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GM1 gangliosidosis is an autosomal recessive lysosomal storage disorder due to mutations in the lysosomal acid 3-galactosidase
gene,GLB1. It is usually classified into three forms, infantile, juvenile, or adult, based on age at onset and severity of central nervous
system involvement. Because of their broad clinical spectrum and their similarity to many other aetiologies, including inherited
neurodegenerative and metabolic diseases, it is often difficult to diagnose such diseases. Recently, whole exome sequencing (WES)
has become increasingly used when a strong hypothesis cannot be formulated based on the clinical phenotype. Here, we present
three patients belonging to a consanguineous Moroccan family with a GM1-gangliosidosis with unusual clinical onset and atypical
radiological presentation that had eluded diagnosis for over a decade. To identify the disease-causing mutation, we performed
a whole exome sequencing and a chromosomal microarray genotyping in order to reduce the number of genetic variants to be
interpreted, by focusing the data analysis only on the linked loci. The already known pathogenic missense mutation c.601G>A in
GLB1 (p.R201C) was found at homozygous state in the proband V.1 and at heterozygous state in his father IV.1. The mutation was
validated by Sanger sequencing and segregated in all the family members according to a recessive mode of inheritance. Outside of
the linked loci, we found the EXOSC8 p.Ser272Thr mutation at heterozygous state in all the patients and their mother IV.2. This
mutation was reported to cause pontocerebellar hypoplasia type 1C and could act as a modifying factor that exacerbates the brain
atrophy of patients. Our study identified the firstGLB1mutation in North Africa in patients with unexpected brain-MRI outcomes
extending the clinical spectrum of the GM1-gangliosidosis.

1. Introduction

GM1 gangliosidosis is an autosomal recessive storage disor-
der, which occurs in 1 per 100,000 to 200,000 newborns [1].
It is caused by a deficiency of beta-galactosidase (GLB1), a
lysosomal hydrolase thatmay be defective with respect to ker-
atan sulfate in Morquio B disease (MBD) or to gangliosides,
lactosylceramide, asialofetuin, and oligosaccharides carrying

terminal beta-linked galactose and keratan sulfate in GM1-
gangliosidosis [2]. This deficiency leads to the accumulation
of keratan sulfate, glycolipids, and GM1 gangliosides in
different tissues, especially in peripheral and central nervous
system [3]. This disease can be divided into 3 clinical forms
(type I, type II, and type III) based on the age of onset and the
severity of the phenotype.
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Figure 1: Pedigree of family RBT-HAC. Black and white symbols correspond to affected and asymptomatic members, respectively. Members
who were included in the study were noticed with a star.

The type I or infantile form, the most severe and common
[4], can start between birth and the age of 6 months,
characterized by hypotonia and central nervous system
degeneration. It is a rapidly progressive form as it leads to
death by 1 to 2 years of age [5]. The type II is juvenile or
late infantile form that starts between 7 months and 3 years
of age [6, 7]. It is characterized by slower progression, delay
in motor and cognitive development, muscle weakness, and
seizures associated with cerebellar and extrapyramidal signs
[5–8].The type III or adult formhas a late onset between 3 and
30 years and appears as extrapyramidal disorders due to local
deposition of glycosphingolipid in the caudate nucleus. Itmay
also be expressed as cerebellar dysfunctions, dystonia, slurred
speech, andmild vertebral abnormalities. Skeletal changes are
minor and the cherry-red spots at the macula are lacking.

The responsible gene of GM1-gangliosidosis, GLB1, con-
tains 16 exons and encodes by alternative splicing to the
lysosomal enzyme 𝛽-galactosidase and the elastin binding
protein [9]. More than 110 mutations were reported as
pathogenic or likely pathogenic in the GLB1 gene on the
Clinvar website (ncbi.nlm.nih.gov/clinvar). These mutations,
often reported at compound heterozygous state [10], give rise
to proteins with a very variable enzymatic activity and to
very variable clinical phenotypes [11, 12]. Because of this great
clinical and genetic heterogeneity, no correlation genotype-
phenotype is possible. Otherwise, other neurodegenerative
diseases giving rise to a similar GM1 gangliosidosis pheno-
type may also complicate the diagnosis of these diseases,
resulting in slow diagnosis and delay in patient management.
The use of new technologies such as exome sequencing in
the diagnosis of genetic diseases can help to significantly

