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Abstract. Dystroglycanopathies are neuromuscular disorders due to abnormal glycosylation of dystroglycan which is a cell-
surface glycoprotein that acts as a receptor for extracellular matrix proteins containing laminin-G domains. The reduced ability
of abnormally glycosylated �−DG to bind laminin is associated with abnormal neuronal migration and muscular dystrophy.
Clinical manifestations are extremely variable, and include a wide spectrum of phenotypic severity: some mutations are associated
with adult-onset Limb-girdle muscular dystrophy and other mutations with a congenital onset, determining the more complex
disorder Congenital Muscular Dystrophy which includes severe structural brain and eye anomalies such as Muscle-Eye-Brain
Disease, Walker-Warburg Syndrome, and Fukuyama Congenital Muscular Dystrophy. So far, mutations in eighteen different
genes have been identified in patients with dystroglycanopathies, all of them demonstrating autosomal recessive inheritance.
Most genes code for glycosyltransferases (POMT1, POMT2, POMGNT1, LARGE, GTDC2, B4GAT1, B3GALNT2) although
a minority does not (DPM1, DPM2, DPM3, DOLK, POMK, GMPPB). Others genes code for proteins of unknown function
in the �−dystroglycan glycosylation (FKTN, FKRP, ISPD, and TMEM5) or �−dystroglycan itself, DAG1. The biochemical
picture becomes a little bit more complete, but also more complex, with each new identified gene. In the majority of cases the
identity of the defective gene cannot be predicted from the clinical phenotype. Considering the number of causative genes in
dystroglycanopathies, targeted sequencing comprising genes of all glycosylation, whatever the type, would appear at present to
be the best way of tackling molecular diagnosis.
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ABBREVIATIONS

Sugars

Dol-P-Man dolichol phosphate mannose

Gal galactose

GalNAc N-acetylgalactosamine

GlcNAc N-acetylglucosamine

GlcA glucuronic acid
Man mannose
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NeuAc neuraminic acid
Xyl xylose

Others

CDG congenital disorders of glycosylation
CMD congenital muscular dystrophy
DGpathy dystroglycanopathy
FCMD Fukuyama Congenital Muscular

Dystrophy
LGMD Limb-girdle muscular dystrophy
LIS II lissencephaly type II or

cobblestone lissencephaly
MEB Muscle-Eye-Brain Disease
WWS Walker-Warburg Syndrome
�−DG �−dystroglycan
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INTRODUCTION

�-dystroglycanopathies represent a group of genetic
disorders related with glycosylation defects of one spe-
cific glycoprotein, �-dystroglycan (�-DG).

Dystroglycan encoded by a single gene, DAG1 [1],
is part of the dystrophin-glycoprotein complex that
serves to connect the actin cytoskeleton with the extra-
cellular matrix [2]. In order to fulfil its functions,
dystroglycan requires extensive post-translational pro-
cessing, into two subunits [3]: �-dystroglycan which
is anchored to the dystrophin complex and spans the
sarcolemma; �-DG, a cell-surface glycoprotein which
binds to �-dystroglycan on the extracellular side and
acts as a receptor for extracellular matrix proteins con-
taining laminin-G domains [4] such as laminin at the
sarcolemma (Fig. 1 A), neurexin in the brain, and agrin
at the neuromuscular junction. It thus plays impor-
tant roles in sarcolemmal and basement membrane
stability and neuronal cell migration, as well as per-
forming other putative functions [5]. Dystroglycan is
widely expressed and heavily glycosylated [6], and
the reduced ability of abnormally glycosylated �−DG
to bind laminin is associated with abnormal neuronal
migration and muscular dystrophy [7].

Mutations in genes required for �−DG glyco-
sylation lead to neuromuscular disorders, called
dystroglycanopathies (DGpathies), a clinical and
genetically heterogeneous subgroup of muscular dys-
trophies [8]. A reduction in glycosylated �−DG
associated with reduced binding to laminin is the hall-
mark of these conditions. The glycosylation status of
�-DG is normally assessed by the binding of the �-DG
antibody IIH6 to a specific glycan epitope on �-DG
involved in laminin binding [4].

Clinical manifestations are extremely variable, and
include a wide spectrum of phenotypic severity.
Although genotype-phenotype correlations initially
suggested a strong association between the first two
identified genes (POMGNT1 and FKTN) and a specific
phenotype [9, 10], it later became clear that no such
tight association could be defined. All genes involved
in DGpathies show a phenotypic divergence, with some
mutations associated with adult-onset Limb-girdle-
muscular dystrophy (LGMD), and other ones with
a congenital onset, determining the more complex
disorder Congenital Muscular Dystrophy (CMD) or
indeed even more dramatic conditions such as severe
structural brain and eye anomalies (Muscle-Eye-Brain
Disease – MEB/OMIM 253280, Walker-Warburg Syn-
drome – WWS/OMIM 236670, Fukuyama Congenital
Muscular Dystrophy – FCMD/OMIM 253800) [8].

