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A B S T R A C T

GM2-gangliosidosis, AB variant is an extremely rare autosomal recessive inherited disorder caused by mutations
in the GM2A gene that encodes GM2 ganglioside activator protein (GM2AP). GM2AP is necessary for
solubilisation of GM2 ganglioside in endolysosomes and its presentation to β-hexosaminidase A. Conversely
GM2AP deficiency impairs lysosomal catabolism of GM2 ganglioside, leading to its storage in cells and tissues.
We describe a 9-year-old child with an unusual juvenile clinical onset of GM2-gangliosidosis AB. At the age of
3 years he presented with global developmental delay, progressive epilepsy, intellectual disability, axial
hypertonia, spasticity, seizures and ataxia, but without the macular cherry-red spots typical for GM2 gang-
liosidosis. Brain MRI detected a rapid onset of diffuse atrophy, whereas whole exome sequencing showed that
the patient is a compound heterozygote for two mutations in GM2A: a novel nonsense mutation, c.259G > T
(p.E87X) and a missense mutation c.164C > T (p.P55L) that was recently identified in homozygosity in patients
of a Saudi family with a progressive chorea-dementia syndrome. Western blot analysis showed an absence of
GM2AP in cultured fibroblasts from the patient, suggesting that both mutations interfere with the synthesis and/
or folding of the protein. Finally, impaired catabolism of GM2 ganglioside in the patient's fibroblasts was
demonstrated by metabolic labeling with fluorescently labeled GM1 ganglioside and by immunohistochemistry
with anti-GM2 and anti-GM3 antibodies. Our observation expands the molecular and clinical spectrum of
molecular defects linked to GM2-gangliosidosis and suggests novel diagnostic approach by whole exome
sequencing and perhaps ganglioside analysis in cultured patient's cells.

1. Introduction

GM2-gangliosidosis, AB variant (MIM#272750) is an autosomal
recessive disorder of lysosomal ganglioside catabolism caused by
mutations in the GM2A gene (reviewed in [1]). GM2A encodes the
GM2 ganglioside activator protein (GM2AP, MIM #613109). A small
(~25 kDa) amphiphilic protein GM2AP facilitates hydrolysis of GM2

ganglioside at the surfaces of the intra-endosomal membranes (IMs)
generated during endocytosis [2,3]. At the acidic pH of the endosome,
GM2AP is protonated and binds to IMs rich in the anionic lipid, bis
(monoacylglycero)phosphate [4,5]. Once bound to the IM surface,
GM2AP forms a specific 1:1 complex with GM2 ganglioside, extracts a
ganglioside molecule from the membrane and presents it to β-hexosa-

minidase A (HexA) for the hydrolytic cleavage of β-N-acetylglucosa-
mine residue from the glycan chain, producing GM3 ganglioside for
further conversion into lactosylceramide by the ganglioside neurami-
nidases Neu3 and Neu4 [6].

All previously described patients with GM2-gangliosidosis AB pre-
sented with clinical phenotypes similar to those of acute infantile Tay-
Sachs or Sandhoff diseases, though perhaps slightly milder [7,8].
Cherry red macular spots have been reported in all cases. Recently
however, three members of a Saudi family homozygous for the
c.164C > T (p.P55L) mutation in GM2A have been reported. The
patients presented at 7–13 years with a progressive chorea-dementia
syndrome characterised by spastic quadriparesis, limb dystonia, gen-
eralized chorea and generalized cerebral atrophy [9]. The patients
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lacked the macular cherry red spots characteristic of GM2 gangliosidosis
AB, and there was no report on whether GM2 ganglioside has been
stored in their tissues.

Here we describe a 9–year-old boy with an atypical delayed clinical
phenotype of GM2-gangliosidosis AB. He presented with global devel-
opmental delay, progressive epilepsy, intellectual disability, axial
hypertonia, spasticity, seizures and ataxia, but similarly to recently
described Saudi patients without retinal cherry spots. Molecular and
biochemical analysis showed that the patient is a compound-hetero-
zygote for 2 mutations in GM2A, one similar to that described by Salih
et al. [9] and a novel nonsense mutation c.259G > T (p.E87X). These
mutations result in drastically reduced levels of GM2AP and impaired
GM2 catabolism in the patient's cells.

