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Sum m a r y
We report an inborn error of metabolism caused by an expansion of a GCA-repeat
tract in the 5′ untranslated region of the gene encoding glutaminase (GLS) that was
identified through detailed clinical and biochemical phenotyping, combined with
whole-genome sequencing. The expansion was observed in three unrelated patients who presented with an early-onset delay in overall development, progressive
ataxia, and elevated levels of glutamine. In addition to ataxia, one patient also
showed cerebellar atrophy. The expansion was associated with a relative deficiency
of GLS messenger RNA transcribed from the expanded allele, which probably resulted from repeat-mediated chromatin changes upstream of the GLS repeat. Our
discovery underscores the importance of careful examination of regions of the
genome that are typically excluded from or poorly captured by exome sequencing.

O

ver the past decade, the accelerated discovery of disease-causing
genes and an increased frequency of diagnostic success in patients with
rare mendelian diseases (from approximately 10% with the use of traditional genetic testing to approximately 40% with the use of genomewide testing)
have been facilitated by innovation in high-throughput sequencing, as well as integration of multidisciplinary approaches into accurate data interpretation.1,2
Despite these advances, establishing a diagnosis for such conditions remains a
challenge. In most phenotypic categories, more than 50% of the patients with a
rare disease lack a molecular diagnosis.1 One reason for this shortcoming may be
that exome sequencing, the preferred method to date, captures only a small portion (<2%) of the genome and is very limited in its capacity to detect copy-number
variants, insertions, translocations, inversions, tandem repeat expansions, noncoding and deep-intronic variants, and variants within complex regions of the
genome. Indeed, emerging studies have shown that unlike exome sequencing,
genome sequencing has the potential to detect all classes of genetic variation3-8
and thus to increase the diagnostic yield above that of exome sequencing.5,7
However, the immense amounts of data generated by genome sequencing and
limitations of reference genomes impede the detection of such variations. The
interpretation of genome-sequencing data can be strengthened through the incorporation of a targeted approach, which harnesses information obtained from phen engl j med 380;15
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notypic and functional characterization of patients to focus on specific families of genes.
Here, we describe detailed clinical and biochemical phenotyping and genome sequencing to identify a novel repeat expansion disorder that causes
a deficiency of glutaminase, an enzyme important for neurogenesis and neurotransmission.

C a se R ep or t
Three unrelated patients, all of whom were born
to nonconsanguineous white parents of European
ancestry after uncomplicated pregnancy and delivery, presented at the age of 3 years (Patients 1
and 2, from the United Kingdom) and 2 years
(Patient 3, from Canada) with early-onset delay
in both gross and fine motor skills, as well as
delayed speech (Fig. 1A). In all three patients,
ataxia developed, along with dependency on the
use of a wheelchair or walker. Early brain imaging did not reveal abnormalities; however, at 11
years of age, Patient 3 was found to have cerebellar atrophy on repeated magnetic resonance
imaging. Additional clinical details are provided
in Figure S1 in the Supplementary Appendix,
available with the full text of this article at
NEJM.org.

Me thods
Clinical Data and Specimen Collection

Families 1 and 2 were enrolled through the TIDEX
study, which was approved by the institutional
review board of the Faculty of Medicine at the
University of British Columbia. Family 3 was
enrolled in the Care4Rare study, approved by the
institutional review board of the Children’s Hospital of Eastern Ontario. The patients’ parents
provided written informed consent for their participation in the study, specimen collection, and
publication of the results. During the consenting
process, risks and benefits of research-based
exome sequencing or genome sequencing were
explained, and an option for disclosure of medically actionable incidental findings was provided.
Sequencing and Genomic Analysis