Prenatal brain imaging can identify a severe form with
early onset, cobblestone lissencephaly (LIS II), highly
evocative of DGpathies [11]. Finally, the most severe
end of the spectrum may be early embryonic lethal-
ity as supported by KO mouse models of dystroglycan
[12], fukutin [13], Pomt1 [14], B3gnt1 [15] and Fkrp
gene deficiency [16].

So, �−DG glycosylation plays a crucial role in
its different functions. �−DG contains N-glycans,
and O-glycans of two types in the mucin-like
domain: O-acetylgalactosaminyl (GalNAC) and O-
mannosyl (Man) initiated glycans [17]. Compared to
the largely explored N-glycosylation or even other O-
glycosylation pathways, O-mannosylation, although
being an evolutionarily conserved post-translational
modification from yeast to man, is however confi-
dential and restricted to only very few mammalian
glycoproteins, including �-DG [18]. Since the laminin-
binding property was shown to be linked to �-DG
O-Man glycans [19], we will focus on them.

�-DYSTROGLYCAN O-MANNOSYLATED
GLYCANS

The two following O-Man structures (Fig. 1 B and C)
have been described in �−DG, and called M1 and M3,
respectively, according to the nomenclature recently
introduced by Yoshida-Moriguchi et al. [20].

• Classical NeuAc-�2,3-Gal-�1,4-GlcNac-�1,2-
Man-�1-Ser/Thr, which can have branches at
the C-6 of Man (M1 when unbranched (Fig. 1B)
and M2 when branched). This tetrasaccharide is
found in high abundance in �−DG of the muscle
and brain, but is not the laminin-binding moiety:
glycosidase-mediated removal of all or most of
the three sugars at the non-reducing terminus
does not reduce �−DG binding to laminin
[21].

• Partially and newly characterised GalNAc-�1,3-
GlcNAc-�1,4-[6-phosphoryl]-Man-�1−Ser/Thr,
(M3; Fig. 1C), found in a limited amount
in �−DG, is essential for laminin [20] and
Arenavirus binding [22]. Extension of the
phosphodiester in 3 is required for laminin
binding but may not occur in all tissues [23].
This ligand binding structure is not fully known,
but includes a polysaccharide based on a repeat
of xylose (Xyl) and glucuronic acid (GlcA).
It is not clear whether there is any terminal
modification [24].
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GENES ASSOCIATED WITH
DYSTROGLYCANOPATHIES

Abnormal synthesis of the peptide chain in relation
with mutations in the gene coding for dystroglycan,
DAG1 (OMIM 128239), represents primary DGpa-
thy with up until now a limited number of patients,
only four reported individuals [25–27]. Note that
these patients showed muscle muscular dystrophy and
hypoglycosylation of �−DG, indicating that �−DG
glycosylation was indirectly affected [26].

Abnormal O-glycosylation of �−DG causes sec-
ondary DGpathies, which are thus associated with
mutations in genes coding for proteins involved in
its glycosylation pathway. So far, mutations in sev-
enteen different genes have been identified in patients
with a DGpathy, all of them demonstrating autosomal

recessive inheritance. Historically, six genes (POMT1,
POMT2, POMGNT1, FKTN, FKRP and LARGE) were
identified during a long period that stretched from 1989
[9] to 2011. Then, thanks to the use of next generation
sequencing in the late two thousands, a large number
of additional genes were reported.

Some of these genes code for enzymes known to be
involved in the O-mannosylation pathway [28], whilst
others code for proteins of unknown function in �−
DG glycosylation. Genes specifically coding for
glycosyltransferases presently dominate in the molec-
ular landscape of DGpathies.

In this review, genes coding for proteins related with
the two different types of O-mannosyl glycans will
be successively presented, followed by genes whose
function is up until now unknown, and finally those
genes involved in Man metabolism (Table 1).

Fig. 1. �-dystroglycan O-mannosylation (partly adapted from [2]). A: Dystrophin-glycoprotein complex. B and C: O-mannosylated gly-
can structures of �-dystroglycan showing sugar residues (conventional annotation) Man (green circle), Gal (shaded yellow circle), GlcNAc
(blue square), GalNAc (yellow square), sialic acid (purple diamond), Xyl (orange star), GlcA (blue/white diamond), Ser/Thr (black circle).
Catalysing enzymes (grey background). B: NeuAc-a2,3-Gal-b1,4-GlcNac-b1,2-Man-a1-Ser/Thr (M1). C: GalNAc-b1,3-GlcNAc-b1,4-[6-
phosphoryl]-Man-a1-Ser/Thr (M3). D: Dolichol (light blue rectangle) and mannose metabolic pathway leading to Dol-P-Man, substrate of
mannosyltransferases.
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Genes associated with abnormal M1 and M2
O-glycan structure are POMT1 and POMT2, and
POMGNT1

– POMT1 (OMIM 607423) and POMT2 (OMIM
607439)

POMT1 and POMT2 form an enzyme complex,
POMT (Protein O-mannosyltransferase), that adds the
first sugar, Man coming from Dol-P-Man as the donor,
to serine or threonine of the peptide chain. Initial O-
mannosylation occurs in the endoplasmic reticulum.
These two proteins are the key for O-mannosylated
glycans, whatever their structure (M1, M2, M3)
(Fig. 1 B and C).

