasia type 6 (PCH6)
secondary to mutations in RARS?2

2! -4 ' -5 British case * Sf1 111 3 This case
Ethnicity Sephardic Sephardic Sephardic British Caucasian N/ British Caucasian
Jewish Jewish Jewish
Age at presentation Several hours  Birth 3 weeks 19 h Day 1 16 h
Died day 6
Hypotonia Yes Yes Yes Yes Yes Yes
Microcephaly Yes Yes Yes Yes No Yes
Movement disorder No N/ No N/T N1 Severe dystonia
Epilepsy Multidrug No No Myoclonic N/ Multidrug resistant
resistant epilepsy
Optic atrophy N1 N/T N/T No No Yes
Congenital lactic acidosis ~ No Mildly Elevated CSF  Yes (16 mmol/L) Elevated CSF Yes (16 mmol/L)
elevated lactate only lactate (N/I
plasma (3—4 mmol/ on level)
lactate L)
(3 mmol/L)
Mitochondrial RCE Complex I, Complex 1 Complex IV Normal in muscle  N/I Mild complex IV
activity 1L, IV deficiency reduced by deficiency in
deficiency in skin 50% in muscle
in muscle fibroblasts muscle
Initial MRI scan /CNS PCH only N/T Cerebellar Normal PCH, flat PCH only
examination and cerebral cerebellar
hypoplasia follia, purkinje
cell loss
Progressive cerebral Yes N/T N/I Yes N/ Yes
atrophy
Progressive Yes N/I N/I Yes N/I Yes
pontocerebellar atrophy
Cerebellar cysts No N/T No No N/I Yes
Thin corpus callosum N/1 N/T N/T N/I N/I Yes
Other feature Nil Nil Nil Nil Anterior horn- Transient liver
cell loss dysfunction and
tubulopathy
Mutations Homozygous Homozygous Homozygous 1. ¢.1024 A>G, 1. c.110+5A>G 1. c.1211T>A,
M342V Exon 12 M404K Exon 14
IVS2+5 A>G  IVS2+5 A>G  IVS2+5 A>G 2. ¢.35A>G 2 ¢35A>G 2. Three base pair
Exon 2 Exon 2 Exon 2 QI2R. Exon 1 QI2R. Exon 1 deletion c.471

K158del Exon 7

N/I no information, CSF cerebral spinal fluid, MR/ magnetic resonance imaging, CNS central nervous system, RCE respiratory chain enzyme
! Edvardson et al. 2007; 2 Rankin et al. 2010; 3 Namavar et al. 201 la; N/I — no information]

feature of PCH6 (Edvardson et al. 2007). Our patient had
only mildly reduced muscle complex IV activity, and the
fourth case reported had no abnormality detected. None-
theless, both British patients had severe but transient
congenital lactic acidosis, a feature not seen in the first
reported cases (Table 3). Our case is the first reported to
have transient liver dysfunction, mild renal tubulopathy and
low levels of biogenic monoamine metabolites HVA and 5-
HIAA, which could also be explained by mitochondrial
dysfunction (Garcia-Cazorla et al. 2008).

