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Leukodystrophies (LDs) are heterogeneous genetic disorders characterized by abnormal white matter in the central nervous system.
Some of the LDs are progressive and often fatal. In general, LD is primarily diagnosed based on the neuroimaging; however,
definitive diagnosis of the LD type is done using genetic testing such as next-generation sequencing. The aim of this study is to
identify the genetic causes of LD in two independent Jordanian cases that exhibit MRI findings confirming LD with no definitive
diagnosis using whole exome sequencing (WES). The most likely causative variants were identified. In one case, the homozygous
pathogenic variant NM_000049.2:c.914C>A;p.Ala305Glu, which is previously reported in ClinVar, in the gene ASPA was identified
causing Canavan disease. In the second case, the homozygous novel variant NM_000487.5:c.256C>G;p.Arg86Gly in the gene
ARSA was identified causing metachromatic leukodystrophy. The two variants segregate in their families. The phenotypes of the
two studied cases overlap with assigned diseases. The present study raises the importance of using WES to identify the precise

neurodevelopmental diseases in Jordan.

1. Introduction

Leukodystrophies (LDs) are a group of heterogeneous inher-
ited metabolic disorders affecting the white matter and
caused by defect in the myelin sheet [1]. These disorders occur
usually in the first months of life, accompanied by hypotonia,
and gradually become spastic diplegia or quadriplegia, devel-
opmental delay, seizures, ataxia, and dyskinesia. In the later
stages of these disorders, the affected individuals will have
trouble in swallowing and breathing and death occurs in most
cases [2].

Thirty types of leukodystrophies are described with
specific clinical characteristics and genetic causes [3]. The
inheritance patterns of the described LD types are autosomal
recessive (20 types), de novo dominant (8 types), X-linked
recessive (1 type), and X-linked dominant (1 type; Table 1).
These inheritance patterns strongly suggest LDs as mono-
genic/Mendelian disorders. The most common types of LDs
are metachromatic leukodystrophy, Canavan disease, Krabbe
disease, Alexander disease, and X-linked adrenoleukodystro-

phy [1].

Recognizing the specific type of LDs is challenging
because of the limited knowledge about their etiology as all
types share white matter signals on brain MRI (the term leuko
means white and dystrophy means wasting). Despite the fact
that curative treatment of LDs is currently limited, definitive
diagnosis of the LD type is crucial for symptom management
and prognostic and genetic counselling [3].

Patients are often presented to the neurologists with con-
cern to LD based on the abnormal neuroimaging. However,
several other clinical features alert the clinicians for the
possibility of LD including adrenal insufficiency, endocrine
disturbances, ophthalmologic abnormalities, cortical visual
impairment, hypodontia and oligodontia, dysmorphic facial
features, tendinous xanthomas, skeletal impairment, hearing
impairment, hepatosplenomegaly, cutaneous abnormalities,
ovarian dysgenesis, and gastrointestinal symptoms [3]. If the
initial evaluation of the patient indicates the possibility of LD
in the patient, then molecular genetic testing is required.

Many genes have been identified that cause myelin defects
by genetic linkage analysis or by next-generation sequencing
(NGS) [4]. NGS genetic testing using gene panels, whole
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FIGURE 1: Pedigrees of the studied cases. The dead proband TF106_1 belongs to first-cousin parent once removed. The patient TF107_1 belongs

to a first-cousin parent.

exome sequencing (WES), or whole genome sequencing
(WGS) is advised for patients with clinical suspect of LD. As
the number of genes associated with LD is increasing, it is
arguable to use NGS as the best genetic testing option [4].

In Jordan, the epidemiological data on LD are very scarce
and dozens of LD cases in Jordan are with unknown genetic
causes. Therefore, this study aims to identify the genetic
causes of LD in two affected girls of two unrelated consan-
guineous families in Jordan using whole exome sequencing
(WES).

2. Materials and Methods

2.1. Patients. Two patients (TF106_1 and TF107_1) were
enrolled in this study at the Department of Biotechnology and
Genetic Engineering at Philadelphia University in Jordan.
The two patients were clinically diagnosed with LD based
on the brain MRI. The two patients are unrelated girls;
TF106_1 belongs to first-cousin parents once removed, and
TF107_1 belongs to first-cousin parents (Figure 1). The clinical
characteristics of the two girls were collected from the
clinician reports, MRI findings, and the developmental delay
as reported by the parents. The girls were two years old by the
time of enrolling this study. The study was conducted with the
patient’s families understanding and informed consent was
obtained from the two families.

