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ABSTRACT 

Objectives: To identify gene mutations in patients with dystroglycanopathy and prove pathogenic- 
ity of those mutations using an in vitro cell assay. 

Methods: We performed whole-exome sequencing on 20 patients, who were previously diagnosed 
with dystroglycanopathy by immunohistochemistry and/or Western blot analysis. We also evalu- 
ated pathogenicity of identified mutations for phenotypic recovery in a DAG1-knockout haploid 
human cell line transfected with mutated DAG1 complementary DNA. 

Results: Using exome sequencing, we identified compound heterozygous missense mutations in 
DAG1 in a patient with asymptomatic hyperCKemia and pathologically mild muscular dystrophy. 
Both mutations were in the N-terminal region of a-dystroglycan and affected its glycosylation. 
Mutated DAG1 complementary DNAs failed to rescue the phenotype in DAG1-knockout cells, 
suggesting that these are pathogenic mutations. 

Conclusion: Novel mutations in DAG1 are associated with asymptomatic hyperCKemia with 
hypoglycosylation of a-dystroglycan. The combination of exome sequencing and a phenotype- 
rescue experiment on a gene-knockout haploid cell line represents a powerful tool for evaluation 
of  these  pathogenic  mutations.  Neurology®   2015;84:273–279 

 

 
GLOSSARY 
cDNA 5 complementary DNA; DAG1 5 dystroglycan 1 (dystrophin-associated glycoprotein 1); KO 5 knockout; WES 5 
whole-exome sequencing. 

 
Dystroglycan is a central component of the dystrophin–glycoprotein complex, which links the 
cytoskeleton and extracellular matrix through sarcolemma.1,2 Dystroglycan has important roles in 
the development and maintenance of skeletal muscle, the CNS,3 and other organs.4–6 It is encoded by 
the DAG1 gene. The synthesized polypeptide is posttranslationally cleaved into 2 subunits, namely, 
a- and b-dystroglycan; then the former is highly glycosylated.7,8 a-Dystroglycan is composed of 3 
distinct domains: the N-terminal region, the mucin-like domain, and the C-terminal domain, at 
which the mucin-like domain is highly glycosylated by O-linked mannosyl-oligosaccharides and 
binds to ligands such as laminin and agrin by its sugar chains.9,10 Reports show that the N-terminal 
region is required for functional glycosylation of the mucin-like domain by LARGE, an intracellular 
enzyme-substrate recognition motif necessary for initiation of specific glycosylation.8,11

 

Defects in glycosylation of a-dystroglycan lead to a subgroup of muscular dystrophies and brain 
and eye malformations, termed dystroglycanopathies.12 There is a broad spectrum of severity in 
these diseases, ranging from Walker-Warburg syndrome, muscle-eye-brain disease, and Fukuyama 
congenital muscular dystrophy to the milder form of limb-girdle muscular dystrophy, such as 
LGMD2I.13,14 Recent advances in DNA sequencing techniques facilitated identification of new 
causative genes in dystroglycanopathies15–18; to date, 18 causative genes have been identified. 
Among them, DAG1 mutations cause primary dystroglycanopathy in limb-girdle muscular dys- 
trophy19   and muscle-eye-brain disease.20
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Herein, we report the case of a patient in 
whom dystroglycanopathy was caused  by 
novel compound heterozygous missense muta- 
tions in DAG1 identified by whole-exome 
sequencing (WES) and we prove the pathoge- 
nicity of the mutations. 

 
 

METHODS  Standard  protocol  approvals,  registrations, 
and patient  consents. The ethics committee of the National 
Center of Neurology and Psychiatry approved this study. All pa- 
tients gave written informed consent before study participation. 

 

Subjects. To identify the cause of a-dystroglycanopathy, we 
selected a cohort of 20 unrelated individuals who were diagnosed 
with a-dystroglycanopathy by negative reactivity with an anti- 
body for glycoepitope of a-dystroglycan (VIA4-1; Millipore, 
Billerica, MA) on a muscle biopsy and/or decreased VIA4-1 
immunoreactivity and laminin binding ability as shown by 
Western blotting.21 We immunostained muscle with antibodies for 
b-dystroglycan (43DAG1; Leica, Wetzlar, Germany), dystrophin 
(NCL-DYS1, Leica), merosin (4H8-2; Alexis, Lausen, Switzerland), 
and b-sarcoglycan (5B1, Leica), and conducted Western blotting 
using the core antibody for  a-dystroglycan  peptide,  GT20ADG. 
We confirmed that all study patients did not have 3-kb 
retrotransposal insertion at FKTN. 

