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Abstract Defects in dystroglycan post-translational modifica-
tion result in congenital muscular dystrophy with or without
additional eye and brain involvement, are referred to as sec-
ondary dystroglycanopathies and have been associated with
mutations in 11 different genes encoding glycosyltransferases
or associated proteins. However, only one patient with a muta-
tion in the dystroglycan encoding gene DAG1 itself has been
described before. We here report a homozygous novel DAG1
missense mutation c.2006G>T predicted to result in the amino
acid substitution p.Cys669Phe in theβ-subunit of dystroglycan

in two Libyan siblings. The affected girls presented with a
severe muscle–eye–brain disease-like phenotype with distinct
additional findings of macrocephaly and extended bilateral
multicystic white matter disease, overlapping with the cerebral
findings in patients withmegalencephalic leucoencephalopathy
with subcortical cysts. This novel clinical phenotype observed
in our patients further expands the clinical spectrum of
dystroglycanopathies and suggests a role of DAG1 not only
for dystroglycanopathies but also for some forms of more
extensive and multicystic leucodystrophy.

Keywords Dystroglycan . DAG1 .Muscle–eye–brain
disease (MEB) .Multicystic leucodystrophy . Cystic white
matter disease .Megalencephalic leucoencephalopathywith
subcortical cysts (MLC)

Introduction

Dystroglycan plays an essential role as an anchor for diverse
extracellular proteins (e.g. laminin) to the cytoskeleton. It is
encoded by the DAG1 gene and post-translationally cleaved
into a transmembrane β-subunit (β-dystroglycan, βDG) and a
highly glycosylated extracellular α-subunit (α-dystroglycan,
αDG) [1]. O-glycosylation of αDG with various oligosaccha-
rides is crucial for its normal binding function to the extracel-
lular matrix [2]. In congenital muscular dystrophies with defec-
tiveO-glycosylation ofα-dystroglycan (dystroglycanopathies),
hypoglycosylation of αDG in muscle biopsy is detected with
immunohistochemical methods. There is a broad clinical spec-
trum of dystroglycanopathies with the most severe conditions,
muscle–eye–brain disease (MEB) and Walker–Warburg syn-
drome (WWS), constantly being associated with characteristic
brain malformations and eye involvement [3, 4]. Recently, the
genotype–phenotype correlations were refined as over the past
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decade a more overlapping clinical spectrum became evident
[3]. To date, mutations in 11 known or putative glycosyltrans-
ferase genes or associated proteins have been identified
(POMT1 , POMT2 , POMGnT1 , Fukutin , FKRP, LARGE ,
ISPD , GDTC2 , B3GNT1 , B3GALNT2 and TMEM5) and cur-
rently explain approximately 50 % of patients with character-
istic clinical findings [3, 5–11]. The associated clinical mani-
festations are referred to as secondary dystroglycanopathies [2].
Unexpectedly, to date, only one patient with a primary dystro-
glycanopathy associated with a homozygous missense muta-
tion (c.575C>T, p.T192M) in the DAG1 gene itself has been
reported by Hara et al. [12]. The 16-year-old female patient was
diagnosed with a limb-girdle muscular dystrophy with mental
retardation and without structural brain malformation. Further
in vitro and in vivo studies support the pathogenicity of the
mutation confirming neuromuscular disease with muscular
dystrophy, defective glycosylation of αDG and a marked re-
duction in αDG's ability to bind extracellular matrix compo-
nents [12].

Here, we describe a Libyan family with two affected sib-
lings suffering from a dystroglycanopathy resembling aMEB-
like condition with the exceptional additional finding of ex-
tended bilateral multicystic white matter disease. This novel
clinical phenotype is associated with a novel homozygous
missense mutation in the DAG1 gene.

Materials and methods

Clinical data

Clinical evaluationwas performed at the age of 2 years 8months
and 3 years 7 months, respectively. It included neurological and
ophthalmological examination, electroencephalogram and mea-
surement of creatine kinase values in both siblings. Magnetic
resonance imaging of the brain (1,5 T Siemens Avanto, 12
channel head coil), nerve conduction studies and muscle biopsy
were performed in the younger girl.