Genomic DNA was isolated from peripheral blood,
and trio-exome sequencing (mother, father, and
proband) was performed in samples obtained
from Families 1 and 3, whereas samples obtained
from Family 2 underwent duo-exome sequencing
(mother and proband). In addition, singleton1434
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Figure 1 (facing page). Genotyping of GLS Probands.
Panel A shows the pedigrees of the three affected families. The presence of c.938C→T (p.Pro313Leu) in Family 1
and c.923dupA (p.Tyr308*) in Family 3 was confirmed
on Sanger sequencing. Polymerase-chain-reaction (PCR)
amplification of the 5′ region containing the GCA repeat
and subsequent Sanger sequencing allowed for the
determination of the number of GCA repeats in non
expanded alleles. In family members in whom a large
expansion was observed, the number of GCA repeats
was estimated on PCR amplification, followed by agarose gel electrophoresis. Panel B shows the results of
triplet repeat–primed PCR assay and subsequent capillary electrophoresis to confirm the presence of the GCA
expansion. Each vertical line represents a single GCA
repeat. Thus, larger expansions are represented by a
greater number of vertical lines. The results of Sanger
sequencing that correspond to the missense and frameshift variants are shown next to each member of Families 1 and 3. Panel C shows PCR amplification of the
expanded GCA repeats in blood samples obtained from
the three patients (P), followed by agarose electrophoresis. The approximately 300-bp PCR product visible in
the samples from Patients 1 and 3 reflects the nonexpanded alleles in these patients, who are heterozygous
for an expansion and a point mutation. Panel D shows
the genotypes of the GCA repeat locus in an untargeted population, indicating the number of GCA repeats
for 8295 persons (16,590 total genotypes) as determined
with the use of Expansion Hunter run on PCR-free genomesequencing data sets. The blue box plot shows the distribution of alleles with different numbers of GCA repeats in the general population. The vertical line in the
box indicates the median, the left side of the box indicates quartile 1 (Q1), and the right side of the box indicates quartile 3 (Q3), with the interquartile range (IQR)
defined as Q1 to Q3. The left and right whiskers represent the closest genotype to Q1 minus 1.5 × IQR and
Q3 plus 1.5 × IQR, respectively. Any genotypes falling
outside this range are considered to be outliers and are
represented by diamonds. The repeat number ranged
from 5 to 26 in the majority of persons who were assayed,
with a bimodal distribution centered at 8 and 16 and
12 outliers with 26 to 38 repeats. Patient 1 is represented by a red diamond, and only one unaffected person
was detected with a large expansion similar to that of
Patient 1 (far-right outlier at more than 90 repeat units).

genome sequencing of a sample obtained from
the proband in Family 1 was performed. We
used an in-house, open-source bioinformatics
pipeline — similar to the unbiased semiautomated approach described previously2 — to analyze the sequencing data. Sanger sequencing was
used to confirm the missense and frameshift
variants, and triplet repeat–primed polymerasechain-reaction (PCR) and GLS repeat PCR assays
were used to confirm the presence of the repeat
expansions. Details regarding these analyses are
provided in the Supplementary Appendix.
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Biochemical Analysis

Functional Analysis

The GLS activity in fibroblasts and peripheralblood mononuclear cells was determined in a reaction mixture containing glutamine. The amount
of glutamate, produced by GLS from glutamine,
was subsequently determined by means of spectrophotometry at 340 nm with the use of glutamate dehydrogenase and NAD. Quantification of
the amount of glutamate was performed by
comparison with external glutamate standards.

We performed chromatin analysis and pyrosequencing and cloning of the GLS promoter into a
luciferase reporter vector to investigate the effect
of the expanded repeat on transcription and translation. Enzyme assays, immunoblotting, and flux
and complementary DNA (cDNA) analyses were
performed on samples obtained from the patients. Functional analysis of the recombinantly
expressed GLS mutants was performed in a GLS-
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deficient HEK293-Flp-In cell line and by crystal
structure analysis. The technical details of all
methods that were used are described in the
Supplementary Appendix.

R e sult s
Metabolic Findings

We performed metabolic evaluations in all three
patients according to the published diagnostic
algorithm for the identification of treatable conditions in intellectual developmental disorder,
which includes an analysis of plasma amino
acids among others.9 Metabolic testing revealed
a persistent elevation in plasma glutamine of
1800 to 2209 μmol per liter, which approximately equals or exceeds the upper limit of the normal range (405 to 781 μmol per liter) by a factor
of 2.5, despite normal plasma ammonia levels.
Urea-cycle defects were ruled out, and treatment
with sodium phenylbutyrate at a dose of 250 mg
per kilogram of body weight per day was ineffective in all three patients. The parents and siblings
of the three patients were unaffected and had
plasma glutamine levels within the normal range.
Exome Sequencing

