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Abstract Leigh syndrome (LS), or subacute necrotizing
encephalomyelopathy, is a genetically heterogeneous,
relentlessly progressive, devastating neurodegenerative dis-
order that usually presents in infancy or early childhood. A
diagnosis of Leigh-like syndrome may be considered in
individuals who do not fulfil the stringent diagnostic
criteria but have features resembling Leigh syndrome.

We describe a unique presentation of Leigh-like syn-
drome in a 3-year-old boy with elevated 3-hydroxyisova-
lerylcarnitine (C5-OH) on newborn screening (NBS).
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Subsequent persistent plasma elevations of C5-OH and
propionylcarnitine (C3) as well as fluctuating urinary
markers were suggestive of multiple carboxylase deficiency
(MCD). Normal enzymology and mutational analysis of
genes encoding holocarboxylase synthetase (HLCS) and
biotinidase (BTD) excluded MCD. Biotin uptake studies
were normal excluding biotin transporter deficiency. His
clinical features at 13 months of age comprised psychomo-
tor delay, central hypotonia, myopathy, failure to thrive,
hypocitrullinemia, recurrent episodes of decompensation
with metabolic keto-lactic acidosis and an episode of
hyperammonemia. Biotin treatment from 13 months of
age was associated with increased patient activity, alertness,
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and attainment of new developmental milestones, despite
lack of biochemical improvements. Whole exome sequenc-
ing (WES) analysis failed to identify any other variants
which could likely contribute to the observed phenotype,
apart from the homoplasmic (100%) m.8993T>G variant
initially detected by mitochondrial DNA (mtDNA)
sequencing.

Hypocitrullinemia has been reported in patients with the
m.8993T>G variant and other mitochondrial disorders.
However, persistent plasma elevations of C3 and C5-OH
have previously only been reported in one other patient
with this homoplasmic mutation. We suggest considering
the m.8993T>G variant early in the diagnostic evaluation
of MCD-like biochemical disturbances, particularly when
associated with hypocitrullinemia on NBS and subsequent
confirmatory tests. An oral biotin trial is also warranted.

Introduction

Leigh syndrome (LS) is the most common paediatric
presentation of mitochondrial disease with an estimated
pre-school incidence of 1 per 34,000 births (Darin et al.
2001). Higher incidences have however been reported in
specific populations in the Faroe Islands, 1:1700 (Oster-
gaard et al. 2007) and Saguenay Lac-Saint-Jean region of
Quebec, Canada, 1:2000 (Morin et al. 1993) which have
been attributable to founder mutations.

Since its initial description (Leigh 1951), LS has evolved
from a distinct neuropathological disorder defined by post-
mortem histopathological findings to a clinical entity
characterized by progressive neurodegenerative disease
with symptoms and signs of brainstem and/or basal ganglia
disease, raised lactate levels in blood and/or cerebrospinal
fluid (CSF), and typical neuroimaging and/or neuropatho-
logical abnormalities (Rahman et al. 1996). More recently,
Baertling et al. (2014) refined the diagnostic criteria to
include the three most commonly described features: (1)
neurodegenerative disease with variable symptoms; (2)
bilateral neuroimaging or CNS lesions and (3) a variety of
nuclear or mitochondrially encoded genetic causes of
deficient mitochondrial energy metabolism. The term
“Leigh-like syndrome” was proposed when these diagnostic
criteria are only partially met but highly suggestive for LS
(Rahman et al. 1996; Baertling et al. 2014).

The clinical presentation of Leigh syndrome can be
highly variable with disease onset ranging from the
neonatal period through adulthood. Typically, onset occurs
between age three and 12 months, often triggered by an
acute infection. Prenatal expression of mitochondrial
disease has been described with oligohydramnios, intrauter-
ine growth restriction and abnormal brain neuroimaging
(Kumakura et al. 2009; Sofou et al. 2014). Late-onset Leigh
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syndrome has been associated with predominant extrapyra-
midal features, slow progression, acute deterioration,
usually after decompensation with illness, and atypical
presentations including features of Guillain—Barré syn-
drome, hypertrophic cardiomyopathy, anaemia and leuko-
penia (Huntsman et al. 2005).