Muscle histology and immunohistochemistry

A muscle biopsy from vastus lateralis muscle was obtained.
Standard stainings for histological analysis were prepared. For
immunochemistry, unfixed 8-μm frozen sections were incubat-
ed with monoclonal antibodies to merosin (Novocastra; clone
Mer3/22B2; diluted 1:100) and α-dystroglycan (Novocastra;
clone VIA4-1; 1:100) for 1 h at room temperature, followed by
a biotinylated rabbit anti-mouse antibody (Dako; 1:400) for 1 h.
The reaction product was visualized using diaminobenzidine
(Fluka) and H2O2 (Roth). Dilutions and washings were done

with phosphate buffered saline. Examinations of the sections
were performed with a Zeiss Axioskop microscope.

Linkage and sequencing analysis

Genetic analysis was performed with informed consent on
genomic DNA extracted from blood leukocytes. Initially,
linkage analysis was applied using closely linked microsatel-
lite markers for known candidate loci (POMT1 , POMT2 ,
POMGnT1 , FKTN , FKRP, LARGE and ISPD ) and failed to
identify any strong candidate loci.

For whole exome sequencing, 50 ng of isolated genomic
DNA from the two affected sisters and the healthy mother was
processedwith the Nextera® Exome Enrichment Kit (Illumina,
Inc., San Diego, CA, USA) according to the manufacturer's
protocol. Library Quantification was carried out with the High
Sensitivity DNA Kit on a Bioanalyzer (Agilent Technologies,
Böblingen, Germany) and the Qubit™ dsDNA HS Assay Kit
(Life Technologies, Darmstadt, Germany). The Library was
sequenced as a 150-bp paired-end run on a MiSeq™ system
with theMiSeq Reagent Kit v2 (Illumina, Inc., San Diego, CA,
USA). Reads were aligned to the human reference genome
(UCSC hg19, NCBI build 37.1) using the DNASTAR
Lasergene® SeqMan Pro™ software, and variant detection
was performed with DNASTAR ArrayStar® (DNASTAR
Inc., Madison, WI, USA). Variants were selected in terms of
unregistered variants (excluding registered SNPs), variants
excluding synonymous changes and variants with an allele
frequency of at least 90 % (assuming a homozygous mutation)
and a minimum ten-fold coverage. Evaluation was focused on
genomic variants homozygous in both affected daughters and
heterozygous in the healthy mother, assuming autosomal re-
cessive inheritance (Supplemental Figure 1).

Furthermore, the genetic data obtained by whole exome
sequencing were in particular analyzed for sequence varia-
tions within additional genes known to be associated with
congenital muscular dystrophies due to defective O -glycosyl-
ation (POMT1 , POMT2 , POMGnT1 , FKTN , FKRP, LARGE ,
ISPD , GTDC2 , B3GnT1 , B3GALNT2 and TMEM5), similar
dystroglycanopathy phenotypes (COL4A1 , LAMA2 , DPM2 ,
DPM3 and SGK196 ) as well as cystic leucoencephalopathies
(MLC1 and HEPACAM).

The identified DAG1 base substitution homozygous in
both siblings and heterozygous in their mother was confirmed
by direct partial sequencing of the coding region of amino
acids p.622-p-820 of exon 2 (reference cDNA sequence
NM004393.4) according to themanufacturer's recommendations
using an ABI Prism Big-Dye Terminator Cycle Sequencing Kit
version 3.1 and ABI 3100Dx XL Avant sequencer (Applied
Biosystems, Foster City, CA, USA). Primer sequences are avail-
able on request.
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Results

Clinical findings

The two female siblings are the only children of Libyan,
presumably non-consanguineous parents. Both pregnancies
were uneventful resulting in normal vaginal deliveries at term.
Antenatal ultrasound was not performed. The siblings had an
identical course of disease with apparent onset of symptoms at
the age of 4 months with developmental delay and general
muscular hypotonia. Diagnostic work up at the age of 2 years
8 months and 3 years 7 months, respectively, showed severe
mental retardation and muscular hypotonia without any ability
to sit or walk (Table 1). While there was a lack of head control
in the younger girl, the other sibling gained some limited
ability to balance the head. They were both not able to speak.