Blood samples were collected from the two patients, their
parents, and their healthy siblings. Total Genomic DNA was
extracted according to the standard protocols of the Qiagen
FlexiGene DNA Kkit.

2.2. Whole Exome Sequencing (WES). Because the majority
of monogenic diseases can be detected in the coding part of
the genome, the DNA samples of the two patients underwent
WES using Illumina NOVASEQ6000 platform (Illumina
Inc., San Diego, CA, USA). Exomes were captured using
SureSelectXT Library Prep Kit (Agilent Technologies, USA).
The sequencing reads (150 bp pair end) were mapped to the
reference genome (UCSC hgl9) using the Burrows-Wheeler
Aligner software [5]. Polymerase chain reaction duplicates
were removed using samblaster [6]. Single-nucleotide vari-
ants and small insertions/deletions (indels) were called using

freebayes [7] and annotated using SnpEff-3.3 (Ensembl-
GRCh37.73) [8]. Sequencing was conducted by Macrogen
(Seoul, Republic of Korea) and the pipeline megSAP was used
[9].

To identify possible disease-causing mutations, all high-
quality variants were identified that are located in the protein
coding region (according to Ensembl database v68) and/or
two base pair flanking splice sites. We maintained only the
variants meeting the following quality criteria: (1) at least 10X
coverage and (2) mapping quality score >60.

2.3. Copy Number Variant (CNV). CNV deletions and dupli-
cations were checked using the whole exome sequence (WES)
coverage data based on the used WES pipeline (megSAP;
https://github.com/imgag/megSAP).

2.4. Variants Filtration. Rare homozygous variants with
minor allele frequency (MAF) < 0.01 were maintained.
Filtration was then based on predicted effects of the variants
on the protein, maintaining only loss of function (LOF)
variants (stop gain, frameshift, splice site acceptor, and splice
site donor) and nonsynonymous variants predicted to be
probably damaging or possibly damaging by Polyphen2
Humvar [10]. The putative functional homozygous variants
were then filtered out if the same variants were observed
in a homozygous state in one of the following databases:
exome aggregation consortium (ExAC), genome aggregation
database (gnomAD), exome variant server (EVS), or the
in-house sequenced controls (individuals sequenced as part
of other genetic studies at Philadelphia University). LOF
variants were also excluded if the gene they are located in
carries other homozygous LOF variants in EXAC, gnomAD,
EVS, or in-house controls. Variants were then prioritized
based on (1) the variants pathogenicity as stated in Clin-
Var and/or HGMD (The Human Gene Mutation Database)
especially for LD disorders, (2) gene/protein function, (3)
gene expression profile, (4) effect of gene mutations in mice,
and (5) variant segregation in the family. All candidate
variants were inspected visually using the software Integrative
Genomic Viewer (IGV) [11, 12].

2.5. Sanger Sequencing. Sanger sequencing was performed
to segregate and confirm the candidate variants. Primers
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FIGURE 2: Segregation analysis of the identified variant in the patient TF106_1.

were designed using primer3 version 4.1.0 [13, 14]. Target
fragments were amplified using Taq polymerase (Invitrogen),
purified with ExoSAP-IT (Affymetrix Inc.), and sequenced
using BigDye™ Terminator V.3.1 cycle sequencing kit and ABI
PRISM 3730XL sequencer (Applied Biosystems Inc., USA).
Sequences were aligned and analysed using Chromas Lite 2.1.1
(Australia Technelysium Pty Ltd).

3. Results and Discussion

3.1. Clinical Findings. Besides the LD, as reported in the
MRI findings (not shown) of the two patients, patient
TF106_1 exhibits atonia in her muscles (neck, arms, and legs),
blindness, and seizure. The patient died by the age of 23
months. Patient TF107_1 exhibits the following phenotypes
progressing slowly: muscle weakness, unsteady gait, and
mental deterioration.

3.2. Genetic Findings

3.2.1. CNV. CNV deletions and duplications were checked
first based on the WES coverage data and no significant
deletions or duplications were detected in both patients.

3.2.2. Patient TF106_1. The total number of variants that were
revealed after the filtration procedure was 6. The prioritized
variant is NM_000049.2:¢.914C>A;p.Ala305Glu in the gene
ASPA, because it is reported as pathogenic in ClinVar (variant
ID 2607; Allele ID 17646). The variant is homozygous in
the patient and heterozygous in the parents (Figure 2).
Pathogenic mutations in the gene ASPA cause Canavan
disease (OMIM#271900). Mutations in the gene ASPA lead to

deficiency of the enzyme aspartoacylase which hydrolyzes N-
acetyl-L-aspartic acid (NAA) to aspartate and acetate leading
to accumulation of NAA [15]. It is worth mentioning that
the annotated exome data file does not harbour any other
pathogenic variant for any of the other LD disorders.