shorten these delays, avoid unproductive evaluation, and
offer patients a therapeutic intervention when it is possible.
In addition to including other family members in filtering
variants that do not fit suspected Mendelian inheritance,
prior analysis with microarray can significantly facilitate
bioinformatics analysis by focusing only on the candidate
loci, particularly for recessive forms.

In this study, we performed a genetic analysis in a
Moroccan family displaying a neurodegenerative disease
with autosomal recessive inheritancewhose clinical diagnosis
could not be possible for a long duration because of the
clinical expression that patients presented at the onset of the
disease. The genetic diagnosis of GM1 gangliosidosis due to
the p.Arg201Cys mutation of the GLB1 gene in the studied
family was possible and rapid by combining chromosomal
microarray analysis (CMA) and whole exome sequencing
(WES).

2. Material and Methods

2.1. Family Description. A consanguineous family of Moroc-
can origin (RBT-HAC), with two miscarriages and three
affected siblings displaying an epileptic encephalopathy, was
recruited in child hospital of Rabat (Morocco). The pedigree
of the family is shown in Figure 1. Patients V.2 and V.3,
twin sisters, were hospitalized at the child hospital and
examined by neuropediatrician; whereas the oldest patient
V.1 was referred to the department of neurology of Specialties
Hospital of Rabat where he was examined by neurologists.
Brain MRIs were obtained for all patients (V.1, V.2, and V.3)
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with a high field strength system (General Electric Sigma
Excite2 1.5 Tesla System head coil antenna).

Blood samples were taken frompatients (V.1, V.2, and V.3)
and family members (IV.1, IV.2, and IV.3) and high quality
genomic DNAwas purified fromperipheral blood leukocytes
using Isolate II Genomic DNA kit from Bioline. All sampled
family members or their tutors provided informed consent to
participate in the study. All the studies were carried out after
approval of the Moroccan ethical committee of biomedical
research (CERB).

2.2.Microarray Genotyping and Linkage Analysis. DNA sam-
ples of the three affected children and both unaffected
parents were genotyped using the CytoScan HD array from
Affymetrix, which contains more than 2.6 million mark-
ers, including 750,000 genotype-able SNPs and 1.9 million
nonpolymorphic probes according to the manufacturer’s
protocol. Briefly, 250 ng of DNA samples was digested
with Nsp1, amplified with TITANIUM Taq DNA polymerase
(Clontech,MountainView, CA), fragmentedwith Affymetrix
fragmentation reagent, and labeled with biotin end-labeled
nucleotides. The DNA was hybridized to the microarray for
16 hours, washed and stained on the GeneChip Fluidics
Station 450, and scanned on the GeneChip Scanner 3000 7G
(Affymetrix). Data analysis was performed using Chromo-
some Analysis Suite software version 1.2.2 (Affymetrix).

Themicroarray datawere processed usingALOHOMORA
[13]. SNP data were converted to appropriate format; Graph-
ical Representation of Relationships (GRR) program was
used to evaluate familial relationship [14] whereas Mendelian
errors were checked by PedCheck program [15]. The two-
point and multipoint linkage analysis were performed by
Merlin software program assuming an autosomal recessive
mode of inheritance with complete penetrance and a disease
allele frequency of 0.001.

2.3. Exome Sequencing. WES was performed in the
patient V.3 and his father IV.1 at the Supporting Units
for Technical and Scientific Research Belonging to CNRST
(UATRS/CNRST, Rabat, Morocco). The target regions in the
exome were amplified using Ion Proton platform (Thermo
Fisher Scientific) with an Ion AmpliSeq Exome RDY Kit
according to the manufacturer’s protocol. It involves twelve
primer pools (294 000 amplicons) which target 497% of the
coding region and account for 33 Mb. All barcoded samples
were sequenced on the Ion Proton with Ion PI Chips v2
taking two samples on a single chip per sequencing run.
Bead templating (emulsion PCR) and chip loading were
performed on Ion Chef System (Thermo Fisher Scientific).
Sequence alignment to Hg19 and variant identification
were performed with the Torrent Suite v.4.2.1 software. The
generated VCF were then imported into the online Server of
Ion Reporter Software v5.6 for variant analysis, filtering, and
annotations.