In the electroencephalography of the older girl, spike-waves
discharges were detected, but none of the siblings needed
antiepileptic therapy. Serum creatine kinase levels were ap-
proximately five-fold elevated (1,087 and 1,347 U/l).
Ophthalmologic examinations revealed cataract, retinal dys-
trophy, severe myopia and buphthalmos, respectively. A nerve
conduction study of the tibial nerve in the younger girl was
normal.

Muscle histology and immunochemistry

Biopsy from vastus lateralis muscle showed muscle fibres of
moderate size variability and some hypertrophic type 1 fibres
(Fig. 1a). The diameter of the muscle fibres was 25μm for type
1 fibres and 21 μm for type 2 fibres. Necrosis, phagocytosis or
basophilia of myofibres were absent. There was no increase of
internal myonuclei nor increase of endomysial connective
tissue or inflammatory infiltrate. Immunohistochemical label-
ling for merosin appeared normal. However, no staining for
αDG was detected (Fig. 1b), indicating either loss of αDG or
deficient αDG glycosylation.

Brain MR imaging

Cerebral magnetic resonance imaging showed severe abnor-
malities compatible with the clinical diagnosis of muscle–
eye–brain disease. Infratentorial structural changes included
flattening and kinking of the pons and brainstem, subcortical
cysts in the cerebellar hemispheres and a hypoplastic vermis
(Fig. 2a, c). The supratentorial alterations consisted of migra-
tion defects resulting in a thin cortical layer resembling diffuse
polymicrogyria with frontal agyria, moderate ventricular
dilatation and a thinning of the corpus callosum (Fig. 2b).
Moreover, severe white matter abnormalities with a diffusely
swollen and abnormal white matter of high T2 intensity and
multiple cysts (Fig. 3a, b) were found and to our knowledge
have previously not been described in MEB or other dystro-
glycanopathies before. In addition to multiple large bilateral
cystic lesions of a somewhat radial orientation in the entire
frontal to parietal subcortical white matter with irregular and
confluent shape, there were striking bilateral subcortical cysts
anterior-temporal with a diameter of approximately 2.5 cm
(Fig. 3b, c).

Genetic findings

Whole exome sequencing identified four variants homozygous
in both patients and heterozygous in the mother (Supplemental
Figure 1 and Table 2). Three of these variants appeared to
represent single nucleotide polymorphisms based on their fre-
quency in control cohorts, their annotation in the NCBI dbSNP

positive control

Fig. 1 Histology of the vastus lateralis muscle revealed a dystrophic
myopathy withmoderate size variability of muscle fibres (a , haematoxylin
and eosin stain). Immunohistochemistry showed no staining for α-
dystroglycan (small figure: positive control) (b) and normal staining for
merosin (c)
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database as well as in silico analysis by both SIFT and
Polyphen2. Both siblings are homozygous for a base substitu-
tion c.2006G>T in exon 2 of theDAG1 gene, predicted to result
in the amino acid substitution p.Cys669Phe (Fig. 4). This base
substitution could not be found in any of the tested 52 control
subjects nor has it been reported so far as mutation or polymor-
phism in any of the publicly available databases including
HGMD (http://www.hgmd.cf.ac.uk), Leiden Open Variation
Database 2.0 (http://www.lovd.nl/2.0/), NCBI dbSNP (http://
www.ncbi.nlm.nih.gov/snp/) and PubMed (http://www.ncbi.
nlm.nih.gov/pubmed/). This cysteine at position 669 is
localized within the extracellular portion (amino acids p.654-
749) of theβ-dystroglycan domain (p.654-895) and evolutionary

highly conserved down to Caenorhabditis elegans . In the
Torpedo paralog, this cysteine at p.669 has been postulated to
form a covalent disulphide bound with p.Cys713 within ß-
dystroglycan important for the tertiary structure of ß-dy-
stroglycan and thus most likely also for the function of the α-
and ß-dystroglycan complex [13]. Disruption of this disulphide
bond is predicted to cause an altered secondary structure ofβDG
substituting a helix structure in the wild-type protein by a beta-
strand structure [protein prediction program PSIPRED (http://
bioinf.cs.ucl.ac.uk/psipred)]. In silico analysis using different
algorithms including Polyphen and SIFT predicts this missense
mutation to be probably damaging (score 1.0) and deleterious
(score 0.00), respectively.