LS is a genetically heterogeneous mitochondrial disorder.
Causative variants have been identified in up to 75 genes
involved in energy metabolism, encoded by either the nuclear
or mitochondrial genomes, including each of the five
OXPHOS complexes, electron carrier coenzyme Q10
(CoQ10) and components of the pyruvate dehydrogenase
complex (Lake et al. 2015). Mitochondrial DNA (mtDNA)
mutations underlie approximately 10-20% of LS cases
(Rahman et al. 1996; Sofou et al. 2014). Approximately
10% of individuals have either the M7-ATP6 (mitochond-
rially encoded ATP synthase 6) m.8993T>G or m.8993T>C
variants which represent the only established genetic cause
of a Complex V-mediated LS (Santorelli et al. 1993; Rahman
et al. 1996; Thorburn and Rahman 2014). The MT-ATP6
gene encodes a subunit of the 550 kKDa multi-subunit
Complex V (ATP synthase or F{F, ATPase), which is one of
the key enzymes involved in the aerobic generation of
energy, synthesizing ATP from ADP using the proton
gradient generated across the mitochondrial inner membrane
(Kucharczyk et al. 2009). Unlike many pathogenic mtDNA
variants, the m.8993T>G and m.8993T>C variants display
a strong genotype—phenotype correlation, with a lack of
tissue or age-dependent variation in mutant load (White et al.
1999a) which enables accurate prediction of the probability
of severe outcome and empirical recurrence risks (White
et al. 1999b). Overall, LS develops whenever the
m.8993T>G mutant load exceeds 90%, while the milder
NARP (neurogenic muscle weakness, ataxia and retinitis
pigmentosa) phenotype occurs with moderate levels of
approximately 70—90% mutant loads (Thorburn and Rahman
2014). Other properties of m.8993T>G variant include de
novo occurrences with rapid segregation toward homo-
plasmy, often within a single generation, observed in
approximately 20% of families (White et al. 1999a). Likely
explanations for these sporadic cases include spontaneous
variants arising during oogenesis (Degoul et al. 1997); or
presence of a mitochondrial genetic “bottleneck”, in which
only a small subpopulation of mtDNA molecules are
preferentially amplified to “repopulate” the oocyte (Blok
et al. 1997; White et al. 1999b).

Here, we describe a male patient with increased C5-OH
on NBS, presenting with psychomotor delay, central
hypotonia, failure to thrive, episodes of decompensation
with keto-lactic acidosis and persistent elevations in C3,
C5-OH, with urinary markers suggestive of multiple
carboxylase deficiency (MCD). Hypocitrullinemia was an
additional feature which was also detected on NBS. Leigh-
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like disease was subsequently diagnosed secondary to a de
novo homoplasmic m.8993T>G variant.

Materials and Methods

All procedures followed were in accordance with the ethical
standards of the responsible committee on human experi-
mentation (institutional and national) and with the Helsinki
Declaration of 1975, as revised in 2000. The family
reported in this study has agreed to the publication and
provided written consent as part of the informed consent
process.

Case Report

The patient, a Caucasian male, was born at term with a birth
weight of 3.2 kg (25th percentile) to non-consanguineous
healthy parents. The patient had increased C5-OH
(2.0 pmol/L, ref <0.6) on newborn screen and a similar
bloodspot result at 3 weeks of age. His bloodspot citrulline
on NBS was 7 umol/L (1% in this age group on screening
is 7 umol/L; the 50% (median) is 14 pmol/L). Low
citrulline is not used as a marker in newborn screening
(NBS) in Western Australia. Plasma acylcarnitine analysis
revealed increased C5-OH (2.1 pmol/L, ref <0.9) and C3
(1.1 pumol/L, ref <0.2). Plasma amino acid analysis at 3
weeks of age showed increased alanine (696 pmol/L, ref
130-460) and decreased citrulline (2 pmol/L ref 10-45).
Venous blood gas was normal, apart from increased lactate
(3.8 mmol/L, ref <1.5). Plasma ammonia and urine organic
acid analysis were normal. Bloodspot biotinidase enzyme
assays performed twice were normal.