 

Whole-exome sequencing. WES was performed as reported 
previously.22 Briefly, after genomic DNA isolation from muscle 
specimens or peripheral blood lymphocytes using standard tech- 
niques, we performed exon capture according to the manufac- 
turer’s instructions (SureSelect Human All Exon kit V4, 50 Mb; 
Agilent, Santa Clara, CA), followed by paired-end 100-base 
massively parallel sequencing on an Illumina HiSeq1000 
(Illumina, Inc., San Diego, CA). Then, we mapped and aligned 
to the human genome chromosomal sequence using the Burrows- 
Wheeler Aligner. We removed duplicate reads using Picard for 
downstream analysis and conducted local realignments around 
indels and regions for low base quality scores using the 
Genome Analysis Toolkit for recalibration. We identified 
single-nucleotide variants and small indels using the Genome 
Analysis Toolkit Unified Genotyper (version 1.6) and filtered 
according to the Broad Institute’s best-practice guidelines. We 
used ANNOVAR to annotate genetic variations. Data filtering 
included the following conditions: (1) mutation effect—splicing, 
start lost, exon deletion, frame shift, stop gained or lost, 
nonsynonymous codon change, codon insertion or deletion; (2) 
variation frequency less than 0.01 in HapMap and in 1000 
Genomes Project database; and (3) inheritance mode— 
homozygous mutations, hemizygous mutation, or more than 2 
mutations in the same genes. We used Sanger sequencing to 
confirm mutations. 

 

Validation for the pathogenicity  of  identified  mutations. 
To examine the pathogenicity of identified mutations, we ana- 
lyzed functional recovery of dystroglycans in DAG1-knockout 
(KO) haploid human cell line (HAP1) cells using transfection 
of lentivirus vectors, pLVSIN-IRES-ZsGreen (Clontech, 
Mountain View, CA), harboring wild-type or mutated human 
DAG1 complementary DNA (cDNA). Jae et al.23 established 
the DAG1-KO HAP1 cell as reported previously. For the 
glycosylation in a-dystroglycan assay, we cultured HAP1 cells 
on laminin-coated glass-bottom dishes. Five days after lentivirus 
infection, we incubated live cells with IIH6-C4 antibody against 
glycoepitope of a-dystroglycan (Millipore) in medium and then 

visualized the cells with Alexa Fluor 568-labeled anti-mouse 
immunoglobulin M secondary antibody. We observed the 
cultured cells using a fluorescent microscope (BZ-9000; 
Keyence, Itasca, IL) with  Z-axis scanning throughout whole 
cells to acquire green fluorescent protein and a-dystroglycan 
images together (7 images with 1-mm intervals) for full-focus 
images. After staining with 43DAG1 antibody and GM130 
antibody (Cell Signaling Technology, Beverly, MA), we 
observed localization of b-dystroglycan in  formalin-fixed 
HAP1 cells. 

 

Biotinylation of cell-surface proteins on HAP1 cells. We 
labeled living HAP1 cells with the membrane-impermeable biotin 
reagent, Sulfo-NHS-LC-Biotin, according to manufacturer’s 
instructions (Thermo Scientific, Waltham, MA) and then 
subjected streptavidin-purified proteins to Western blotting using 
standard techniques. We detected b-dystroglycans with 43DAG1 
antibody. 

 
 

RESULTS Identification of DAG1 mutation by WES. 
After analysis of a cohort of 20 unrelated patients with 
a-dystroglycanopathy, we identified one patient who 
harbored mutations in DAG1 genes. WES analysis 
summary is presented in table e-1 on the Neurology® 