2. Subject/materials and methods

2.1. Patient, biochemical and molecular analyses

The patient is followed at Sainte-Justine university hospital center
(CHU Ste-Justine) in Montreal. Activities of lysosomal enzymes in blood
leucocytes and cultured skin fibroblasts, the levels of urinary glycosa-
minoglycans and other biochemical tests were performed in the
Biochemical Medical Genetics Laboratory of CHU Ste-Justine. Whole
exome sequencing was performed on the leucocyte DNA samples using
an Illumina HiSeq 2000 sequencer at the Whole Genome Laboratory in
Baylor College of Medicine, in Houston, TX.

2.2. Immunocytochemistry

Cultured skin fibroblasts of the patient obtained from skin biopsies
of the patient and of three normal health controls from the cell
repository of the Medical Genetics Division of CHU Ste-Justine were
cultured in DMEM containing 10% FBS (Wisent BioProducts) and 1%
antibiotic-antimycotic (Life Technologies) on glass slides in 6-well
plates until 70% confluency, fixed with 4% PFA, permeabilized with
0.25% (v/v) Triton X-100, and stained with the antibodies against GM2

(KM966, 1:500), GM3 (M2590, Cosmo Bio Co., Ltd., 1:100) or LAMP-2
(mouse anti-human H4B4, DSHB, 1:100) followed by appropriate
secondary antibodies (Alexa fluor 488 goat anti-human IgG, 1:500;
Alexa fluor 555 goat anti-mouse IgG, 1:400) and Draq5™ solution (all
ThermoFisher Scientific). For quantification, images of 40 randomly
selected cells were acquired with the LSM510 Zeiss or Leica TCS SPE
confocal microscopes (×63 glycerol immersion objectives, N.A. 1.4)
and analysed using the ImageJ software. The percentage of GM2-
positive cells was measured by manually counting the cells in randomly
selected field images acquired with a Nikon Eclipse E800 fluorescence
microscope (×40 objective).

2.3. Analysis of the GM2AP expression by Western blot

Human fibroblasts or Cos7 cells transfected with the pcDNA3.1-
TOPO plasmid expressing human GM2AP [12] were cultured in 10 cm
dishes until 80–90% confluency, harvested, and homogenized in H2O
by sonication (3 × 10 s). The protein was quantified using the Bradford
reagent (Bio-Rad). After separation by SDS PAGE on a 15% gel, the
proteins were transferred to a nitrocellulose membrane and hybridized
with antibodies against GM2AP [10] (1:1000) or α-tubulin (12G10,
DSHB, 1:15,000) followed by the appropriate secondary antibodies (sc-
2020, Santa Cruz Biotechnology, 1:4000 or 7076S, Cell Signaling,
1:10,000). The membrane was developed with Pierce® ECL Western
Blotting substrate (Thermo Scientific) and the signal detected using
G:Box Chemi XQR system (Syngene).

2.4. Analysis of ganglioside catabolism in cultured fibroblasts

Fibroblasts were plated at a density of 2 × 104 cells/cm2 in 10 cm

dishes. After 18 h the medium was supplemented with BODIPY® FL C5-
Ganglioside GM1 (Life Technologies) at a final concentration of 1.45 μM
and the cells were further cultured for 72 h. Gangliosides were purified
from the cell pellets and analysed by thin layer chromatography (TLC)
on silica plates (Merck) as previously described [11]. The plates were
analysed under UV light and images acquired using G:Box Chemi XQR
system. The intensity of GM1 and GM2 ganglioside band was quantified
using ImageJ software.

3. Results

3.1. Clinical course

The patient is a nine-year-old boy. He came to medical attention
because of seizures at 3 years of age. He is the second child of unrelated
French Canadian parents with a negative family history for neurode-
generative problems. Following a normal term pregnancy and sponta-
neous vaginal delivery he was born weighing 3.5 kg with a head
circumference of 33.0 cm. Apgar scores were 9 at one, five and
10 min and he was discharged after 48 h.