A common clinical feature of the other PCH subtypes is
complex, treatment-resistant epilepsy. In the three patients
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described by Edvardson et al (2007), patient II-2 had
intractable seizures with generalised discharges, some side
preference and attenuation of the activities on EEG, similar
in description to the changes observed in our patient. Their
patient 1I-4 did not appear to have seizures, but patient I1-5
developed these at 4 months of age. An EEG at 3 weeks of
age was normal, but there is no report of any further
recordings. The patient described by Rankin et al. (2010)
had myoclonic seizures with epileptiform phenomena on
EEG confirmed at 1 week of age (Table 3). From these
descriptions, it is not possible to delineate a shared
distinguishing electrophysiological feature.
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Our case demonstrates the consistent neuroimaging
finding of marked flattening or butterfly shape (Namavar
et al. 2011b) of the cerebellum and cerebral volume loss,
which appears to be progressive—in our patient, rapidly
progressive—and is associated with concordant microceph-
aly. Cerebral and cerebellar atrophy is also observed in
PCH3. In addition, these patients have corpus callosum
thinning and early-onset optic atrophy (Rajab et al. 2003;
Zelnik et al. 1996; Durmaz et al. 2009), which was
observed for the first time in PCH6 in our patient (Table 3).
Cerebellar cysts seen are a rare neuroradiological finding
recently reported in a child with PCH2 due to TSEN54
mutations (Namavar et al. 2011b). The combination has
also been described in association with bilateral frontopar-
ietal polymicrogyria due to mutations in GPR56 (Chang et
al. 2003; Piao et al. 2005). Cysts are also associated with
congenital muscular dystrophies due to defects in dystro-
glycan glycosylation (Barkovich 1998; Clement et al.
2008). The specific neuroradiological changes seen in
PCH6 are of interest, as they allow the potential for rapid
recognition and genetic diagnosis, thus bypassing the need
for muscle biopsy.

There are nine reported diseases caused by mutations in
ARS genes. Autosomal dominant mutations in two cyto-
plasmic ARS genes—YARS (Jordanova et al. 2006) and
AARS (Latour et al. 2010)—and one bifunctional ARS
gene, GARS (Antonellis et al. 2003), result in a Charcot-
Marie-Tooth (CMT) phenotype (Table 1). The six mito-
chondrial ARS diseases described to date are recessively
inherited. Compound heterozygous mutations in DARS?2
encoding aspartyl-tRNA synthetase result in leukoence-
phalopathy and brainstem and spinal cord lesions with
elevated lactate (LBSL) in the CNS but without systemic
manifestations of mitochondrial dysfunction (Scheper et al.
2007). In contrast, homozygosity for a single mutation
c.156C>G (p.F52L) in YARS2 has been found in two
unrelated families with myopathy, lactic acidosis and
sideroblastic anaemia (MLASA) (Riley et al. 2010), and
homozygous mutations in SARS2 are associated with renal
tubulopathy, hyperuricemia, metabolic alkalosis, pulmonary
hypertension and progressive renal failure in infancy
(HUPRA syndrome) (Belostotsky et al. 2011). Both of
these reported cases are associated with impaired mito-
chondrial RCE activity in muscle. Compound heterozygous
mutations in HARS2 have been found in the original
kindred described in 1979 with Perrault syndrome or
ovarian dysgenesis and progressive sensorineural hearing
loss (Pierce et al. 2011). Most recently, mutations in 44RS2
have been identified in three patients with severe infantile-
and prenatal-onset cardiomyopathy and combined RCE
deficiency in heart muscle (Gotz et al. 2011).

The pivotal role of ARSs in mRNA translation and their
ubiquitous expression would suggest that mutations in these

genes should have widespread phenotypic consequences.
This is not the case; and the reason, in particular for the
predominantly neurological phenotype in RARS2, DARS?2
and the cytoplasmic ARS diseases, is not well understood.
When a number of different human and mouse mutations in
the glycl-tRNA synthetase gene were introduced into the
yeast orthologue, complementation studies revealed no
impairment in protein synthesis (Stum et al. 2011). Some
cytoplasmic ARS have incorporated secondary domains
with roles that are unrelated to aminoacylation (Hausmann
and Ibba 2008; Guo et al. 2010). It is conceivable that
mutations affect these noncanonical functions (Stum et al.
2011). However, these have not been identified in mito-
chondrial ARS and the majority of mutations associated
with CMT phenotype occur in the catalytic or anticodon
domains essential for aminoacylation. Neuronal cells may
potentially have an increased requirement for protein
synthesis (Antonellis and Green 2008; Stum et al. 2011).
A reduction, but not complete ablation, of the efficiency of
tyrosyl-tRNA synthetase aminoacylation is associated with
mutations in YARS2 (Riley et al. 2010). A defect in
aminoacylation was also demonstrated in one of the
patients with mutations in RARS2 (Edvardson et al. 2007)
and in the patients with SARS2 mutations (Belostotsky et al.
2011). Although functional studies on the mutant enzyme
have not been performed in the case presented here, the
predicted alterations to the protein structure are expected to
affect catalytic function directly. Based on homology with
the yeast cytoplasmic arginyl-tRNA synthetase, the deleted
lysine residue 158 would be located within the active site
domain of the enzyme itself, whereas the lysine residue
substituting for methionine 404 would be in a helical
segment in the C-terminal additional domain 2 (Cavarelli et
al. 1998). This helical segment undergoes a large confor-
mational change when the enzyme binds the anticodon loop
of the tRNA, and this structural change is a key feature of
the catalytic mechanism. Hence, the clinical and biochem-
ical manifestations of PCH6 and the other mitochondrial
ARS disorders appear to be due to reduction in amino-
acylation and, by extension, a reduction in mRNA
translation and protein synthesis.

