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1 | INTRODUCTION

Glucose transporter 1 deficiency syndrome (GLUT1DS, MIM:
#606777) is a neurometabolic disorder caused by haploinsufficiency
of the GLUT1 glucose transporter leading to defective glucose trans-
port across the blood-brain barrier. In general, this syndrome is an
autosomal dominant disorder caused by heterozygous pathogenic var-
iants (de novo or inherited) of SLC2A1 (MIM: *138140), although
some patients showing autosomal recessive inheritance have been
reported.’?

The main biochemical marker of GLUT1DS is hypoglycorrhachia.
Patients with classic disease also have drug-refractory epilepsy
HP:0001250, show developmental delay HP:0001263, complex move-
ment disorders HP:0100022 (spasticity HP:0001257,
HP:0001251 and dystonia HP:0001332), and acquired microcephaly
HP:0005484 (50% of cases).»> However, a broader phenotypic spec-

trum is recognised.*

ataxia

Patients respond to a ketogenic diet with improvements in sei-
zure frequency and intensity, and associated complex movement dis-
orders.>® Nonetheless, these diets are not problem-free and patients
can run out of options.>®

The aim of this work was to determine the genetic basis of
suspected GLUT1DS in patients with clinical or biochemical signs of
GLUT1DS. Interestingly, variants in genes other than SLC2A1 were
found that would appear to give rise to the same hallmark clinical and
biochemical signs of this disease.

2 | MATERIALS AND METHODS
The study subjects were 56 patients from 54 families (P25 and
P26 and also P48 and P49 are siblings); all had been referred to
our facility from different neurological units in Spain for genetic
confirmation of suspected GLUT1DS. All had either a low-CSF glu-
cose (<50.5 mg/dl) plus a low-CSF/blood glucose ratio (<0.65) in
the presence of low to normal lactate values (we decided to
broaden the CSF/blood glucose ratio” as it has been described in
2013),2 clinical findings suggestive of GLUT1DS (seizures, devel-
opmental delay, movement disorders [persistent or paroxysmal]
and/or acquired microcephaly) or both. Clinical symptoms and bio-
chemical data were annotated using Human Phenotype Ontology
(HPO) terms (https://hpo.jax.org/).” The present study was
approved by the Ethics Committee of the Universidad Auténoma de
Madrid on February 19, 2018 (CEI-85-1594).

To identify the variants giving rise to the above clinical and bio-
chemical findings, the exonic or entire sequence of SLC2A1 (included
the intronic sequences) was analysed by Sanger sequencing or next

generation sequencing, respectively. To detect changes in the

methylation of the SLC2A1 canonical CpG island, sodium bisulphite
modification was performed using the EZ DNA Methylation-Gold Kit
(Zymo Research). Methylation-specific PCR (MSP) was then per-
formed under standard PCR conditions.

When no pathogenic variant of SLC2A1 was found, patient DNA
was sequenced using the Clinical-Exome Sequencing (CES) TruSight™
One Gene Panel and/or the Whole Exome Sequencing (WES) TruSeq
Exome Kit (Illumina).

SLC2A1 mRNA was quantified by RT-gPCR analyses of fibroblasts
derived from healthy controls (n = 2) and patients (n = 19) using a Lig-
htCycler® 480 instrument (Roche Applied Science), the NZY First-
Strand cDNA Synthesis Kit (NZYTech), and the PerfeCTa SYBR®
Green FastMix Kit (Quantabio). GUSB was used as an endogenous
control.

Data with non-normal distributions were Log, transformed
before analysis. One-way analysis of variance (ANOVA) followed by
Dunnett's post hoc test was used for multiple comparisons between

groups.

3 | RESULTS

Forty (71.4%) of the present patients had suffered some type of sei-
zure, 31 (55.4%) had some degree of neurodevelopmental delay,
40 (71.4%) had movement disorder symptoms, and 11 (19.6%) had
microcephaly (Tables 1 and 2 and Table S1).

Pathogenic SLC2A1 variants were found in 31 patients (55.4%).
The mutational spectrum of SLC2A1 included two large deletions, four
small deletions, two small duplications, one variant in a regulatory
region (5’UTR), and 20 nucleotide changes (17 likely missense
[Table S2], one nonsense, and two splice site variants). Fifteen vari-
ants were novel (Table 1). No abnormalities in SLC2A1 methylation
were found.

Among 13 patients with no pathogenic variants of SLC2A1,
11 of whom had hypoglycorrhachia, pathogenic or likely patho-
genic variants were found in 13 different genes. All these genes
have described variants or have intolerant pLlI and O/E scores
(Table 2; Table S3 lists the HPOs terms relating to SLC2A1 and
these genes). The presence of hypoglycorrhachia suggests that
SLC2A1 expression might be altered in these 13 patients as an
effect of variation in these other genes. RT-qPCR revealed a signif-
SLC2A1
P34-derived fibroblasts compared to healthy controls (Figure 1).