We excluded urea-cycle disorders using clinical
gene-panel sequencing (see the Supplementary
Appendix). Of the 550 patients in our genomic
discovery studies who had met the criteria for
intellectual developmental disorder plus unexplained metabolic phenotype2 according to the
diagnostic algorithm for treatable conditions,9
the 3 patients described here were the only ones
with persistently elevated glutamine levels of unknown cause.
On the basis of the hypothesis that these
patients had a novel inborn error of metabolism,
we performed exome sequencing with a combined analysis of Family 1 (proband and both
parents) and Family 2 (proband and one parent).
We analyzed the data from Family 3 (proband
and both parents) independently.
The standard bioinformatics approach that assumes mendelian modes of inheritance with full
penetrance did not identify any leading gene
candidates in any of the three families. We then
evaluated the exome sequences of only the probands in Family 1 and Family 2; rare, deleterious
variants in the heterozygous state were identified in 345 and 320 genes, respectively, of which
24 and 29 were associated with intellectual
1436
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Figure 2 (facing page). Biochemical Characterization
of GLS Deficiency.
Panel A shows GLS activity in fibroblasts obtained
from all three study patients and from three controls
and in peripheral-blood mononuclear (PBM) cells obtained from Patient 2 and from three controls. The GLS
activity is measured in nanomoles of glutamate per
milligram of protein per minute. Panel B shows the results of immunoblot analysis of GLS in fibroblasts and
PBM cells obtained from the same patients (P) and
controls (C) shown in Panel A. Panel C shows GLS
activity of recombinantly expressed p.Pro313Leu and
p.Tyr308* GLS variants, as compared with wild-type
(WT) GLS enzyme, expressed in GLS-deficient HEK293Flp-In cells. Panel D shows the ratio of stable isotopelabeled glutamine to stable isotope-labeled glutamate
in fibroblasts obtained from the three patients and
three controls. In Panels A and D, the T bars indicate
the standard deviation.

disability or encephalopathy in the Human Phenotype Ontology or Medical Subject Heading
Overrepresentation Profiles (Table S1 in the Supplementary Appendix).10,11 The heterozygous, paternally inherited variant c.938C→T (p.Pro313Leu;
GenBank accession number, NM_014905) in GLS
(encoding glutaminase) was of interest, given the
excellent match between the encoded phosphateactivated glutaminase and the biochemical phenotype (elevated levels of glutamine). In Family 2, we
identified no candidate variants that were consistent with the clinical or biochemical phenotype.
In a separate study, exome analysis revealed a
maternally inherited heterozygous GLS variant,
c.923dupA (p.Tyr308*; NM_014905), in Patient 3
(Fig. 1A). Both the missense and frameshift GLS
variants that were identified in Patients 1 and 3,
respectively, were predicted by all tested in silico
metrics to be damaging. The variant p.Tyr308*
has an allele frequency of 3.984×10−6 in the
Genome Aggregation Database (gnomAD,
rs1212883982); the p.Pro313Leu variant was absent from this database.12
Biochemical Phenotype

The results of exome analysis were suggestive of
a GLS deficiency but were not conclusive, so we
performed further biochemical phenotyping.
Functional analyses in lymphocytes and fibroblasts showed markedly reduced GLS activity in
all three patients (Fig. 2A). Immunoblot analysis
showed reduced levels of glutaminase in fibroblasts obtained from all three patients and vir
tually no glutaminase in the lymphocytes of
Patient 2 (Fig. 2B).
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For functional analyses, stable-isotope-labeled
glutamine, glucose, and oleate were used for the
in situ analysis of the GLS deficiency and its
metabolic consequences. In samples obtained
from all three patients, we observed markedly
decreased levels of isotope-labeled glutamate in
fibroblasts that had been incubated with isotopen engl j med 380;15

labeled glutamine, a finding that indicates impaired GLS activity (Fig. 2D). In addition, a decreased flux of glutamine into the citric acid
cycle was observed in the fibroblasts, which was
compensated, to some extent, by an increased
flux from glucose and fatty-acid oxidation (Figs.
S2, S3, and S4 in the Supplementary Appendix).
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Recombinantly expressed mutant GLS (carrying
the p.Pro313Leu variant) showed residual enzymatic activity of 2.8%, whereas no activity could
be detected for the recombinantly expressed
p.Tyr308* variant (Fig. 2C). An analysis of available crystal structures of GLS isoforms showed
that the p.Pro313Leu mutation probably compromises dimerization and thus the formation of
catalytically active tetramers (Fig. S5 in the Supplementary Appendix). For the p.Tyr308* variant,
molecular modeling suggests that the truncation
would prevent the proper formation of the active
site and the subunit interfaces. This would probably render the protein catalytically inactive, even
if it was expressed and stable (Fig. S6 in the
Supplementary Appendix).
A glutamate deficit in the neurons of the patients could not be examined, since the induction of pluripotent stem cells from GLS-deficient
fibroblasts for differentiation into neurons was
not successful, perhaps because GLS has been
shown to be essential for the differentiation,
proliferation, and survival of human neural progenitor cells.13 Knockdown of the GLS orthologues glsa, glsl, or both in zebrafish was associated with a smaller body size, curved body, and
cardiac edema (Fig. S7 in the Supplementary
Appendix).
Genome Sequencing