Significant clinical overlap exists between the six PCH
phenotypes, implying a similar underlying pathogenesis.
TSEN2, TSEN34, and TSEN54 encode subunits of the
cytoplasmic tRNA splicing endonuclease. Mutations in
these genes are associated with PCH2, PCH4 (Budde et
al. 2008; Namavar et al. 2011b) and PCH5 phenotypes
(Namavar et al. 2011a). The tRNA splicing endonuclease
complex is essential for mRNA translation within the
cytoplasm, as it removes the intron from tRNA to form
mature tRNA. It is required for the synthesis of all
cytoplasmic proteins; thus, disturbed endonuclease function
may indirectly interfere with mitochondrial protein synthe-
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sis via the abnormal translation of proteins such as the
mitochondrial ARSs or via disruption of transport of such
proteins into the mitochondria. However, there are no
reports of widespread mitochondrial dysfunction in patients
with TSEN2, TSEN34 and TSEN54 mutations. PCHI is
thought to be associated with mutations in VRK/, a serine-
threonine kinase that phosphorylates a number of transcrip-
tion factors and is an essential regulator of cell division
(Valbuena et al. 2011). Interestingly, the putative locus
7q11-21 mapped in a family with PCH3 phenotype (Rajab
et al. 2003) contains one gene, EIF4H, which is a eukaryote
translation initiation factor that combines with two other
initiation factors to form a helicase that unwinds mRNA
secondary structures in preparation for translation (Parsyan
et al. 2011). This locus also contains two zinc-finger genes
that are important in transcription initiation, but no diseases
have been ascribed to them (Table 1).

An alternative mechanism proposed for ARS-related
disorders is the accumulation of a neurotoxic substance,
such as mutant ARS aggregates or proteins with aberrant
amino acid residues (Stum et al. 2011; Antonellis and
Green 2008). Accordingly, altered function of arginyl-
tRNA synthetase and the tRNA splicing endonuclease
complex may lead to accumulation of unprocessed tRNA
that may, in turn, result in abnormal cerebellar develop-
ment, neurotoxicity and subsequent neurodegeneration.
Whatever the mechanism, the paucity of multiorgan disease
associated with PCH due to TSENopathies (Namavar et al
2011a) or RARS2? mutations suggests there must be a
secondary mechanism that allows for compensation of this
defect, at least in peripheral tissues.

In summary, this case confirms that mutations in RARS?2
result in progressive and potentially rapid cerebral and
cerebellar atrophy, microcephaly and complex epilepsy.
Cerebellar cysts, optic atrophy and severe movement
disorder seen in other PCH subtypes have not been
previously reported. The occurrence in two nonconsangui-
neous children with compound heterozygosity suggests
RARS2 mutations may be more prevalent than is recog-
nised. As there is overlap between PCH subtypes, RARS?2
sequencing with complementary and genomic DNA in all
patients with progressive cerebral and cerebellar atrophy
would seem prudent, particularly but not exclusively if
there is clinical or biochemical evidence of mitochondrial
RCE dysfunction. Recognition of this phenotype is impor-
tant, as this represents one of the few congenital lactic
acidoses in which a specific genetic diagnosis may be
suggested by MRI changes.
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