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Abstract
The glutamate pyruvate transaminase 2 (GPT2) gene produces a nuclear-encoded mitochondrial enzyme that catalyzes the 
reversible transfer of an amino group from glutamate to pyruvate, generating alanine and alpha-ketoglutarate. Recessive 
mutations in GPT2 have been recently identified in a new syndrome involving intellectual and developmental disability 
(IDD), postnatal microcephaly, and spastic paraplegia. We have identified additional families with recessive GPT2 muta-
tions and expanded the phenotype to include small stature. GPT2 loss-of-function mutations were identified in four families, 
nine patients total, including: a homozygous mutation in one child [c.775T>C (p.C259R)]; compound heterozygous muta-
tions in two siblings [c.812A>C (p.N271T)/c.1432_1433delGT (p.V478Rfs*73)]; a novel homozygous, putative splicing 
mutation [c.1035C>T (p.G345=)]; and finally, a recurrent mutation, previously identified in a distinct family [c.1210C>T 
(p.R404*)]. All patients were diagnosed with IDD. A majority of patients had remarkably small stature throughout develop-
ment, many < 1st percentile for height and weight. Given the potential biological function of GPT2 in cellular growth, this 
phenotype is strongly suggestive of a newly identified clinical susceptibility. Further, homozygous GPT2 mutations mani-
fested in at least 2 of 176 families with IDD (approximately 1.1%) in a Pakistani cohort, thereby representing a relatively 
common cause of recessive IDD in this population, with recurrence of the p.R404* mutation in this population. Based on 
variants in the ExAC database, we estimated that approximately 1 in 248 individuals are carriers of moderately or severely 
deleterious variants in GPT2.

Introduction

Intellectual and developmental disability (IDD) is com-
mon (~ 1–2% of the population) and carries an average 
lifetime cost per person of ~ $1,000,000 (in 2003 dol-
lars), which makes it a substantial public health concern 
(CDC 2004). The etiologic heterogeneity challenges 
screening and development of effective treatments (CDC 
2013). Successes with conditions such as in the case of 
phenylketonuria (PKU) provide the model for newborn 
screening and subsequent prevention of progressive 

cognitive disability (Rose and Wick 2016). IDD mani-
fests secondary to genetic and/or environmental factors 
and commonly co-occurs with other central nervous 
system conditions such as autism spectrum disorder, 
epilepsy, motor abnormalities (e.g., spastic paraplegia), 
and microcephaly (Jamra 2018). More than 800 genes 
have been implicated in the pathogenesis of IDD, with 
approximately one-third (28–34%) of patients possess-
ing genetic mutations discoverable with available clini-
cal genetic testing (Iglesias et al. 2014; Lee et al. 2014; 
Nambot et al. 2018; Rump et al. 2016; Thevenon et al. 
2016). With the advent of genome-wide sequencing, 
future promise for newborn screening and preventa-
tive treatments for some forms of IDD is now a realistic 
future.

One gene recently associated with IDD is glutamate 
pyruvate transaminase 2 (GPT2) (Celis et  al. 2015; 

Qing Ouyang and Brian C. Kavanaugh contributed equally.

 *	 Eric M. Morrow 
	 eric_morrow@brown.edu

Extended author information available on the last page of the article

http://orcid.org/0000-0002-4785-4439
http://orcid.org/0000-0003-1301-8333
http://orcid.org/0000-0003-0692-2519
http://orcid.org/0000-0003-3430-3520
http://crossmark.crossref.org/dialog/?doi=10.1007/s00439-019-02057-x&domain=pdf


1184	 Human Genetics (2019) 138:1183–1200

1 3

Ouyang et al. 2016; Yang et al. 2002). The GPT2 pro-
tein represents a nuclear-encoded mitochondrial enzyme 
that catalyzes the reversible addition of an amino group 
from glutamate to pyruvate, yielding alanine and alpha-
ketoglutarate. GPT2 is specifically localized to mito-
chondria, within which it is responsible for the regulation 
of metabolic processes such as amino acid metabolism 
and the tricarboxylic acid (TCA) cycle. It may also be 
involved in neurotransmitter metabolism, as glutamate 
is the major excitatory neurotransmitter in brain and the 
inhibitory neurotransmitter gamma-aminobutyric acid is 
synthesized from glutamate. Consistent with a role in 
synapse biology, GPT2 transcription is upregulated in the 
postnatal developing brain (Ouyang et al. 2016).

A recently developed mouse model of loss-of-function 
GPT2 mutations identified specific neural abnormalities, 
including reduced overall brain growth and metabolic 
abnormalities (Ouyang et al. 2016). Ouyang et al. (2016) 
also specifically implicated this enzyme in the process 
of anaplerosis, the replenishment of TCA cycle interme-
diates. Anaplerosis balances cataplerosis, which is the 
utilization of TCA cycle intermediates for biosynthesis; 
it is a critically needed homeostatic process during rapid 
cell growth (Owen et al. 2002). Interestingly, GPT2 has 
been studied recently in the context of cancer, wherein 
this enzyme may be a target to limit cancer growth due to 
the role of this enzyme in anaplerosis (Cao et al. 2017; 
Kim et al. 2019).

In patients, homozygous loss-of-function mutations in 
GPT2 lead to a novel, neurodevelopmental phenotype char-
acterized by intellectual disability, postnatal microcephaly, 
and motor abnormalities, as well as commonly, but not uni-
formly identified, epilepsy, mild dysmorphic features, and 
slowly progressive spastic diplegia/paraplegia (Celis et al. 
2015; Hengel et al. 2018; Kaymakcalan et al. 2018; Lobo-
Prada et al. 2017; Ouyang et al. 2016). In this report, we 
present our discovery of several new, important aspects of 
GPT2-related disease. First, we report new mutations and 
expand the phenotype to include unusually small stature, 
which was notably prominent in two siblings with previously 
unreported compound heterozygous mutations. Susceptibil-
ity to small stature, above and beyond the prior reports of 
isolated postnatal microcephaly, is highly consistent with a 
role of the enzyme in growth. Additionally, we report esti-
mates of prevalence of mutations based on a control dataset 
(the Exome Aggregation Consortium, ExAC; http://exac.
broad​insti​tute.org) (Lek et al. 2016) and a sample of Paki-
stani pedigrees with autosomal recessive intellectual dis-
ability (Harripaul et al. 2018). Surprisingly, the measured 
prevalence of GPT2 mutations in the Pakistani cohort is 
higher than predicted, suggesting a prominent role for this 
novel GPT2-related genetic syndrome in Pakistan.

Materials and methods

Human subjects

Institutional review boards at Brown University and Lifes-
pan Healthcare approved this study. Written informed con-
sent was obtained from all participants or their legal guard-
ians. Clinical information was collected by direct parental 
interview and neurological/neuropsychological exam of 
participant and from available medical records.

DNA sequence analysis

All patient mutations were verified by Sanger DNA sequenc-
ing. Sequence alignments are based on human reference 
genome GrCH37/hg19. References for mutation coordinates 
are based on NCBI Reference Sequences NM_133443.2 and 
NM_133443.3 (cDNA) and NP_597700.1 (protein).