Canavan disease is neurodegenerative disease that
belongs to LDs. And debate is still for the pathophysiology
between the accumulation of NAA and demyelination [16].
The phenotypes of the patient show significant overlap with
the clinical synopsis of Canavan disease including increasing
head circumference, deafness, blindness, hypotonia,
spasticity, seizure, demyelination in the white matter, and
death within the first two years of life [17]. Based on these
findings, the identified variant in the gene ASPA is assigned
as causative for the patient phenotype.

3.2.3. Patient TF107_1. Nine variants were revealed after the
filtration procedure. One variant NM_000487.5:c.256C>
G;p.Arg86Gly in the gene ARSA is associated with OMIM
disease. The variant is homozygous in the patient and het-
erozygous in the parents in all healthy siblings (Figure 3).
Homozygous pathogenic variants in the gene ARSA cause
metachromatic leukodystrophy (MLD) (OMIM#250100).
The mutation in ARSA gene leads to deficiency in the
gene producing the lysosomal enzyme arylsulfatase A which
hydrolyzes cerebroside sulfate to cerebroside and sulfate [18].
It is worth mentioning that the annotated exome data file does
not harbour any other pathogenic variant for any of the other
LD disorders.

The phenotypes of the patient show significant overlap
with the clinical synopsis of metachromatic leukodystrophy
including mental deterioration, loss of speech, hypotonia,
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FIGURE 3: Segregation analysis of the identified variant in the patient TF107_1.

muscle weakness, gait disturbances, ataxia, and demyelina-
tion [19]. Based on these findings, the identified variant is
assigned as causative for the patient phenotypes. This variant
is novel in the gene ARSA.

4. Conclusion

In summary, the studied patients were genetically diagnosed
with Canavan disease and metachromatic leukodystrophy.
The two diseases are caused by the lack of important enzymes
and thus result in LD. The clinicians in Jordan diagnosed the
two independent causes with LD without definitive diagnosis
to the type of LD. Here, with the aid of next-generation
sequencing (NGS) the genetic causes of the two diseases were
assigned. This will further help the two families to avoid
having more children with similar diseases and will alert the
carrier healthy siblings for their future. Together with the few
studies that were conducted in Jordan to identify the genetic
causes of neurodevelopmental diseases [20-23], the results of
this study stress the need to combine the clinical description
of the patients with genetic testing including NGS.

Data Availability

The data used to support the findings of this study are
included within the article.

Conflicts of Interest

The author declares that there are no conflicts of interest.

Acknowledgments

The author would like to thank the participating families.
Thanks also go to the lab technicians: Aya Baraghiti and Tala
Issa. This study was supported by Philadelphia University in
Jordan.

References

[1] A. Vanderver, M. Prust, D. Tonduti et al., “Case definition and
classification of leukodystrophies and leukoencephalopathies,”
Molecular Genetics and Metabolism, vol. 114, no. 4, pp. 494-500,
2015.

[2] D. T. Adeline Vanderver, R. Schiffmann, J. Schmidt, and M.
S. van der Knaap, “Leukodystrophy Overview; in GeneRe-
views, University of Washington, Seattle, Wash USA, 2014,
https://www.ncbi.nlm.nih.gov/books/NBK184570/.

[3] S.Parikh, G. Bernard, R. J. Leventer et al., “A clinical approach
to the diagnosis of patients with leukodystrophies and genetic
leukoencephelopathies,” Molecular Genetics and Metabolism,
vol. 114, no. 4, pp. 501-515, 2015.

[4] S. H. Kevelam, M. E. Steenweg, S. Srivastava et al., “Update
on leukodystrophies: A historical perspective and adapted
definition,” Neuropediatrics, vol. 47, no. 6, pp. 349-354, 2016.

[5] H. Li and R. Durbin, “Fast and accurate long-read alignment
with Burrows-Wheeler transform,” Bioinformatics, vol. 26, no.
5, pp. 589-595, 2010.