2.4. Sanger Sequencing Validation. Sanger sequencing was
used to validate the significant variants identified by exome
sequencing. Briefly, exons containing the variants were
amplified by PCR and both strands were sequenced using Big

Dye Terminator Cycle Ready Reaction 3.1 Kits and an ABI
3130xl automated sequencer, and sequence chromatograms
were analyzed using SeqScape2.1 software (Applied Biosys-
tems, Foster City, CA).

3. Results

3.1. Clinical Finding. Patient V.1: at admission in our depart-
ment, the eldest boy was 17 years old. The mother reports
that the pregnancy was carried out without any problem.
He walked around 1 year of age and started to talk around
2 years of age. He had a good psychomotor development
until the age of 6, when he had a feverish episode that
was complicated by generalized tonic-clonic seizures. These
seizures were resistant to treatment. The patient then pre-
sented a progressive and significant intellectual and motor
impairment, became bedridden, and lost speech. One year
later, the patient started sodium valproate at 600 mg per day
and Phenobarbital at 50 mg per day, and the frequency of
the seizures decreased but the patient had tonic-clonic attacks
complicating every febrile episode. He was addressed to our
department to manage his status epilepticus, which lasted for
a whole day.The clinical examination at the admission found
a maintained segmental force but walking and standing were
impossible, and sensitivity and coordination were difficult
to explore. Positive Babinski sign was present bilaterally and
osteotendinous reflexes were present in the upper limbs and
difficult to explore in the lower limbs due to tendon contrac-
tion. The general examination found a thoracic deformation
and tendon retractions to the four limbs. He recovered his
consciousness state and was stable after adjustment of the
antiepileptic treatment.

The brain-MRI revealed a diffuse brain atrophy especially
giving it a laminated appearance (Figures 2(a) and 2(b)).
The EEG revealed a symmetrical background activity desyn-
chronized and microvoltated without any epileptic sings. The
ENMG was normal. Otherwise, the cardiac ultrasonography
revealed aortic insufficiency with an aortic valve prolapse
without any aspect of cardiomyopathy.

Patients V.2 and V.3: the other sister was 14 years old;
she is the youngest coming from a twin pregnancy and was
admitted in pediatrics department to assess a progressive
mental regression. The story dates back to the age of 6
when she had a feverish episode at 43 degrees treated with
antipyretics. Then the occurrence of walking disorders with
frequent falls due to the total loss of muscular tone results in
repeated cranial trauma. Subsequently she began to present
generalized tonic-clonic epileptic seizures and progressive
psychomotor deterioration.

The neurological examination found a patient in good
general condition; the segmental muscle strength was pre-
served, with a pyramidal spasticity in the four limbs, bilateral
positive Babinski sign, with normal cranial nerves examina-
tion.There were some orthopedic deformities. Both feet were
clubfeet in equine varus and the metacarpophalangeal joints
of both hands were deformed with stiffness at flexion. The
thorax was asymmetrical but there was no deformity in the
spine.
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(a) (b)

(c) (d)

Figure 2: Brain MRI of the patients V.1 ((a) and (b)) and V.2 ((c) and (d)). (a) Coronal T2 weighted image showing enlargement of the
cortical furrows and the ventricular cavities related to a diffuse cortical and subcortical atrophy. (b) Axial T2 weighted sequence showing the
huge cortical and subcortical atrophy. (c) T2 weighted sequence shows dilatation in all ventricular cavities as a result to a diffuse and severe
atrophy in the brainstem and the cerebellar and the sustentorial area. (d) T2 weighted sequence showing a major ventricular dilatation due
to the severe cortical atrophy.

