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Nonketotic hyperglycinemia, also known as glycine encephalopathy (OMIM #605899), is

an autosomal recessive disorder of glycine metabolism resulting from a defect in the
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Introduction

Nonketotic hyperglycinemia (NKH) is caused by absent or
decreased activity of the glycine cleavage system (GCS), and is
characterized by the accumulation of a large amount of
glycine in body fluids.! The GCS is a mitochondrial multien-
zyme system comprising three protein components: glycine
decarboxylase (also known as P-protein), aminomethyltrans-
ferase (T-protein), and hydrogen carrier protein (H-protein).?
P-protein, T-protein, and H-protein are encoded by the genes
GLDC, AMT and GCSH, respectively.3‘5 Mutations in the GLDC
gene account for 75 to 80% of cases of NKH.®’ The AMT gene is
mutated in up to one quarter of cases, whereas mutations in
the GCSH gene are responsible for <1% of nonketotic hyper-
glycemia cases.®’

Defective cleavage of the amino acid glycine results in its
accumulation in different body tissues, most notably in the
brain. The neurotransmitter glycine exerts inhibitory effects
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glycine cleavage system. We report two novel mutations of the glycine decarboxylase
(GLDC) gene observed in a compound heterozygous state in a neonate of mixed Maori
and Caucasian parentage: ¢.395C>T p.(Ser132Leu) in exon 3, and c.256-?_334+?del p.
(Ser86Valfs*119), resulting in an out-of-frame deletion of exon 2. Additionally, we
describe our experience of implementing the ketogenic diet, alongside standard
pharmacological therapy, and highlight its potential therapeutic benefit in severe
nonketotic hyperglycinemia, particularly in seizure management.

at the level of the spinal cord and brainstem, and excitatory
effects in the cerebral cortex; hence, excess levels can cause
hypotonia, apnoea, seizures, and coma.® NKH typically man-
ifests as an acute encephalopathy in the neonatal period, with
85%displaying a severe form, and 15% presenting with milder
forms.>0 Rare later-onset and atypical cases have also been
reported, with onset from childhood to adulthood.'"-'? Onset
in the neonatal period is associated with a poorer prognosis
than onset in infancy; however, there are many exceptions.”-®
Twenty percent of all children presenting as either neonates
or infants have a less severe outcome, defined as develop-
mental quotient greater than 20.8°

The diagnostic characteristic of NKH is an elevated cere-
brospinal fluid (CSF) glycine concentration together with an
increased CSF:plasma glycine ratio. The prognosis for classi-
cal, severe neonatal NKH remains very poor.13 Current
therapy is predominantly aimed at decreasing glycine con-
centrations and blocking its effect at N-methyl-D-aspartate
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(NMDA) receptors.? Early treatment appears to be beneficial
in certain patients with attenuated forms of NHK.”-'%1°
Molecular genetic testing provides a confirmatory diagnosis
and enables carrier testing and prenatal testing in affected
families.

Case Report

The proband is a male infant born to a nonconsanguineous
couple. The mother is of Maori ancestry and the father is
Caucasian. The parents have previously had three first-tri-
mester miscarriages and two healthy daughters.

The proband was born at full term following an uneventful
antenatal period. He was born in good condition and dis-
charged the following day on full breast feeds. On day three of
life, he presented to the regional hospital with lethargy and
poor feeding. He developed apnoeas and bradycardias, re-
quiring intubation and ventilation. He subsequently devel-
oped seizures in the form of protracted hiccups, lasting
approximately ten minutes per episode, necessitating treat-
ment with a loading dose of phenobarbitone at 20 mg/kg. He
was very hypotonic with depressed reflexes and extensor
plantars.