We hypothesized that the missing heritability in
each of the three patients was due to variation at
the GLS locus refractory to detection on exome
sequencing. We based this hypothesis on the
results of the biochemical GLS and flux assays
indicating the presence of a GLS deficiency,
which was consistent with elevated levels of
plasma glutamine. Sanger sequencing of samples of cDNA generated from messenger RNA
(mRNA) obtained from members of Family 1
supported this hypothesis, since the proportion
of the c.938T allele relative to the second allele
was much higher in the patient than in the father,
a finding that was consistent with an imbalance
in allelic expression (Figs. S8 and S9 in the
Supplementary Appendix). Thus, we sequenced
the genome of Patient 1. Manual analyses of cisregulatory regions around GLS revealed the presence of a GCA repeat in the 5′ untranslated region of GLS. Applying Expansion Hunter,14 which
detects expansions in genome-sequence data in
a locus-specific manner, we identified a trinucleotide expansion consisting of more than 90 GCAs
1438
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on the chromosome that the proband had inherited from the mother. The paternally inherited
allele had eight GCA copies (Fig. 1A).
Trinucleotide Repeat Analysis

We then performed a triplet repeat–primed PCR
assay (Fig. 1B) and a GLS repeat PCR assay
(Fig. 1C). Triplet repeat–primed PCR assays with
a primer complementary to a stretch of GCA
repeats indicated that all three patients had
large GCA repeat expansions, as did one or both
of their parents (Fig. 1B). The proband in Family 1 had compound heterozygosity for the paternally inherited c.938C→T variant and a maternally
inherited GCA repeat expansion allele. The proband in Family 2 was homozygous for GCA repeat
expansion alleles inherited from both parents, and
the proband in Family 3 had compound heterozygosity for the maternally inherited c.923dupA
variant and a paternally inherited GCA repeat
expansion allele (Fig. 1A). Repeat PCR assays
with the use of primers flanking the GCA repeat
showed major expansion products of approximately 680, 900, and 1500 repeats, respectively,
in blood samples obtained from the three probands (Fig. 1C). We detected expansions with
smaller numbers of trinucleotide repeats (400 to
1100) in the fibroblasts of the probands in Families 1, 2, and 3 (Fig. S10 in the Supplementary
Appendix), which was consistent with somatic
heterogeneity that has been reported for many
other repeat expansion disorders.15
Analysis of this GCA repeat expansion locus
in an untargeted collection consisting of 8295
genomes showed that this short tandem repeat
had a median size of 14 repeats (i.e., 42 bp) and
a bimodal prevalence at 8 and 16 repeats. Of the
8295 analyzed genomes, 1 was heterozygous for
an allele with more than 90 repeats, making the
allele frequency of this repeat 6.03×10−5 (Fig. 1D).
Repeat-Mediated Effects

