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Abstract

Aim—Molybdenum cofactor deficiency (MoCD) and Sulfite oxidase deficiency (SOD) are rare
autosomal recessive conditions of sulfur-containing amino acid metabolism with overlapping
clinical features and emerging therapies. The clinical phenotype is indistinguishable and they can
only be differentiated biochemically. MOCS1, MOCS2, MOCS3, and GPRN genes contribute to
the synthesis of molybdenum cofactor, and SUOX gene encodes sulfite oxidase. The aim of this
study was to elucidate the clinical, radiological, biochemical and molecular findings in patients
with SOD and MoCD.

Methods—Detailed clinical and radiological assessment of 9 cases referred for neonatal
encephalopathy with hypotonia, microcephaly, and epilepsy led to a consideration of disorders of
sulfur-containing amino acid metabolism. The diagnosis of six with MoCD and three with SOD
was confirmed by biochemical tests, targeted sequencing, and whole exome sequencing where
suspicion of disease was lower.

Results—Novel SUOX mutations were detected in 3 SOD cases and a novel MOCS2 mutation in
1 MoCD case. Most patients presented in the first 3 months of life with intractable tonic—clonic
seizures, axial hypotonia, limb hypertonia, exaggerated startle response, feeding difficulties, and
progressive cystic encephalomalacia on brain imaging. A single patient with MoCD had
hypertrophic cardiomyopathy, hitherto unreported with these diseases.
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Interpretation—Our results emphasize that intractable neonatal seizures, spasticity, and feeding
difficulties can be important early signs for these disorders. Progressive microcephaly, intellectual
disability and specific brain imaging findings in the first year were additional diagnostic aids.
These clinical cues can be used to minimize delays in diagnosis, especially since promising
treatments are emerging for MoCD type A.
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1. Introduction

Molybdenum cofactor deficiency (MoCD, OMIM 252150) and isolated Sulphite oxidase
deficiency (SOD, OMIM 272300) are rare recessive disorders of sulfur-containing amino
acid metabolism with an overlapping clinical phenotype and severe neurodegeneration in
newborns.! Due to the large clinical overlap between MoCD and SOD, they can only be
differentiated biochemically. Both disorders show elevated urinary sulfite levels and lead to
an accumulation of S-sulphocysteine, as well as elevated levels of thiosulfate and taurine.
MoCD differs from SOD in that elevations of urinary xanthine and hypoxanthine
concentrations, and low serum uric acid concentrations are observed due to loss of function
of xanthine dehydrogenase. So far, about 100 MoCD and 30 SOD patients have been
reported in the literature with different ethnic backgrounds, mostly from Europe and North
America.? The prevalence of MoCD is not ascertained, but is considered to be in between
one in 100,000-200,000 newborns worldwide.3 The aim of this study is to showcase the
clinical and molecular findings in our cohort in order to expand shared knowledge in these
ultra-rare disorders.

MoCD patients have a wide spectrum of clinical findings including facial dysmorphism,
early refractory seizures, severe psychomotor retardation, failure to thrive, microcephaly,
hypotonia, lens dislocation and renal stones.*-6 Neuroimaging by computer tomography
(CT) scan shows diffuse edema in the neonatal period due to sulfite accumulation.
Multicystic degeneration of the cerebral hemispheres develops as the disease progresses.
Calcification in both thalami and/or basal ganglia may be detected.” Magnetic resonance
imaging (MRI) of the brain shows subcortical cystic changes, parenchymal loss, white
matter gliosis, and cerebral atrophy which is indicated by enlargement of the ventricular and
cortical sulci, interhemispheric fissure, and thinning of the corpus callosum.8

In MoCD, elevated urine sulfite and low plasma urate are detected, which is followed by
evidence for high purine metabolites (xanthines and hypoxanthines) and high S-
sulphocysteine, which are due to the reduced activity of xanthine oxidase and sulfite oxidase
respectively, where molybdenum cofactor is required.®-10 Molybdenum cofactor synthesis
requires the genes MOCSI1, MOCS2, MOCS3and GEPH.1! Recent studies suggested value
in replacing cyclic pyranopterin monophosphate (cPMP), a biosynthetic precursor of the
cofactor lacking in two-thirds of patients with MoCD Type A, making cPMP substitution the
first promising therapy for patients with MoCD.312
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SOD results in accumulation of sulfite and S-sulphocysteine, which can be detected in urine
and plasma. Serum uric acid and urinary excretion of xanthine and hypoxanthine are normal
in SOD.10.13 The clinical picture is very similar to MoCD with early onset seizures,
intellectual disability, hypotonia in infancy followed by hypertonia, and brain atrophy. The
gene for sulfite oxidase maps to chromosome 12g13.2 and mutations in SUOX gene leads to
isolated sulfite oxidase deficiency.1 In the current study, we describe the clinical,
biochemical and genetic findings of nine patients with disorders of sulfur-containing amino
acid metabolism, upon genetic study, six had MoCD and three had SOD.