For the first week of life, the patient was exclusively
breastfed and developed feeding intolerance with vomiting
and loose stools. He was diagnosed with breast milk
protein-induced enterocolitis syndrome (FPIES) and feed-
ing was switched to a hypoallergenic, elemental formula
(Neocate Infant, Nutricia); coincident with the feeding
change, the feeding intolerance resolved. However, weight
gain remained poor over the first 6 months of life; this was
attributed to recurrent viral infections. He failed to achieve
age-related developmental milestones by 6 months of age;
Griffith’s mental developmental assessment at 12 months
confirmed global developmental delay with an overall
mental age of 7 months and motor developmental age of
6 months. He was presented to the metabolic clinic at 13
months of age with failure to thrive, lethargy and central
hypotonia. Physical examination at that time revealed brisk
deep tendon reflexes, equivocal plantar reflexes and
generalized muscle weakness. Laboratory investigations
revealed mildly increased lactate (3.9 mmol/L, 0.5-2.0),
with normal plasma ammonia, creatine kinase, liver enzyme

tests and venous blood gas results. Plasma acylcarnitines
showed increased C3 (3.1 pmol/L, ref <0.7) and C5-OH
(0.97 pumol/L, ref <0.31); plasma amino acids revealed
increased alanine (572 umol/L, ref 143—439) and decreased
citrulline (4 pmol/L, ref 10-45). Urine organic acid
analysis showed mild to moderate increases in 3-hydrox-
yisovalerate, 3-hydroxypropionate, 3-methylcrotonylgly-
cine, methylcitrate and 2-methyl-3-hydroxybutyrate. A
biotin related inborn error was suspected, and oral biotin
at 10 mg daily was initiated and subsequently increased to
his current dose of 100 mg twice a day. Further inves-
tigations were carried out to exclude MCD including
holocarboxylase synthetase (HLCS) gene sequencing, with
deletion/duplication analysis; biotinidase (BTD) gene
sequencing and fibroblast enzymology of propionyl-CoA
carboxylase, methylcrotonyl-CoA carboxylase and pyru-
vate carboxylase using a low biotin culture medium
(6 nmol/L). All these studies were normal.

Clinical improvements with increased patient activity
levels, alertness and attainment of new developmental
milestones were temporally associated with oral biotin
treatment despite lack of significant correlation with
biochemical improvements. Trio whole exome sequencing
(WES) was carried out to exclude any novel genetic defects
in the biotin pathway, and included analyses for any
mutations in the mitochondrial carbonic anhydrase VA
(CA54) gene which presents with MCD phenotype (Karne-
beek et al. 2014) but all tests were non-contributory.

At 15 months, he decompensated rapidly during an
intercurrent pneumonia with human metapneumonia virus.
He was ventilated in the ICU and had metabolic keto-
lacticacidosis with blood pH 7.27, bicarbonate 12 mmol/L,
base excess —14, lactate 8.8 mmol/L, plasma beta-hydrox-
ybutyrate (6.0 mmol/L, ref <0.3) and hyperammonemia
(119 pmol/L, ref <50). CSF lactate (1.7 mmol/L, ref
0.7-1.8) and pyruvate (0.08 mmol/L, ref 0.03—0.1) were
normal. Apart from a small lactate doublet on spectroscopy,
brain MRI was normal. He was discharged home after a week
with temporary regression of milestones, particularly gross
motor which returned to pre-morbid state a few weeks later.