Both encountered genes, POMT1 and POMT2, are
frequently implicated in DGpathies. Most patients
bearing mutations on them present with a severe
form of DGpathy with mental retardation: foetal LIS
II [29] and WWS [30, 31], but also MEB [32,
33]. However, POMT1 or POMT2 mutations have
been found in several patients with mental retarda-
tion, with less severe CMD [34] and even LGMD
[33, 35].

– POMGNT1 (OMIM 606822)
POMGnT1 catalyses the �-1,2 linkage of N-

acetylglucosamine (GlcNAc) to the O-mannosyl
residue already attached to the peptide chain (Fig. 1B)
[36]. It is localized in cis-Golgi and acts prior to the
other possible extension on O-mannose catalysed by a
N-acetyglucosaminyltransferase, GnT-Vb also known
as GnT-IX, specifically expressed in the brain [37], and
leading to a branched glycan (M2).

POMGNT1 mutations were firstly described in an
isolated Finnish population in association with MEB
[9]. POMGNT1 mutations are finally found worldwide,
as the other genes related with DGpathies, and have so
far been described in patients with clinical features of
MEB and less severe CMD [33, 38], as well as in foetal
LIS II cases [29].

The other glycosyltransferases leading to the M1
and M2 glycan structures have not been implicated in
DGpathy to date.

Genes associated with abnormal M3 O-glycan
structure are GTDC2, B3GALNT2 and SGK196,
and to a lesser extent, LARGE and B4GAT1 (in
addition to POMT1 and POMT2).

The identification of mutations on these three genes
associated with DGpathies has enabled a new gly-
can structure to be elucidated (M3; Fig. 1C), which

is required for downstream modification by LARGE
and �4GAT1 activity.

– GTDC2 (OMIM 614828)
The protein POMGnT2 encoded by GTDC2 (alter-

natively called AGO61 or POMGNT2) localises in the
endoplasmic reticulum. It is a glycosyltransferase that
catalyses the �-1,4 linkage of a GlcNAc to the O-
mannosyl residue already attached to the peptide chain
[20] just as POMGnT1, the difference lying in the type
of linkage.

Prior to the comprehensive understanding of its
function, exome sequencing of individuals from con-
sanguineous families identified three families whose
individuals all presented with WWS [39].

– B3GALNT2 (OMIM 610194)
The protein �3GalNT2 encoded by B3GALNT2

localises in the endoplasmic reticulum. It is a glycosyl-
transferase that transfers N-GalNAc in a �-1,3 linkage
to the second sugar of the M3 glycan, N-GlcNAc.

Mutations in B3GALNT2 were found in two indi-
viduals from one cohort, followed by five additional
cases that were all affected by DGpathy with structural
brain involvement [40, 41]. The activity of the protein
encoded by B3GALNT2 was at that time deduced from
its structure but the structure in which it was involved
in was not [42].

– SGK196 (OMIM 615247)
Protein O-mannose kinase (POMK) is the protein

encoded by SGK196 (or POMK). It is one of the pro-
teins involved in DGpathies with a known function
that is not a glycosyltransferase. It phosphorylates the
O-mannose at its 6-position, of the M3 glycan serv-
ing as substrate recognition motif of POMK [20]. This
glycosylation-specific kinase transfers the phosphodi-
ester that is required to assemble the laminin-binding
moiety [23]. POMK needs for acceptor the whole
M3 trisaccharide [20] which clarifies, why muta-
tions in GTDC2 and B3GALNT2 are associated with
DGpathies.

Six individuals from four families with DGpathy
with mutations in SGK196 were very recently reported
[43–45], presenting with different clinical manifesta-
tions ranging from WWS to LDMD.

– LARGE (OMIM 603590)
LARGE directly participates in the post-

phosphorylation biosynthetic pathway. This enzyme
contains two glycosyltransferase domains and builds
the repeated disaccharide, 3Xyl-�1,3-GlcA-�1 which
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is bound to �−DG through the rare M3 structure at
the amino terminus of its mucin-like domain, phos-
phorylated 6-mannosyl glycan [46]. The presence and
even more importantly the number of repeats of this
disaccharide is essential for binding to extracellular
matrix proteins [24]. �−DG molecular mass vari-
ability during myogenesis is due to differences in the
quantity of disaccharide repeats, not attributable to the
addition of �−DG glycans but rather as a consequence
of extension of the glycan present [24]. However, the
precise cellular function of the repeated disaccharide
is still unknown [24]. LARGE close homologue,
LARGE2 (also named GYLTL1B, OMIM 609709)
catalyses the same reaction as LARGE [47].