DNA constructs and antibodies

The human GPT2 gene (GenBank: BC062555.1) was cloned 
into the pcDNA3.1/V5-His-TOPO mammalian expression 
vector to generate C-terminal V5-His-tagged human GPT2 
(hGPT2-V5His). GPT2 mutants Q80E, C259R, N271T, 
and V478Rfs*73 were constructed using QuickChange 
site-directed mutagenesis (Agilent Technologies, Santa 
Clara, CA, USA). All vectors were verified by Sanger DNA 
sequencing. Antibodies used were mouse anti-V5 antibody 
(Life Technologies, Thermo Fisher Scientific, Carlsbad, 
CA, USA), mouse anti-tubulin antibody (abcam, Cam-
bridge, MA, USA), and goat anti-mouse Alexa Fluor 488 
(Life Technologies, Thermo Fisher Scientific, Carlsbad, CA, 
USA).

GPT enzymatic activity assay

GPT transaminase enzymatic activity was analyzed using the 
alanine aminotransferase (ALT) Assay Kit (Sigma-Aldrich, 
St. Louis, MO, USA). HeLa cells transfected with con-
structs encoding for wild-type or mutant hGPT2-V5His were 
homogenized in ice-cold ALT assay buffer and centrifuged. 
Protein concentrations of supernatants were determined by 
bicinchoninic acid (BCA) assay. GPT enzymatic activity was 
detected using 3.5 μg of cell extracts. Data are presented as 
means ± SEMs.

Immunocytochemistry

Prior to fixation, HeLa cells exogenously expressing 
wild-type or mutant hGPT2-V5His were incubated with 
MitoTracker Red (Life Technologies, Thermo Fisher 
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Scientific, Carlsbad, CA, USA) for 30 min. Cells were then 
rinsed twice with 1X PBS, fixed in 4% (w/v) paraformal-
dehyde for 15 min, and permeabilized with 0.25% (w/v) 
Triton X-100 in 1X PBS for 15 min at room temperature. 
Cells were then blocked with 10% normal goat serum in 
1X PBS + 0.1% Triton X-100 (PBST) for 1 h at room tem-
perature, followed by incubation overnight at 4 °C with 
primary antibodies diluted in PBST containing 2% normal 
goat serum. After rinsing 3 × 5 min in PBST, cells were 
incubated for 1 h at room temperature with secondary anti-
body diluted in PBST containing 2% normal goat serum. 
Nuclei were counter-stained with Hoechst dye (Life Tech-
nologies, Thermo Fisher Scientific, Carlsbad, CA, USA) at 
the same time as incubation with secondary antibody. Cells 
were again rinsed 3 × 5 min in PBST and then mounted in 
Fluoromount-G (SouthernBiotech, Birmingham, AL, USA).

Microscopy

Structured illumination microscopy (SIM) images were 
collected using a DeltaVision OMX SR microscope (GE 
Healthcare Life Sciences, USA). Z-series images were col-
lected using a 60 × oil objective (refractive index immer-
sion oil-1.516) and light path-SI under sequential acquisi-
tion mode. Z-series images were processed by performing 
OMX SI reconstruction, alignment, and maximal projection 
sequentially using softWoRx software. Images were ana-
lyzed using ImageJ software (NIH, USA).

Image quantification and analysis

Co-localization of exogenously expressed wild-type or 
mutant hGPT2-V5His with MitoTracker Red was quantified 
based on images collected using SIM. Images were ana-
lyzed using the co-localization application of MetaMorph 
software (San Jose, CA, USA), with either: (1) the V5 and 
MitoTracker Red co-stained area in the numerator and the 
total V5-stained area in the denominator or (2) the V5 and 
MitoTracker Red co-stained area in the numerator and the 
total MitoTracker Red-stained area in the denominator. 
Thresholds were set for each channel to exclude background 
staining, and the percent co-localization was calculated for 
each cell analyzed. Data are presented as means ± SEMs.

Structural analysis

GPT2 variants were visualized using PyMOL visualization 
software, with GPT2 mutants generated using the PyRo-
setta framework (PDB reference 3IHJ) (Chaudhury et al. 
2010). Homology analysis was performed by analyzing the 
multiple sequence alignment from the aspartate aminotrans-
ferase (AAT)-like family of proteins using the NCBI tool 
Conserved Protein Domain Family and NCBI Reference 

Sequence NP_597700.1 (Marchler-Bauer et al. 2017; Sayers 
et al. 2011). Model refinement was performed using PyRo-
setta and a combination of sampling methods during every 
cycle. 200 independent trajectories were run for each model. 
The top five conformations with lowest scores, as indicated 
by Rosetta Energy Units (REU), were visualized, and the 
lowest scoring conformation that was representative of the 
group of top proposed models was selected for presentation 
(DeLuca et al. 2015; Moretti et al. 2018).

Analysis of the effects of GPT2 mutations on the energy 
of the pyridoxal 5′-phosphate (PLP) binding site was per-
formed using the Ligand Docking protocol on the ROSIE 
web server (Lyskov et al. 2013), which is hosted by the Gray 
Lab at Johns Hopkins University (https​://rosie​.grayl​ab.jhu.
edu/ligan​d_docki​ng). Rosetta software was used to predict 
the interface energy of the ligand and protein, and the con-
formation space of the binding pocket and the ligand was 
thoroughly sampled. 800 independent trajectories were used 
for each model. To model the docked complexes, the top five 
conformations with lowest scores, as indicated by REU, were 
visualized, and the lowest scoring conformation that was rep-
resentative of the group of top proposed models was selected 
for presentation (DeLuca et al. 2015; Moretti et al. 2018).

Exon trapping assays

Exon trapping assays were performed for GPT2 with respect 
to exon 2 and exon 8 and mutations in these exons. For gen-
eration of vectors used in these assays, either exon 2 or 
exon 8 of human GPT2, as well as portions of the flanking 
introns (102 bp of intron 1 and 288 bp of intron 2; 141 bp of 
intron 7 and 290 bp of intron 8), was PCR-amplified from 
the genomic sample of a control patient, after which the 
amplicon was digested with SalI and BamHI or SalI alone 
and ligated into the multiple cloning site of the pET01 vector 
(MoBiTec GmbH, Goettingen, Germany). The pET01 mul-
tiple cloning site is located between two bordering exons, 
thereby allowing for analysis of the effects on splicing of 
sequences ligated into this site. Site-directed mutagenesis 
was performed to generate pET01-GPT2 vectors with the 
missense mutation in exon 2 (c.238C>G) and the synony-
mous mutation in exon 8 (c.1035C>T). Briefly, the base 
substitution was induced by PCR using mutagenic prim-
ers, followed by digestion of the parental template using 
DpnI, phosphorylation of the mutagenic amplicon by T4 
Polynucleotide Kinase (New England Biolabs, Ipswich, 
MA, USA), and circularization using Quick T4 DNA Ligase 
(New England Biolabs, Ipswich, MA, USA). All vectors 
were verified by Sanger DNA sequencing. Primers used 
for generating the pET01-GPT2 vectors were as follows, 
with the SalI and BamHI recognition sequences in lower-
case and the substituted bases underlined. GPT2_Exon2_
SalI_F: 5′-CACTGgtcgacGGC​ACC​GCT​CGC​TGA​AAG​-3′; 

https://rosie.graylab.jhu.edu/ligand_docking
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1186	 Human Genetics (2019) 138:1183–1200