His initial development was felt to be normal although in retrospect,
signs of motor dysfunction were present before 12 months of age. He sat
at 6 months, walked without support at 1 year, but tended to walk in a
tiptoe fashion. He climbed stairs in alternating fashion at 2 years. He
was toilet trained by 2 years of age. He was never able to run. He had
poor fine motor skills, although he succeeded in feeding himself. He
pronounced single words with difficulty by 12 months of age and spoke
in sentences by 3 years. A speech therapist diagnosed marked verbal
dyspraxia at the age of three years. He had limited interests and disliked
changes in his routine. He was suspected clinically to have absence
seizures from about 3 years of age but electroencephalographic studies
were normal on four occasions. His first proven seizure, at 5 years of
age, was a prolonged focal convulsion with secondary generalization
lasting about 3 min with a postictal state lasting several minutes. Focal
seizures then recurred about once a week, accompanied by loss of
contact with his environment and facial twitching. They were treated
initially with valproic acid. Soon thereafter the patient was noted to
have ataxia and treatment was empirically switched to levetiracetam.
Between 5 and 6 years of age he progressively deteriorated, with
progressive ataxia, mild spasticity and loss of previous abilities like
dressing himself and fecal continence. There was progressive loss of
expressive speech, decreased understanding of simple sentences and
interest in activities. He developed marked sialorrhea. Swallowing
difficulties required thickening of oral fluids. Convulsions increased
in frequency to 3–4 per day.

Cerebral magnetic resonance imaging at 5 years of age was normal,
but at the age of 5 years 11 months re-examination of the brain and
spinal cord revealed diffuse cortical and subcortical atrophy of supra-
tentorial and infratentorial structures and ventricular enlargement. No
abnormalities of signal were identified. The spinal cord was normal.
Electroencephalography at 7.5 years of age showed abnormal diffuse
slow wave activity and independent bifrontal, parieto-occipital and
temporal epileptic foci. Ophthalmology evaluations at the ages of
5 years 9 months and 8 years 9 months were normal, with normal
fundoscopic findings and absence of cherry red spots.

Diagnostic investigations initially focused on lysosomal storage
diseases and the levels of glycosaminoglycans in the urine and activities
of lysosomal hydrolases in the blood white cells were tested. All tests
were normal including the levels of total β-hexosaminidase
(3180 nmol/h/mg of protein, normal 1687–4509), HexA measured by
thermoinactivation (1246 nmol/h/mg of protein (61%), normal
719–1942 (56–80%)), and HexA measured with specific sulfated
substrate (366 nmol/h/mg of protein, normal 154–545).

These negative results lead to extensive further investigations.
Positive findings are noted here, although their relationship if any with
the primary condition is not obvious. They include mild persistent
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elevation of plasma aspartate aminotransferase (79–113 units/L, nor-
mal 11–43), and recently of alanine aminotransferase (65–160 units/L,
normal 5–25) and mild hypercholesterolemia (5.81 mmol/L, normal
3.20–4.40) with normal glucose and triglyceride levels. Normal results
were obtained for plasma amino acids, total homocystine, acylcarni-
tines, lactate, pyruvate, uric acid, creatine kinase, folate, vitamin B12,
very long chain fatty acids, phytanic acid, pipecolic acid, copper and
ceruloplasmin. Transferrin isoelectric focusing was normal. Urine
glycosaminoglycans, organic acids, creatine, guanidinoacetoacetate,
purine and pyrimidine metabolites, α-aminoadipic semialdehyde and
copper were normal. Cerebrospinal fluid revealed normal levels of
proteins (0.32 g/L, normal 0.15 to 0.40), glucose, lactate, 5-hydro-
xyindoleacetic acid, homovanillic acid, 3-O-methyldopa, neopterin,
tetrahydrobiopterin, 5-methyltetrahydrofolate, amino acids and pyri-
doxal-5-phosphate.