Mutations in LARGE (so called because of its size),
first reported in 2003 [48], have been found in foetal
cases [49] as well as in individuals, 15 patients with dif-
ferent clinical presentations from 12 families [50, 51],
contrary to LARGE2 which has never been described
as mutated.

– B4GAT1 (OMIM 605517)
B4GAT1 (formerly B3GNT1) encodes a Xyl-

�1,4-glucuronyltransferase which synthesises the
disaccharide Xyl-�1,4-GlcA that serves as an acceptor
primer that can be elongated by LARGE with Xyl-
�1,3-GlcA repeated disaccharide (Fig. 1C) [52, 53].

Its role in the glycosylation pathway of �−DG
was not defined when mutations in B4GAT1 were
associated with WWS in individuals from two dif-
ferent families [54, 55]. It is presently considered as
a rare cause of severe DGpathy, until other cases are
reported.

The following genes encode for proteins with
unknown function in glycosylation of α−DG

– FKTN (OMIM 607440) and FKRP (OMIM
606596)

Mutations in FKTN are responsible for the high
prevalence of FCMD in Japan, because of an ancestral
founder mutation arising from the insertion of a 3 kb
retrotransposon into the 3’ untranslated region (carrier
frequency of this mutation: 1 in 88) shared by more
than 80% of Japanese patients [10]. Indeed, in Japan,
FCMD is the second most frequent congenital muscu-
lar dystrophy after Duchenne muscular dystrophy [10].
However,althoughmutationsinFKTNhavebeenshown
ascausativeinFCMDsincemorethanadecade,theactiv-
ityof theencodedprotein, fukutin, localizedintheGolgi
isstillunknown.MutationinFKTNappearstoresultboth
in misfolding of fukutin and its mislocalization, along

with POMGnT1, thus supporting the hypothesis that it
functions as a chaperon for the latter [56].

Outside of Japan where hundreds of FCMD patients
with FKTN mutations (different from the one found
frequently in Japan) have been diagnosed, FKTN
is much less frequently encountered in DGpathies
[33, 38, 57]. It was never found in foetal LIS II
cases [29].

Fukutin Related Protein (FKRP) takes its name from
the high homology to fukutin. Just as for fukutin, the
role of FKRP is unknown and could be considered as a
putative Golgi-localized glycosyltransferase [58, 59].

FKRP was first implicated in DGpathies in 2001
[60]. Mutation in the FKRP gene can cause the three
different forms of DGpathies: however, most patients
present with the mildest forms (LGMD2I) and FKRP
is the most frequent causative gene in adult patients
with DGpathy. In general, the more severe phenotypes
appeared to be associated with mutations predicted to
result in severe disruption of the gene [38, 61, 62].
Mutations in FKRP were also identified in WWS [61]
and one foetal LISS II case [11]. Finally, although
numerous mutations in FKRP have been identified, a
majority of LGMD2I patients bear the frequent muta-
tion c.826C > A (p.Leu276Ile) [60, 63–65].

– ISPD (OMIM 614631)
Mutations in ISPD, the isoprenoid synthase domain

containing gene, are a frequent cause of DGpathy, as
reported after the simultaneous and independent iden-
tification by different teams [66–68]. The function of
the protein encoded by this gene is still unknown. Veg-
etal orthologs of ISPD are part of the methylerythritol
pathway. This mevalonate-independent pathway is
absent in mammals, which suggests that ISPD must
have a different function in humans [69]. Expression
of wild type ISPD in patient-derived cells restored
functional glycosylation, confirming that the muta-
tions have pathogenic relevance. Studies of skeletal
muscle and fibroblasts from patients showed a typ-
ical �−DG glycosylation defect, with loss of both
functional glycosylation and laminin binding, by dis-
rupting �−DG O-mannosylation. Indeed, O-mannosyl
phosphorylation and LARGE-dependent glycosy-
lation were absent [66], indicating that ISPD
function is crucial for efficient POMT-dependent O-
mannosylation of �−DG.