1 3

GPT2_Exon2_BamHI_R: 5′-CACTGggatccGAG​AGT​AGG​
GCA​GAC​ACA​CA-3′; GPT2_Exon8_SalI_F: 5′-GACT-
gtcgacGCT​CAT​CCC​TGG​AAT​GGC​A-3′; GPT2_Exon8_
SalI_R: 5′-GACTgtcgacACC​TCG​GAA​CAA​GTG​ACA​
GA-3; GPT2_Exon2_Mutagenesis_F: 5′-GCT​CGA​GCTG​
GAGC​GGG​TGAG-3′; GPT2_Exon2_Mutagenesis_R: 

5′-TCG​ATC​TCG​CCG​GCC​TTG​AG-3′; GPT2_Exon8_
Mutagenesis_F: 5′-GGG​CTA​CAT​GGG​TGAG​TAC​GTG​
GGC​-3′; and GPT2_Exon8_Mutagenesis_R: 5′-GCC​CAC​
GTA​CTC​ACCC​ATG​TAG​CCC​-3′.

For performance of exon trapping assays, wild-type, 
mutant, and control (empty pET01) vectors were separately 
transfected into HEK293T cells using Lipofectamine 3000 
(Life Technologies, Thermo Fisher Scientific, Carlsbad, CA, 
USA). 24 h post-transfection, RNA was extracted from cells, 
and RT-PCR was performed using primers complementary 
to the pET01 exons bordering the multiple cloning site. 
PCR amplicons were separated by electrophoresis on aga-
rose gels, and bands were excised, purified, and analyzed by 
Sanger DNA sequencing. Primers used for analyzing splic-
ing between the multiple cloning site and bordering exons of 
the pET01 vector were as follows: pET01_cDNA_PCR_F: 
5′-ATC​GAT​CTG​CTT​CCT​GGC​-3′ and pET01_cDNA_
PCR_R: 5′-GGG​CCA​CCT​CCA​GTGCC-3′.

Gene variant analysis pipeline and allele frequency 
calculations

GPT2 variants, as reported in the ExAC database (467 vari-
ants at time of access), were sorted into three categories 
based on the annotation provided by ExAC: benign (321 
variants), moderate (134 variants), and severe (12 variants). 
Missense variants falling under the moderate category 
were then further differentiated, first using ANNOVAR-
PolyPhen-2 and then using ANNOVAR-SIFT (Wang et al. 
2010). The annotation table was set with a reference of hg19 
dbnsfp35a for both tools. Missense variants processed using 
PolyPhen-2 were split into three categories: benign (52 vari-
ants), possibly damaging (32 variants), and probably damag-
ing (50 variants). Variants classified as possibly damaging 
were then further processed using SIFT and split into two 
categories: tolerant (12 variants) and damaging (20 vari-
ants). (See Fig. 6 for a summary of the analysis pipeline and 
the final number of variants in each category.)

The total variant allele frequency for each of the three cat-
egories was calculated by summing the adjusted frequencies 
of the individual variant alleles within each category, using 

data reported in the ExAC web browser. The population car-
rier frequency (i.e., heterozygous frequency) and the pre-
dicted affected frequency (i.e., homozygous frequency) for 
each of the categories were calculated using the equations 
below, based on assumption of Hardy–Weinberg equilibrium 
and a recessive mode of inheritance:

Results

Clinical genetics and phenotypes

We established strong genetic and functional evidence for 
association of the GPT2 mutations with the clinical pheno-
type for five distinct mutations in four families. Notably, we 
identified one family with compound heterozygous muta-
tions (i.e., two mutations in this one family) (Fig. 1). A 
fifth family, family 5, with a missense change (c.238C>G, 
p.Q80E) was identified; yet, we were not able to establish 
functional evidence that this GPT2 variant is pathogenic. 
Clinical features are summarized in Table 1.

Pedigree 1: patient 1.1 (female)

This patient is a 15-year-old Caucasian female of English 
and French-Canadian descent. Both she and her 13-year-
old brother (Patient 1.2) were found to have compound het-
erozygous GPT2 mutations by clinical exome sequencing: 
c.812A>C (p.N271T)/c.1432_1433delGT (p.V478Rfs*73) 
(Fig. 1a, b). Her parents are not related, and each parent is 
heterozygous for one of the two mutations. For the female 
patient, mother’s pregnancy was full-term and unremark-
able. Patient’s birth weight was at the 54th percentile (z 
score = 0.1).

The patient experienced a febrile seizure at approxi-
mately 21 months of age, although her first non-febrile 
seizure occurred at 9 years old. She has had 4–5 total non-
febrile seizures in her lifetime, with the last seizure occur-
ring approximately 4–5 years ago. Seizures were previously 
described as episodes involving staring, unresponsiveness, 
and eyelid quivering or flickering movements. Also, in at 
least one of these episodes, the patient was noted to have 
wandered around her school gymnasium while exhibiting 
the staring and eyelid movements. These episodes were char-
acterized as atypical absence seizures by prior clinicians. 
Of note, at the time of these episodes, parents reported to 
providers that the patient had experienced multiple staring 
episodes per week for multiple years. An EEG at 9 years 
old demonstrated bursts of generalized 3-Hz spike and wave 

Heterozygous frequency ∶ 2 (variant allele frequency) (1 − variant allele frequency)

Homozygous frequency ∶ (variant allele frequency)2.
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activity with drowsiness. The patient has never been pre-
scribed anti-epileptic drugs. An MRI-MR spectroscopy at 
9 years old and a head CT scan at 4 years old were read as 
normal.

The family first noted concerns about delayed develop-
ment of the patient at approximately 17 months old. She 
took her first steps at 2 years old and walked at 4 years old. 
The patient has a history of clinically diagnosed apraxia and 
global developmental delay. She also has a history of cyclic 
vomiting, gastroesophageal reflux disease (GERD), exces-
sive drooling (with Botox injection), and early choking/gag-
ging, which were associated with a failure to thrive. Notably, 
after normal birth weights, she has been less than 5th per-
centile (z score < − 1.5) for height and weight throughout 

development. The patient’s mother and father are of normal 
stature. The patient had negative celiac serology.

On general exam, the patient was noted to have a 
head circumference of 51.5 cm (1st percentile for age; z 
score = − 2.4). Other than hypersalivation, the remainder 
of the general exam was normal. On neurological exam, 
the patient was alert and oriented to name and place. She 
could follow one-step directions, with some difficulty stay-
ing focused, and she did not follow directions that involve 
crossing the midline. Her cranial nerves were intact except 
for significant dysarthria. Her pupils were equal, visual fields 
full, extra-ocular movements intact, face symmetric, sensa-
tion intact, tongue midline, and her palate elevated sym-
metrically. Sternocleidomastoid/trapezius muscles appeared 
to be full strength. Her motor exam showed normal bulk, no 

Fig. 1   Pedigrees and segregation of GPT2 mutations in the current 
study. a–d Pedigrees and corresponding sequence chromatograms 
for the compound heterozygous GPT2 mutations identified in Pedi-
gree 1 (a, b) and homozygous mutation identified in Pedigree 2 (c, 
d). e, f Pedigrees of GPT2 mutations identified in a Pakistani cohort 

of individuals with autosomal recessive intellectual disability. Note, 
some pedigrees do not show all siblings to aid in maintaining ano-
nymity of the patient and family. Positions of mutations are according 
to transcripts NM_133443.3 (a–e) and NM_133443.2 (f) and protein 
NP_597700.1
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atrophy, no tremor, and full and symmetric strength in arms 
and legs. Tone was increased in legs. Her sensory exam was 
normal to light touch and vibration. Coordination was mildly 
impaired. Finger–nose–finger was mildly ataxic bilaterally, 
and she had slight clumsiness of her fine finger movements; 
however, rapid alternating movements were intact. Her 
reflexes were symmetric in biceps, triceps, brachioradialis, 
patellar, and Achilles tendons. These were brisk without 
evidence of clonus and spreading. Her gait was wide-based, 
with mild scissoring and turned-in knees, showing evidence 
of spasticity. Her Romberg test was negative.