Brain-MRI showed an important ventricular dilatation
due to the diffuse homogenous atrophy of the sustentorial
structures and the brainstem (Figures 2(c) and 2(d)). The
EEG revealed normal findings. Chromatography of amino
acids was normal. The abdominal ultrasound was normal.
The other twin sister presented the same clinical evolution
and symptoms.

3.2. Linkage Analysis. We genotyped 2.6 million markers in
the DNA samples of the 3 patients and both parents. No
pathogenic CNV was identified within all the genomes of
the three patients and therefore we searched for regions of

homozygosity (ROH). This analysis revealed several ROH
with more than 500markers and 2Mb in length. Comparison
between patients found that the twin sisters V.2 and V.3 have
the same genotype and have in common with the patient
V.1 only three ROH at chromosomes 3, 13, and 15 containing
2529, 2084, and 2392 markers, respectively.

Whole genome LOD score analysis under the assumption
of full penetrance and a disease allele frequency of 0.001
revealed a significant LOD score over 2.9 on chromosomes
3p24.1-22.2, 13q33.2-34, and 15q22.2-25.1 (Figure 3). These
three linked regions of 8.4Mb, 5.4Mb, and 9.9Mb in length
contain 34, 19, and 252 positional candidate genes, respec-
tively. Two significant LOD scores have also been obtained
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Figure 3: Plot of whole genome linkage analysis. Parametric multipoint LOD scores indicate linkage to three loci on 3p24.1-22.2, 13q33.2-34,
and 15q22.2-25.1 with a maximum LOD score close to three.

for chromosomes 2 and 5, but these loci were less than 500
markers and did not contain any gene.

Sanger sequencing of positional candidate genes in rela-
tion to the aetiology of the disease, particularly hydro-
cephalus and epileptic encephalopathy (CCDC33, BBS4, and
CSNK1G1 genes), found no pathogenic mutation compatible
with autosomal recessive inheritance.

3.3. Exome Sequencing. Since there were 305 candidate genes
in the three ROH linked regions, we opted for whole exome
sequencing of DNA from patients V.3 and his father IV.1. The
primary filtering by Ion Reporter software led to the iden-
tification of 39,225 variants consisting of SNVs, MNVs, and
INDELs in 13,296 genes. These mutations were subsequently
filtered according to the criterion of the frequency of the
minor allele less than 5% that yielded 1919 low frequency
variants (LFV, MAF < 5%) in 1826 genes (Figure 4). The
coverage obtained for these variants ranged from 25 to
400 with more than 85% being over 50. Considering only
the ROH linked regions determined by linkage analysis,
the patient presented 3, 3, and 17 LFV at the 3p24.1-22.2,
13q33.2-34, and 15q22.2-25.1 loci, respectively, in 20 genes.
Among them, we found 1, 2, and 6 functional variants which
were all missense mutations (Table 1). Only the p.Arg201Cys
missense mutation in GLB1 was reported to be damaging
and responsible for the gangliosidosis type II disease. The
WES data showed that the father IV.1 was heterozygous
for all these variants. The p.Arg201Cys was validated by
Sanger sequencing in the patient and all the family members
showing a cosegregation of the mutation with the disease.
The three patients were homozygous and the parents were
heterozygous for the mutation (Figures 5(a) and 5(b)). We
did not observe pathogenic homozygous variants outside
the ROH linked regions in other genes in relationship with
the clinical phenotype. However, we found the EXOSC8
p.Ser272Thrmutation at heterozygous state in the patient V.1

Ion reporter variants
(39225)

LFV
(1919)

LFV in 3p ROH
(3)

LFV in 13q ROH
(3)

LFV in 15q ROH
(17)

Functional variants
(1)

Functional variants
(2)

Functional variants
(6)

Damaging variants
(1)

Damaging variants
(0)

Damaging variants
(0)

Figure 4: Pipeline for filtration of the damaging variants.

but not in his father. Sanger sequencing found this mutation
at heterozygous state in all the patients, their mother, and
their aunt (Figure 5(c)).