The initial investigations revealed a normal blood pH and
ammonia. Amino acid analysis showed highly elevated con-
centrations of glycine in the plasma at 2,358 pmol/L (refer-
ence range: 150-560 pmol/L), cerebrospinal fluid (CSF) at
535.3 umol/L (reference range: 3.8-8 umol/L), and urine at
6,370 umol/mmol creatinine (reference range: <1,097). The
CSF:plasma glycine ratio was markedly elevated at 0.23
(reference range: <0.02). The diagnosis of classical NKH
was made. An electroencephalogram (EEG) recorded on day
four of life was markedly abnormal and showed a discontin-
uous background with a burst suppression pattern. His
cranial ultrasound scan was normal. The initial brain mag-
netic resonance imaging (MRI) at five days showed a thin
corpus callosum and changes suggestive of prior posterior
aspect sagittal sinus thrombosis with partial recanalization. A
repeat MRI at two weeks of age showed bilateral, symmetri-
cal, abnormal diffusion restriction involving the posterior
coronaradiata, the posterior limbs of the internal capsule, the
cerebral peduncles, and the dorsal brainstem, consistent with
areas of vacuolating myelinopathy. The magnetic resonance
spectroscopy demonstrated a high glycine peak within the
spectra at 3.56 ppm bilaterally within the cerebral white
matter.

The poor long-term outcome in survivors of classical
neonatal-onset NKH was discussed with the parents, and
the critical decision on withdrawing ventilator support was
offered to them. Particular emphasis was placed on the need
for a decision to be reached within a short timeframe due to
the transient nature of respiratory depression.'® The parents
chose to defer the decision to withdraw ventilator support.
The neonate was treated with oral dextromethorphan at 5
mg/kg/day and sodium benzoate at 300 mg/kg/day,'”-'8 the
latter initially normalising plasma glycine levels. He contin-
ued to have hiccups and myoclonic jerks, which responded
well to levetiracetam and clonazepam. He gradually gained
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regular, spontaneous respiratory effort and was extubated at
21 days. Evolving spasticity, brisk reflexes and clonus were
evident throughout his stay in neonatal intensive care. He was
discharged home on day 33 of life.

A Kketogenic diet was considered during the neonatal
period as it has been used to reduce seizures in a small cohort
of patients with NKH.'%-2° However, due to social constraints,
it was deferred initially and commenced at 6 months of age in
view of refractory seizures. Difficulties in maintaining gly-
caemic control and weight gain led to a temporary disruption
of the ketogenic diet, which was recommenced five weeks
later in view of intractable seizures. Plasma glycine levels had
also risen despite increased doses of sodium benzoate of up to
510 mg/kg/day and mild dietary protein restriction. Further
increments of sodium benzoate were, however, not made due
to associated reflux oesophagitis and possible gastritis. The
implementation of ketogenic diet led to significant reduction
in spasticity, seizure frequency, improvements in EEG, nor-
malisation of plasma glycine levels, and enhanced quality of
life in the patient.m‘23

Currently, at 13 months of age, he remains globally de-
layed; however, his seizure frequency has significantly re-
duced. He is able to fix and follow and responds to his parents’
voices. He smiles and has some vocalisations.

Molecular Studies

The UCSC genome browser (http://genome.ucsc.edu) was
used to obtain the reference transcript of the GLDC gene
(NM_000170.2) and its protein product (NP 000161.2; Uni-
ProtKB P23378). Primers were designed, checked for under-
lying single nucleotide polymorphisms, and synthesized as
described previously.24

DNA was extracted from peripheral blood on a QIAsym-
phony SP using the QIAsymphony DSP DNA Midi Kit (Qiagen
Pty Ltd, Maryland, United States). DNA quantity and quality
were assessed using a NanoDrop ND-1000 spectrophotome-
ter (Thermo Scientific, Wilmington, Delaware, United States).
Genomic DNA (50 ng) was subjected to conventional poly-
merase chain reaction (PCR) and bidirectional DNA sequenc-
ing as described previously.24

Variant ReporterSoftware v1.0 (Applied Biosystems) was
used to analyze the sequences of the coding regions and
flanking upstream and downstream 20 bases of the adjacent
introns. The reference sequence was GenBank NM_000170.2,
with cDNA number +1 corresponding to the adenosine of the
translation initiation codon (codon 1). Each sequence trace
had a minimum trace score of 35, which corresponds to an
average false base call frequency of 0.031%.

