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Abstract Objective/context: We describe the second patient
presenting the combination of two homoallelic homozygous
nonsense mutations in two genes distant from 1.8 Mb in the
chromosome 2pl13-3, the methylmalonyl-CoA epimerase
gene (MCEE) and the sepiapterin reductase gene (SPR).
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Case report: The patient was born from consanguineous
parents. He has presented a moderate but constant methyl-
malonic acid (MMA) excretion in urine associated with a
mental retardation. The first homozygous mutation was
identified in the MCEE gene (c.139C>T; p.Argd7*).
Progressive dystonia and cataplexy narcolepsy led to
diagnose the second homozygous mutation in the SPR
gene: ¢.751A>T; p.Lys251*. Sepiapterin reductase defi-
ciency (SRD) was characterized by a defect in tetrahydro-
biopterin (BH4), the cofactor of several hydroxylases
needed for the synthesis of neurotransmitters. A treatment
with L-DOPA/carbidopa and 5-HTP dramatically improved
the dystonic posture, the mood and the hypersomnia,
proving that the pathogenesis was due to SRD. A
supplementation with BH4 did not induce additional
clinical benefit, although HVA and HIAA increased in
CSF. The polyunsaturated fatty acids were measured in
CSF as the markers of the neuronal stress. We have shown
that DHA and its precursor EPA were high before and
during the time course of the different treatments.

In conclusion: The patient has inherited two copies of the
two mutations from his consanguineous parents in the MCEE
and SPR genes in the chromosome 2p13-3. DHA and EPA
increased in CSF as a response to the neuronal stress
induced by the defect in neurotransmitters or the altered
metabolism of the odd-chain fatty acids and cholesterol.

Abbreviations

5-HIAA 5-Hydroxyindoleacetic acid
5-HT 5-Hydroxytryptamine/serotonin
5-HTP 5-Hydroxytryptophan
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BH2 Dihydrobiopterin

BH4 Tetrahydrobiopterin

BP Biopterin

CSF Cerebrospinal fluid

DA Dopamine

DHA Docosahexaenoic acid (22:6n-3)

EPA Eicosapentaenoic acid (20:5n-3)
GC-MS  Gas chromatography-mass spectrometry
HGH Human growth hormone

HVA Homovanillic acid

L-DOPA  3,4-Dihydroxyphenylalanine

MCEE  Methylmalonyl-CoA epimerase gene
MMA Methylmalonic acid

MTHF  Methyltetrahydrofolate

NOS Nitric oxide synthase

OMD 3-Orthomethyl-Dopa or 3-methoxytyrosine
PUFA Polyunsaturated fatty acid

RV Reference value

SPR Sepiapterin reductase gene
SRD Sepiapterin reductase deficiency
Introduction

Sepiapterin reductase (SPR MIM 612716) and methyl-
malonyl-CoA epimerase (MCEE MIM 608419) genes are
mapped on chromosome 2p13-3, 1.8 Mb one of the other
(Fig. 1). Catabolic pathways for the amino acids isoleucine,
valine, methionine and threonine as well as for the odd-
chain fatty acids and cholesterol proceeded via propionyl-
CoA which is converted to (2S)-methylmalonyl-CoA by the
propionyl-CoA carboxylase. Methylmalonyl-CoA is then
isomerized into its (2R)-enantiomer by the action of the
MCEE enzyme. In contrast to the (2R)-methylmalonyl-
coenzyme A ([2R]-methylmalonyl-CoA) mutase (MIM
609058) deficiency which leads to a high excretion of
methylmalonic acid, MCEE deficiency is responsible for a
mild increase of methylmalonic aciduria, probably because
of an in vivo shunt from the propionate-to-succinate
pathway. Mutations in the MCEE gene were described in
only five patients, identified by a moderate methylmalonic
acid excretion in urine (Gradinger et al. 2007).