Fig. 2 T2-weighted MR images (slice thickness 2 mm) of a 2-year-8-
month-old girl. Thin corpus callosum and hypoplasia of pons and cerebel-
lar vermis (a). Neuronal migration disorder resembling polymicrogyria
and frontal agyria, diffusely swollen white matter with abnormal high

signal intensity, moderate dilatation of the ventricles (b). Cerebellar ab-
normalities with a hypoplastic vermis and multiple subcortical cysts in the
cerebellar hemispheres (c)

Table 1 Clinical characteristics

Sibling 1 (female) Sibling 2 (female) Female patient with DAG1
mutation p.T192M (Hara et al. [11])

Current age 3 years 7 months 2 years 8 months 16 years

Onset of symptoms 4 months 4 months 3 years

Max. motor capacity Limited head control No head control Walks alone, climbs stairs

Muscle hypertrophy/
atrophy

No No Hypertrophy of calves

Joint contractures No No Ankles

Spine Normal Normal Lumbar lordosis

Intellectual ability Severely retarded, does not speak Severely retarded, does not speak IQ 50; uses two-word sentences

Head circumference 53.5 cm (1.5 cm≥97th percentile) 54.8 cm (3.5 cm≥97th percentile) Third–tenth percentile

Creatine kinase (age) 4.6-fold (3 7/12 years) 5.6-fold (2 8/12 years) 20-fold (15 years)

Ophthalmologic findings Bilateral retinal dystrophia, severe
myopia

Bilateral buphthalmos, cataract,
seclusio and occlusio pupillae

Not reported

Brain MRI Not available MEB-like changes and leucodystrophy
with multiple cysts in the subcortical
white matter and bilateral subcortical
cysts anterior-temporal

Normal
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No additional functionally relevant heterozygous or homo-
zygous sequence variations were observed in any of the
coding sequences of the particularly evaluated 18 genes, pre-
viously associated with congenital dystroglycanopathies or
cystic leucoencephalopathies (269 targets; 95 % of all targets
were covered at least 10×; 83 % at least 20×). Causal muta-
tions in 17 of these 18 genes were further excluded by hetero-
zygous sequence variants and/or discordant haplotypes be-
tween both affected siblings. No heterozygous variants were
detected within DPM3with a coverage of at least 10× over the
entire coding region.

Discussion

Current spectrum of dystroglycanopathies

Congenital muscular dystrophies with defective O -glycosyl-
ation of α-dystroglycan (dystroglycanopathies) are a hetero-
geneous group of autosomal recessive diseases with a broad
clinical spectrum [3]. The clinical phenotype is characterized
by a combination of muscular disease with functional and/or

structural brain and eye involvement of variable degree. The
phenotypic spectrum ranges from the most severe conditions,
muscle–eye–brain disease (MEB) and Walker–Warburg syn-
drome (WWS), to mild cases of limb girdle muscular dystrophy
(LGMD)without mental retardation. The clinical diagnosis of a
dystroglycanopathy is confirmed by immunohistochemical de-
tection of hypoglycosylated αDG in muscle biopsy using spe-
cific antibodies against glycolysated α-dystroglycan. While
initially the clinically well-defined entities of WWS and MEB
were considered to be associated with mutations in specific
genes, recently a broader and overlapping genotype–phenotype
correlation became widely accepted [3, 14]. In 2007, Godfrey
et al. defined a clinical classification of dystroglycanopathies
consisting of seven phenotypic categories dependent on onset
and severity of muscle disease and further subcategorized by
the degree of functional and structural brain involvement. The
MEB/FCMD (Fukuyama congenital muscular dystrophy)
subtype is characterized by brain abnormalities including
pachygyria, polymicrogyria, cerebellar hypo- and dysplasia
and frequent flattening of the pons and brainstem, eye involve-
ment consisting of congenital glaucoma, myopia, retinal atro-
phy and/or juvenile cataracts as well as severe motor and