On neuropsychological examination, intellectual test-
ing (Wechsler Intelligence Scale for Children, Fifth Edi-
tion [WISC-V]) indicated moderately impaired overall IQ 
(FSIQ = 41). Receptive vocabulary (Receptive One-Word 
Picture Vocabulary Test, Fourth Edition [ROWPVT-4]) 
was mildly impaired (standard score = 65) and expressive 
vocabulary (Expressive One-Word Picture Vocabulary Test, 
Fourth Edition [EOWPVT-4]) was moderately impaired 
(standard score < 55). Overall adaptive functioning (Vine-
land Adaptive Behavior Scales, Second Edition [VABS-II]) 
was mildly impaired (standard score = 56).

Pedigree 1: patient 1.2 (male)

This patient is a 13-year-old Caucasian male and a full 
brother of Patient 1.1. He harbored the same compound 
heterozygous mutations as his sister: c.812A>C (p.N271T)/
c.1432_1433delGT (p.V478Rfs*73) (Fig. 1a, b). Pregnancy 
was full-term and unremarkable. His birth weight was at the 
59th percentile (z score = 0.3).

The patient experienced his first seizure at 9 years old. He 
continues to experience seizures, primarily complex general-
ized seizures, particularly in 4–5-day clusters. His seizures 
are described as two distinct types. One type involves unre-
sponsiveness, wandering, clicking sound with his tongue, 
backward head extension, eyebrow twitching, and “throaty” 
voice; while, the other type involves whole-body shaking, 
followed by entire body stiffening and falling to the ground. 
Both types are accompanied by a post-ictal state of approxi-
mately 20 min. Seizures persist despite current prescription 
of lamotrigine and cannabidiol oil (prior lorazepam and 
topiramate). EEG at 9 years old was read as abnormal due 
to rare epileptiform discharges from right centrotemporal 
region during awake state and intermittent epileptiform dis-
charges from right centrotemporal region during sleep. Sub-
sequent EEGs, at 10 years old, were read as normal. Brain 
MRI at 9 years old was only notable for bilateral prominent 
perivascular spaces at centrum semiovale.

The family first noted concerns about development of 
the patient at an age of 9–12 months. He was standing by 
14 months and walked at 2 years old. The patient has a his-
tory of speech apraxia, excessive drooling, GERD, and y 
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frequent vomiting (up to 2–3 times per day). He has some 
history of aggressive or dysregulated behaviors. His height 
and weight at clinical appointments have consistently been 
less than 1st percentile (z score < − 2.5) for age. A clini-
cal bone age evaluation completed when the patient was 
6.5 years old indicated a bone age of 3.5−4 years old.

On physical examination, the patient’s head circumfer-
ence was 50.5 cm (1st percentile; z score ≤ − 2.5) at the time 
of the examination. He also had evidence of hypersalivation, 
but remainder of the general exam was otherwise normal. 
This patient had medical evaluation for short stature, with 
evidence of delayed bone age as indicated above. He had 
normal thyroid function test results and IGF-1 levels that 
were slightly below the lower limit of the reference range 
for pubertal stage (Tanner Stage 1).

On neurological examination, the patient was alert and 
oriented to name and date. He knew that he was in the hos-
pital. The patient was noted as not being cooperative with 
examination, but able to understand questions (e.g., “What 
would you like to eat?”) and answer appropriately (e.g., 
“Cheeseburger”). Cranial nerve exam was largely normal 
except for significant dysarthria. Pupils were equal, visual 
fields full, extra-ocular movements intact, face symmetric, 
and his tongue protruded in the midline. The patient had 
full strength in the upper and lower extremities by motor 
exam. However, his tone was increased in legs. His sensa-
tion was normal to light touch and vibration. His coordina-
tion appeared largely normal without evidence of ataxia. 
He had brisk reflexes throughout, but in his ankles, he also 
demonstrated 4–5 beats of clonus bilaterally. In contrast to 
his sister, the patient had a normal-based gait. However, he 
had the tendency to walk on his toes with inward rotation 
of his knees.

Upon neuropsychological examination, intellectual 
testing (WISC-V) indicated moderately impaired overall 
IQ (FSIQ = 40). Receptive (ROWPVT-4) and expressive 
(EOWPVT-4) vocabulary were moderately impaired (stand-
ard score < 55). Overall adaptive functioning (VABS-II) was 
moderately impaired (standard score = 50).

Pedigree 2: patient 2.1 (male)

Patient 2.1 presented at 15 years of age to neurology for 
a developmental evaluation to determine the etiology of 
his delays (17 years old at current report). Chromosomal 
microarray analysis and Fragile X testing were negative. A 
commercial gene panel for IDD/autism revealed a homozy-
gous GPT2 variant of unknown significance, c.775T>C 
(p.C259R) (Fig. 1c, d). This variant was found to cause loss 
of enzyme activity (see below).

The patient was born at term after an unremarkable fra-
ternal twin pregnancy. His weight at birth was at the 2nd 
percentile (z score = − 2.0). The patient crawled at 1 year, 

walked at 13–14 months, talked at 2 years, and was toilet 
trained by 3.5 years. He was diagnosed with intellectual 
disability at 4 years old. A prior head CT scan was read 
as normal. At age 15, it was noted that the patient needed 
assistance with bathing and dressing, and he had issues with 
nocturnal enuresis. He attended school, which focused on 
activities of daily living. Ongoing challenges with adaptive 
functioning have persisted into adolescence (e.g., nocturnal 
enuresis, assistance with bathing and dressing), and his edu-
cation focuses on developing independence.

On examination, the patient was microcephalic (< 1st 
percentile; z score < − 2.5), and his height and weight were 
at the 21st (z score = − 0.75) and 10th (z score = − 1.25) 
percentiles, respectively. General physical examination was 
otherwise unremarkable. Neurological examination revealed 
that the patient was easily distracted, with limited expres-
sive language. He could not identify colors, shapes, letters, 
or numbers. Cranial nerves were all intact. He had normal 
strength and tone. He had a shuffling gait.

Pedigrees 3 and 4

One hundred and seventy-six families from Pakistan (plus 16 
from Iran) with cousin marriage and IDD were prospectively 
recruited (author JBV) (Harripaul et al. 2018). Of the 176 
Pakistani families, 3 of the families harbored homozygous, 
putative mutations in GPT2. Notably, this would reflect 
an approximately 1.7% frequency of GPT2 disease in this 
population. However, we were not able to establish func-
tional evidence for the variant in family 5, i.e., c.238C>G 
(p.Q80E); thus, at present, this variant reflects a variant of 
unknown significance.