On the contrary, sepiapterin reductase deficiency (SRD)
is a severe autosomal recessive disorder of tetrahydrobiop-
terin (BH4) metabolism (Friedman et al. 2012). BH4 is
synthesized de novo from guanosine triphosphate (GTP) by
three enzymatic steps: GTP cyclohydrolase I, 6-pyruvoyl-
tetrahydrobiopterin synthase and the SPR enzyme to reduce
6-pyruvoyl-tetrahydropterin into BH4. BH4 is an essential
cofactor required by phenylalanine, tyrosine and tryptophan
hydroxylases which catalyse the rate-limiting steps in the
biosynthesis of neurotransmitters, dopamine and serotonin,
respectively. A defect in BH4 explains the neurological
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features. Most of the patients present symptoms in the first
years of age, but the diagnosis is delayed when neuro-
transmitters in CSF are missed. Commonly, patients exhibit
progressive psychomotor retardation, tremor, seizures,
oculogyric crises and notably dystonia with diurnal fluctu-
ations (Clot et al. 2009). Sleep disorders and marked
hypersomnolence are also described (Friedman et al. 2006).
To date, 13 different mutations for 44 subjects have been
reported in the database (http://www.biopku.org) (Koht
et al. 2014). SRD is a potentially treatable inborn error of
pterin metabolism with a response to L-DOPA/carbidopa
and 5-hydroxytryptophan (5-HTP).

Polyunsaturated long-chain fatty acids (PUFAs) were
analysed in CSF as markers of neuronal deterioration
(Engstrom et al. 2009) (Fig. 2). Here, we present the second
patient described with combined SRD and MCEE deficien-
cies (Abeling et al. 2006; Bikker et al. 2006). Permanent
but moderate methylmalonic aciduria led to firstly identify
MCEE deficiency. A progressive neurological deterioration
with a global hypotonia and hypersomnia led to secondarily
diagnose SRD with neurotransmitters in CSF.

Methods
Neurotransmitter Analysis in CSF

Biogenic amines, pterins, methyltetrahydrofolate
and sepiapterin were analysed as previously described
(Ormazabal et al. 2005; Zorzi et al. 2002).

Molecular Analysis

DNA was extracted from the white blood cells of the patient
and his parents, after the informed consent. After the
amplification, all the exons of the SPR and MCEE genes
were sequenced and compared to the reference sequences
(Big Dye TM Terminator v3.0 kit, cycle sequencing on the
ABI 3130, Applied Biosystems Forster City, CA). Karyo-
type and sub-telomeric MLPA (kit SALSA P036) were
used for genetic investigations.

GC-MS PUFA Analysis

Total lipids were extracted from CSF (100 pl) by 10 ml
of chloroform/methanol (1:2 v/v) (Bligh and Dyer 1959).
The chloroform lipid-rich lower layer was evaporated
to dryness. Dried lipids were derivatized to fatty acid
methyl esters with 6 ml of methanol/sulphuric acid 2%
(v/v) for 2 h at 70°C and then extracted by hexane. The
extract (2 pl) was separated and quantified by GC-MS
(Trace DSQ2, Thermo Electron, Les Ulis, France) using the
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Fig. 1 (a) The propionate-to-succinate pathway, propionyl-CoA
carboxylase (PCC), 5'-deoxyadenosylcobalamin (AdoCbl); (b) metab-
olism of the BH4 cofactor, GTP cyclohydrolase 1 (GCHI1), dihy-
dropteridine reductase (DHPR), 6-pyruvoyl tetrahydropterin synthase
(PTPS), pterin 4o-carbinolamine dehydratase (PCD), phenylalanine

positive chemical ionization mode. Fatty acid methyl esters
(n = 17) were presently detected. The data were analysed
using Qual Browser® software (Xcalibur® version 2.0.7,
Thermo Electron, Les Ulis, France). The results were
statistically analysed with a comparison of a single case to
control normative samples by developing the Bayesian
approach (Crawford and Garthwaite 2007).