More than twenty-five individuals have been
reported, evenly distributed from the most severe clin-
ical presentation, LIS II [68] and WWS [66, 70], to
milder forms such as LGMD [71, 72].
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Table 1
Genes and encoded proteins involved in �-dystroglycanopathies

Gene Encoded protein Function of
(abbreviation/full name) the protein

Primary �−dystroglycanopathy
DAG1 Dystroglycan

Secondary �−dystroglycanopathy
POMT1 POMT1 Protein O-mannosyl transferase 1 Glycosyl transferase
POMT2 POMT2 Protein O-mannosyl transferase 2 Glycosyl transferase
POMGNT1 POMGnT1 Protein O-mannosyl N-acetyglucos- Glycosyl transferase

aminyltransferase 1
GTDC2 (alias AGO61, POMGnT2 Protein O-mannosyl N-acetyglucosam- Glycosyl transferase

POMGNT2) inyltransferase 2
B3GALNT2 �3GalNT2 UDP-GalNAc:GlcNAc: Glycosyl transferase

�-1,3-N-acetylgalactosaminyltransferase 2
SGK196
(alias POMK) POMK Protein O manosyl kinase Glycosyl transferase
LARGE LARGE UDP-Xyl:GlcA �−1,3-xylosyltransferase/ Glycosyl transferase

UDPGlcA:Xyl �−1,3-glucuronosyltransferase
B4GAT1
(ex-B3GNT1) �4GAT1 UDP-Xyl-�1,4-glucuronyltransferase Glycosyl transferase
FKTN FKTN fukutin Unknown
FKRP FKRP Fukutin-related protein Unknown
ISPD ISPD isoprenoid synthase domain containing protein Unknown
TMEM5 TMEM5 Type II transmembrane protein 5 Unknown
GMPPB GMPPB GDP-mannose pyrophosphorylase B Transferase
DPM1 DPM1 Subunits of Dol-P-Man synthase
DPM2 DPM2 complex Transferase
DPM3 DPM3
DOLK DOLK dolichol kinase Kinase

– TMEM5 (OMIM 605862)
TMEM5 encodes a type II transmembrane protein

localized in the Golgi apparatus [53] and that has
not been assigned any function. Interestingly, it con-
tains an exostosin family domain, also present in EXT1
and EXT2, both genes involved in hereditary multiple
exostose (OMIM 133700), another O-glycosylation
disorder [73]. EXT1 codes for glycosyltransferase,
required for the biosynthesis of heparin sulphate, and
a putative tumour suppressor gene. Note that three out
of the five TMEM5 mutations identified in foetal LIS
II cases were also located in the exostosin domain.
TMEM5 could therefore be a transmembrane protein
with a glycosyltransferase function [68].

TMEM5 was found mutated in nine foetal LIS II
cases [68] and individuals from two families [43].

Genes involved in mannose and dolichol
metabolisms are GMPPB, DPM1/2/3 and DOLK

Finally, some patients with a-DGpathies bear
mutations in genes involved in Man and Dolichol
metabolism, both essential for the synthesis of Dol-
P-Man. Dol-P-Man is the sugar donor of Man for
mannosyltransferases working in the endoplasmic

reticulum, i.e. the ones of N-glycosylation, and O-
mannosylation.

– DPM1 (OMIM 603503), DPM2 (OMIM
603564), DPM3 (OMIM 605951), DOLK (OMIM
610746)

These four genes code for major enzymes implicated
in Dol metabolism. Dol-P-Man synthesis is catalysed
by the Dol-P-Man synthase complex (DPM) made of
DPM1, DPM2 and DPM3, after phosphorylation of
Dol by the dolichol kinase (DOLK) [74] (Fig. 1D).

Mutations in each of these four genes cause some
Congenital Disorders of Glycosylation (CDG), a group
of genetic diseases in which N-glycosylation is altered,
characterized by neurological involvement (predomi-
nantly, psychomotor retardation, epilepsy, hypotonia,
hyporeflexia, strabismus, polyneuropathy, and cerebel-
lar hypotrophy/hypoplasia), inconsistently associated
with multisystemic involvement [75].

Interestingly, these four proteins, DPM1/2/3 and
DOLK, have been recently related to DGpathies. Clin-
ical presentation of the very few reported patients
ranged from only muscular dystrophy (patient with
DPM2 mutations; [76]) or dilated cardiomyopathy
(patients with DOLK mutations; [77]) (patient with
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DPM1 mutations; [78]), to a superposition of both
diseases, that is, muscular dystrophy and CDG signs
(patient with DPM3 mutations; [79]).

– GMPPB (OMIM 615320)
GMPPB catalyses the synthesis of GDP-Man from

GTP and Man-1-phosphate [80]. GDP-Man is the sub-
strate of cytoplasmic mannosyltransferases required
for the synthesis of the core N-glycan structure as well
as for synthesis of Dol-P-Man (Fig. 1D).

Mutations in GMPPB have been reported in nine
individuals from six families and are responsible for
CMD and LGMD [81, 82].

Mutations in GMPPA (OMIM 615361) which codes
for a related protein have recently also been linked
to glycosylation disorder, characterized by achalasia,
alacrima, and neurological defects [83]. Interestingly,
none of the patients with GMPPA mutations presented
with muscular dystrophy.