Pedigree 3: patient 3.1 (male)

For Pedigree 3, the parents come from a rural community 
and are first cousins. Their oldest daughter is married to 
one of her cousins and has two unaffected children. Based 
on linkage analysis and whole-exome sequencing analysis, 
the three other siblings in this pedigree were found to be 
homozygous for the GPT2 variant c.1210C>T (p.R404*) 
(Fig. 1e) (Harripaul et al. 2018). Notably, this is the same 
mutation as was found by Ouyang et al. (2016) in a distinct 
family, also from Pakistan but from a geographically distinct 
region.

Patient 3.1 is a 17-year-old male. He was born after full-
term pregnancy and with normal delivery. His milestones 
were delayed. He started walking at 3 years of age. He had a 
fall when he was 4 years old, which resulted in further dete-
rioration in walking. He can recognize his family members 
and people who mostly visit his house. He can eat and clean 
himself without any help. He does not use any words but 
communicates with gestures. His motor examination was 
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normal apart from hyperreflexia bilaterally. His coordination 
is significantly impaired. His oral-motor skills are severely 
impaired. At examination, head circumference was at < 1st 
percentile at 48.3 cm (z score = − 4.6), height was at 1st 
percentile at 154.9 cm (z score = − 2.4), and weight was at 
8th percentile at 51 kg (z score = − 1.4).

Pedigree 3: patient 3.2 (female)

Patient 3.2 is a 14-year-old female. Birth of the patient was 
reportedly normal, although delayed milestones were noted 
early in development. She started walking at the age of 
4 years with no further deterioration in walking. Her motor 
coordination is poor. She can perform routine and repetitive 
activities without any help. She has trouble in remembering 
the names of her family members. She feels uneasy and upset 
if anyone visits her house; however, she can recognize her 
family members and relatives. She can count up to ten. She 
has no history of epilepsy. Her most recent physical exam 
identified head circumference, height, and weight at < 1st 
(43.2 cm; z score = − 9.6), < 1st (119.4 cm; z score = − 6.2), 
and the 1st (34 kg; z score = − 2.3) percentiles, respectively.

Pedigree 3: patient 3.3 (female)

Patient 3.3 is a 10-year-old female. Delivery of the patient 
was reportedly normal, although delayed milestones were 
noted early in development. She started walking at the age of 
6 years with no further deterioration in walking. She experi-
ences intermittent rigidity and irritability. She insists to eat 
the same meal every day and becomes very angry if served 
something different. She can recognize her family members 
and people who mostly visit her house. She can eat and clean 
herself without any help. She can count up to twenty. Her 
most recent physical exam identified head circumference, 
height, and weight at < 1st (40.6 cm; z score = − 9.1), < 1st 
(106.7 cm; z score = − 4.8), and 2nd (23 kg; z score = − 2.1) 
percentiles, respectively. Her sensory and motor examina-
tion was normal apart from hyperreflexia bilaterally. Her 
coordination is significantly impaired.

Pedigree 4

For Pedigree 4, the parents are also cousins. Four siblings 
(one deceased) were found to be homozygous for the GPT2 
variant c.1035C>T (p.G345=) (Fig. 1f), which reflects a 
likely splicing mutation (see below). Two unaffected sib-
lings also exist in this pedigree, one of which was con-
firmed to be heterozygous for the variant and the other for 
which information concerning the presence or absence of 
the variant was unavailable. Unfortunately, very limited 
clinical information is available from this pedigree based 
on examination from neurological and medical specialists. 

All affected patients were definitively diagnosed with intel-
lectual disabilities in the mild to moderate range. Two of the 
three living patients, a female age 40 years and a male age 
36 years, were described as having a jerky gait and compact 
size. Limited information is available on the third affected 
sibling, a 32-year-old female at time of examination, beyond 
the clear diagnosis of intellectual disability.

Functional and structural characterization 
of putative GPT2 mutants

The functional impact of the newly discovered mutations 
on GPT2 protein stability, enzymatic function (Fig.  2), 
and subcellular localization (Fig. 3) was tested. To do so, 
vectors encoding for V5-tagged versions of the C259R, 
V478Rfs*73, N271T, and Q80E GPT2 mutants were gen-
erated, which were then used to transfect HeLa cells for the 
functional studies described below.

Protein stability of GPT2 coding variants

The molecular weight of V5-tagged wild-type hGPT2 and 
of the V5-tagged C259R, N271T, and Q80E GPT2 mutants 
is 57.9  kDa. The molecular weight of the V5-tagged 
V478Rfs*73 GPT2 mutant, however, is 65.7 kDa. This 
is due to a 2-bp deletion (GT) and subsequent frameshift, 
which leads to read through of the original stop codon and 
extension of the C-terminus of GPT2 by 26 amino acids. 
Western blotting with an anti-V5 antibody detected dou-
ble bands in the 58-66 kDa range for wild-type and mutant 
hGPT2, suggesting similar post-translational modification of 
all proteins (Fig. 2a). However, other than the Q80E GPT2 
mutant, the mutant proteins showed reduced expression 
levels, which is potentially suggestive of protein instability 
(Fig. 2a).

Enzymatic activity of GPT2 coding variants

Transaminase enzymatic activity of wild-type and 
mutant hGPT2 was tested by ALT assay (see “Materi-
als and methods”). To do so, total protein was extracted 
from transfected HeLa cells, and lysates of equal protein 
amounts for each population of transfected cells were 
used for assaying enzymatic activity. In the cell lines 
expressing either the C259R, V478Rfs*73, or N271T 
GPT2 mutant, enzymatic activity was substantially 
diminished such that it was comparable to cells trans-
fected with empty vector (Fig. 2b, c). By contrast, the 
Q80E GPT2 mutant showed GPT2 enzymatic activity 
comparable to wild-type hGPT2 (Fig. 2b, c).



1192	 Human Genetics (2019) 138:1183–1200

1 3

Mitochondrial localization of GPT2 coding variants

The N-terminus of GPT2 contains a strong mitochondrial 
localization peptide sequence. Based on PSORT II predic-
tions, none of the four mutant proteins appears to interfere 