Web site at Neurology.org. We identified 7 genes with 
homozygous mutations, 18 genes with compound 
heterozygous mutations, and 8 genes with hemizygous 
mutations in this patient (data not shown). Among 
them, we identified compound heterozygous 
mutations, c.220G.A  (rs189360006)  and c.331G.A 
(rs117209107)  in  DAG1,   which   are   predicted 
to lead to missense mutations, p.Val74Ile and 
p.Asp111Asn, respectively. We did not find any 
other genes involved in the glycosylation pathway 
in the patient. We confirmed the 2 mutations in 
DAG1 by Sanger sequencing (figure 1A) and the 
compound heterozygosity by  transcript  analysis 
(data not shown). Residues at both mutated sites are 
located in the N-terminal region  of  a-dystroglycan 
and are highly conserved during evolution (figure 1, 
B and C). In silico analyses of mutation function 
demonstrated that p.Val74Ile and p.Asp111Asn, 
respectively, were predicted as damaging and tolerated 
by SIFT and probably damaging and benign in 
PolyPhen-2, and both mutations were predicted as 
disease-causing in MutationTaster. Other than DAG1 
mutations, the compound heterozygous missense 
alterations were found in  TTN and AHNAK genes 
among muscle-related genes. 

 
Clinical phenotype and histologic features of muscle 
biopsy. This is a 7-year-old boy coming from a 
nonconsanguineous marriage who has compound 
heterozygous mutations in DAG1. He was born 
normally (length at birth, 51.5 cm; birth weight, 
3,672 g) and demonstrated normal development 
milestones. At the age of 4 years and 7 months, he 
was 98 cm tall, weighed 17 kg, and had a head 
circumference of 50.8 cm. When he was 4 years 
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Figure 1 Compound heterozygous mutations in the DAG1 gene in the described patient 
 
 

 
 

(A) Electropherograms around the mutation sites in DAG1 genes from Sanger sequencing. (B) Amino acid conservation in 
mutation sites among species. (C) Localization of mutation sites (* and **) in domain structures in DAG1 protein. DG 5 
dystroglycan. 

 
and 5 months, he became dehydrated in the wake of 
acute tonsillitis, and was diagnosed with hyperCKemia 
by chance. After recovery from dehydration, 
hyperCKemia continued (range, 1,855–6,512 IU/L; 
normal range, 45–287 IU/L). Physical examination 
showed no symptomatic muscle weakness but we 
observed calf pseudohypertrophy. Muscle CT 
imaging showed low intensity in the rectus femoris, 
semimembranosus, and gastrocnemius muscles. Brain 
CT images showed no morphologic abnormality. 

Muscle histologic analysis showed muscular dystro- 
phy–like appearance including a few regenerating 
fibers, internal nuclei, and mild endomysial fibrosis. 
Immunohistochemical analysis was positive for dystro- 
phin, merosin, sarcoglycans, and b-dystroglycan, but 
negative for glycoepitope of a-dystroglycan (figure 2). 
Results of Western blotting and the laminin overlay 
assay of muscle proteins corroborated the reduction 
in glycosylation of a-dystroglycan (figure 2); in con- 
trast, we detected strong  immunoreactivity to 
GT20ADG at lower molecular mass. b-Dystroglycan 
was normal. 

 
Pathogenesis is proven by rescue of DAG1-KO  HAP1 
cells by the wild-type and mutant DAG1 gene. To prove 
the pathogenicity of the 2 missense mutations har- 
bored by this patient, we transfected lentivirus vectors 

with wild-type or  mutated  DAG1  cDNAs 
(p.Val74Ile and p.Asp111Asn) into DAG1-KO 
HAP1 cells, which showed defects in reactivity for 
the anti-a-dystroglycan antibody, IIH6 (figure 3A). 
DAG1-KO HAP1 cells were rescued by introduction 
of wild-type cDNA showing recovery of strong IIH6 
immunoreactivity similar to that of wild-type HAP1 
cells (figure 3A). On the contrary, cDNAs with 
p.Val74Ile and p.Asp111Asn mutations failed to 
rescue (figure 3A). 

We also analyzed mutated b-dystroglycan trans- 
port to the cell surface in HAP1 cells. DAG1-KO cells 
were negative for b-dystroglycan staining (figure 3B). 
Introduction of wild-type and mutated DAG1 
cDNAs into DAG1-KO cells resulted in recovery of 
b-dystroglycan staining at the cell surface (in red) but 
not in the Golgi apparatus (GM130, blue), suggest- 
ing that processing and transport of dystroglycan was 
not affected by the mutations. Cell-surface biotin- 
labeling experiments in DAG1-KO cells transfected 
with wild-type and mutated DAG1 cDNAs also 
showed recovery of b-dystroglycan in the biotinylated 
protein fraction (figure 3C). These results demon- 
strate that these 2 mutations are pathogenic and 
impair glycosylation of a-dystroglycan, but not dys- 
troglycan expression. 
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Figure 2 Hypoglycosylation of a-dystroglycan in the described patient 
 