An Agilent 8 x 60K custom comparative genomic hybridiza-
tion (CGH) array was used for dosage analysis. This bespoke CGH
array has been designed against UCSC build HG19 to interrogate
the coding regions of 30 genes of interest to our laboratory. The
exons, introns, and 1,000 bp of the upstream and downstream
untranslated regions of these genes are covered by unique
probes at a high density. Genome-wide coverage is achieved
with low density ‘backbone’ probes, which are essential to the
normalisation of probe intensity during data analysis.
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Five hundred nanograms of gDNA were processed accord-
ing to the manufacturer’s instructions (Agilent oligonucleo-
tide array-based CGH for genomic DNA analysis: enzymatic
labeling for blood, cells, or tissues v7.2; http://www.agilent.
com). Briefly, extracted gDNA from samples and gender
matched controls was initially prepared by restriction diges-
tion. Samples were subsequently denatured in the presence
of Cyanine 3- (test-) or Cyanine 5- (control-) labeled random
primers (product number: 5190-0441, Agilent) and incubat-
ed with the Klenow fragment of DNA polymerase, together
with dNTPs and reaction Buffer, at 37°C for 2 hours. The
enzyme was inactivated by a subsequent incubation at 65°C
for 10 minutes. The labeled gDNA was purified using the
purification column (Aligent) and quantified using a Nano-
Drop ND-1000 spectrophotometer (Thermo Scientific). Equi-
molar amounts of the test and control samples were
combined with Cot-1 DNA (Agilent), 10x aCGH blocking agent
and HI-RPM hybridization buffer (Agilent) to form the hy-
bridization master mix. This mix was subsequently incubated
at 95°C for 3 minutes followed by 30 minutes at 37°C.
Hybridization was performed in an Agilent SureHyb chamber
at 65°C for a period of 24 hours.

Following hybridization, the slides were washed and
scanned using a Roche NimbleGen MS 200 microarray scan-
ner. Analysis was performed using Agilent CytoGenomics
edition 2.7.22.0 (Default Analysis Method - CGH v2). Regions
exhibiting a copy number change within the GLDC gene were
examined using the UCSC genome browser (http://genome.
ucsc.edu) to determine the location and significance of the
change. The inclusion threshold for analysis of a dosage
change required a log, ratio of less than -0.25 over at least
three contiguous probes for a deletion, and a log, ratio of

greater than 0.25 over at least three contiguous probes for a
duplication (as recommended by the manufacturer).

Carrier testing was subsequently performed in the pa-
rents. PCR and DNA sequencing of the relevant exon were
performed to test for the presence of the mutation found in
the proband. Testing was performed in duplicate alongside
the proband as well as a negative control. The Agilent 8 x 60K
custom CGH array was used to screen for the exonic deletion
event found in the proband.

Results

The sequence traces of the proband’s DNA indicated three
variants (=Table 1). Two of these variants are listed in the
Database of Single Nucleotide Polymorphisms (dbSNP;
http://www.ncbi.nlm.nih.gov/projects/SNP/) as known
polymorphisms and are unlikely to be of pathogenic signif-
icance. The other variant, c.395C>T p.(Ser132Leu), has, to
our knowledge, not been reported in the literature or
mutation databases (Human Gene Mutation Database Pro-
fessional; HGMD Pro; https://portal.biobase-international.
com/cgi-bin/portal/login.cgi?redirect_url=/hgmd/pro/
start.php). It was subjected to bioinformatic analysis,
which predicted that this nucleotide substitution is patho-
logically significant (~Table 2). Splice site analysis by BDGP
(www.fruitfly.org/seq_tools/splice.html) and ASSP (http://
wangcomputing.com/assp/index.html) programs offered
uninformative predictions in relation to this variant.
Dosage analysis of the proband revealed an exonic deletion
event: c.256-?_334-+?del (~Fig. 1). The event results in an
out-of-frame exonic deletion within the GLDC gene and is
predicted to produce a truncated protein: p.(Ser86Valfs*119)