A repeat developmental assessment performed at 17
months showed steady progress with a 6 months gain over
the preceding 6 months. Persistent plasma increases of C5-
OH (1.1 pmol/L, ref <0.2), C3 (3.0 pumol/L, ref <0.6) and
fluctuating urinary markers (3-methylcrotonylglycine, 3-
hydroxyisovalerate, 3-hydroxypropionate, methylcitrate
and 2-methyl-3-hydroxybutyrate) were observed, despite
significant clinical progress. Fundoscopy and slit-lamp
examination were normal. Quadriceps muscle biopsy
showed well-orientated muscle fibres with variable fibre
diameter ranges of 10-25 mm (age appropriate range
16—18 mm) and small subsarcolemmal aggregates of
mitochondria in some fibres with modified Gomori
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trichrome stain. Electron microscopy displayed atrophic
fibres, mild mitochondrial pleomorphism with lipid
vacuoles and crowding of the cristac in rare fibres.
Complex IV activity on snap frozen skeletal muscle
homogenate was borderline low at 25% when expressed
relative to citrate synthase, but in the lower end of the
normal range 2.93 /min/mg (reference range 3.3-9.1)
relative to protein. Complex V was not measured due to
technical limitations. Identification of de novo homoplas-
mic (100%) m.8993T>G variant in muscle, blood and
urine by next-generation sequencing of the mitochondrial
genome led to the diagnosis of Leigh-like syndrome.
Analysis of maternal blood and urine DNA tested negative
for the m.8993T>G variant identified in her son. Therapy
with riboflavin, thiamine, vitamin C, carnitine and coen-
zyme Q10 was started initially; oral supplementation of
citrulline, creatine and alpha-lipoic acid was commenced at
24 months, 28 and 36 months, respectively. Repeat brain
MRI at 31 months was again reported to be normal, apart
from the presence of small lactate doublet. Early initiation
of aggressive metabolic dietary support during unwell
episodes has significantly decreased metabolic decompen-
sations. Early institution of nasogastric feeding during
intercurrent illness when oral feeding has been difficult
has substantially reduced the frequency of hospital admis-
sions and need to seek emergency care (from a 4 to 6
weekly frequency to approximately once in 6 months). The
unwell dietary management plan includes increased caloric
intake at 100 kcal/kg/day (fat 44%, protein 26% and
carbohydrates 30%).

At 3 years 3 months of age, he has exhibited significant
improvements in his overall developmental progress;
particularly with gross motor milestones. He now has a
healthy 2-month old sister. Prenatal testing through chori-
onic villus sampling for the sibling revealed no detectable
m.8993T>G variant. She was born healthy with normal
birth parameters, NBS and urine organic acids. She has
shown normal weight gain and appears to be developing
appropriately at 3 months of age.

Whole Exome Sequencing (WES)

After enrolment of the family within the TIDEX gene
discovery project (UBC IRB approval H12-00067), WES
was performed for the proband and his unaffected mother
using the Agilent SureSelect kit and Illumina HiSeq 2000
(PerkinElmer, USA). The sequencing reads were mapped to
the hg19 human reference genome. After multiple filtering
steps (excluding sequencing errors, variants with MAF
>0.01 etc.) and screening under multiple inheritance models,
we uncovered eight genes harbouring homozygous recessive
variants [one autosomal (NTN5) and seven X-linked
(SYTL5, CLCN5, BEND2, CNGA2, RBBP7, HEPH and
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TCEAL4)], six compound heterozygous (TNRC6A, NAV3,
CLCN2, ALKBH2, UNC5CL and BSG), and no nuclear de
novo variants. None were deemed compatible with the
patient’s phenotype. Each of these variants were further
analyzed for their impact on gene function using multiple
bioinformatic tools (including, SIFT, Polyphen and CADD
scores), as well as published literature on their function to
ascertain a potential correlation with the proband’s pheno-
type. The only variants of potential interest were the ones
affecting CLCNS5 and CLCN2; however, neither of these
was decided to be explanatory for the observed MCD
phenotype, and thus ATP6 was deemed the best fit.

Biotin Concentrations in Physiologic Fluids

All samples were initially assayed for biotin using a
sequential solid phase avidin-binding assay as previously
described (Mock 1997) that measures Total Avidin-Binding
Substances (TABS) referred to hereafter as biotin unless
noted otherwise.

Biotin Uptake Studies

Radioactive *H-biotin (specific activity: 60 Ci/mmol;
radiochemical purity >97%) was purchased from American
Radiolabeled Chemicals (ARC) (St. Louis, MO). Other
reagents and chemicals used in these studies were pur-
chased from commercial vendors; all were of either
analytical or molecular biology grade. Specific primers
used for PCR amplifications were from Sigma Genosys
(Woodlands, TX).