4. Discussion

Even if the age of onset of the first clinical signs was 6 years,
the evolution and the clinical presentation fit the juvenile
form and could be classified as GM1-type II. The disease
classification in the literature is found to be different from a
report to another. Besides the classical definition described
previously, some authors define type I when the signs appear
before 3 years of age [16] and type II into two subclasses: the
type II late infantile formwhere the signs might appear under
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Table 1: List of low frequency functional variants in the three linked ROH regions.

Locus Gene name cDNA nucleotide
change AA change rsnumber MAF Clinvar

3p24.1-22.2 GLB1 c.601C>T p.Arg201Cys rs72555360 0.0002 Damaging
13q33.2-34 MYO16 c.4199C>T p.Ala1400Val rs7995379 0.0060 Benign

ING1 c.374T>G p.Leu125Arg rs199777754 0.0010 Benign
15q22.2-25.1 FBXL22 c.132G>C p.Glu44Asp rs142301663 0.0030 Benign

LCTL c.155C>T p.Thr52Met rs141474589 0.0030 Benign
IQCH c.2794G>C p.Val932Leu rs3985641 0.0020 Benign

C15orf39 c.2834G>A p.Gly945Asp rs3743211 0.0500 Benign
CHRNA5 c.488C>T p.Pro163Leu rs55863434 0.0003 Benign

FAH c.565G>A p.Val189Ile rs145389125 0.0020 Benign

(a) (b)

(c)

Figure 5: Sanger sequencing plot ofGLB1 showing the p.Arg201Cysmutation at heterozygous state in the father IV.1, themother IV.2, and her
sister IV.3 (a) and at homozygous state in patients V.1, V.2, and V.3 (b). EXOSC8 p.Ser272Thrmutation at heterozygous state found in patients
V.1, V.2, and V.3, theirs mother IV.2, and their aunt IV.3 (c). Arrows indicate mutation positions.

3 years of age and the juvenile form where symptoms start
between 3 and 5 years of age as described byWolfe et al. [17].

Our patients had some specific GM1 clinical features
such as mental retardation, refractory seizures, and skeletal
abnormalities. However, they did not present the pathog-
nomonic features of the disease, which made the diagnosis
not obvious.The particularity of this observation is the major

brain atrophy present in the three cases, with an aspect of
laminated cortex. This aspect did contribute to the delay of
the diagnosis due to the immense ventricular dilatation and
the brain atrophy, which is not commonly reported in this
disease.

Usually, the clinical suspicion of the GM1-gangliosidosis
is based on the existence of signs indicating the massive
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storage of the GM1 ganglioside in the organs. Those signs are
diverse: coarse facial features, corneal clouding, opacification
of the cornea, cherry-red macula, gingival hypertrophy,
hepatosplenomegaly, skeletal dysostosis, vacuolated lympho-
cytes, and the psychomotor regression [5, 8]. The diagnosis
could be more difficult if these signs are missing.

In their study, Bidchol et al. [8] analyzed clinical infor-
mation of 46 families and confirmed that the developmental
delay was the most common clinical presentation while
seizures were less frequent, observed only in 24% of cases.
Our patients had generalized refractory seizures complicat-
ing feverish episodes. In the reported cases of the literature,
seizures were described shortly and the common character
was the refraction to antiepileptic drugs [7].

Patients with GM1 type II (juvenile form) start a normal
neurological development until their late childhood [7]. This
particularity gives the patients the chance to be treated with
enzyme replacement therapy, bone marrow transplantation,
and even cell therapy, if the diagnosis is made in early stage.
Unfortunately, for our patients, the diagnosis came late and
the access to those therapies is difficult in our structures.

Few articles described the neuroimaging findings in
patients with GM1 gangliosidosis type 1 and type 3. To
our knowledge, the MRI aspects in type II were not wildly
described. The abnormalities commonly seen in the GM1-
gangliosidosis are signal hypointensities in the grey nuclei
and a delay in white matter myelination [6, 18, 19]. The MRI
in the three patients showed a homogenous atrophy of the
whole brain structures. This aspect may be due to the severe
and repetitive brain suffering resulting in significant neuronal
loss.

