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a b s t r a c t

Background: We explored the clinical and molecular characteristics of molybdenum cofactor deficiency
due to MOCS2 muations.
Methods: We summarize the genetic and clinical findings of previously reported patients with a MOCS2
mutation. We also present a new patient with novel neuroradiological findings associated with molybde-
numcofactor deficiency due to a novel homozygous variant in the 50 untranslated region of theMOCS2 gene.
Results: The study population comprised 35 patients with a MOCS2 gene mutation. All reported children
had delayed motor milestones. The major initial symptom was seizures in neonatal period. Facial dys-
morphism was present in 61% of the patients. Only one patient had ectopia lentis. Agenesis of the corpus
callosum and an associated interhemispheric cyst in our case are novel neuroradiological findings.
Conclusions: The occurrence of neonatal seizures and feeding difficulties can be the first clinical signs of
molybdenum cofactor deficiency. Although there is no effective therapy for this condition, early diag-
nosis and genetic analysis of these lethal disorders facilitate adequate genetic counseling.

© 2019 Elsevier Inc. All rights reserved.
Introduction

Molybdenum cofactor deficiency is a rare autosomal recessively
inherited disease leading to loss of activity of molybdenum cofactor-
dependent enzymes including sulfite oxidase, xanthine dehydroge-
nase, and aldehyde oxidase.1 The main pathogenic mechanism for
the neurological dysfunction may relate to accumulation of toxic
levelsof sulfite resulting fromthedeficientactivityof sulfite oxidase.2

The clinicalmanifestations include seizures refractive to therapy,
severe developmental delay, distinctive facial features, lens dislo-
cation, and feeding difficulties.3 Laboratory abnormalities in mo-
lybdenum cofactor deficiency include very low levels of serum and
urinary uric acid, positive urinary sulfite test, and increased urinary
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levels of xanthine, hypoxanthine, and S-sulfocysteine.4,5 Molybde-
num cofactor deficiency is caused by mutations in four genes
involved in molybdenum cofactor biosynthesis: MOCS1, MOCS2,
MOCS3, and GEPH. Mutations in MOCS1 are responsible for two
thirds of the reported cases, followed byMOCS2 and then GPHN.6,7

We summarize the reported patients with molybdenum
cofactor deficiency, harboring mutations of the MOCS2 gene and
describe the genetic and clinical findings of patients with a MOCS2
gene mutation. We also report a new patient with molybdenum
cofactor deficiency because of a novel homozygous variant in
MOCS2 gene with novel neuroradiological findings.

Methods

We created a database including collected data from all pub-
lished reports of patients with molybdenum cofactor deficiency
harboring mutations in the MOCS2 gene. We examined the re-
ported patients with a MOCS2 mutation for demographic details,
clinical features, neurodevelopmental outcome, and results of
investigations.
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TABLE.
Clinical and Molecular Characteristics of Patients With MOCS2 Mutations

References Case No Sex Age of Onset Consanguinity Origin Mutations Exon Clinical Findings Clinical
Severity