icant reduction in mRNA expression in patient
This suggests that the variant in SLC9Aé carried by this patient
might cause secondary SLC2A1 haploinsufficiency. RT-gPCR analy-
sis also showed a meaningful reduction in SLC2A1 mRNA expres-
sion in fibroblasts from patients P48, P49 and P52 (Figure 1). This

might be secondary to non-SLC2A1 gene defects carried by them
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TABLE 1

CSF

CSF

Age at

Current biochemical

lactate
(mg/dl)

No data Nodata Nodata c.748C>T

glucose
(mg/dl)

Clinical data human phenotype ontology (HPO)

ACMG*®

CM1820795 Pathogenic

Inheritance HGMD

Ratio® Variants

diagnostic?

age

REF.
P31

Global developmental delay HP:0001263, delayed speech and

Not done

14y

17y

language development HP:0000750, cognitive impairment
HP:0100543, seizure HP:0001250, bilateral tonic-clonic

p.(GIn250%)

seizure HP:0002069, generalized myoclonic seizures

HP:0002123, abnormal pyramidal sign HP:0007256,
tetraparesis HP:0002273, dystonia HP:0001332

Note: Genome reference hg19/GRCh37. The genomic reference sequence used was NC_000001.10 and the coding DNA reference sequence used was NM_006516.4. HGVS guidelines were used for variant

description. Accession number from HGMD® Professional 2019.2 (https://portal.biobase-international.com/hgmd/pro/start.php?) are included. Human Phenotype Ontology terms were obtained from the HPO

website (https://hpo.jax.org/app/).

Abbreviations: ACMG, American College of Medical Genetics and Genomics; CSF, cerebrospinal fluid, HGMD, Human Gene Mutation Database; m, months; VUS, variant of uncertain significance; y, years.

2Age at which lumbar puncture was performed.

bRatio: cerebrospinal fluid to serum blood glucose.

“The variants identified were classified in five categories (benign, likely benign, variant of unknown significance (VUS), likely pathogenic, and pathogenic) according to ACMG guidelines using the VarSome web

platform (https://varsome.com/).

dpatient 25 and patient 26 are siblings.

or to variants in SLC2A1 not detectable by the technology

employed.

4 | DISCUSSION

In the present work, variants in SLC2A1 were found in only 55.4%
(31/56) of the examined patients, a low figure compared to other
European series.!® Agnostic analysis solved 13 additional cases,
increasing the diagnosis rate to nearly the 80%. In these patients,
pathogenic variants were identified in genes other than SLC2A1 cod-
ing, for different ion channels, transporters, transcriptional factors,
enzymes and receptors.

The present patients shared many clinical or biochemical fea-
tures, including developmental delay, seizures, dystonia, micro-
cephaly, ataxia and dyskinesia, etc., caused either by variants in
SLC2A1 or other genes. Among the 13 patients with variants in
these other genes (i.e., not SLC2A1), 11 had hypoglycorrhachia.
Until now, hypoglycorrhachia has only ever been reported in
patients with defects in SLC2A1; thus, the variants of the other
genes found to be involved might cause GLUT1DS via other mech-
anisms (something already reported for a PURA pathogenic vari-
ant).!! Certainly, the present results show SLC2A1 mRNA levels to
be downregulated in fibroblasts from patients with genetic varia-
tions in SLC9A6, as well as in those from three patients (P48, P49
and P52) in whom no pathogenic variant could be identified in any
gene. While this might account for hypoglycorrhachia in these few
patients, the presence of this symptom in the other 13 patients
with no SLC2A1 defect suggests that low-CSF glucose is not a spe-
cific pathognomonic biomarker of defects in SLC2A1. It should be
added that the pathogenic variant found in SLC9A6 in patient P34
might affect the recycling pathway of several proteins, including
GLUT1.12 RNA-Seq in combination with whole genome sequenc-
ing (using short-read or long-read technologies) might help
improve our understanding in this respect.*3-%°

HPO terms are very useful for harmonising clinical features, in
delineating longitudinal disease phenotypes, and in integrating
phenotypic data into diagnostic workflows.'® However, and
despite the important overlap between the HPOs of GLUT1DS
associated with SLC2A1 pathogenic variants and variants in the
other genes here described, those associated with the former are
rather distinct. For example, exercise-induced paroxysmal dyskine-
sia, fasting gait dyspraxia, and an excellent response of epileptic
symptoms to a ketogenic diet, are suggestive of a SLC2A1 defect.*
Moreover, intellectual disability tends to be absent to mild-
moderate in most patients with a SLC2A1 defect. In the present
cohort, however, those patients with defects in non-SLC2A1 genes
usually suffered from developmental encephalopathies with severe
cognitive impairment. In fact, most of these other genes are
involved in synaptic function. Since synaptic function and channel
activity account for most of the energy consumed in the brain,'”
glucose homeostasis might be impaired if energy consumption is

dysregulated. Therefore, the hypoglycorrhachia suffered by these


https://portal.biobase-international.com/hgmd/pro/start.php
https://hpo.jax.org/app/
https://varsome.com/
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patients could be more an occasional finding than a biochemical
signature of the affected non-SLC2A1 genes.

In summary, the present results suggest that the clinical and bio-
chemical hallmarks generally associated with GLUT1DS may be cau-
sed by defects in genes other than SLC2A1.
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