Biotin uptake was performed in lymphocytes from the
proband and normal controls as previously reported (Said
et al. 1998) using Krebs—Ringer (KR) buffer (in mM: 133
NaCl, 4.93 KCI, 1.23 MgSQ,, 0.85 CaCl,, 5 glucose, 5
glutamine, 10 HEPES and 10 MES, pH 7.4). Briefly,
lymphocytes were harvested by centrifugation and equal
amount of cells were used for uptake studies for 5 min as
described previously. The reaction was stopped by adding
2 ml of ice-cold KR buffer and cells were passed through
PVDF membrane, rinsed twice with ice-cold buffer. The
membrane was incubated further with scintillation fluid and
radioactivity was measured in a scintillation counter (Beck-
man Coulter LS6500). Passive diffusion was quantified by
performing uptake of *H-biotin in the presence of excess
unlabeled biotin (1 mM). Protein concentrations were
measured by DC protein assay kit (Bio-Rad). Uptake was
expressed as fmol/mg protein/5 min.

Real-Time PCR Analysis

Total RNA was isolated from lymphocytes using TRIzol
reagent (Invitrogen). RNA samples were then treated with
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RNAse free DNAse I (Invitrogen) to remove contaminating
DNA, and were reverse transcribed using iScript cDNA
synthesis kit (Bio-Rad). Relative expression of the sodium
dependent multivitamin transporter (SMVT; SLC5A6) tran-
script was quantified by real-time PCR (Bio-Rad CFX 96
real-time PCR system) using gene-specific primers for
hSMVT (Forward 5-TGTCTACCTTCTCCATCATGGA-
3’ and Reverse 5'-TAGAGCCCAATGGCAAGAGA-3).
B-Actin was used as an internal control (Forward 5'-
AAATGGGTTCTAGACCGCGGAGA-3' and reverse 5'-
CATGCTCGATGCGGTACTTCA-3') and data were calcu-
lated following relative relationship method.

Western Blot Analysis

To determine the protein level of hSMVT, lymphocytes
were lysed in RIPA buffer containing protease inhibitors,
and the supernatant was collected by brief centrifugation.
Equal amounts of protein (approximately 60 pg) were
loaded into NuPAGE 4-12% Bis-Tris gradient mini gels
(Invitrogen). The gel was electro-blotted onto PVDF
membrane and incubated overnight with blocking buffer
(LI-COR). The blot was then probed with specific human
polyclonal antibodies to SMVT and B-actin (Santa Cruz
Biotechnology), followed by probing with labelled second-
ary antibodies (anti-mouse IRDye 800 and anti-rabbit
IRDye 680 in 1:25,000 dilutions) for 1 h. Fluorescent
intensity of the specific band was quantified using the
Odyssey Infrared imaging system (LI-COR Biosciences)
and Odyssey application software (version 3.0).

Results

Biotin Studies: In samples collected 10 days after initiating
biotin therapy at 10 mg per day, the biotin level measured in
plasma was ~1,500 times upper limit of reference range and
the urine excretion rate was ~4,000 times upper limit of
reference range (Table 1). These striking increases contrasted
with the level in CSF, which was ~15 times upper limit of
reference range. The discrepancies of biotin concentrations
in the different fluids were of uncertain significance as the
samples were collected post-biotin supplementation.
Carrier-mediated biotin uptake was studied in EBV-
transformed lymphocytes from the proband, and compared

Table 1 Biotin determinations of urine, CSF and plasma samples

Sample Proband Normal range
Urine (pmol/mg creatinine) 429,355 45-118 (n = 49)
CSF (pmol/ml) 88.0 0.022-5.9 (n = 55)
Plasma (pmol/ml) 1,398 0.55—1.1 (n = 80)

with similar studies performed in EBV-transformed lym-
phocytes from normal adult controls (ABC) and with those
from cord blood controls (CBC). The results (Fig. 1)
showed considerable biotin uptake that was slightly but
significantly (p < 0.05) lower than uptake by EBV-trans-
formed lymphocytes from control cord blood samples, yet
somewhat higher than that of adult EBV-transformed
lymphocytes. The higher uptake in cord blood controls
compared to adult EBV-transformed lymphocytes could be
attributed to developmental maturation. This has previously
been described in a rodent model with higher intestinal
biotin uptake observed during the suckling period com-
pared to adulthood (Said and Redah 1988).