2. Material and methods

This study comprised 9 Egyptian patients diagnosed between 2012 and 2015 in the
Neurogenetics clinic of National Research Centre and Cairo University Neurometabolic
Clinic. In eight patients there was suspicion of disorders of sulfur-containing amino acid
metabolism on the basis of typical clinical presentation. A single family with atypical
presentation was identified by whole exome sequencing where suspicion was low. All
patients were subjected to detailed family history, pedigree analysis and thorough clinical
and neurological evaluation. Biochemical confirmation was with analysis of sulfur
containing amino acids by Liquid Chromatography—Mass Spectrometry (LC-MS-HPLC-
MS) that quantitatively estimated S-Sulphocysteine and Xanthine in urine and by the
determination of the level of blood uric acid to differentiate between these disorders. Other
investigations included complete eye evaluation, electroencephalogram (EEG),
echocardiography, visual evoked potential (VEP), electroretinogram (ERG), urine analysis
and abdominal ultrasound, and review of imaging findings.

Genomic DNA was extracted from peripheral blood lymphocytes of all patients and parents
after informed consent according to the guidelines of the Ethical Committee of the National
Research Centre (NRC). The coding regions of MOCS1, MOCS2, MOCS3, GPRN, and
SUOX genes were amplified using specific primers designed by PRIMERS3 software version
0.4.0. (Primers and PCR conditions are available upon request from the corresponding
author.) Potentially causative mutations were further screened in a group of 100 unrelated
Egyptian individuals to evaluate carrier frequency. Exome capture was performed using the
SureSelect Human All Exome 50 Mb Kit (Agilent Technologies, Santa Clara, CA) with 150-
bp paired-end read sequences generated on a HiSeq2000 (Illumina, San Diego, CA).
Sequences were aligned to hg19 and variants identified through the GATK pipeline.
Variations were annotated with in house software and the SeattleSeq server. ldentified
variants were checked against public databases dbSNP ver.144 (http://
www.ncbi.nlm.nih.gov/SNP/), Exome Variant Server (http://evs.gs.washington.edu/EV'S/),
EXAC (http://exac.broadinstitute.org/), and the Greater Middle East Variant Server (http://
igm.ucsd.edu/gme/).

3. Results

Clinical and biochemical testing identified 6 patients with MoCD and 3 with SOD (Table 1).
The gender distribution of the cohort was 6 females (5 with MoCD, and 1 with SOD) and 3
males (1 with MoCD and 2 with SOD). The age at diagnosis ranged from 2 months to 10
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months in eight cases. A single case (patient 6) was diagnosed at the age of 2 years with
history of sudden deterioration after high fever at the age of 6 months that manifested with
epilepsy, axial hypotonia and extrapyramidal manifestations. Positive family history of
similar deceased siblings was found in 6 families; five were previously considered as
possible neonatal encephalopathy but without notable perinatal hypoxic exposure. The
patient with late presentation (Patient 6) also had a history of 3 similar siblings that died
around the age of 3, which pointed to genetic etiology. All patients except patient 6 and 9
died between the ages of 1.5 and 2.5 years. Patient 6 died at 5.5 years of age and patient 9
was 2.5 years of age and alive at the time of writing. Five patients had the classic MoCD
presentation with early onset of seizures within the neonatal period while in SOD
presentation was from day 15 to day 50. All had severe developmental delay, microcephaly
(-2.5 to -6 SD), failure to thrive, feeding difficulties, intractable seizures (generalized tonic
clonic and multifocal myoclonic not responding to combined antiepileptic drug therapy),
axial hypotonia and spastic quadriparesis. Severe extrapyramidal manifestations were
detected in the late onset case. Excessive startle appearing as hyperekplexia was present in 5
cases, and only two had hypsarrhythmia on electroencephalogram. None had evidence of
lens subluxation or eye anomalies. Mild facial dysmorphism (frontal bossing, depressed
nasal bridge, anteverted nares, retrognathia, puffy checks and low-set ears) was present in 5
patients (Fig. 1). Renal stones were present in 3 out of 6 cases with MoCD and in none with
SOD. Cardiomyopathy was found in one patient with MoCD on echocardiogram performed
for tachycardia and murmur.