with the peptide sequence predicted to mediate mitochon-
drial localization. Mitochondrial localization was tested 
directly by way of immunocytochemistry on transfected 
HeLa cells followed by imaging using SIM; mitochondrial 
localization of wild-type vs. mutant hGPT2-V5His was also 
quantified using images similar to those shown (Fig. 3). The 
mitochondrial marker MitoTracker Red showed a high level 
of co-staining with exogenously expressed wild-type hGPT2 
(Fig. 3a), as well as with the Q80E hGPT2 mutant (Fig. 3e). 
When quantified as a percent of total hGPT2 staining, as 
indicated by V5 staining, 72.2% ± 2.8% and 67.6% ± 1.0% 
of wild-type and Q80E hGPT2, respectively, co-stained 
with MitoTracker Red (Fig. 3f). When quantified as a per-
cent of total MitoTracker Red staining, 85.0% ± 1.7% and 
81.1% ± 1.1% of MitoTracker Red co-stained with wild-
type and Q80E hGPT2, respectively (Fig. 3g). By compari-
son, cells expressing any of the hGPT2 mutants C259R, 
V478Rfs*73, or N271T showed statistically significant 
reductions in levels of hGPT2 staining in mitochondria rela-
tive to wild-type hGPT2 (Fig. 3b–d). That is, the percent 
of hGPT2 that localized to mitochondria was reduced, as 
was the percent of mitochondrial area containing hGPT2 
(Fig. 3f, g). When quantified as a percent of total hGPT2 
staining, co-staining with MitoTracker Red was as follows: 
62.0% ± 2.3%, p = 0.02 for C259R; 55.8% ± 3.3%, p = 0.001 
for V478Rfs*73; and 46.5% ± 4.6%, p = 0.0001 for N271T 
(Fig. 3f). When quantified as a percent of total MitoTracker 
Red staining, co-staining with hGPT2 was as follows: 
35.0% ± 1.7%, p = 1.03 × 10-12 for C259R; 28.5% ± 3.4%, 
p = 4.79 x 10−12 for V478Rfs*73; and 23.3% ± 4.1%, p = 1.15 
× 10−11 for N271T (Fig. 3g). These results indicate that the 
C259R, V478Rfs*73, and N271T mutations cause a pro-
found reduction in the localization of GPT2 to mitochondria, 
in addition to loss of enzymatic activity. Thus, the C259R, 
V478Rfs*73, and N271T mutations in GPT2 are associated 
with reductions in protein levels and loss of enzymatic activ-
ity, whereas the Q80E missense change appears to be benign 
at the protein level, with little effect on protein stability, 
localization, and enzymatic activity.

Structural analysis of two deleterious GPT2 missense 
mutants, C259R and N271T

Structural analysis based on computational modeling was 
next performed to aid in understanding the structural basis 
by which the C259R and N271T GPT2 mutants might confer 
loss of enzymatic activity. Notably, N271 is a binding site 
for PLP, the coenzyme pyridoxal 5′-phosphate. C259 is in 
the homologous region for both the PLP binding site and 
the homodimer interface, but it is not a catalytic residue 
in either interaction (Fig. 4a). For the structural analysis 
studies, the software PyRosetta was used. PyRosetta is a 
Python interface for the Rosetta software suite that allows 

Fig. 2   Exogenous expression and transaminase enzymatic activ-
ity of GPT2 mutants. a Western blot results of lysates from HeLa 
cells transfected to express C-terminal V5-His-tagged human GPT2 
(hGPT2-V5His) or one of the GPT2 mutants P272L (previously iden-
tified loss-of-function mutation), C259R, V478Rfs*73, N271T, or 
Q80E. Lysates from cells transfected with empty vector were used 
as a control. Blots were probed with an anti-V5 antibody to detect 
exogenously expressed hGPT2 protein; blotting for tubulin served as 
a loading control. b, c Results of measurement of transaminase enzy-
matic activity of wild-type hGPT2 and hGPT2 mutants using lysates 
from HeLa cells as described in a. Shown are a time course of hGPT 
enzymatic activity over a 60-min incubation period with substrate (b) 
and hGPT enzymatic activity measured in cell lysates after incubat-
ing with substrate for 30  min (c). n = 3 (V478Rfs*73, N271T, and 
Q80E), n = 6 (hGPT2, C259R, and vector control). Data are presented 
as means ± SEMs. ***p < 0.001
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for the computational modeling and analysis of protein 
structures using a statistical energy function and a nuanced 
Bayes network (Chaudhury et al. 2010) (see “Materials and 
methods”).

The measurement of REU (Rosetta Energy Units) is a 
function of many aspects of a protein’s structure. It is a 
strong indicator of structure stability and “native-ness” of 
conformation, although REU is not thermodynamically 
translatable to energy. In plotting REU, wild-type GPT2 
and the N271T GPT2 mutant were found to have similar 
lowest-energy scores (− 817.25 REU and − 822.12 REU, 
respectively); whereas, the C259R GPT2 mutant had a 
lowest-energy score of − 670.03 REU (Fig. 4b). This large 
increase in REU supports that the C259R GPT2 mutant is 
less stable than wild-type GPT2.

Modeling of the GPT2 protein shows that residue C259 
is located in a loop region on the exterior of GPT2, between 
multiple alpha helices and beta sheets (Berman et al. 2000) 
(Fig. 4c). Replacing cysteine with the larger, charged argi-
nine could lead to both steric and electrostatic clashes with 
the surrounding residues. The C259R mutant might also 
favor an alternate folding conformation that provides a basis 
for decreases in protein stability and enzymatic activity.

PLP is a coenzyme involved in transamination reac-
tions, and it binds to GPT2 (Rebhan et al. 1997). Based 
on the Conserved Domain Database, N271 is a very con-
served PLP binding site (Fig. 4a). Also, homology analysis 
revealed that this residue is highly conserved across spe-
cies (data not shown). N271 is located in a loop structure 
near the center of the protein, and the importance of this 
residue to GPT2 function is supported by ligand docking 
simulations (Fig. 4di–iii). The docking simulations to both 
wild-type GPT2 and the N271T GPT2 mutant resulted in 
lowest-energy complexes with PLP in the same location and 
orientation as observed in crystal structure (data not shown). 
However, the substitution of threonine for asparagine elimi-
nates a hydrogen bond between threonine and the docked 
PLP, which could decrease the binding affinity (Fig. 4di, ii). 
Indeed, the binding energy score for wild-type GPT2 vs. the 
N271T mutant increases from − 13.712 REU to − 13.051 
REU (Table 2). A similar effect is not observed for the 
C259R mutant, which is not predicted to affect PLP binding.

Evaluation of putative splicing mutations by exon 
trapping

The putative GPT2 mutation in Pedigree 4, c.1035C>T 
(p.G345=), is a synonymous mutation. Nonetheless, given 
strong linkage data to chromosome 16q11.2 specifically at 
the GPT2 locus and the proximity of the mutation to an 
exon–intron boundary, we further evaluated this mutation 
for potential effects on splicing. Importantly, we discerned 
that the C-to-T change would introduce a strong splice donor 

site 4 bp upstream of the reference splice donor at the end of 
exon 8. If this mutant splice donor were to engage the splice 
acceptor on exon 9, then we would predict a 4-bp deletion 
and subsequent frameshift, resulting in a nonsense mutation.

To test for effects on splicing, an exon trapping assay 
was performed using the exon trapping vector pET01 and 
by cloning the mutant and reference exon 8 into the multiple 
cloning site (Fig. 5a) (see also “Materials and methods”). 
Wild-type, mutant, and control (empty pET01) vectors were 
then separately transfected into HEK293T cells. Following 
extraction of RNA from transfected cells, RT-PCR were per-
formed using primers complementary to the pET01 exons 
bordering the multiple cloning site, and PCR amplicons 
were separated by electrophoresis on an agarose gel (Fig. 5b) 
and analyzed by Sanger DNA sequencing (Fig. 5c). As pre-
dicted, the C-to-T change in exon 8 led to a 4-bp deletion in 
comparing the wild-type vs. mutant splicing reaction. These 
data thereby provide strong support that the c.1035C>T 
(p.G345=) GPT2 mutation is a loss-of-function mutation.