Treatment with thiamine, biotin and riboflavin was started empiri-
cally, without noticeable effect. A trial of ketogenic diet for refractory
seizures was stopped after six weeks due to lack of improvement, and
worsening feeding difficulties with severe dysphagia. After exome
sequencing revealed the mutations in GM2A as described below,
vitamin therapy was stopped and a trial of corticotherapy (prednisone
2 mg/kg/day) was given over 3 months, because of its potential antic-
onvulsant and antiinflammatory effects. Corticotherapy reduced seizure
frequency and severity, increased awake periods and increased appe-
tite, but had no effect on the other aspects of the disease and
progression. Due to the development of complications, prednisone
was tapered and stopped over 3 months. Because of severe dysphagia
and feeding difficulties, frequent aspiration and suboptimal hydration,
a feeding gastrostomy was accepted by the family shortly before nine
years of age. The patient had severe multifactorial sleep disturbances
related to seizures, neuropathic pain and possibly to feeding difficulties
and insufficient caloric intake. After gastrostomy and treatment with
melatonin (6 mg po hs), his sleep pattern almost normalized. He is
currently also followed by palliative care. He stopped walking at
7.5 years. He has severe spasticity and contractures in all limbs despite
a daily program of stretching exercises. He has no visual contact. His
ophthalmological exam remains normal without cherry red spots.
Addition of phenytoin, substantially decreased the seizure frequency.
He has focal right motor seizures, once or twice daily, usually in the
morning. The major problem remains spasticity and neuropathic pain,
for which different treatments have been tried without any major
improvement.

3.2. Discovery and investigation of GM2AP deficiency

Whole exome sequencing was performed on leucocyte DNA from
the patient. A novel heterozygous nonsense mutation c.259G > T
(p.E87X) in exon 3 of GM2A gene was detected and confirmed by
Sanger sequencing. The father was heterozygous for the c.259G > T
change. This variant was not present in the Exome Aggregation
Consortium (ExAC) or 1000 Genomes databases. Additionally, the
missense mutation c.164C > T (p.P55L), recently reported in homo-
zygosity in patients with progressive chorea-dementia [9], was identi-
fied in exon 2 of GM2A. By Sanger sequencing, the patient and his
mother were both heterozygous. The sequences of other genes poten-
tially implicated in neurological diseases including that of GLB1 were
normal.

In order to study GM2AP production in the patient's cells we have
established fibroblast cultures from patient's skin biopsy and analysed
total protein extract by Western blot using goat polyclonal anti-GM2AP
antibodies [10]. Our experiments (Fig. 1) showed that the patient's
fibroblasts lacked the ~20 kDa protein band corresponding to the size
of mature GM2AP [12,13]. This band was present in fibroblast lines
from 3 healthy controls, while the same antibodies detected 2 bands of
~22 and ~20 kDa (most likely GM2AP precursor and mature form,
respectively [13]) in the total protein extract of Cos7 cells transfected

with a plasmid encoding human GM2AP [12]. These results demon-
strate that the GM2AP is reduced in the patient's cells to below
detection level and suggest that both p.E87X and p.P55L mutations
interfere with the synthesis and/or stability of GM2AP. We further tried
to increase the level of GM2AP by treating cells in culture with
ambroxol, which previously has been shown to increase GM2A expres-
sion at least 3 fold, presumably by activating TFEB transcription factor
[14]. We also tried to rescue the folding of the mutant GM2AP by
culturing fibroblasts at 30 °C [15]. In both cases, however the amount
of GM2AP remained below the detection level of Western blot (data not
shown).

The catabolism of GM2 ganglioside in the patient's and normal
healthy control fibroblasts was analysed by metabolic labeling with
fluorescently (BODIPY)-labeled GM1 ganglioside for 48 h. Analysis by
TLC of the fluorescently labeled gangliosides extracted from the cell
pellets (Fig. 2A) showed that control cells converted the fluorophore-
labeled GM1 to GM2 and further, to lactosylceramide (LacCer). Patient's
cells also generated GM2 but failed to produce LacCer. In contrast, the
amount of GM2 was significantly increased indicating that this ganglio-
side is stored in the patient's cells. The results of TLC analysis of the
neutral lipid fraction (Supplemental Fig. 1) are also consistent with the
above hypothesis indicating that the cells from normal controls
contained multiple fluorescently labeled lipid bands (presumably
BODIPY-labeled LacCer, glucosylceramide, and ceramide) undetectable
in the patient's cells.