Table 1 Variants detected in the DNA of the proband upon sequencing (A) and dosage analysis (B)

Nucleotide change Amino acid change Exon/intron rs ID? accession number Variant state
A c.395C>T p.(Ser132Leu) Exon 3 - Heterozygous
c.498T>C p-(=) Exon 4 150193069 Heterozygous
¢.3063+7G>C Intron 25 2228098 Heterozygous
B €.256-?_334+7del p.(Ser86Valfs*119) Deletion of exon 2 - Heterozygous
rs ID: reference single nucleotide polymorphism identity.
Table 2 In silico predictions regarding the effect of the GLDC gene variant p.(Ser132Leu)
Bioinformatic program URL Prediction
PolyPhen2 http://genetics.bwh.harvard.edu/pph2/?> Probably damaging
PROVEAN http://provean.jcvi.org/protein_batch_submit.php?species=human?® Deleterious effect
SIFT http://sift.bii.a-star.edu.sg/WWW/SIFT_BLink_submit.htmI27 Not tolerated
SNPs&GO http://snps-and-go.biocomp.unibo.it/snps-.amd-go/28 Disease causing

Mutation Taster

http://www.mutationtaster.org

Disease causing

30

Grantham Score

Moderately radical
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Chr 9: 6623334-6649347, 26.0 Kb

Proband

Father

Log,ratio

p24.1

6623 Mb

6,632 Mb
|

6640 Mb
|

6640 Mb

Chromosome | Coordinates of event (bp)

Size of deletion (bp) | Number of probes | Log, ratio

Proband 9 6.628.415-6.644. 818

16.414 110 -0.385

Father 9 6.629,047-6.644.696

15.650 98

-0.372

Fig. 1 Agilent CytoGenomics Edition 2.7.22.0 software output for the proband and father. Each small square represents an oligo probe. The
heterozygous deletion is depicted by probes colored red across the shaded regions, corresponding to a minimum average absolute log ratio of
less than-0.25 over at least 3 contiguous probes. The UCSC assembly GRCh37/hg19 (http://genome.ucsc.edu) was used to obtain the coordinates

of the event.

(=Fig. 2). This mutation has, to our knowledge, not been
reported in the online HGMD professional database but it is of
the type which is expected to be disease causing.

Carrier testing in the parents revealed that the mother was
heterozygous for the ¢395C>T p.(Ser132Leu) mutation
(=Fig. 3) and the father was heterozygous for the c.256-?
_334+7del p.(Ser86Valfs*119) mutation (~Fig. 1).

Discussion

In its classical form, NKH is a rare and devastating neuro-
metabolic disorder with a yet unknown precise worldwide
incidence. Its prevalence is, however, relatively high in
several geographical areas, including Northern Finland
(1 in 12,000 newborns) and British Columbia (1 in 63,000
newborns).3"32 Common mutations are found in these
countries and many patients are homozygous for one of
these mutations.! In contrast, mutations among NKH
patients outside of these geographical areas are highly
heterogeneous, with over 80% of patients found to be
compound heterozygotes.’

There are currently 116 mutations in the GLDC gene that
are reported to cause NKH in the HGMD pro database.
Approximately two-thirds of the reported variants are mis-
sense or nonsense mutations; the remainder comprise small
insertions/deletions, larger deletions, and mutations that
affect splicing.>

The ¢.395C>T missense mutation in exon 3 reported here
leads to the substitution of a polar amino acid serine with a
nonpolar amino acid leucine at position 132 of the P-protein.
Unfortunately, we do not have resources available to deter-
mine whether this mutation abolishes enzyme activity or
whether residual enzyme activity remains, but this could be
assessed using the P-protein assay.34 This amino acid is,
however, conserved across a broad range of species (data
available at BLAST, www.ncbi.nlm.nih.gov) and bioinformatic
programs predict that the mutation is of pathogenic signifi-
cance when observed in a homozygous or compound hetero-
zygous state. A nucleotide substitution has previously been
reported at this position: ¢.395C>G p.(Ser132Trp).>> This
mutation was found in a Turkish neonate with classical
NKH. It also results in a change from a polar to a nonpolar
amino acid and is predicted to be damaging by in silico
analysis. The deletion of exon 2 of the GLDC gene is a
frameshift mutation resulting in the premature termination
of the P-protein, and is of the type to be clinically significant.
Nineteen gross deletions causative of the NKH phenotype are
reported in HGMD pro, the majority of which are multi-exon
deletions. The deletion of exon 2 has previously been reported
in conjunction with the deletion of exon 1 or in conjunction
with the deletion of exons 1 and 3.3%37