The GPT2 missense variant identified in family 5, 
c.238C>G (p.Q80E), was also tested using the exon trap-
ping assay. Here, splice-site algorithms (http://www.fruit​fly.
org/seq_tools​/splic​e.html) predicted a reduction in efficiency 
of the splice donor at the exon 1/intron 1 boundary, with a 
reduction in score from 0.78 to 0.58. No change in splice-site 
usage was observed, however, using the exon trapping assay 
(data not shown). Whether more subtle effects on splicing 
might actually occur in vivo is at present unclear, and this 
possibility cannot be excluded.

Frequency of GPT2 variants in a population‑based 
sample without intellectual disability

The estimate of GPT2 mutations in the Pakistani cohort 
was approximately 2 of 176, or 1.1% of autosomal reces-
sive intellectual disability. We set out to estimate the popu-
lation prevalence of heterozygous GPT2 mutations in a 
control dataset, that is, the frequency of the carrier state. 
To this end, the ExAC database, a cohort of approximately 
70,000 people, presumably without developmental disabil-
ity and largely from Northern European geographic ances-
try, was utilized (Lek et al. 2016). At the time of access, 
ExAC reported 467 different variants in GPT2, with each 
variant annotated for effect on protein sequence and over-
all frequency in the population. Using the protein sequence 
effect annotation, together with effects predicted by Poly-
Phen-2 and SIFT, variants were sorted into three catego-
ries: benign, moderate, and severe (Fig. 6). The total variant 
allele frequency for each of the three categories was calcu-
lated by summing the adjusted frequencies of the individual 
variant alleles within each category. The population carrier 
frequency (i.e., heterozygous frequency) and the predicted 
affected frequency (i.e., homozygous frequency) for each 

http://www.fruitfly.org/seq_tools/splice.html
http://www.fruitfly.org/seq_tools/splice.html
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category were then calculated, assuming Hardy–Weinberg 
equilibrium and a recessive mode of inheritance (Fig. 6) (see 
also “Materials and methods”).

Carrier frequency for severe GPT2 mutations is estimated 
at approximately 1 in 3991 individuals and for moderate 

mutations at 1 in 264 individuals. Thereby, the carrier fre-
quency of severe or moderate mutations is approximately 1 
in 248 individuals, which leads to a prevalence estimate of 
1 in 246,016 people with homozygous or compound hete-
rozygous mutations. Interestingly, the c.1210C>T (p.R404*) 
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variant has thus far been reported as homozygous in two 
distinct pedigrees with IDD, both in Pakistan (Harripaul 
et al. 2018; Ouyang et al. 2016). This highly deleterious 
variant was found in heterozygosity in the ExAC database 
in four different individuals. Three of four individuals were 
of South Asian descent, and the remaining individual was 
of non-Finnish, European descent. These data suggest that 
this variant may occur at a relatively higher than expected 
frequency in the South Asian population.

Discussion

We present new pedigrees for individuals with IDD with 
mutations in GPT2: novel compound heterozygous mutations 
in two siblings, c.812A>C (p.N271T)/c.1432_1433delGT 
(p.V478Rfs*73); two novel homozygous mutations, 
c.775T>C (p.C259R) and c.1035C>T (p.G345=); and a 
recurrent mutation identified in a new family, c.1210C>T 
(p.R404*). These mutations reflect two new missense muta-
tions and a novel synonymous mutation with effects on splic-
ing. The clinical phenotype of these patients is characterized 
by IDD and motor delays/abnormalities, consistent with the 
previously documented GPT2 mutation phenotype, includ-
ing spastic paraplegia in some patients (Celis et al. 2015; 
Hengel et al. 2018; Kaymakcalan et al. 2018; Lobo-Prada 
et al. 2017; Ouyang et al. 2016). However, there are several 
important new findings that extend the phenotype and also 
provide additional data regarding the frequency of prior 
observations. We also demonstrate the functional impact of 
the newly identified GPT2 mutations using a transaminase 
enzymatic activity assay, immunocytochemistry and super-
resolution microscopy (SIM), and structural modeling.

One of the most striking features is the small stature 
of the majority of patients. For example, for the two sib-
ling patients with the compound heterozygous mutations 
documented height and weight was less than 5th percentile 
throughout development for the female, and less than the 1st 

percentile for the male (within the context of parents of typi-
cal height and weight). The small stature was documented 
over a decade of their lives and into adolescence. Addition-
ally, the three patients in Pedigree 3 had small stature, at the 
1st percentile or less. In retrospect, all three of the patients 
reported by Celis et al. (2015) were noted to have small 
stature (i.e., height and/or weight that was < 5th percentile) 
during at least one time point in development. However, 
small stature was only noted in one of the patients by the 
most recent exam in that prior report.

Small stature has not been previously described as a core 
component of the GPT2 phenotype; however, susceptibil-
ity to small stature is highly plausible given the biological 
function of the enzyme in anaplerosis. First, there are several 
studies recently that have implicated GPT2 in cancer cell 
proliferation and growth (Cao et al. 2017; Feng et al. 2016; 
Hao et al. 2016; Itkonen et al. 2016; Kim et al. 2019; Smith 
et al. 2016; Xu et al. 2016). Smith et al. (2016) highlight 
the importance of GPT2’s role in coupling the Warburg 
effect to glutamine catabolism toward tumorigenesis. Hao 
et al. (2016) have shown that oncogenic PIK3CA mutations 
upregulate GPT2 levels in colorectal cancer, suggesting 
GPT2-mediated glutamine dependency in cancer progres-
sion. The feature of small stature noted in our study, paired 
with at least one patient reported by Celis et al. (2015), sug-
gests that small stature may manifest as a component of the 
GPT2 mutation phenotype.

Notably, in the absence of small stature, the vast majority 
of patients have prominent postnatal microcephaly, which 
is an attenuation of brain growth in the postnatal period. 
This phenotype perhaps reflects an increased susceptibility 
of the brain to limitations in tissue growth and development. 
The biological underpinnings of this brain growth remain 
to be defined in mechanistic detail; however, it is plausible 
to hypothesize a role for GPT2 in growth of cell size. The 
siblings in our study here with the compound heterozygous 
mutations (Pedigree 1) were also noted as experiencing 
challenges with vomiting, which raises the possibility that 
nutrition could in part contribute to the phenotype of small 
stature. Nonetheless, given known metabolic functions of 
GPT2 in anaplerosis, and thereby cell growth, it is important 
for clinicians to consider the possibility of decreased growth 
and stature in patients with GPT2 mutations.