 

 
 

(A, top) Histology and immunostaining of skeletal muscle from the patient. Muscle histology showed muscular dystrophy– 
like appearance including a few regenerating fibers, internal nuclei, and mild endomysial fibrosis. (A, bottom) Muscle stained 
positive for antibodies to dystrophin (Dys-rod), merosin, b-sarcoglycan (b-SG), and b-dystroglycan (b-DG), but negative for 
glycoepitope antibody to a-dystroglycan (a-DG VIA4-1). (B) Western blotting with VIA4-1 antibody and the laminin overlay 
assay of muscle proteins showing reduced glycosylation of a-dystroglycan; in contrast, strong immunoreactivity to 
GT20ADG for core peptide was detected at lower molecular mass (*). After Western blotting with VIA4-1 antibody, the same 
membrane was used for GT20ADG. The bands labeled with # were the VIA4-1 antibody-reactive bands. b-Dystroglycan 
staining was normal. 

 
DISCUSSION Herein, we report on a patient with 
dystroglycanopathy, who has compound heterozy- 
gous mutations in DAG1. This patient had asymp- 
tomatic hyperCKemia with mild muscular dystrophy 
and  deficiency  in   laminin-binding   glycosylation 
in a-dystroglycan. Although the patient could be 
presymptomatic for muscle weakness or intellectual 
disability, the clinical phenotype is much milder 
compared with a previous report of a patient who 
had limb-girdle–type muscular dystrophy accompanied 
by mild cognitive impairment.19 Our finding 
expands the clinical and pathologic spectrum of 
dystroglycanopathy associated with DAG1 mutation 
from a muscle-eye-brain disease–like phenotype 
and mild limb-girdle muscular dystrophy19,20 to 
asymptomatic hyperCKemia. Myopathic asymptomatic 
hyperCKemia has been reported in secondary 
dystroglycanopathies, with mutations in FKRP 
and FKTN genes.24–26 By WES, we also identified 2 
missense alterations in each of the TTN and AHNAK 
genes, which have  been known to  be expressed in 
skeletal   muscles.   Both   alterations   in   TTN  were 

predicted as probably damaging in PolyPhen-2 or 
disease-causing in MutationTaster in silico functional 
analyses. These alterations in TTN were not localized 
in  the  exons  in  which  the  mutations   have 
been identified in other muscle diseases, such as 
hereditary myopathy with early respiratory failure, 
cardiomyopathy, or tibial muscular dystrophy. 
AHNAK missense alterations were predicted as 
probably damaging and benign in PolyPhen-2 or 
polymorphism in MutationTaster. Functional 
experiments for the mutated proteins would be 
required for final conclusion of their pathogenicities. 

Although one could argue whether the c.220G.A 
and c.331G.A variants previously annotated in the 
dbSNP131, 1000 Genomes, and HapMap databases 
can be the candidate pathogenic mutations, we still 
presume they are pathogenic because we did not find 
any other strong candidate gene for dystroglycanop- 
athy in this patient. Because it is known that the 3-kb 
retrotransposal insertion in FKTN with a frequency of 
1/88 allele is associated with a high prevalence of 
Fukuyama congenital muscular dystrophy in Japan,27
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Figure 3 Mutant DAG1 observed in patients does not rescue hypoglycosylation of a-dystroglycan in DAG1-KO cells 
 
 

 
 

(A) IIH6-4C2 staining of wild-type HAP1 cells (in red), DAG1-knockout cells (HAP1-DAG1-KO), and DAG1-KO cells transfected with wild-type (1WT-DAG1), 
Val74Ile-mutated (1V74I DAG1), and Asp111Asn-mutated DAG1 (1D111N DAG1). Transfected cells are positive for ZsGreen expression (in green). 
(B, C) Recovery of b-dystroglycan on cell surface in DAG1-KO cells by transfection with wild-type (1WT-DAG1), p.Val74Ile-mutated (1V74I DAG1), 
and p.Asp111Asn-mutated DAG1 (1D111N DAG1). HAP1, wild-type haploid cells; HAP1-DAG1-KO, DAG1-KO HAP1 cells. (B) Immunostaining 
of b-dystroglycan (red) and Golgi protein, GM130 (blue). (C) Western blot analysis of cell-surface biotin-labeled fraction. Scale bar denotes 20 mm. 
b-DG 5 b-dystroglycan. 

