
















Background
Muscular dystrophies with evidence of reduced glycosyl-
ation of the transmembrane glycoprotein� -dystroglycan
on skeletal muscle biopsy [1] are collectively termed
� -dystroglycanopathy (� -DG) [2–4], and they constitute
a clinically and genetically heterogeneous group of auto-
somal recessive muscular dystrophies with variable
neurological and ophthalmic involvement.

The phenotypic severity of� -DG patients is extremely
variable. At the most severe end of the clinical spectrum
we find Walker-Warburg syndrome (WWS), muscle-
eye-brain disease and Fukuyama congenital muscular
dystrophy. These conditions are characterized by con-
genital muscular dystrophy (CMD) and severe structural
brain and eye abnormalities, leading to early infantile
death in WWS [5]. Conversely, individuals at the
mildest end of the clinical spectrum may present,
sometimes in adulthood, with limb-girdle muscular
dystrophy (LGMD), and without associated brain or
eye involvement [6].

Mutations in six genes (POMT1, POMT2, POGnT1,
FKRP, FKTN, and LARGE) are by far the most common
in large Italian and UK cohorts ascertained by low
skeletal muscle expression of� -dystroglycan [7, 8],
but they account for only about 50% of cases,
leaving the rest without a molecular diagnosis. The
advent of next-generation sequencing (NGS) method-
ologies has rapidly expanded the number of� -DG-
related genes and subsequently resulted in an expansion
of the clinical spectrum observed in affected children
and adults [9, 10].

To date, mutations in 19 genes coding for dystroglycan
itself or more frequently, for glycosyltransferases and
accessory proteins involved in the post-translational
modification of � -dystroglycan, are documented to be
responsible for the different forms of� -DG. One of them,
GMPPB, coding for the guanosine-diphosphate-mannose
(GDP-mannose) pyrophosphorylase B protein, seems to
be particularly frequent and is associated with a wide
spectrum of muscle weakness, ranging from WWS to a
mild form of adult-onset LGMD overlapping with differ-
ent congenital myasthenic syndromes (CMSs) [11–13].
More recently pseudo-metabolic features have been de-
scribed in few patients [14, 15]. Overall, about 81
GMPPB-mutated patients have been described worldwide:
56 with LGMD or overlapping LGMD-CMS phenotypes
and the rest presenting features of CMD. To assess the
relative frequency ofGMPPB variants and contribute to
the definition of the associated clinical manifestations, we
systematically screened a large Italian population of� -DG
patients for mutations. We used new bioinformatics tools
to assess how mutations found in this study may affect
protein function. We then combined the data from
available families to determine mutation frequencies

in relation to clinical severity, and thus establish more
precise genotype-phenotype correlations.

Methods
This study was approved by the ethics committees of
our institutions. The patients were recruited after writ-
ten informed consent that had been obtained in accord-
ance with national regulations.

All the cases are part of a multicenter study that aims
to improve molecular characterization of presently un-
defined forms of CMD associated with defective glyco-
sylation of � -dystroglycan. For the present work, we
collected all genetically undefined patients with low
� -dystroglycan levels currently followed at any of the
tertiary care centers for pediatric and adult neuromuscu-
lar disorders belonging to the Italian CMD network.
Cases with milder phenotypes, and a possible diagnosis
of LGMD or LGMD-CMS, were also investigated.

We selected, from the overall network population, 105
patients with muscle biopsy-confirmed low� -dystroglycan
expression. Prior to our molecular investigations, two ex-
pert co-authors (C.F., A.R.) blindly reviewed these pa-
tients’ histological and immunohistochemical features. On
the basis of their findings, 32 patients, with a reduction of
� -dystroglycan likely unrelated to glycosylation defects, or
no reduction at all, were excluded. Thus, our study in-
cluded 73 patients fully meeting the diagnostic criteria for
dystroglycanopathy described elsewhere [9].

In this work, past medical history and clinical informa-
tion, as well as neurophysiological, brain MRI and myoi-
maging (available only in two patients) are described for
the 13 patients in whom we identified bi-allelic muta-
tions in GMPPB. Patients who showed a significant
delay in motor abilities and late acquisition of walking
(> 24 months) were classified as affected by CMD,
whereas those in whom overt clinical manifestations ap-
peared later, as described elsewhere [16], were deemed to
present with LGMD. Clinical subcategories of CMD were
defined as others have done [17]. Whenever possible pa-
tients have since been reassessed and submitted to a de-
tailed clinical re-examination.

Molecular genetic analyses were carried out in all 73
patients and, when available, in their parents and sib-
lings. Genomic DNA was purified from whole blood
using standard methodologies and the coding regions of
93 genes linked to CMD, LGMD or related diseases were
investigated in a single tube using Dystroplex, an ex-
tended NGS testing panel covering at high depth the
tested genes and described elsewhere [15, 18]. In all the
cases, sequencing was performed with Illumina technology
and standard bioinformatics pipelines were applied for qual-
ity control, mapping, variant calling and annotation. Publicly
available databases (HGMD:http://www.hgmd.cf.ac.uk/ac/
index.php; LOVD: http://www.dmd.nl/; 1000G database:
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