To determine if GM2 was stored in lysosomes of cultured fibroblasts
from the patient, we analysed them by immunohistochemistry using
monoclonal antibodies specific to GM2 ganglioside or its catabolic
product GM3 ganglioside (Fig. 3). The cells were stained either with
anti-GM2 or anti-GM3 monoclonal antibodies and the antibodies against
the lysosomal marker protein, LAMP-2. The intensity of GM2 and GM3

staining was quantified using ImageJ software in randomly selected
isolated fibroblasts and the percent of cells with strong staining against
GM2 was counted in randomly selected fields by a person who was
unaware of the cell genotype. Our results (Fig. 3A and B) indicate that
the patient's cells show significantly increased staining for GM2 and
decreased staining for GM3 ganglioside consistent with compromised
conversion of GM2 into GM3. In the patient's (but not in the control cells)
GM2 staining co-localized with the lysosomal marker LAMP-2 (Fig. 3A).

Fig. 1. GM2AP is not detected in the patient's cultured fibroblasts by Western blot.Either
40 or 50 μg of total protein extracted from cultured fibroblasts of the patient or normal
healthy controls (N = 2) were resolved on SDS PAGE gels, transferred to nitrocellulose
membrane and hybridized with anti-GM2AP antibody. A mature ~20 kDa GM2AP band
was detected in control fibroblasts but not in the patient's fibroblasts. The two bands
detected in the protein extract of Cos7 cells transfected with a plasmid encoding GM2AP
correspond to the mature ~20 kDa protein and its ~22 kDa precursor. α-Tubulin was
used as a loading control.
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4. Discussion

We report the clinical course of a unique patient with GM2 gang-
liosidosis AB with a juvenile onset and without ocular features such as
progressive blindness and macular cherry-red spots. The patient
illustrates several points of clinical importance. First, the diagnosis of
GM2 gangliosidosis AB must be suspected in the presence of neurode-
generative signs if β-hexosaminidase values in leucocytes or cultured
fibroblasts are normal. Second, gene sequencing is therefore likely to be
the first line diagnostic technique for atypical cases of GM2 gang-
liosidosis AB. This patient received an extensive metabolic workup that
was otherwise negative. GM2 gangliosidosis AB was suspected only after
GM2A mutations were identified by exome sequencing. Biochemical
diagnosis of GM2 gangliosidosis AB is essential for confirming the
biological activity of DNA sequence variants but it requires a high
level of expertise and will likely remain confined to a small number of
specialized laboratories. This suggests that GM2A sequencing should be
included in broad panels for neurodegenerative conditions.

The phenotypic spectrum of GM2 gangliosidosis AB may be broader
than previously thought. Macular cherry red spots were absent in this
patient. Cherry red spots are characteristic of infantile Tay-Sachs and
Sandhoff diseases, but are rarely present in juvenile or subacute cases
[16–23]. The lack of cherry red spots may also apply to later-onset cases
of GM2 gangliosidosis AB. However, patients with neurodegenerative
conditions with normal β-hexosaminidase activity and without cherry
red spots would probably not have been submitted for detailed
biochemical testing for the possibility of GM2 gangliosidosis. Therefore,
it is possible that higher clinical suspicion or unbiased genomic testing
will identify new patients and reveal the complete phenotypic spectrum
of GM2 gangliosidosis AB. Technically, our results also show that the
accumulation of GM2 ganglioside in the cultured fibroblasts from the
patients affected with GM2 gangliosidosis AB can be demonstrated by
immunohistochemistry even without supplementing the cell medium
with an excess of GM1 or GM2 ganglioside. This method may therefore be

Fig. 2. Thin-layer chromatography of fluorescently labeled gangliosides reveals accumu-
lation of GM2 ganglioside in the patient's cultured fibroblasts.Fibroblasts of the patient or
a normal healthy control subject were cultured in DMEM containing 1.45 μM of
fluorescently labeled BODIPY® FL C5 GM1 ganglioside for 72 h. Total lipids were extracted
from cell pellets with 1:1 chloroform/methanol mixture and the gangliosides were
separated from neutral lipids and analysed by TLC on silica plates.(A) The fluorescence
image of the TLC plate acquired on G:Box Chemi XQR system. The position of fluorescent
GM1 ganglioside used as a standard is shown.(B) GM1 and GM2 ganglioside bands were
quantified in control and patient's fibroblasts by ImageJ software.