Fig. 3 Multicystic leucodystrophy with large and confluent cysts of
variable signal intensity probably due to variable protein content [4-mm
fluid attenuated inversion recovery (FLAIR) images, a]. The cysts are
localized in the subcortical white matter, mainly in the frontoparietal

region (b). Bilateral large subcortical cysts anteriorly in the temporal lobe
(b , c ; 2-mm T2-weighted images). Note the thin optic nerve with wide
perioptic subarachnoid space (c)

Table 2 Homozygous variants identified by whole exome sequencing; NM referrence cDNA sequence; Population frequency as available in 1000
Genomes; SIFT calculated as Score 0–1; >0,05 intolerant; Polyphen2 (HumVar) score range 0–1

Gene NM OMIM
gene

Sequence
variation

Type Amino acid
variation

NCBI dbSNP Frequency SIFT PolyPhen2

BCL6B 181844.3 608992 c.729_731dup/
c.731_732insCAG

InFrame p.Ser244dup rs55799550 - - -

VCX3B 001001888.3 none c.44A>C Missense p.Lys15Thr rs201965035 tolerated
(0,09)

benign 0.334

DNAH1 015512.4 603332 c.8885A>C Missense p.Lys2962Thr rs199602894 0.20% deleterious
(0.00)

benign 0.247

DAG1 004393.4 128239 c.2006G>T Missense p.Cys669Phe - deleterious
(0.00)

probably damaging
(0.999)
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cognitive impairments and can also be assigned to the siblings
presented in this report [3, 14].

Homozygous mutations in genes of glycosyltransferases
involved in post-translational O-glycosylation of αDG like
POMT1 , POMT2 , POMGnT1 and LARGE or in genes of
associated proteins of unknown function (Fukutin and FKRP)
are well known causes of different types of dystroglycanopathies
[5]. Since 2012, another five genes of involved putative enzymes
were identified: homozygous mutations in ISPD , GDTC2 ,
B3GNT1, B3GALNT2 and TMEM5 [6–11] were reported to
interfere with the αDG glycosylation process leading to a
WWS-phenotype in humans. Mutations in these 11 genes are
referred to as secondary dystroglycanopathies [2, 12]. They are
estimated to be responsible for approximately 50 % of diseases
while the genetic aetiology of the other half of affected patients
remains unsolved.

DAG1 mutations in human disorders

In 2011, Hara et al. reported the first patient and to date only
patient with a homozygous mutation in the dystroglycan-
encoding gene DAG1 itself (primary dystroglycanopathy)

[12]. They found a homozygous missense mutation
(c.C575T) leading to the amino acid change methionine to
threonine at amino acid residue 192 (p.T192M) that affected
a highly conserved residue in the N-terminal of the α-subunit
of dystroglycan. The mutation could not be found in any of the
tested 100 control subjects. Furthermore, in vitro and in vivo
studies in a knock-in mouse model showed histological hall-
marks of muscular dystrophy and hypoglycosylation of αDG
leading to a marked reduction in αDG's ability to bind extra-
cellular matrix proteins in the mutant mice. This female patient
was diagnosed at the age of 16 years with a relatively mild
LGMD with severe mental retardation and normal brain imag-
ing (see Table 1). More recently, this sequence variation has
been reported in the dbSNP database under the reference
number rs193922955 so far without any information on popu-
lation frequencies.

In a 16-year-old female with cognitive impairment, facial
hypotonia, raised serum creatine kinase and subcortical white
matter changes, a contiguous gene syndromewas confirmed by
array-CGH resulting from a heterozygous de novo deletion of
1.9 Mb in chromosomal region 3p21.31 including the entire
DAG1 gene [15]. However, in the absence of a second

Fig. 4 Sanger sequencing results
of exon 2 of the DAG1 gene
confirming the missense mutation
p.Cys669Phe homozygous in one
of the affected siblings (a) and
heterozygous in their mother (b),
compared to the wild-type
sequence (c)
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identified DAG1 mutation on the other allele, the immunohis-
tochemical staining of αDG was normal, and the functional
relevance of the observed mildly to moderately reduced
dystroglycan transcripts (60 % of control, assessed by quanti-
tative RT-PCR on extracted RNA from the patients muscle
biopsy material) remains unclear.