Several dosage analysis methods are available to the
molecular diagnostic laboratory, including multiplex liga-
tion-dependent probe amplification (MLPA), quantitative
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Reference protein:
1 MQSCARAWGL RLGRGVGGGR RLAGGSGPCW APRSRDSSSG GGDSAAAGAS RLLERLLPRH
61 DDFARRHIGF GDKDQREMLQ TLGLASIDEL IEKTVPANIR LKRPLEMEDP VCENEILATL
121 HAISSENQIW RSYIGMGYYN CSVPQTILEN LLENSGWITQ YTPYQPEVSQ GRLESLINYQ
181 TMVCDITGLD MANASLLDEG TAAAEALQLC YRHNKRREFL VDPRCHPQTI AVVQTRARYT
241 GVLTELKLPC EMDFSGKDVS GVLEQYPFDTE GKVEDFTELV ERAHQSGSLA CCATDLLALC
301 ILRPPGEFGV DIALGSSQRF GVPLGYGGPH AAFFAVRESL VRMMPGRMVG VTRDATGHKEV
361 YRLALQTREQ HIRRDKATSN ICTAQALLAN MAAMFAIYHG SHGLEHIARR VHNATLILSE
421 GLKRAGHRLQ HDLFFDTLEI QCGCSVKEVL GRAAQRQINF RLFEDGTLGI SLDETVNEKD
481 LDDLLWIFGC ESSAELVAES MGEECRGIPG SVFKRTSFFL THQVFNSYHS ETNIVRYMEKK
541 LENKDISLVH SMIPLGSCTM KLNSSSELAP ITWHEFANIH PFVPLDQAQG YQQLFRELEK
601 DLCELTGYDQ VCFQPNSGAD GEYAGLATIR AYLNQKGEGH RTVCLIPKSA HGTNEASAHM
661 AGMKIQPVEV DKYGNIDAVH LKAMVDKHKE NLAAIMITYP STNGVFEENI SDVCDLIHQH
721 GGQVYLDGAN MNAQVGICRP GDFGSDVSHL NLHKTFCIPH GGGGPGMGPI GVEKHLAPFL
7681 FPNHPVISLKR MEDACEVGTV SAAEPWGSSSI LPISWAYIKM MGGKGLEQAT ETAILNANYM
841 AKRLETHYRI LFRGARGYVG HEFILDTRPF KKSANIEAVD VARRLODYGEF HAPTMSWEVA
801 GTIMVEPTES EDKAELDRFC DAMISIRQEI ADIEEGRIDP RVNPLEMSPH SLTCVTSSHW
961 DRPYSREVAA FPLPFVKPEN KFWPTIARID DIYGDQHLVC TCPPMEVYES PFSEQKRASS
1021+

Pmteln predicted from variant coding sequence:

MQSCARAWGL RLGRGVGGGR RLAGGSGPCW APRSRDSSSG GGDSARAGAS RLLERLLPRH
61 DOFARRHIGE GDEDQREMLO TLGLAVEMES LOLCMPFQAK TRSGDRILAW AITTAQCHRR
121 FCGTYWRTQD GSPSILHTSL RCLRGGWRVY STTREWCVTS QAWTWEMHPC WMRGLQPQRH
181 CSCATDTTRG GNFSLIPVAT HRQ*

Fig. 2 The predicted amino acid sequences of the proteins expressed from the wild type (reference) and mutant (variant) GLDC gene transcripts
(Refseq accession number: NM_000170.2). The single letter amino acid code has been used. Amino acids downstream of the mutation are
depicted in red, and the asterisk indicates translation termination. This figure was generated through the Mutalyzer 2.0.5 Web site (https://
mutalyzer.nl/name-checker).