Fig. 3. Increased lysosomal GM2 and reduced GM3 ganglioside in the patient's cultured fibroblasts.(A) Fibroblasts from the patient and two normal healthy controls cultured on glass
coverslips were fixed and stained with monoclonal humanized anti-GM2 and mouse anti-LAMP-2 antibodies followed by anti-human IgG Alexa 488-labeled (green) and anti-mouse IgG
Alexa 555-labeled (red) secondary antibodies. Nuclei were stained with Draq5 (blue). The patient's fibroblasts show a higher intensity of GM2 staining (green) than control fibroblasts and
increased co-localization of GM2 and LAMP-2 staining.(B) Fibroblasts from the patient and two normal healthy controls were stained with monoclonal mouse anti-GM3 antibody followed
by anti-mouse IgG Alexa-555-labeled secondary antibody (red). Nuclei were stained with Draq5 (blue).The images were acquired in a Leica SP8 confocal microscope with a 63×
objective. Bar represents 10 μM. The panels show representative images of at least 40 studied for each cell type.(C) Mean GM2 and GM3 staining intensity and a fraction of GM2-positive
cells in control and patient's fibroblasts. Mean staining intensities per μm2 were measured with ImageJ software. Data show mean (± SEM) of individual values measured for 35
randomly selected cells. **P < 0.01, *P < 0.05 in unpaired two-tailed t-test. GM2-positive cells were manually counted in three randomly selected microscope fields (~150 cells each).
Data show mean values (± SEM) of 3 independent experiments. *P < 0.05 in unpaired two-tailed t-test. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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useful for confirmation of diagnosis in some particular cases.
The reported patient is a compound heterozygote for two mutations

in the GM2A gene: a novel nonsense mutation c.259G > T (p.E87X)
and a missense mutation c.164C > T (p.P55L) recently reported by
Salih et al. [9] and according to our analysis classified as potentially
damaging by both SIFT and Polyphen-2 software. The novel point
mutation c.259G > T results in a transcript containing a premature
termination codon. The GM2A mRNA containing c.259G > T will
likely undergo mRNA nonsense-mediated decay [24,25]. In turn,
Pro55 conserved among at least 17 mammalian species is important
for supporting the conformation of the turn between two β-strands of
GM2AP [26], suggesting that its replacement with the bulky hydro-
phobic Leu interferes with the tertiary structure of the protein. A
misfolded mutant GM2AP may be then targeted for degradation by the
Endoplasmatic Reticulum-Associated Degradation pathway (ERAD).
This interpretation is consistent with the results of the Western blot
analysis, which did not detect GM2AP cross-reactive band in cultured
patient's fibroblasts.

Until recently seven GM2A mutations have been described in the
AB-variant of GM2 gangliosidosis [8,27,28]. Only two of them were
missense: p.Cys138Arg was identified in a female patient who died at
the age of 14 months and was diagnosed after death [29,30] and
p.Arg169Pro, also identified in infantile-onset patient [10]. Both
patients were homozygous for the corresponding mutations. Further
biochemical studies in patient fibroblasts identified that both of these
mutations caused retention and degradation of the mutant proteins in
the endoplasmic reticulum [10,31].

In contrast, the later onset and milder symptoms of the patient
reported here might be due to the presence of residual levels of active or
partially active GM2AP carrying P55L substitution. As it is the case in
many lysosomal diseases, the severity and onset of GM2 gangliosidosis
inversely correlates with the residual rate of GM2 catabolism.
Specifically, in infantile Tay-Sachs and Sandhoff patients the residual
GM2 conversion rate does not exceed 0.5%, in juvenile and adult forms
it reaches 2–4% of normal, while the residual rates above about 10% of
normal seem to be compatible with the healthy state [32,33]. Interest-
ingly, the three recently reported patients homozygous for p.P55L in
GM2AP presented with a neurological movement disease without
ocular features and an onset at the age of 7–8 years [9]. Although this
study did not describe if the patients had GM2 storage it is tempting to
speculate that our patient had milder phenotype due to the presence of
the Leu55 allele. The amount of the GM2AP protein in the cultured
fibroblasts from the patient remained however below detection level
even when we tried to increase its synthesis by treating cells with
ambroxol to activate its expression [14] or by culturing them at 30 °C,
to rescue the fold of the GM2AP mutant [15]. A precise quantification
of the GM2 conversion rate is necessary therefore to prove this
hypothesis. Alternatively, relatively milder phenotype of our patient
can be related to the effects of other genes, which remain to be
investigated.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ymgmr.2017.01.017.
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