Case Story

The patient was the second son born from French consan-
guineous parents. Two cousins presented methylmalonyl-
CoA deficiency with neonatal coma at birth. At the age of
12 months, renal cysts led to the surgical ablation of the
patient’s left kidney. From the first month of life, he was a
floppy baby with many episodes of eyes rolling up. He
walked at the age of 21 months. Cognitive impairment with
an intelligence quotient of 55 and limited speech were

hydroxylase (PAH), tyrosine hydroxylase (TH), tryptophan hydroxy-
lase (TPH); (c¢) localization of the SR and MCEE genes on
chromosome 2. The hatched line represents a non-enzymatic step or
an unknown shunt pathway

noted at the age of 5. At the age of 7, axial hypotonia,
postural instability, oculogyric crisis and fatigability with
sleep disorders were persistent. A moderated but persisting
excretion of urinary methyl malonic acid was identified
as soon as the age of 9 (60 pmol/mmol creatinine/mmol
creatinine; rv <2). C'* propionate incorporation into
macromolecules was slightly decreased, suggesting a defect
in the propionate-to-succinate pathways (data not shown).
However, the methylmalonic-CoA mutase activity was
normal.

From the age of 7 to 18, the patient presented
hypersomnolence requiring daily long sleeps. The circadian
rhythm was distorted with an ultradian sleep-wake activity.
The abnormal movements induced dystonia with peripheral
hypertonia worsening at the evening. The neurological
deteriorations progressively induced limb blockades and
abnormal eye movements. The boy became wheelchair-
bound at the age of 16. Cystic thyroid nodules led to
thyroidectomy. The brain MRI was normal. X-linked
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Scheme illustration of PUFA’s biosynthesis, metabolism and function
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Fig. 2 Scheme illustrating PUFA biosynthesis, metabolism and
function. PUFA can be provided directly by the diet or can be
synthesized from their respective essential dietary precursors, o-
linolenic acid (ALA, 18:3n-3) and linoleic acid (LA, 18:2n-6). For
example, DHA (22:6w3) is composed of 22 carbon atoms and six
double bonds, and its upstream metabolic precursor is EPA (20:5w3).

mental retardation, Smith-Magenis and Willi-Prader syn-
dromes, chromosomal rearrangement and CGH array
abnormalities were excluded. At the age of 16, a homozy-
gous nonsense mutation in the MCEE gene, c139C>T
inducing an early terminating signal (p.R47%*) in the MCEE
enzyme, led to identify MCEE deficiency, an unclassified
form of methylmalonic aciduria. Both parents were hetero-
zygous for the mutation and excreted normal amounts
of methylmalonic acid. The supplementations with carnitine
4 g/day (Levocarnil®), oral hydroxocobalamin 1 mg/day
and the antiepileptic sodium valproate up to 30 mg/kg/day
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Because the first double bond, as counted from the methyl terminus, is
at position 3, they belong to the omega-3 group. Two key enzymes,
the A6 and A5 desaturases, catalyse the desaturation and elongation of
ALA and LA in the endoplasmic reticulum and in one terminal cycle
of B-oxidation in the peroxisome

did not improve the clinical evolution. The hypotonia, the
psychomotor retardation and the fatigability were not
considered to be suggestive of a neurotransmitter defect.
At the age of 19, the sleep disturbances led to investigate
long-term EEG and CSF neurotransmitters. A long-duration
video-EEG sleep study (data not shown) clearly showed
some asymptomatic spike wave discharges and an ultradian
sleep-wake rhythm. The rapid eye movement sleeps
represented more than 50% of the total sleep activity, and
cataplexic narcolepsy was identified. Orexin A/hypocretin
level was normal in CSF. A light elevation of prolactin
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Table 1 CSF neurotransmitter analysis before SRD diagnosis and during the time course of the different treatments. Biogenic amines, pterins and
MTHF were analysed in CSF from 4 successive lumbar punctures: (1) before SRD diagnosis, (2) 1 year after L-DOPA/5-HTP therapy, (3) 4
months after the combined therapy of L-DOPA/5-HTP and BH4 (5 mg/kg/day) and (4) 4 months after the combined therapy of L-DOPA/5-HTP
and BH4 (20 mg/kg/day). The MTHF level has decreased from the beginning of the treatment by L-DOPA because no Lederfolin was introduced.