This is the first occurrence of combined protein N-
glycosylationand�-DGO-mannosylationdeficiencyin
patients with mutations in genes related to the biosyn-
thesis of Dol-P-Man.

A yet unexplained point is the variability of clini-
cal presentation of patients with mutations in the same
gene, from CDG to DGpathies, which leads to the ques-
tion about the regulation of this metabolic crossroad.

Additionally the clinical discrepancy between
GMPPBandPMM2deficiencymaystimulatequestions
about the metabolic role of GMPPB. Phosphomanno-
mutase (PMM) is a cytosolic enzyme that catalyses the
reversible conversion of Man 6-P to Man 1-P, which is
then transformed into GDP-Man by GMPPB (Fig. 1D).
Deficiency in PMM2 (OMIM 212065) is the typical
and most common CDG, without any muscular signs
[84] when deficiency in GMPPB is primarily related
with muscular signs and never associated with CDG.
An additional role for GMPPB has to be hypothesized.

TACKLING THE MOLECULAR DIAGNOSIS
OF DYSTROGLYCANOPATHIES

Due to the absence of a worldwide/continent
registry of DGpathies, the number of molecularly
diagnosed patients is imprecise, possibly a few thou-
sand worldwide. As always in genetic diseases, the
local cumulative prevalence of DGpathies depends on
carrier distribution and the degree of consanguinity. In
any case there is a need to assess the prevalence of total
DGpathies, and by each related gene.

However, not all of the patients with features of
DGpathies carry mutations in any of the currently iden-

tified causative genes. Indeed, over the past few years, a
number of studies dealing with large cohorts of patients
by different groups have established that a significant
number of patients (from 20 to 50%) are without a
mutation in one of the currently known genes [33, 38,
68]. Apart from unidentified genes, the type of muta-
tion can also be questioned. While point mutations are
the most common mutation type in all DGpathy related
genes, genomic or deletion-insertions have also been
reported in particular in LARGE [49, 50, 85], POMT2
[34] and POMGNT1 [49]. These may be underdiag-
nosed as they are not always identified according to
the techniques used.

The picture of DGpathies becomes a little bit more
complete, but also more complex, with each new iden-
tified gene.

The high number of causative genes underlines
the complex genotype-phenotype relation question.
Indeed, none of the genes can be related with a single
clinical presentation, since all are more or less linked
to a variable severity of the presentation. When dealing
with severity of presentation, the type of mutation must
also be taken into account. Whereas truncating muta-
tions POMT1 and POMT2, for example, are mostly
found in foetal cases of LIS II [29], mutations found in
children are essentially missense mutations (Bouchet
C., unpublished data). Finally, the relation between
laminin binding capacity of �−DG and clinical sever-
ity is also inconsistent as previously reported, whatever
the method used to evidence this hypoglycosylation
[86, 87], although POMT1 enzyme activity was shown
to be inversely correlated with severity of the clinical
phenotype of two patients with POMT1 mutations [88].

Hence, in the majority of cases the identity of the
defective gene cannot be predicted from clinical phe-
notype. Considering the number of causative genes in
DGpathies (and in CDGs), targeted sequencing com-
prising genes of all glycosylations, whatever the type,
does at present appear to be the best way of tackling
this molecular diagnosis.

Nevertheless, the last few years have seen an explo-
sion in the number of genes involved in DGpathies
[68, 81]. This is in large part due to the proliferation
of next generation sequencing techniques, which have
enabled the relatively inexpensive and rapid sequenc-
ing of either whole exomes or genomes of affected
families.

So far, �-DGpathies have been related to abnormal
glycosylation of �-DG. The impact of the abnormal O-
mannosylation on the activity of other O-mannosylated
proteins present in the brain, such as the major cadherin
superfamily of cell membrane receptors [89] is still an
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unraised subject. Lommel et al. [90] have provided
direct evidence that O-mannosylation is essential for
E-cadherin-mediated cell adhesion. Consequently, the
clinical presentation observed in �-DG could also be
related with other abnormally mannosylated glycopro-
teins present in the brain.

In conclusion, the metabolic complexity of
DGpathies needs further investigation which, in addi-
tion to new genes identified in the future, will help us
better understand the physiopathological mechanisms
of DGpathies.
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C. Bouchet-Séraphin et al. / Genetics of Dystroglycanopathies 37

Bushby, K., Straub, V., Zatz, M., de Paula, F., Morgan, K.,
Fujiwara, T. M., Wrogemann, K. The most common muta-
tion in FKRP causing limb girdle muscular dystrophy type
2I (LGMD2I) may have occurred only once and is present
in Hutterites and other populations. Hum Mutat. 2005; 25(1):
38-44.