SMVT Transcript and Protein Studies: SMVT mRNA
(Fig. 2a) and protein levels (Fig. 2b) in EBV-transformed
lymphocytes from the proband were not different than those
for EBV-transformed newborn (cord blood) and adult
controls. In the light of these findings, we speculate that
the relatively lower increases in CSF might represent
saturation of a normal carrier-mediated transport across
the blood—brain barrier. There is evidence for such a carrier
in animal studies (Spector and Mock 1987, 1988).

Discussion

Persistent hypocitrullinemia has previously been reported in
13 patients with the m.8993T>G variant (Rabier et al.
1998; Parfait et al. 1999; Enns et al. 2006; Debray et al.
2010; Henriques et al. 2012; Mori et al. 2014). In an
additional report, a female patient who was prenatally
diagnosed with apparently mild ornithine transcarbamylase
(OTC) deficiency succumbed during an acute febrile
encephalopathic illness at 6 months of age, with neuroim-
aging suggestive of Leigh syndrome. Post-mortem genetic
testing identified the m.8993T>G variant in the liver,
muscle and blood with variant loads of 82—87% (Henriques
et al. 2012). Persistent hypocitrullinemia has been described
in other mitochondrial disorders including Pearson syn-
drome (Ribes et al. 1993), Leigh syndrome caused by
isolated complex I deficiency (Debray et al. 2010),
mitochondrial encephalomyopathy, lactic acidosis and
stroke-like episodes (MELAS syndrome) (Naini et al.
2005), mitochondrial neurogastrointestinal encephalopathy
(MNGIE) disease (Bindoff 2006), and with secondary
mitochondrial respiratory chain dysfunction caused by
organic acidemias (Atkuri et al. 2009) and deficiency of
mitochondrial pyrroline-5-carboxylate synthetase (PSCS)
(Baumgartner et al. 2000). In a small series of 16 Leigh
syndrome patients, sensitivity and specificity of hypoci-
trullinemia as a marker for the m.8993T>G variant were
reported to be 66% and 85%, respectively (Debray et al.
2010). Hypocitrullinemia was also found to be a character-
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Carrier-mediated biotin uptake (fmol/mg
protein/5 min)
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Fig. 1 Carrier-mediated biotin uptake measured in EBV-transformed lymphocytes of proband compared to EBV-transformed lymphocytes from
adults (ABC) and cord blood control (CBC). Data were expressed as fmol/mg protein/5 min and are mean + SE of three independent experiments
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Fig. 2 SMVT transcript and protein studies. (a) SMVT mRNA mean + SE of three independent experiments. (b) SMVT protein

expression: real-time PCR was performed using total RNA isolated expression: total protein isolated from the lymphocytes was used for
from lymphocytes. The level of ASMVT expression was normalized western blotting. The blot was probed with anti-SMVT antibody and
relative to B-actin as described in “Materials and Methods”. Data are expression was normalized relative to f-actin
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istic unique to patients with the m.8993T>G mutation, seen
in 90% of patients, as opposed to less than 20% for other
respiratory chain deficiencies (Rabier et al. 1998). These
findings are sufficiently convincing to consider hypocitrul-
linemia as a useful biochemical marker for the m.8993T>G
mutation and, more generally, as a marker of impaired
oxidative phosphorylation in the enterocyte (Rabier et al.
1998; Parfait et al. 1999; Debray et al. 2010; Henriques
et al. 2012; Mori et al. 2014).