The disease in this studied family had some clinical
and radiological atypia that delayed diagnosis and better
management. Today, advances in high-throughput sequenc-
ing technology have been fundamentally transforming our
understanding of genetics, particularly in the case of syn-
dromic diseases for many reasons. First, the clinical pictures
traditionally described for the various syndromes are often
partly present and therefore clinically hardly recognizable. In
addition, some clinical pictures can be caused by mutations
on different genes, at the same time; mutations in a gene
can lead to various clinical pictures. Even in the case of
classicalMendelian diseases, there is thus no strict correlation
between the responsible genes and the clinical pictures.These
difficulties are clearly illustrated in the lysosomal diseases.
Exome sequencing enables sequencing all human genes in
a single analysis and is the most cost-effective method in
the presence of suspicion of lysosomal storage disease and
generally for most metabolic and syndromic diseases.

The interpretation of sequencing data, however, remains
a challenge because of the great variability in the sequence
of our genome and the high frequency of benign changes,
and results may take months to report. The difficulty then
resides in the distinction between the pathogenic variant at
the origin of the disease and the benign variants. In order
to reduce the number of variants to be analyzed and the
time to the disease diagnosis, the NGS analysis could be
preceded by chromosomal microarray genotyping that leads
to determining the gene locus.

The combination of CMA and NGS technologies allowed
the genetic diagnosis very quickly in this family. Indeed, the
use of CytoScan DNA chips allowed first the identification of
three significant loci at 3p24.1-22.2, 13q33.2-34, and 15q22.2-
25.1 chromosomal regions. Analysis of the NGS data then
focused only on these chromosomal regions, which reduced
the number of variants from 39225 to 23. Among them, there
were nine functional mutations, and only the p.R201C in
GLB1 was known to be damaging, confirming the diagnosis
of the GM1-gangliosidosis in the studied family. The p.R201C
mutation is very common and was particularly reported in
the juvenile form of GM1-gangliosidosis [7, 20–22]. Another
amino acid substitution affecting the same codon (p.R201H)
has been identified in both GM1 and MBD patients [23–25].

However, since the three patients had some deviations
from the common GM1 clinical phenotype, particularly the
severe and diffuse brain atrophy, NGS data analysis was
extended outside the chromosomal linked regions and found
another pathogenic mutation, the p.Ser272Thr in EXOSC8.
This mutation, found at heterozygous state in all the patients,
their mother, and their aunt, was reported to affect mRNA
metabolism and cause the autosomal recessive pontocere-
bellar hypoplasia type 1C [26]. They reported that MRI
of patients with homozygous Ser272Thr mutation showed
vermis hypoplasia, immature myelination, cortical atrophy,
and thin corpus callosum. Moreover, the MRI of patients
with mutations in another exosome compound EXOSC9
showed severe cerebellar and moderate cerebral and brain-
stem atrophy [27]. Taking into account these results, the
p.Ser272Thr in EXOSC8mutation could act as heterozygous-
modifying factor that exacerbates the brain atrophy in the
clinical presentation of our GM1 patients with homozygous
GLB1mutation.

5. Conclusion

We describe a family consisting of three patients with
juvenile-onset GM1-galactosidosis whose diagnosis took a
long time as this pathology represents an overlapped disease
spectrum. The genetic diagnosis was possible by the com-
bination of WES and linkage analysis using CMA, which
significantly reduces the number of genetic variants to be
analyzed. We identified the first GLB1 mutation in Morocco
and North Africa, the p.R201C, in patients with unusual
phenotype extending the clinical spectrum of the GM1-
gangliosidosis. Our study highlights the importance of WES
in assessing patients with undiagnosed diseases and generally
all neurogenetic diseases with a high clinical heterogeneity.
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[13] F. Rüschendorf and P. Nürnberg, “ALOHOMORA: a tool for
linkage analysis using 10K SNP array data,” Bioinformatics, vol.
21, no. 9, pp. 2123–2125, 2005.