The patients we report here are the offspring of unaffected,
presumably non-consanguineous Libyan parents and have a
considerablymore severe clinical course with onset of symptoms
at 4 months of age, compatible with the “MEB/FCMD-like”
phenotype according to Godfrey [3]. At the age of 2 years
8 months and 3 years 7 months, respectively, they presented
with severe mental and motor retardation and were unable to sit
or walk. There was involvement of the eyes with complex
malformations and signs of muscular dystrophy with significant-
ly reduced immunohistochemical labelling forα-dystroglycan in
muscle biopsy. Brain MRI showed severe malformations com-
patible with MEB. In addition, there were multiple cysts in the
subcortical white matter possibly representing a novel cerebral
phenotype of dystroglycanopathy.

Whole exome sequencing identified a homozygous mis-
sense mutation p.Cys669Phe in the extracellular portion of the
β-subunit of dystroglycan affecting a highly conserved cyste-
ine residue that is predicted to form a covalent intra-chain
disulphide bond [13]. To our knowledge, it is the first reported
β-dystroglycan mutation associated with a human phenotype.

DAG1 mutations in animal models

In 1997, the importance of dystroglycan in early embryonic
development was demonstrated in dystroglycan null mice. The
homozygous DAG-null mutation resulted in early embryonic
lethality; the nulls exhibited severe abnormalities in early
basement membrane formation [16]. Furthermore, selective
deletion of CNS dystroglycan in mice produced cerebral cortex
malformations resembling cobblestone lissencephaly typically
found in dystroglycanopathies like MEB, FCMD and WWS
[17]. However, deletion of only the C-terminal located
cytoplasmatic domain of the β-subunit of dystroglycan did
not interfere with normal cerebral cortex organization [18].
Therefore, the function of the dystroglycan complex during
neuronal migration was postulated to critically depend on
extracellular dystroglycan interactions. Cysteine at position
p.669 is located within the N-terminal extracellular ßDG re-
gion, which together with the C-terminus of αDG has been
recognized as the interphase between the two DG subunits
[19]. Furthermore, the missense mutation p.Cys669Phe, re-
ported in this paper, removes a cysteine residue postulated to
form a critical covalent intra-chain disulphide bond within this
extracellular portion of ßDG [13]. Disruption of this disulphide
bond at position p.669 is predicted to causes a substantial
change in the secondary structure of βDG which we propose

to result in a critically disturbed interaction between βDG and
αDG and a defectively glycosylated dystroglycan protein.

Knock-in mice bearing the onlyDAG1 mutation p.T192M
described so far in a patient with mild manifestation of a
LGMD before showed the hallmarks of muscular dystrophy
in skeletal muscle while no structural brain malformation, but
features of functional CNS impairment were evident [12].

Likewise, in zebrafish, the homozygous DAG1 missense
mutation c.T1700A (p.V567D) was shown to result in muscle
defects and abnormal eye and brain development reminiscent
of human WWS, FCMD and MEB [20]. The mutation was
considered to interfere with the interaction of the dystroglycan
α- and β-subunit; in the mutant embryos, there was no de-
tectable expression of αDG or βDG.

Selective disruption of αDG and βDG expression in
Schwann cells has been show in mice to result in an age-
dependent reduction of nerve conduction velocity [21].
Interestingly, in our patient, a normal nerve conduction veloc-
ity of the tibial nerve was found at the age of 2 years 8 months.
This discrepancy might be explained by the young age at
examination of our patient as conduction abnormalities in
the mouse model worsened with age, and by the fact that the
tibial nerve for unknown reasons was less severely affected in
those mice than other nerves.