Supplementation by Lederfolin was then introduced

Values At the time of 1 year after L-DOPA/ 4 months after L-dopa/5-HTP 4 months after L-DOPA/5-HTP Reference
(nM) SRD diagnosis 5-HTP therapy and BH4 5 mg/kg/day and BH4 20 mg/kg/day values
5-HTP 2 141 10 5 3-12
HIAA 7 16 26 29 63185
3-OMD 3 192 288 251 3-54
HVA 64 78 129 123 156-410
MHPG 2 14 11 16 11-46
Neopterin 25 19 37 28 10-24
Biopterin 51 37 73 54 14-36
Sepiapterin 15 nd nd nd 0

MTHF 75 62 56 39 >44

level (31 ng/ml; normal range 2-20) was noted. We
measured the low levels of HIAA and HVA associated
with a high level of BP in CSF. We also quantified
sepiapterin (15 nM) which is the specific marker for SRD,
and thus, we have confirmed the diagnosis of SRD,
explaining the aetiology of cataplexic narcolepsy (Table 1
and Fig. 1b). The homozygous nonsense mutation was
identified in the SR gene ¢.751A>T and led to a truncated
protein (p.Lys251%). The parents were also both heterozy-
gous for this mutation. L-DOPA/carbidopa/benserazide
1.5 mg/kg/day (Modopar®™, Sinemet”™) and 5-HTP (Levoto-
nine® 0.75 mg/kg/day) were gradually increased to
100 mg/day and were combined with sertraline
(50-150 mg/day) and selegiline (5-10 mg/day). The
treatment induced spectacular clinical improvements in
respect to dystonia, fatigability and sleep. From the
wheelchair condition, the boy was able to walk and practise
sports. Circadian sleep-wake rhythm was restored. Despite
a good response with an improvement in motor ability and
in mood, he has continued to have learning difficulties with
drug-induced mild dyskinesia. The treatment led to a
gradual increase in the levels of HVA and HIAA which
however did not reach the normal range after 18 months of
treatment (Table 1). In SRD, the initial defect was the
absence of BH4 with a low BH4/BH2 ratio. We have
introduced BH4 (Kuvan® or sapropterin dihydrochloride)
in addition to L-DOPA/5-HTP therapy. After the first dose
of 5 mg/kg/day for 4 months followed by a Iumbar
puncture, the second dose reached 20 mg/kg/day for a
further 4 months followed by the last lumbar puncture.
HIAA and HVA increased by 60% under BH4 (Table 1).
However, the treatment by BH4 was stopped since no
additional clinical benefits were objectively noted. At the
age of 20, the atonic episodes disappeared and he was self-

sufficient, but he remained highly fatigable, not being able
to work. However, the drug induced dyskinesia of the
mouth and of the hands.

PUFA Analysis

The plasma and erythrocyte PUFA levels were in the
normal range (data not shown). The PUFA analysis has
been set in CSF, and the reference values have been
established in controls, excluding patients with neurotrans-
mitter or BH4 defects. A statistical test comparing a single
case to normative samples allowed us to find that DHA
and EPA increased in 4/4 lumbar punctures of the
patient, with a statistical significance in 3/4 (p < 0.01)
and a trend for 1/4 lumbar punctures (Table 2). The other
n-3 or n-6 fatty acids were never significantly different
from controls. However, the levels of DHA and EPA
did not normalize under different treatments.