Cranial Imaging

Reiss et al.1 1 Newborn Egyptian M1I 1 Seizures, facial
dysmorphism

Severe

2 Newborn Portuguese 252insC 3 Seizures, facial
dysmorphism

Severe

3 Newborn Italian 533del4 5 Seizures, facial
dysmorphism

Severe

4 Newborn French 726del2 7 Seizures, facial
dysmorphism

Severe

5 Newborn Portuguese 726del2 7 Seizures, facial
dysmorphism

Severe

6 Newborn English 726del2 7 Seizures, facial
dysmorphism

Severe

7 Newborn German E168K/726del2 7 Seizures, facial
dysmorphism

Severe

Johnson et al.8 8 F 11 months No Chinese V7F/Q6X 1 Sacrocephaly,
hypotonia

Mild Abnormal BG, cortical
dysplasia

Reiss and
Johnson6

9 S15R 2
10 Q30X 2
11 Q36X 2
12 G76R 4
13 G126A 5
14 658_664del7insG 6
15 c.635__637del3 6
16 c.714_718del5 7

Leimkühler
et al.9

17 English Y11X 2 Seizures,
psychomotor
retardation

Severe

18 Mexican X189Y 7 Facial
dysmorphism,
psychomotor
retardation

Severe Cerebral atrophy,
thinned CC

Hahnewald
et al.10/
Serrano
et al.11

19 M Newborn No Senegalese 9_14del23 1a Seizures, feeding
difficulties

Severe Cerebral atrophy, cystic
encephalomalacia,
abnormal BG

Per et al.12 20 M Newborn Yes Turkish A44X 2 Seizures, feeding
difficulties

Severe Cerebral atrophy, cystic
encephalomalacia,
cerebellar hypoplasia

Sie et al.13 21 M Newborn Yes Afghan Q74X 3 Seizures, facial
dysmorphism

Severe White matter
abnormalities,
abnormal BG

Reiss and
Hahnewald4

22 Q74X 3
23 c.564þ1G>A Intron5
24 501delA 5

Vijayakumar
et al.14

25 Newborn Yes Afghan c.226G>A 4 Seizures, facial
dysmorphism

Severe Pontocerebellar
hypoplasia, cerebral
atrophy, abnormal BG

26 Newborn Yes Pakistani c.226G>A 4 Seizures, facial
dysmorphism

Severe Cystic
encephalomalacia,
abnormal BG

Struys et al.15 27 F Newborn Yes c.564þ1G>A Intron 5 Seizures, feeding
difficulties,
microcephaly

Severe Cortical edema, white
matter abnormalities

28 M Yes c.564þ1G>A Intron 5 Seizures,
developmental
delay

Severe Subcortical cysts,
cerebral atrophy,
thinned CC, abnormal
BG

Kikuchi et al.16 29 M Newborn No c.265T>C/266A>G 3 Seizures, feeding
difficulties

Severe Cystic
encephalomalacia,
cerebral atrophy,
agenesis of the corpus
callosum

Edwards et al.17 30 F Newborn No Samoan and
Caucasian

S140F/c.501þ2delT Seizures, feeding
difficulties

Severe Thinned CC,
subependymal cyst,
cerebral edema

Megahed
et al.18

31 F Newborn Yes Egyptian M1I 1 Developmental
delay, facial
dysmorphism

Mild Cerebral and cerebellar
atrophy

Zaki et al.19 32 F 12 months Yes Egyptian M1I 1 Seizures, feeding
difficulties

Severe Cystic
encephalomalacia,
cerebral atrophy,
thinned CC abnormal
BG

(continued on next page)
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TABLE. (continued)

References Case No Sex Age of Onset Consanguinity Origin Mutations Exon Clinical Findings Clinical
Severity

Cranial Imaging

Yoganathan
et al.20

33 M Newborn No Indian L73P 4 Seizures, feeding
difficulties

Severe Cystic
encephalomalacia,
abnormal BG, diffusion
restriction along the
corticospinal tract

Duman and
Gençpinar21

34 M 5 months No Turkish G3A 1 Seizures,
developmental
delay, facial
dysmorphism

Mild Abnormal BG and
cerebellum

Our Case 35 M Newborn Yes Turkish c.-9G>C 1a Seizures, feeding
difficulties, facial
dysmorphism

Severe Cystic
encephalomalacia,
cerebellar hypoplasia,
agenesis of the corpus
callosum with
interhemispheric cyst

Abbreviations:
BG ¼ Basal ganglia
cc ¼ Corpus callosum
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Duplicate reports of the same patients were excluded and only
patients were included for whom genetic information was avail-
able. Furthermore, we identified a new patient with a novel ho-
mozygous MOCS2 variant. Finally, we analyzed the assembled
cohort and sought to establish genotype-phenotype correlations in
individuals with a MOCS2 mutation.

Results

The study population comprised 35 patients with aMOCS2 gene
mutation. Individual clinical and genetic features of these 35
FIGURE. Brain magnetic resonance imaging at age six months. (A) Sagittal T1-weighted im
weighted image shows symmetric subcortical cystic white matter changes and an interhemis
atrophy.
patients are summarized in Table. Our patient was admitted to the
hospital with myoclonic seizures and feeding difficulties at age
three months. He had mild facial dysmorphic features: a long
philtrum, a broad nasal bridge, and prominent cheeks. Serum uric
acid was nondetectable (0.0 mg/dL). At age six months, brain
magnetic resonance imaging revealed symmetric subcortical cystic
white matter changes and an enlarged cisterna magna. Agenesis of
the corpus callosum and an associated interhemispheric cyst in our
patient are novel neuroradiological findings (Figure). In our patient,
a homozygous novel variant was detected in 50 untranslated region
(50 UTR) of MOCS2 (NM_004531.4): c.-9G>C. This variant has not
age shows agenesis of the corpus callosum and enlarged cisterna magna. (B) Axial T2-
pheric cyst. Central and peripheric cerebrospinal fluid spaces were dilated secondary to

https://NM_004531.4
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been previously reported in the 1000 genome population database
(GnomAD, 1000 genom).