[14] G. R. Abecasis, S. S. Cherny, W. O. C. Cookson, and L. R.
Cardon, “GRR: graphical representation of relationship errors,”
Bioinformatics, vol. 17, no. 8, pp. 742-743, 2001.

[15] J. R. O’Connell and D. E. Weeks, “PedCheck: A program for
identification of genotype incompatibilities in linkage analysis,”
American Journal of HumanGenetics, vol. 63, no. 1, pp. 259–266,
1998.

[16] D. S. Regier, H. J. Kwon, J. Johnston et al., “MRI/MRS as a sur-
rogate marker for clinical progression in GM1 gangliosidosis,”
American Journal of Medical Genetics Part A, vol. 170, no. 3, pp.
634–644, 2016.

[17] L. S. Wolfe, R. G. Senior, and N. N. Y. Kin, “The struc-
tures of oligosaccharides accumulating in the liver of GM1-
gangliosidosis, type I,” The Journal of Biological Chemistry, vol.
24, no. 6, pp. 1828–1838, 1974.

[18] E. Uyama, T. Terasaki, S. Watanabe et al., “Type 3 GM1
gangliosidosis: characteristicMRI findings correlated with dys-
tonia,” Acta Neurologica Scandinavica, vol. 86, no. 6, pp. 609–
615, 1992.

[19] C.-Y. Chen, R. A. Zimmerman, C.-C. Lee, F.-H.Chen, Y.-S. Yuh,
and H.-S. Hsiao, “Neuroimaging findings in late infantile GM1
gangliosidosis,” American Journal of Neuroradiology, vol. 19, no.
9, pp. 1628–1630, 1998.

[20] K. Yoshida, A. Oshima, M. Shimmoto et al., “Human 𝛽-
galactosidase gene mutations in GM1-gangliosidosis: A com-
mon mutation among Japanese adult/chronic cases,” American
Journal of Human Genetics, vol. 49, no. 2, pp. 435–442, 1991.

[21] A. Oshima, K. Yoshida, K. Itoh, R. Kase, H. Sakuraba, and
Y. Suzuki, “Intracellular processing and maturation of mutant
gene products in hereditary 𝛽-galactosidase deficiency (𝛽-
galactosidosis),” Human Genetics, vol. 93, no. 2, pp. 109–114,
1994.

[22] T.M. Pierson, D. A. Adams, T.Markello et al., “Exome sequenc-
ing as a diagnostic tool in a case of undiagnosed juvenile-onset
GM1-gangliosidosis,”Neurology, vol. 79, no. 2, pp. 123–126, 2012.

[23] E. M. Kaye, C. Shalish, J. Livermore, H. A. Taylor, R. E. Steven-
son, and X. O. Breakefield, “𝜎s-Galactosidase genemutations in
patients with slowly progressive GM1 gangliosidosis,” Journal of
Child Neurology, vol. 12, no. 4, pp. 242–247, 1997.

[24] R. Santamaria, M. Blanco, A. Chabás, D. Grinberg, and L.
Vilageliu, “Identification of 14 novel GLB1 mutations, including
five deletions, in 19 patients with GM1 gangliosidosis from
South America,” Clinical Genetics, vol. 71, no. 13, pp. 273–279,
2007.

[25] D. Hofer, K. Paul, K. Fantur et al., “GM1 gangliosidosis and
Morquio B disease: Expression analysis of missense mutations
affecting the catalytic site of acid 𝛽-galactosidase,” Human
Mutation, vol. 30, no. 8, pp. 1214–1221, 2009.

[26] V. Boczonadi, J. S. Müller, A. Pyle et al., “EXOSC8 mutations
alter mRNA metabolism and cause hypomyelination with
spinal muscular atrophy and cerebellar hypoplasia,” Nature
Communications, vol. 5, p. 4287, 2014.

[27] D. T. Burns, S. Donkervoort, J. S. Müller et al., “Variants in
EXOSC9 Disrupt the RNA Exosome and Result in Cerebellar
Atrophy with Spinal Motor Neuronopathy,” American Journal
of Human Genetics, vol. 102, no. 5, pp. 858–873, 2018.