Discussion

Our patient has turned out to be homozygous for two
different autosomal recessive disorders, i.e. MCEE defi-
ciency and SRD. Both diseases are extremely rare. The
consanguineous parents were heterozygous for both muta-
tions. One coincidence was the fact that the two genes are
mapped in the same region of the chromosome 2p13-3 and
distant for only 1.8 Mb. More surprisingly, our patient was
the second patient identified with combined MCEE and
SPR mutations: the MCEE gene mutations were similar,
whereas the mutations in the SR gene were different
(Abeling et al. 2006; Bikker et al. 2006). The possibility
of a contiguous gene syndrome was ruled out by CGH
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array. Uniparental disomy was excluded since both parents
were heterozygous for the two mutations. However, their
union was consanguineous, and the closer is the parental
relationship, the greater is the risk of the child inheriting
2 copies of a deleterious gene mutation from his parents
(Keamney et al. 2011). The mild methylmalonic aciduria and
the decrease in [14C] propionate incorporation were
attributed to the MCEE gene mutation. Five other cases
were reported without clinical feature (Gradinger et al.
2007). A functional role for MCEE or epimerase has been
debated in humans (Montgomery et al. 1983). For our
patient, the MCEE defect has no clinical effect and the
treatment by vitamins was inefficient. So MCEE deficiency
can be considered as a genetic variant. In contrast, the
establishment of the SRD fully explained the neurological
picture. All the clinical symptoms resulting from the low
production of dopamine and serotonin in SRD dramatically
improved under treatment by L-DOPA and 5-HTP. The
dystonia has regressed; the excessive sleepiness and the
narcolepsy were suppressed. The addition of BH4 led to an
increase in HVA and HIAA by 60%. The amount of BH4
being able to cross the uninjured brain blood barrier is still
under debate. SRD is characterized by a high level of BH2
and a low level of BH4. However, we have only measured
BP which is the sum of BH4 and BH2. In these conditions,
we could not interpret the increment due to BH4. Finally, the
clinical benefits did not objectively improve and
BH4 supplementation was stopped. To further investigate
the neuronal deterioration of our patient, we have pointed
out that the PUFA status in CSF represented a marker
of its neuronal stress. We have shown that the levels of DHA
and its precursor EPA, but not the other n-3 or n-6 PUFA,
increased in CSF. The only study of fatty acid levels in CSF
was recently reported in Alzheimer’s patients (Fonteh et al.
2014). An increase in the PLA2 activity has liberated DHA
from the breakdown of the neuronal lipid membrane and
was related to the abnormal oxidative metabolism (Fonteh
et al. 2013). The Alzheimer disorder is a neurodegenerative
disorder thus radically different in terms of pathogenesis and
genetic background. Thus, our results represented the first
study of CSF PUFA status in an inherited metabolic disease.
Some further investigations will be necessary to elucidate
whether the increase in DHA was a common response to a
neuronal stress, itself coming from either the odd-chain fatty
acids and the cholesterol metabolism or the neurotransmitter
disorders.

The diet has been reported to modulate the brain PUFA
level and consequently biogenic amine metabolism (Lav-
ialle et al. 2008; Jiang et al. 2009). The high level of EPA

and DHA in red blood cells is associated with a slowed
hippocampal and overall brain atrophy in humans (Pottala
et al. 2014). A supplementation with DHA and EPA has
been reported to enhance memory and cognitive function
though DHA treatment remains somewhat unproven (Bauer
et al. 2014). However, the peripheral status of PUFA in
blood was normal in our patient. Thus, the high level of
DHA in CSF could better result from a remodelling of
PUFA metabolism in the brain. DHA mainly esterifies the
brain and the retina phospholipids and thus plays a
structural role for the membranes (Kim 2007). DHA is also
the precursor for bioactive signalling molecules such as
neuroprotectin D1, identified as a neuroprotective mediator
to counteract neuronal apoptosis (Bazan 2006; Hong et al.
2014). DHA is thus considered to be essential for proper
neuronal development and function.

Conclusion

We have reported the second case with the double MCEE/
SPR homozygous mutations: the MCEE mutation was
similar, but the SPR mutations were different. Our obser-
vation underlined that the pathogenesis was not due to the
MCEE variant, but to the SRD which induced a defect in
BH4 and consequently a defect in neurotransmitter meta-
bolism. Indeed, the L-DOPA/carbidopa and 5-HTP treatment
dramatically improved the clinical outcome. The supplemen-
tation with BH4 did not induce additional clinical benefits,
although the level of HVA and HIAA increased in CSF. The
high level of DHA and EPA in CSF probably constituted a
marker in response to its neuronal stress.
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Take-Home Message
We present a complete description of the medical and the
genetic history for the patient with a combination of the two
rare MCEE/SPR homozygous mutations, and we present
the first investigation of the level of DHA and EPA in CSF
for metabolic diseases.
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