Because of its retrospective design, some published reports had
missing demographic and clinical data. The cohort was analyzed
according to available data in the literature. Eighteen children had
symptom onset at birth, and only three children had symptom
onset after age one month. All reported children had delayed motor
milestones. Twenty-one patients had seizures during the neonatal
period. Facial dysmorphism including puffy cheeks, microcephaly,
microphthalmia, broad nasal bridge, long philtrum occurred in 14
patients. Eight patients experienced feeding difficulties. Only one
patient had ectopia lentis.

In total, 29 different MOCS2 mutations have been described,
including deletions, duplications, missense, nonsense, and frame-
shift variations. Of the 35 patients, four patients carried compound
heterozygous mutations and 31 patients carried homozygous
mutations.

Discussion

The molybdenum biosynthetic pathway can be divided into
three steps: synthesis of cyclic pyranopterin monophosphate
(cPMP) from guanosine triphosphate by MOCS1, conversion of
cPMP to molybdopterin by MOCS2 and MOCS3, and insertion of
molybdenum to form molybdenum cofactor by GEPH.1,4 This study
reports a systematic analysis of the genotypes in correlation to the
phenotypes in patients with a MOCS2 mutation while integrating
all published cases with clinical and genetic data.We also described
novel neuroradiological findings in our patient with a novel variant.

Most of the patients with a MOCS2 mutation were diagnosed
during the neonatal period. The predominant initial symptom was
seizures in neonatal period. Facial dysmorphismwas present in 61%
patients. Two different phenotypes related to MOCS2 were re-
ported: 21 patients presented with a severe form (intractable
neonatal seizures and multiple cystic cavities on magnetic reso-
nance imaging) and three patients presented with a milder form
(global developmental delay without seizures). The common clin-
ical findings in MOCS2 deficiency including neonatal seizures,
feeding difficulties, and distinctive facial features were similar to
MOCS1 deficiency.3 Ectopia lentis has been described in individuals
with molybdenum cofactor deficiency because of MOCS1 gene
mutations.3,14 However, only one patient withMOCS2mutationwas
found to have ectopia lentis.

Neuroradiological findings initially involve cerebral edema
without cystic changes. Cerebral and cerebellar atrophy and
subcortical cystic changes are the most commonly described le-
sions in the course of the disease. Other reported radiological
changes include hypoplasia of the corpus callosum and brainstem,
basal ganglia abnormalities, and diffusion restriction along the
corticospinal tract. Agenesis of the corpus callosum and an inter-
hemispheric cyst associated with agenesis of the corpus callosum
in our case are novel neuroradiological findings.

TheMOCS2 gene was mapped to the long arm of chromosome 5
and comprises seven exons.1 In our study, the reported mutations
were detected in all exons of the MOCS2 gene. MOCS2 mutations
have been reported from different countries around the world. Our
results show no founder mutation in the MOCS2 gene for any
population. The variant in our patient was interpreted as having
uncertain significance according to The American College of Med-
ical Genetics and Genomics criteria; however, it was not found in
population studies, it was detected in a homozygous state, and the
child’s clinical features were highly consistent with the disease. We
suggest that this variant was causative. Our patient is the first pa-
tient with a causative variant in the 50 UTR region of the gene.
Because 50 UTR variants can damage critical sequences such as
Kozak consensus sequence (which contains the initiation codon),
cis-acting regulatory elements (which are called upstream open
reading frames), upstream AUGs and termination codons (which
have a great impact on the regulation of translation), 50 UTR vari-
ants have significant importance in the etiology of some diseases.

Genotype-phenotype correlations are hindered because 29
different MOCS2 mutations have been described in 35 patients.
Furthermore, the same mutations sometimes led to different phe-
notypes whereas different mutations led to the same phenotypes.
Genotype-phenotype correlations should be considered with
caution in patients with MOCS2 gene mutations.

Treatment of patients with a MOCS1 mutation by cPMP sup-
plementation has been performed, but currently there is no effec-
tive therapy for patients with a MOCS2 gene mutation.
Management for patients with MOCS2 mutations largely remains
supportive and the prognosis is poor.3,22,23

In conclusion, the occurrence of neonatal seizures and feeding
difficulties can be the first clinical signs of molybdenum cofactor
deficiency. Serum uric acid levels should be performed in all pa-
tients who present with intractable seizures and developmental
delay. Multiple cystic encephalomalacic changes and hypoplasia of
the corpus callosum are important diagnostic clue in molybdenum
cofactor deficiency. Although no effective therapy has been found
for individuals with a MOCS2 dysfunction, early diagnosis and ge-
netic analysis of these lethal disorders facilitate adequate genetic
counseling.
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