[65] Vieira, N. M., Schlesinger, D., de Paula, F., Vainzof, M., Zatz,
M. Mutation analysis in the FKRP gene provides an expla-
nation for a rare cause of intrafamilial clinical variability in
LGMD2I. Neuromuscul Disord. 2006; 16(12): 870-873.

[66] Willer, T., Lee, H., Lommel, M., Yoshida-Moriguchi, T., de
Bernabe, D. B., Venzke, D., Cirak, S., Schachter, H., Vajsar,
J., Voit, T., Muntoni, F., Loder, A. S., Dobyns, W. B., Winder,
T. L., Strahl, S., Mathews, K. D., Nelson, S. F., Moore, S.
A., Campbell, K. P. ISPD loss-of-function mutations disrupt
dystroglycan O-mannosylation and cause Walker-Warburg
syndrome. Nat Genet. 2012; 44(5): 575-580.

[67] Roscioli, T., Kamsteeg, E. J., Buysse, K., Maystadt, I.,
van Reeuwijk, J., van den Elzen, C., van Beusekom, E.,
Riemersma, M., Pfundt, R., Vissers, L. E., Schraders, M.,
Altunoglu, U., Buckley, M. F., Brunner, H. G., Grisart, B.,
Zhou, H., Veltman, J. A., Gilissen, C., Mancini, G. M., Del-
ree, P., Willemsen, M. A., Ramadza, D. P., Chitayat, D.,
Bennett, C., Sheridan, E., Peeters, E. A., Tan-Sindhunata, G.
M., de Die-Smulders, C. E., Devriendt, K., Kayserili, H., El-
Hashash, O. A., Stemple, D. L., Lefeber, D. J., Lin, Y. Y.,
van Bokhoven, H. Mutations in ISPD cause Walker-Warburg
syndrome and defective glycosylation of alpha-dystroglycan.
Nat Genet. 2012; 44(5): 581-585.

[68] Vuillaumier-Barrot, S., Bouchet-Seraphin, C., Chelbi, M.,
Devisme, L., Quentin, S., Gazal, S., Laquerriere, A., Fallet-
Bianco, C., Loget, P., Odent, S., Carles, D., Bazin, A., Aziza,
J., Clemenson, A., Guimiot, F., Bonniere, M., Monnot, S.,
Bole-Feysot, C., Bernard, J. P., Loeuillet, L., Gonzales, M.,
Socha, K., Grandchamp, B., Attie-Bitach, T., Encha-Razavi,
F., Seta N. Identification of mutations in TMEM5 and ISPD
as a cause of severe cobblestone lissencephaly. Am J Hum
Genet. 2012; 91(6): 1135-1143.

[69] Breton, C., Snajdrova, L., Jeanneau, C., Koca, J., Imberty, A.
Structures and mechanisms of glycosyltransferases. Glycobi-
ology. 2006; 16(2): 29R-37R.

[70] Czeschik, J. C., Hehr, U., Hartmann, B., Ludecke, H. J.,
Rosenbaum, T., Schweiger, B., Wieczorek, D. 160 kb dele-
tion in ISPD unmasking a recessive mutation in a patient with
Walker-Warburg syndrome. Eur J Med Genet. 2013; 56(12):
689-694.

[71] Cirak, S., Foley, A. R., Herrmann, R., Willer, T., Yau, S.,
Stevens, E., Torelli, S., Brodd, L., Kamynina, A., Vondracek,
P., Roper, H., Longman, C., Korinthenberg, R., Marrosu, G.,
Nurnberg, P., Michele, D. E., Plagnol, V., Hurles, M., Moore,
S. A., Sewry, C. A., Campbell, K. P., Voit, T., Muntoni, F.
ISPD gene mutations are a common cause of congenital and
limb-girdle muscular dystrophies. Brain. 2013; 136(Pt 1):
269-281.

[72] Baranello, G., Saredi, S., Sansanelli, S., Savadori, P., Canioni,
E., Chiapparini, L., Balestri, P., Malandrini, A., Arnoldi, M.
T., Pantaleoni, C., Morandi, L., Mora, M. A novel homozy-
gous ISPD gene mutation causing phenotype variability in a
consanguineous family. Neuromuscul Disord. 2014.

[73] Lonie, L., Porter, D. E., Fraser, M., Cole, T., Wise, C.,
Yates, L., Wakeling, E., Blair, E., Morava, E., Monaco, A. P.,
Ragoussis, J. Determination of the mutation spectrum of the
EXT1/EXT2 genes in British Caucasian patients with multi-
ple osteochondromas, and exclusion of six candidate genes in
EXT negative cases. Hum Mutat. 2006; 27(11): 1160.

[74] Maeda, Y., Kinoshita, T. Dolichol-phosphate mannose syn-
thase: Structure, function and regulation. Biochim Biophys
Acta. 2008; 1780(6): 861-868.