The brain CT and MRI showed calcification of thalami and/or basal ganglia in 3 patients (2
MoCD and one SOD). Subcortical cysts were found in 8 patients (5 MoCD and 3 SOD), and
abnormal basal ganglia in 7 (5 MoCD and 2 SOD). Cerebral atrophy, thinning of the corpus
callosum, white matter volume loss, and wide interhemispheric fissures were present in all
patients (Figs. 2 and 3). Biochemical tests were performed for confirmation of the diagnosis;
S-sulphocysteine concentration was high in all patients while xanthine was high and serum
uric acid was low in MoCD but normal in the SOD patients (Table 2). Targeted genetic
sequencing revealed 5 MoCD patients with known mutations in MOCSI gene and 1 patient
with a novel mutation in MOCS2 (Pathogenic, PVS1). There were 2 novel mutations
(Pathogenic, PS3) identified in 3 patients with SOD, and a ¢.884G > Amutation was
identified in 2 unrelated families (Table 3, and Fig. 4). Identified novel variants were
checked and not found in public databases dbSNP ver.144, Exome Variant Server, EXAC or
the Greater Middle East Variant Server. Potential pathogenicity was predicted using the
software tools SIFT, PolyPhen-2 ver.2.2.2, and Mutation Assessor.

4. Discussion

MoCD and SOD are rare autosomal recessive inborn errors of metabolism with similar
clinical presentations. Our study includes 6 MoCD and 3 SOD patients. All were products of
consanguineous marriage and 6 patients had similarly affected siblings.

MoCD and SOD are characterized by intractable seizures that are usually seen immediately
after birth.2:8:13 Eight patients in our series had the classic presentation with early onset
intractable seizures (generalized tonic clonic and multifocal myoclonic), not responding to
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antiepileptic medications. Seizure onset ranged from day 2 to day 50 of life, and a single
case had a late onset at the age of 1 year which is considered to be rare in comparison with
other more common neonatal MoCD onset.8:17 The initial symptom of all our patients was
seizures, which was reported to be the most common presenting symptom in both
disorders.18:19

All the patients had accompanying severe developmental delay, and 7 had failure to thrive,
which is in accordance with previous observations.20 Patient 6 in our cohort had a late onset
at the age of 1 year with sudden deterioration and gradual progression of epilepsy which is
reported in just one patient so far.2! Therefore, we think MoCD and SOD should also be in
the differential diagnosis for patients presenting with progressive loss of milestones with or
without seizures.

Our findings demonstrated feeding difficulties in 7 patients. Feeding difficulties and
hypotonia are the most common symptoms after seizures as the presenting symptom in
MoCD and SOD.18.19.21

Hyperekplexia (exaggerated startle) was present in 5 cases, and is described both in MoCD
and SOD.%2.23 Neonatal hyperekplexia can be seen in glycine neurotransmitter-conditions as
well, and can alert the physician to consider genetic/metabolic conditions in the differential
diagnosis.

All the patients in the present study were microcephalic with head circumferences ranging
from —2.5 to —6 SD. Progressive microcephaly was reported in almost all patients with
MoCD and SOD.8:2425 Documenting the presence of progressive microcephaly especially in
older patients with later onset can help with diagnosis in not so typical presentations.

Although, it is mentioned that dislocated lens is commonly observed in MoCD and SOD,
none of our cases had lens subluxation.26:27 The fact that patients with MoCD develop lens
dislocation late at the age of approximately 8 years may be the reason for the lack of this
finding in our cohort as all our patients are well below this average age.28

Echocardiogram in one patient with MoCD revealed hypertrophic cardiomyopathy with
severe left ventricular outlet (L\VOT) obstruction. To the best of our knowledge this finding
has not been previously reported in any MoCD case, and is not an obvious consequence of
disease. Further reports will need to ascertain if this is a random finding or a rare
presentation that may be linked with MoCD.

MoCD patients show parenchymal loss, cerebral atrophy and ventricular enlargement,?
which were also present in our MoCD patients as well as SOD patients. In our cohort,
CT/MRI showed calcification of basal ganglia and/or thalami, abnormal signal and/or
atrophy of basal ganglia, and bilateral hyperintensity of lentiform nucleus in the late onset
MoCD patient. Subcortical cystic encephalomalacia was seen in 8 patients which is in
accordance with previous reports, and should raise clinical suspicion of the disease.10:29

The distinctive biochemical analysis is an important tool in the diagnosis of MoCD and
SOD, especially the evaluation of serum sulphocysteine.217 These entities are clinically
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similar, but normal xanthine, hypoxanthine, and uric acid levels are seen in SOD.39:31 Qur
findings demonstrated increased S-sulphocysteine in all patients. Xanthine level in urine was
high in all patients with MoCD and serum uric acid was low in five, whereas serum uric acid
and Xanthine were normal in all three SOD patients. It was suggested that rarely uric acid
levels were normal in MoCD and the biochemical tests frequently do not correlate with the
severity of the disease.12 This is quite notable in our case where uric acid was within normal
limits in patient 6 and the level of the abnormal metabolites was not related to the clinical
course.