To investigate the mechanism of the allele-biased
mRNA expression (Fig. S9 in the Supplementary
Appendix), which is consistent with the trinucleo
tide-repeat expansion suppressing GLS expression,
we carried out pyrosequencing of DNA (upstream
and downstream of the trinucleotide-repeat expansion) purified from blood cells; no evidence of
increased DNA methylation was seen in samples
obtained from any of the patients (Fig. 3A). The
absence of methylation in the patients’ fibroblasts was confirmed by the loss of almost all
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Figure 3. Repeat-Associated Effects.
Panel A shows the percentage methylation of CpG residues in the upstream genomic region (four sites) and
the downstream genomic region (four sites) of the repeat in the three study patients and in a control. CpG
sites are regions of DNA where a cytosine nucleotide is
followed by a guanine nucleotide in the linear sequence
of bases from 5′ to 3′. Cytosines in CpG dinucleotides
can be methylated to form 5-methylcytosines. Panel B
shows the results of chromatin immunoprecipitation
experiments using fibroblasts obtained from Patients 1
and 2 and from a control, indicating the levels of enrichment of H3 acetylation (H3KAc), H3K4me3, and
H3K9me3 on the GLS promoter relative to the gene
encoding glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). Differences between the control sample and
those obtained from the two patients were significant
for H3KAc, H3K4me3, and H3K9me3 in Patient 2. Differences between enrichment for different histone mod
ifications were evaluated with a t-test to determine
significance. The enrichment was calculated as the percentage of input. The y axis shows the enrichment for
GLS as the factor change over enrichment for GAPDH.
The results are from two independent chromatin immunoprecipitation experiments. Panel C shows the results
of cloning of DNA fragments containing the GLS promoter with 13, 104, and approximately 240 GCA repeats
— wild-type GLS-(GCA)13, mutant GLS-(GCA)104, and
GLS-(GCA)>200 — into luciferase promoter reporter
constructs with or without glutamine supplementation
at 48 hours. For vector normalization, activity of two
luciferases, firefly and Renilla, were measured in the
same cells or lysate in three independent experiments.
Two-way analyses of variance with Bonferroni post-tests
were used for analysis. One asterisk indicates P<0.001
for the comparison with GLS-(GCA)13 with no glutamine
supplementation, and two asterisks indicate P<0.001
for the comparison with GLS-(GCA)13 with glutamine
supplementation. In Panel A, the data are shown in
box plots with the same measures as described in Figure 1D; the T bars indicate the standard deviation of
the mean in Panel B and standard error in Panel C.
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To test for the effect of the expanded repeat
on transcription initiation and elongation (i.e.,
the elongation of the nascent RNA strand with
the addition of nucleotides during transcription)
or translation, we cloned DNA fragments containing the GLS promoter with 13, 104, and approximately 240 GCA repeats into a luciferase
reporter construct (pGL3.1) (Fig. S11 in the Supplementary Appendix). A comparison of the
empty vector (pGL3.1) and vector containing the
13-repeat construct confirmed robust GLS promoter activity at baseline and in response to
glutamine supplementation. We observed no negative effects of the repeat expansions on luciferase activity (Fig. 3C). These assays are based on
the transient transfection of nonreplicating plasmids containing GLS fragments outside their
normal chromosomal and chromatin context.
They therefore address some of the direct effects
of the cloned repeats on transcription and the
efficiency of translation of the resultant transcript, rather than any epigenetic effects that the
repeat may have in situ. Thus, taken together,
our data suggest that the predominant effect of
the repeats is at the level of histone modifications, causing the glutaminase deficiency by promoting the formation of repressive heterochromatin and thereby reducing GLS transcription.

Discussion
In this study, we describe the identification of an
inborn error of metabolism caused by a novel trinucleotide GCA repeat expansion. The expansion
in the 5′ untranslated region of GLS, which encodes glutaminase, results in reduced expression
and glutaminase deficiency. The neurodegenerative course of the patients’ development resembles that of another sibling pair of patients with
a GLS deficiency caused by a homozygous 8-kb
duplication spanning exon 1.17
Alternative splicing of GLS generates two protein isoforms: glutaminase C and kidney-type
glutaminase.18 Both isoforms are localized in
mitochondria and expressed in multiple tissues,
with high expression levels of kidney-type glutaminase in the brain (i.e., cerebral cortex) and
kidney.18,19 Glutamate is the major excitatory neurotransmitter in the brain and can be synthe-
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sized from α-ketoglutarate20 or glutamine (the
most abundant amino acid)21 through the action
of GLS. Studies in model organisms have shown
that the ablation of GLS results in partially impaired glutamatergic synaptic transmission in mice
and early death from respiratory problems.22 The
small residual GLS activity that was detected in
the fibroblasts and lymphocytes of our patients
may account for the comparatively milder phenotypes. Mice that are heterozygous for a GLS deficiency had hippocampal hypoactivity.23 Patients
with other causes of glutamate deficiency have
ataxia, as did our patients.24 Whether elevated
glutamine levels affect the phenotype in the three
patients we describe here is unclear.
Our study underscores the importance of examining noncoding regions of the genome. Repetitive
elements represent an estimated 50% of the human genome,25,26 and if such elements are unstable, they may have multiple deleterious effects.
Short (1 to 6 bp) tandem repeats (of which the
GCA repeat is one) make up more than 3% of the
human genome,27 yet relatively few repeat expansion disorders have been described to date. Those
that have been reported predominantly affect the
nervous system.26 Current emphasis on the use of
short-read exome-sequencing methods has made
it difficult to systematically identify repetitive elements as a source of genetic deficit in rare mendelian diseases, but repetitive elements may represent missing heritability in the cause of disease.
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