[75] Jaeken J. Congenital disorders of glycosylation (CDG): It’s
(nearly) all in it! J Inherit Metab Dis. 2011; 34(4): 853-858.

[76] Barone, R., Aiello, C., Race, V., Morava, E., Foulquier, F.,
Riemersma, M., Passarelli, C., Concolino, D., Carella, M.,
Santorelli, F., Vleugels, W., Mercuri, E., Garozzo, D., Sturi-
ale, L., Messina, S., Jaeken, J., Fiumara, A., Wevers, R. A.,
Bertini, E., Matthijs, G., Lefeber, D. J. DPM2-CDG: A mus-
cular dystrophy-dystroglycanopathy syndrome with severe
epilepsy. Ann Neurol. 2012; 72(4): 550-558.

[77] Lefeber, D. J., de Brouwer, A. P., Morava, E., Riemersma,
M., Schuurs-Hoeijmakers, J. H., Absmanner, B., Verrijp, K.,
van den Akker, W. M., Huijben, K., Steenbergen, G., van
Reeuwijk, J., Jozwiak, A., Zucker, N., Lorber, A., Lammens,
M., Knopf, C., van Bokhoven, H., Grunewald, S., Lehle, L.,
Kapusta, L., Mandel, H., Wevers, R. A. Autosomal recessive
dilated cardiomyopathy due to DOLK mutations results from
abnormal dystroglycan O-mannosylation. PLoS Genet. 2011;
7(12): e1002427.

[78] Yang, A. C., Ng, B. G., Moore, S. A., Rush, J., Waechter, C.
J., Raymond, K. M., Willer, T., Campbell, K. P., Freeze, H. H.,
Mehta, L. Congenital disorder of glycosylation due to DPM1
mutations presenting with dystroglycanopathy-type congen-
ital muscular dystrophy. Mol Genet Metab. 2013; 110(3):
345-351.

[79] Lefeber, D. J., Schonberger, J., Morava, E., Guillard, M.,
Huyben, K. M., Verrijp, K., Grafakou, O., Evangeliou, A.,
Preijers, F. W., Manta, P., Yildiz, J., Grunewald, S., Spilioti,
M., van den Elzen, C., Klein, D., Hess, D., Ashida, H., Hof-
steenge, J., Maeda, Y., van den Heuvel, L., Lammens, M.,
Lehle, L., Wevers, R. A. Deficiency of Dol-P-Man synthase
subunit DPM3 bridges the congenital disorders of glycosyla-
tion with the dystroglycanopathies. Am J Hum Genet. 2009;
85(1): 76-86.

[80] Ning, B., Elbein, A. D. Cloning, expression and character-
ization of the pig liver GDP-mannose pyrophosphorylase.
Evidence that GDP-mannose and GDP-Glc pyrophosphory-
lases are different proteins. Eur J Biochem. 2000; 267(23):
6866-6874.

[81] Carss, K. J., Stevens, E., Foley, A. R., Cirak, S., Riemersma,
M., Torelli, S., Hoischen, A., Willer, T., van Scherpenzeel,
M., Moore, S. A., Messina, S., Bertini, E., Bonnemann, C.
G., Abdenur, J. E., Grosmann, C. M., Kesari, A., Punetha, J.,
Quinlivan, R., Waddell, L. B., Young, H. K., Wraige, E., Yau,
S., Brodd, L., Feng, L., Sewry, C., MacArthur, D. G., North, K.
N., Hoffman, E., Stemple, D. L., Hurles, M. E., van Bokhoven,
H., Campbell, K. P., Lefeber, D. J., Lin, Y. Y., Muntoni, F.
Mutations in GDP-mannose pyrophosphorylase B cause con-
genital and limb-girdle muscular dystrophies associated with
hypoglycosylation of alpha-dystroglycan. Am J Hum Genet.
2013; 93(1): 29-41.

[82] Raphael, A. R., Couthouis, J., Sakamuri, S., Siskind, C.,
Vogel, H., Day, J. W., Gitler, A. D. Congenital muscular
dystrophy and generalized epilepsy caused by GMPPB muta-
tions. Brain Res. 2014 ; 1575: 66-71.

[83] Koehler, K., Malik, M., Mahmood, S., Giesselmann, S., Beetz,
C., Hennings, J. C., Huebner, A. K., Grahn, A., Reunert,
J., Nurnberg, G., Thiele, H., Altmuller, J., Nurnberg, P.,
Mumtaz, R., Babovic-Vuksanovic, D., Basel-Vanagaite, L.,
Borck, G., Bramswig, J., Muhlenberg, R., Sarda, P., Sikiric,
A., Anyane-Yeboa, K., Zeharia, A., Ahmad, A., Coubes, C.,
Wada, Y., Marquardt, T., Vanderschaeghe, D., Van Schaftin-
gen, E., Kurth, I., Huebner, A., Hubner, C. A. Mutations
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