 
 

it is logical to suspect a mutation with a variation 
frequency of more than  0.01.  Because  the 
c.331G.A  mutation  has  a  variation  frequency  of 
0.005 in all populations in 1000 Genomes and a 
higher frequency (0.028) in the Japanese population 
in the Human Genetic Variation Database, there is a 
possibility that a higher incidence of potential dystro- 
glycanopathy caused by p.Asp111Asn substitution 
exists in the Japanese population. However, in other 
populations, the frequency has not been known. 

As reported, hypoglycosylation levels of a-dystrogly- 
can do not consistently correlate with clinical severity.28

 

Our patient should be classified as having a primary dys- 
troglycanopathy with mutations in DAG1; he had typical 
hypoglycosylation of a-dystroglycan in terms of low 
molecular mass of the protein, positive reactivity to anti-
core peptide antibody, and decreased binding to lam- inin, 
but he showed a milder phenotype. The level of 
hypoglycosylation of a-dystroglycan is not necessarily 
predictive of phenotypic severity in dystroglycanopathy. 

Our results suggest that the missense mutation of 
p.Val74Ile or p.Asp111Asn in the N-terminal region 
of a-dystroglycan does  not  influence  expression 
of  the  dystroglycan,  but  it  does  cause  a  defect  in 
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posttranslational modification. Similarly, Hara et al.19 

reported  a  missense  mutation  (p.The192Met)   in 
the N-terminal region, which is also associated with 
hypoglycosylation of a-dystroglycan but with nor- 
mal b-dystroglycan localization. LARGE catalyzes 
the extension  of  specific  disaccharide  struc- 
tures [23GlcAa124Xylb12] on a phosphorylated O-
mannosyl glycan in the mucin-like domain, which is 
required for laminin binding, within the Golgi 
apparatus.29 The N-terminal region in a-dystroglycan 
serves as a recognition site for LARGE8; of note, Hara 
et al. demonstrated that the p.The192Met mutation 
in DAG1 impairs interaction between a-dystroglycan 
and LARGE. This N-terminal region is predicted to 
have L-shaped modular architecture and comprises 2 
autonomous domains; domain 1 contains residues 
28–168 in murine a-dystroglycan and  belongs  to 
the I-set domain of the immunoglobulin superfam- 
ily, and domain 2 contains residues 180–303 with a 
ribosomal RNA-binding protein  fold.30  Both 
mutated residues, Val74 and Asp111, are present 
in domain 1 and are neighbors of Gly75 and 
Gln113 (corresponding to Gly73 and His111in 
murine dystroglycan);  each  of  these  is  predicted 
to be aligned  on the interaction between domain 
1 and 2, and the trimer interface of domain 1, respec- 
tively, in the crystal structure of the N-terminal region of 
murine a-dystroglycan. Both mutations may affect 
higher-order structural formation of the N-terminal 
region of a-dystroglycan. Another  possibility  is  that 
the mutations may impair direct interaction of the N-
terminal globular region of a-dystroglycan with 
extracellular matrix  molecules,  as  suggested  by  Hall 
et al.31 Remarkable secondary structure and hydropho- 
bic character changes of the mutated fragment are 
reported to lead to weaker interaction of this domain 
with  laminin.32

 

Previously, Willer et al.15 have demonstrated the 
rescuing experiments using patients’ fibroblasts in 
dystroglycanopathy for evaluation of the pathoge- 
nicity of gene mutations. In this study, we used 
gene-modified HAP1 cells because the patient’s cells 
were not available. The phenotypic rescue experi- 
ments described here, using DAG1-KO HAP1 cells 
with lentivirus-mediated expression of mutated 
cDNA, enabled rapid and easy evaluation of the 
pathogenicity of the mutations. This is a simple 
method based on the recovery of the function of a-
dystroglycan. Theoretically, this method can be 
applied to evaluate any of the mutations in all 
known causative genes as well as mutations in novel 
candidate genes for dystroglycanopathies without 
requiring enzymatic activity measurement, as long 
as the specific gene-KO HAP1 cells are available. 
This method would be applicable by any researcher 
for confirming the data from WES for each causative 

mutation in any disease, if the phenotypes of cells 
were characterized. 
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