[6] G. G. Faust and I. M. Hall, “SAMBLASTER: Fast duplicate
marking and structural variant read extraction,” Bioinformatics,
vol. 30, no. 17, pp. 2503-2505, 2014.


https://www.ncbi.nlm.nih.gov/books/NBK184570/

BioMed Research International

(7]

[8

(12]

(13]

(14]

(15]

(16]

(17]

(19]

[20

(22]

E. Garrison and G. Marth, “Haplotype-Based Variant Detec-
tion from Short-Read Sequencing,” 2012, https://arxiv.org/
abs/1207.3907.

P. Cingolani, A. Platts, L. L. Wang et al., “A program for
annotating and predicting the effects of single nucleotide
polymorphisms, SnpEff: SNPs in the genome of Drosophila
melanogaster strain w 118, 460-2;is0-3. Flight Journal, vol. 6, no.

2, pp. 80-92, 2012.
C. S. Marc Sturm, “Tobias Haack Megsap A Medical Genetics
Sequence Analysis Pipeline;” in European Society of Human
Genetics Annual Meeting 2017, vol. 39, Barcelona, Spain, 2017.

I. Adzhubei, D. M. Jordan, and S. R. Sunyaev, “Predicting
functional effect of human missense mutations using PolyPhen-

2. Current Protocols in Human Genetics, no. 76, article no. 7.20,
2013.

H. Thorvaldsdéttir, . T. Robinson, and J. P. Mesirov, “Integrative
Genomics Viewer (IGV): high-performance genomics data
visualization and exploration,” Briefings in Bioinformatics, vol.
14, no. 2, pp. 178-192, 2013.

J. T. Robinson, H. Thorvaldsdoéttir, W. Winckler et al., “Integra-
tive genomics viewer,” Nature Biotechnology, vol. 29, no. 1, pp.
24-26, 2011.

A. Untergasser, I. Cutcutache, T. Koressaar et al., “Primer3-new
capabilities and interfaces,” Nucleic Acids Research, vol. 40, no.
15, p. ell5, 2012.

T. Koressaar and M. Remm, “Enhancements and modifications
of primer design program Primer3,” Bioinformatics, vol. 23, no.
10, pp. 1289-1291, 2007.

G. Ishiyama, I. Lopez, R. W. Baloh, and A. Ishiyama, “Canavan’s
leukodystrophy is associated with defects in cochlear neurode-
velopment and deafness,” Neurology, vol. 60, no. 10, pp. 1702-
1704, 2003.

H. Hoshino and M. Kubota, “Canavan disease: Clinical features
and recent advances in research,” Pediatrics International, vol.
56, no. 4, pp. 477-483, 2014.

R. Kaul, G. P. Gao, K. Balamurugan, and R. Matalon, “Cloning
of the human aspartoacylase cDNA and a common missense
mutation in Canavan disease,” Nature Genetics, vol. 5, no. 2, pp.
118-123,1993.

G. Lukatela, N. Krauss, K. Theis et al., “Crystal structure of
human arylsulfatase A: The aldehyde function and the metal
ion at the active site suggest a novel mechanism for sulfate ester
hydrolysis,” Biochemistry, vol. 37, no. 11, pp. 3654-3664, 1998.

J. Austin, D. McAfee, D. Armstrong, M. O’'Rourke, L. Shearer,
and B. Bachhawat, “Abnormal sulphatase activities in two
human diseases (metachromatic leucodystrophy and gar-
goylism),” Biochemical Journal, vol. 93, no. 2, pp. 15C-27C, 1964.
T. J. Froukh, “Next Generation Sequencing and Genome-
Wide Genotyping Identify the Genetic Causes of Intellectual
Disability in Ten Consanguineous Families from Jordan,” The
Tohoku Journal of Experimental Medicine, vol. 243, no. 4, pp.
297-309, 2017.

C. Han, R. Alkhater, T. Froukh et al., “Epileptic Encephalopathy
Caused by Mutations in the Guanine Nucleotide Exchange
Factor DENNDS5A,” American Journal of Human Genetics, vol.
99, no. 6, pp. 1359-1367, 2016.

A. Johansen, R. O. Rosti, D. Musaev et al.,, “Mutations in
MBOAT?7, Encoding Lysophosphatidylinositol Acyltransferase
I, Lead to Intellectual Disability Accompanied by Epilepsy and
Autistic Features,” American Journal of Human Genetics, vol. 99,
no. 4, pp. 912-916, 2016.

[23] M. S. Reuter, H. Tawamie, R. Buchert et al., “Diagnostic

yield and novel candidate genes by exome sequencing in 152
consanguineous families with neurodevelopmental disorders,”
JAMA Psychiatry, vol. 74, no. 3, pp. 293-299, 2017.