The mutations leading to MoCD are not reported to correlate to severity of phenotype.3 They
have been identified in the genes MOCSI (type A deficiency), MOCS2 (type B deficiency),
and in GPHN.12.14.20 |t was documented that the most commonly mutated gene in MoCD
patients was the MOCS1 gene, followed by MOCS219 Reiss et al., 2011 found 99%
mutation detection with analysis of the MOCS1 and MOCSZ2 genes in MoCD diagnosed
biochemically. Only in the case of negative results, sequencing of the genes GPHN and
MOCS3 was suggested.12 Similarly, the majority (5/6) of mutations we observed in MoCD
patients were in MOCS1, the remaining mutation was in MOCS2. SUOX is the only gene
reported to be responsible for SOD so far.18 We have encountered SUOX mutations in all 3
meeting biochemical criteria for SOD. All were previously unreported mutations with the
p.G295E allele detected in two patients, suggesting a founder allele.

Early diagnosis has become a key factor for MoCD type A, as a replacement therapy for the
missing metabolite cPMP has yielded promising results. cPMP substitution therapy was
undertaken in an infant diagnosed at 6 days of life. The treatment was started on day 36, and
clinical improvements were observed, with decreased epileptic seizure frequency, and
decreased urinary markers of sulfite, S-sulphocysteine, and thiosulfate. Xanthine and uric
acid levels also returned to normal.2® A second successful treatment was reported in a
patient who was prenatally diagnosed with MoCD type A, where substitution therapy was
started 4 h following delivery. The patient showed a marked improvement in response to
early start of therapy. At 21 months of age, there was only mild cognitive delay with normal
fine and gross motor development. Further replacement therapies were undertaken in
patients either diagnosed prenatally or very early in life, which reported favorable clinical
and biochemical response.3 The limited data suggests that early initiation might be
associated with better outcomes, although further studies are needed.

5. Conclusion

Early diagnosis and confirmatory gene analysis of these devastating disorders is crucial to
providing precise genetic counseling and prenatal testing, and for potential therapeutic
intervention considering the favorable outcomes for early replacement therapy in MoCD
type A. We have discussed the clinical and radiological features in our series, and compared
it with existing data to aid physicians in diagnosing these ultra-rare disorders early in
infancy.
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Fig. 1.

Facial features of the patients showing frontal bossing, depressed nasal bridge, anteverted
nares, retrognathia, long philtrum, full checks and low set ears. Patient number. Permission
for the use of these pictures has been granted.
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Patient 8 Patient 7 Patient 3 Patient 2 Patient 1

Patient 9

Fig. 2.
MR images of patients in our cohort. Note cerebral atrophy (red arrowheads), hyperintensity

signal in basal ganglia (red arrows), subcortical cystic encephalomalacia (blue arrows),
corpus callosum hypoplasia (blue arrowheads), and dysmyelination (asterisks). (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 3.

Mgll?l brain for patient 6 with MOCDZ2 mutation. Note high signal of basal ganglia (blue
arrowheads), high intensity of the white matter of cerebellum (blue arrows and bigger red
arrows), thin corpus callosum (red arrows) and cerebellar atrophy (red arrowhead). (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Wild type ¢.884G>A (p.G295E)
species match gene aa alignment
Human 295 RTGAISTARWAGARLCDVLAQAGH
mutated not conserved 295 RTGAISTARWAEARLCD
Ptroglodytes all identical ENSPTRG00000005073 295RTGAISTARWALARLCD
Mmulatta all identical ENSMMUG00000007521 295RTGAISTARWALARLCD
Featus all identical ENSFCAG00000013975 293XXGAISTARWAZARLCDV
Mmusculus all identical ENSMUSG00000049858 296RTGAI STARWA:ARLCD
Ggallus no homologue
Trubripes no homologue
Drerio all identical ENSDARG00000091574 313GIAAISNATWSLASLREVLLHYG
Dmelanogaster all identical FBgn0030966 318GAGAVGNAKNSEARLCDILRBQG
Celegans all identical H13N06.4 28BEGTAI SNABHT:VRLRDLLADAG

Fig. 4.

Both Patient 7 and 8 were homozygous for a novel missense mutation in exon 6 of the
SUOX gene. The mutation occurred in a fully conserved amino acid residue.

Eur J Paediatr Neurol. Author manuscript; available in PMC 2016 September 01.
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