Neuroradiological brain involvement in dystroglycanopathies

Structural and functional involvement of the brain is a common
feature in patients with dystroglycanopathies. Supratentorial as
well as infratentorial structures can be affected, and the severe
brain malformation can in fact be the clinical finding guiding
the early diagnosis of a dystroglycanopathy, e.g. as prenatal
sonographic diagnosis of Walker–Warburg syndrome. In a
brain magnetic resonance imaging study of patients with
dystroglycanopathy resulting from mutations in POMT1 ,
POMT2 , POMGnT1 , Fukutin or LARGE , 15 of 27 had corti-
cal abnormalities like polymicrogyria, pachygyria or cobble-
stone lissencephaly; 17 of 27 ventricular dilatation; 16 of 27
abnormalities of the pons and/or brainstem; and 17 of 27
cerebellar involvement with cysts, dysplasia or hypoplasia,
respectively [22]. White matter changes were found in the
MRI of 20 of 27 (74 %) patients consisting of diffuse or
regionally (especially periventricular) pronounced abnormally
high T2 signal intensity or reduced white matter volume in two
cases. However, neither by Clement et al. [22] nor in any other
article so far, supratentorial cysts in the white matter were
described. In the cerebral MRI of our patient, there are marked
large bilateral multicystic lesions in the subcortical white matter
that are particularly pronounced in the frontal to parietal re-
gions. In addition, subcortical cysts in the anterior temporal
region are present. Appearance of the white matter lesions is
different from white matter injuries in premature infants with
cerebral palsy but shares some characteristic MRI features with
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megalencephalic leucoencephalopathy with subcortical cysts
(MLC) related toMLC1 mutations [23]. Similar MRI findings
in our patient are the diffusely abnormal and swollen white
matter, the anterior temporal subcortical cysts and the clinical
finding of macrocephaly. However, the clinical and brain phe-
notype is more severe in our siblings who in addition present
with multiple large bilateral cysts throughout the entire frontal
to parietal subcortical white matter. These lesions appear to
have a radial orientation possibly corresponding to the radial
neuronal migration during cortex formation. Furthermore, it is
noteworthy that MEB-like cortical abnormalities, infratentorial
CNS malformations, eye malformations and confirmed mus-
cular dystrophy as found in our patient are not described as part
of the MLC phenotypic spectrum.

Furthermore, the two genes MLC1 and HEPACAM so far
associated with MLC in humans were covered with our whole
exome sequencing approach and for both siblings did not
reveal any sequence alterations, thus suggesting an additional
and independent MLC phenotype. A possible functional link
between white matter pathology in our patients and MLC
might be provided by co-localization and interference of the
MLC1 gene product with proteins of the dystrophin–glycopro-
tein complex (DGC) in astrocytes of human brain tissue [24].
Additionally, the importance of dystroglycan expression in the
radially oriented glia for brain development has been shown
before in mice and might in fact explain the seemingly radial
orientation of the cerebral cysts in the sisters of this report [18].

Interestingly, there are marked similarities of the MRI white
matter changes observed in our patients with the findings de-
scribed in congenital muscular dystrophy (CMD) with merosin
deficiency (CMD1A). CMD1A results from mutations in the
LAMA2 gene encoding laminin-α2, a chain of merosin [25].
CMD1A patients present with a muscle dystrophy phenotype
with elevated creatine kinase, dystrophic appearance in muscle
biopsy with partial or complete laminin-α2 deficiency in immu-
nohistochemistry as well as bilateral increase in T2 signal inten-
sity in thewhitematter of the cerebral hemispheres [26, 27]. Few
patients were reported with associated cortical malformation,
especially occipital pachygyria and agyria [27]; in those, the
presence of these cortical malformations correlated with cogni-
tive impairment and seizures. On a molecular basis, the high
affinity binding of glycosylated αDG to extracellular laminin is
well defined [1], and disruption of this interaction is considered
to play a crucial role in the pathogenesis of dystroglycanopathies
[5].

In summary, we present here for the first time a more
complex MEB-like dystroglycanopathy with extended bilat-
eral multicystic leucodystrophy associated with a novel ho-
mozygous missense mutation in the β-subunit of the DAG1
gene. Our findings expand the genotypic and phenotypic
spectrum of dystroglycanopathies in humans and support the
central role of dystroglycan itself in their pathogenesis. The
unexpectedly low number of patients with causal DAG1

mutations reported so far might point to a more severe and
perhaps different phenotypic spectrum of other DAG1 muta-
tions with more severe functional consequences.
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