In patients presented to date, intellectual disability in 
patients with GPT2 mutations has been noted as “severe” in 
status in at least 81% of patients (Hengel et al. 2018). Two 
of the currently reported patients (again in Pedigree 1) were 
diagnosed as having moderate intellectual disability status, 
based on formally assessed overall intelligence (standard 
scores = 40 and 41) and adaptive functioning (standard 
scores = 50 and 56). Expressive and receptive language skills 
were similarly impaired, and these two children (aged 13 
and 15 years) were estimated to be functioning at a level 

Fig. 3   Subcellular localization of GPT2 mutants in cultured cells. 
a–e Structured illumination microscopy (SIM) images of HeLa 
cells exogenously expressing C-terminal V5-His-tagged human 
GPT2 (hGPT2-V5His) (a) or one of the hGPT2 mutants C259R (b), 
V478Rfs*73 (c), N271T (d), or Q80E (e) and immunostained with 
an anti-V5 antibody to detect hGPT2 (green). Prior to fixation, cells 
were incubated with MitoTracker Red to label mitochondria (red). 
Nuclei were labeled with Hoechst dye (blue). Boxed areas are mag-
nified on the right. All images were acquired using the same imag-
ing parameters. Scale bar 5  µm. f, g Quantification of the percent 
co-localization of exogenously expressed wild-type or mutant hGPT2 
with MitoTracker Red based on images similar to those shown in 
a–e. Co-localization was calculated as a percent of total hGPT2 
stained area, as indicated by V5 staining (f), and as a percent of 
total MitoTracker Red stained area (g). n = 11 (hGPT2-V5His), n = 7 
(C259R), n = 9 (V478Rfs*73), n = 9 (N271T), n = 13 (Q80E). Data 
are presented as means ± SEMs. *p ≤ 0.05, ***p ≤ 0.001

◂
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comparable to a typically developing 1- to 6-year-old child. 
These findings reiterate that intellectual disability is a uni-
versal component of the phenotype, although there may be 
some degree of variability in the overall severity.

With regard to the neurological phenotype, motor abnor-
malities, particularly spastic paraplegia, are described as a 
core characteristic of the phenotype (Hengel et al. 2018; 
Ouyang et al. 2016). A majority of patients for whom we 
had reliable motor exam results showed symptoms con-
sistent with spastic paraplegia, including lower extremity 

spasticity, hyperreflexia, abnormal gait, or motor apraxia. 
Approximately 38% of prior patients with GPT2 mutations 
have a history of seizures (Hengel et al. 2018), with a his-
tory of epilepsy documented in at least two of the patients 
reported here.

While the frequency of mutation carriers in the ExAC 
database is reflective of a rare status, the frequency in the 
Pakistani autosomal recessive intellectual disability con-
venience sample was determined to be surprisingly high. 
Namely, for the Pakistani cohort, approximately 1.1% of 

Fig. 4   Structural analysis of two deleterious GPT2 variants. a Bar 
diagram of the GPT2 protein, with mutations newly characterized 
in the current study indicated in magenta. Black arrows point to the 
transaminase catalytic residue, residues involved in binding of the 
coenzyme pyridoxal 5′-phosphate (PLP), and residues at the homodi-
mer interface. b Stability analysis of wild-type (WT) GPT2 (blue) 
and the two GPT2 mutants C259R (orange) and N271T (gray), as 
reflected by Rosetta Energy Units (REU). REU is correlated with 
energy, which is an indicator of how stable the structure is (lower 

REU score = higher structure stability). c Visualization of the C259R 
GPT2 mutant. Wild-type GPT2 is shown in cyan, with C259 in green; 
mutant GPT2 is shown in magenta, with R259 in orange. di–iii Vis-
ualization of the N271T GPT2 mutant and PLP binding. Wild-type 
GPT2 is shown in blue, with N271 in green (i, iii); mutant GPT2 is 
shown in magenta, with T271 in cyan (ii, iii); PLP is shown in yellow 
(i–iii). A hydrogen bond between PLP and N271 is present in wild-
type GPT2 (i dashed yellow line), but is lacking in the N271T mutant 
(ii)



1197Human Genetics (2019) 138:1183–1200	

1 3

intellectual disabilities were secondary to autosomal reces-
sive GPT2 mutations. However, it is also conceivable that 
our estimate reflects an underestimate in this given conveni-
ence sample, as GPT2 was sequenced only in those pedi-
grees that mapped to the chromosome 16 locus. There were 
other pedigrees in the cohort that were not sufficiently pow-
ered to reveal a locus and were not sequenced. Additionally, 
one pedigree with GPT2 mutation reported by Ouyang et al. 
(2016) was from Pakistan. Based on the available estimates, 
a frequency of 1.1% is high. Extrapolating from X-linked 
intellectual disability (XLID) wherein 88 of approximately 
800 genes may cause XLID, one arrives at approximately 
10% of genes as being causal. With regard to autosomal 
recessive intellectual disability, we might estimate nearly 
2000 genes. An estimate of 500–1000 genes would sug-
gest that the frequency of 1.1% is 5–10 times expected. Of 
course, we have to interpret this finding with caution given 
the small sample size of the cohort. Such a study needs to 
be studied in a robustly powered replication cohort with the 
same geographic ancestry.

Table 2   Interface energies of wild-type and mutant GPT2

Interface energy is defined as the contribution of the ligand and any 
surrounding residues to the overall energy score. Shown are the inter-
face energy scores for the ten lowest-scoring conformations for wild-
type GPT2 and two GPT2 mutants included in this study, C259R and 
N271T

Wild-type C259R N271T

− 13.712 − 14.109 − 13.051
− 12.819 − 13.904 − 12.797
− 12.596 − 13.64 − 12.796
− 12.457 − 12.916 − 12.637
− 12.123 − 12.905 − 12.384
− 12.101 − 12.888 − 12.207
− 12.002 − 12.711 − 12.09
− 11.694 − 12.486 − 12.045
− 11.551 − 12.337 − 12.021
− 11.488 − 12.21 − 11.962
− 11.457 − 12.158 − 11.533

Fig. 5   The GPT2 synonymous mutation c.1035C>T (p.G345 =) 
results in aberrant use of a donor splice site. a Generation of an exon 
trapping vector for testing of the effects of the c.1035C>T (p.G345 =) 
mutation on splicing. Exon 8 of the human wild-type GPT2 gene, as 
well as portions of the flanking introns (141 bp of intron 7 and 290 bp 
of intron 8), was ligated into the multiple cloning site (MCS) of the 
pET01 vector (mutated base in red). Site-directed mutagenesis was 
performed to generate a pET01-GPT2 vector with the c.1035C>T 
mutation in exon 8. Wild-type (WT) and mutant (Mut) vectors were 

confirmed by Sanger DNA sequencing (bottom chromatograms). 
The mutated base is underlined. b, c Results of exon trapping assays. 
RT-PCR was performed with cDNA generated from HEK293T cells 
transfected with either the wild-type (WT), mutant (Mut), or control 
(empty pET01) vector. Amplicons were separated by agarose gel 
electrophoresis (b) and analyzed by Sanger DNA sequencing (c). The 
c.1035C>T mutation in exon 8 results in a 4-bp deletion due to crea-
tion of a new splice donor site (compare bottom two chromatograms)
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In summary, GPT2-related autosomal recessive intel-
lectual disability represents an important new neurogenetic 
syndrome involving developmental as well as progressive 
features, notably motor disabilities. We present evidence to 
extend the phenotype to potentially involving susceptibility 
to small stature, which is plausible given the metabolic func-
tion of GPT2. Additionally, we present population preva-
lence estimates reflecting populations from largely Northern 
European ancestry, as well as from Pakistan. In the Pakistani 
cohort, the prevalence of GPT2 mutations makes this new 
syndrome among the most common causes of autosomal 
recessive intellectual disability.
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