Reference sequence
AiGiTCTGGiGiTCGTlTITTGGCI.T/ q
16 A TCTGG G AG G ATIT GTATATTG GG GTC CATs
—————————————————  COTISCNSUS Of
E e A TCTCEe TS TTEGSTITTITTE ST TT patient’s sequence
» b x & "
!II .Illl II.. \ 'I II.' -.ﬁ"- N I'r
\ ) '-./\/\/\f\f\.: YAV AVNATAVATAY, \[\f\/\ ./ Forward sequence
V201310808 808 _20In) GLOCE Faet
JGAT(‘TS(?;'GAT’:TT.GFJFTA?G'L".."}"
0w # - [ -]
\ |. { -".. .' | I .\'. ."ﬁ'-. Ill.' '.II
VAY, [\ FNAVAVAVAVAVAVVAVAVAYAY -.f\/’\/\/&[\..- ./ Reverse sequence
5 MBI 808 20131 GLDCER, Rabl
B | 013EL
- . O . . . . O O . . - O O O O O ..
S Y e O O Wl el 0
e e mm B O mm mm O s e e e . B O o o O s s N s e
A G AT C TG 6 A6 aATHEEGTITATTS G L AT
n L = & "
IR Forward sequence
+ ZMELFDS 08 201561 GLOCEN) Fabt
- - O e e e - - - - . .. - O O O e e - - -
.45,#;"':"76'6.-'6"?'!6}'.'?',.’?f'f.?{-'!:;}
L # ] [ ]
N\ /\f\/\/\/\ VAVAYAVVAVAVAYAYA f“\f“\/\f\/\ ./ Reverse sequence

Fig. 3 Sequence electropherograms showing the bidirectional traces of a region of exon 3 of the GLDC gene. The proband (A) and mother (B) are
heterozygous for the c.395C>T p.(Ser132Leu) mutation.
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real-time PCR, and customized fluorescence in situ hybrid-
ization.>® These methods are relatively expensive, largely
owing to the cost of the probes.38 For small diagnostic
laboratories, low sample throughput prevents batching of
samples if turnaround times are to be maintained, thus
decreasing the cost-effectiveness of gene-specific assays.
Furthermore, staff proficiency in a large range of dosage
techniques can present difficulty when sample numbers
are modest. A custom CGH array provides a robust and
cost-effective solution by enabling consolidation of previous-
ly separate gene-targeted dosage assays to a single validated
technique, allowing analysis of a greater number of genes to
be offered in-house and thereby bringing increased revenue
into the laboratory. Additionally, as multiple probes cover
each exon, array CGH eliminates the risk of false positives
occurring due to polymorphisms under primer binding sites,
an inherent risk in PCR-based techniques.38 Finally, in con-
trast to MLPA, array CGH permits the interrogation of intronic
as well as exonic regions, enabling more accurate mapping of
breakpoints.38

In summary, we describe two novel mutations in the GLDC
gene in a patient with classical NKH. The identification of the
causative mutations in an affected individual assists in con-
firming a clinical diagnosis, supports genetic counselling, and
enables carrier and prenatal testing to be offered. This case
demonstrates the value of a two-tiered approach to mutation
screening. DNA sequencing and dosage analysis, using a
custom-designed CGH array, offer a robust and cost-effective
means of providing comprehensive mutation analysis of the
GLDC gene. In our patient, ketogenic diet, in association with
standard pharmacological therapy, resulted in dramatic re-
duction of seizures and improved quality of life. This prelimi-
nary data may suggest that ketogenic diet, in combination
with standard treatment, could be considered as a potential
therapeutic option, particularly in seizure management in
classical neonatal NKH. Larger studies are, however, required
to further substantiate this.
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