Citrulline is a non-protein amino acid that is not
normally incorporated into proteins during protein synthe-
sis. However, citrullinated proteins comprise citrulline
residues that result from post-translational modification of
arginine; these include keratinization-related proteins (Ishi-
gami et al. 2002) and basic myelin protein, which makes up
to 35% of the protein component of the central nervous

system (Ishiyama et al. 2001). It is a non-essential amino
acid, synthesized almost exclusively in the mitochondrial
matrix of enterocytes, catalyzed by pathways involving
P5CS, carbamoyl phosphate synthase 1 (CPS1) and OTC
(Fig. 3). CPS I and P5CS activities are both tightly related
to ATP concentration, while ADP acts as an inhibitor (Elliot
and Tipton 1974). Citrulline metabolism within the urea
cycle in the liver is strictly compartmentalized; involving
ammonia detoxification and arginine synthesis.

Reduced oxidative phosphorylation can lead to deficient
activities of both PSCS and CPSI in the enterocyte with
subsequent enterocyte dysfunction and impairment of the
intestinal citrulline biosynthetic pathway (Rabier et al.
1998). Studies have demonstrated citrulline as an efficient
marker of the active small bowel mass (Crenn et al. 2000),
as well as in a wide range of pathologies; villous atrophy-

NH; + HCO; ~
L |

A

| Carbamoyl phosphate |

Mitochondria Matrix

y

Glutamine
NH;
\—/

Y

Glutamate

Y
|Al—pyrroline—S—carboxylate |

Cytosol

Y

Citrulline

Fig. 3 Citrulline synthesis in mitochondrial enterocyte: / glutaminase, 2 A'-pyrroline-5-carboxylate synthetase (P5CS), 3 orithine §-

aminotransferase, 4 CPS I and 5 OTC
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associated small bowel disease (Crenn et al. 2003);
radiation-induced intestinal epithelial damage (Lutgens
et al. 2003) or other myeloablative therapy (Blijlevens
et al. 2004). The utility of citrulline as an effective marker
of enterocyte mitochondrial dysfunction may correlate with
the heteroplasmy in gut mucosa. A 97% heteroplasmy in
gut mucosa was demonstrated in a patient with hypoci-
trullinemia (Rabier et al. 1998).

Abnormal acylcarnitine concentrations, particularly per-
sistent elevations of C3 and C5-OH, have only been
described in one other patient with the m.8993T>G variant
(Hauser 2014). Our patient presented biochemically with
profiles suggestive of MCD; however, extensive enzymatic
and genetic analyses excluded that group of disorders.
Biotin uptake and transport studies failed to identify any
contributory cause. We speculate that defective oxidative
phosphorylation not only affected citrulline biosynthesis,
resulting in hypocitrullinemia, but also compromised ATP
dependent carboxylases, causing the unusual biochemistry
exhibited by this patient. Interestingly, this abnormal
acylcarnitine profile has been associated with other MT-
ATP6 variants, specifically m.8959G>A and m.9155A>T
(unreported data, personal communication, A Mattman),
hence raising the possibility this may be a feature specific
to defects of the ATPase 6 subunit of Complex V. While
citrulline is among the metabolites measured by expanded
newborn screening in Western Australia, low citrulline
values are not officially reported for further work-up due to
low positive predictive value.

Larger studies are needed to ascertain the true prevalence
of these abnormal biochemical parameters which may be
detected as early as in NBS, and to determine the
pathogenesis connecting the m.8993T>G mutation as well
as other MT-ATP6 mutations and these metabolic abnormal-
ities. We suggest expanding the differential diagnosis for
persistent elevations in C3 and C5-OH detected on NBS,
particularly when associated with hypocitrullinemia as
potential NBS markers for mitochondrial disorders due to
m.8993T>G associated Leigh-like syndrome and other MT-
ATP6 mutations. This may facilitate rapid diagnosis through
targeted mutational analysis and minimize invasive tissue
biopsies for respiratory chain studies. Presymptomatic
diagnosis of mitochondrial disorders may be of therapeutic
benefit, particularly with this biochemical phenotype when
oral biotin therapy is warranted along with close monitoring
of relevant biochemical and neurodevelopmental parameters.
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