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Abstract

Mutations in GDP-mannose pyrophosphorylase B (GMPPB), a catalyst for the formation of the
sugar donor GDP-mannose, were recently identified as a cause of muscular dystrophy resulting
from abnormal glycosylation of a-dystroglycan. In this series, we report nine unrelated individuals
with GMPPB-associated dystroglycanopathy. The most mildly affected subject has normal
strength at twenty-five years, while three severely affected children presented in infancy with
intellectual disability and epilepsy. Muscle biopsies of all subjects are dystrophic with abnormal
immunostaining for glycosylated a-dystroglycan. This cohort, together with previously published
cases, allows preliminary genotype-phenotype correlations to be made for the emerging GMPPB
common variants ¢.79G>C (p.D27H) and ¢.860G>A (p.R287Q). We observe that ¢.79G>C
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(p.D27H) is associated with a mild limb-girdle muscular dystrophy phenotype, while c.860G>A
(p.R287Q) is associated with a relatively severe congenital muscular dystrophy typically involving
brain development. Sixty-six percent of GMPPB families to date have one of these common

variants.

Keywords

GMPPB; dystroglycanopathy; limb-girdle muscular dystrophy; congenital muscular dystrophy;
congenital myasthenic syndrome

Mutations in GMPPB (MIM #615320) encoding GDP-mannose pyrophosphorylase B
(GMPPB) have recently been shown to cause muscular dystrophy resulting from
hypoglycosylation of a-dystroglycan [Carss et al., 2013]. Related disorders of a-
dystroglycan O-mannosylation (referred to as dystroglycanopathies) are known to cause a
wide spectrum of clinical disorders ranging from mild limb-girdle muscular dystrophy to
severe congenital muscular dystrophy with central nervous system and eye involvement
[Godfrey et al., 2007; Bonnemann et al., 2014]. To date there are few genetically verified
individuals with GMPPB-associated dystroglycanopathy reported in literature; these
individuals have a wide range of phenotypes, similar to the other dystroglycanopathies
[Carss et al., 2013; Raphael et al., 2014; Belaya et al., 2015; Cabrera-Serrano et al., 2015].
Most recently, variants in GMPPB were reported to cause congenital myasthenic syndrome
[Belaya et al., 2015].

Alpha-dystroglycan is a highly glycosylated protein integral to maintaining structural
stability in striated muscle, supporting a variety of functions in myelinating Schwann cells,
and anchoring radial glia endfeet during brain development [Moore et al., 2002; Saito et al.,
2003]. In all these sites, a-dystroglycan links the extracellular matrix to the cell surface
membrane through its interactions with the transmembrane p-dystroglycan and a variety of
extracellular matrix proteins [Barresi and Campbell, 2006]. Defects in the glycosylation of
a-dystroglycan reduce its binding to laminin and other extracellular ligands, compromising
the function of the dystrophin-glycoprotein complex and other proteins associated with a-
dystroglycan [Barresi and Campbell, 2006]. There are currently 18 genes known to be
involved in the proper glycosylation of a-dystroglycan, with GMPPB being among the most
recently identified [Carss et al., 2013]. GMPPB facilitates the formation of the sugar donor
GDP-mannose and pyrophosphate from mannose-1-phosphate and GTP, a very early step in
the glycosylation pathway. GDP-mannose is used directly for N-glycosylation or converted
to dolichol-phosphate mannose (Dol-P-Man) through the Dol-P-Man synthase enzyme
complex. Dol-P-Man serves as a reagent for N-glycosylation, O-mannosylation, C-
mannosylation, and glycophosphatidylinositol anchor formation [Carss et al., 2013]. While
GMPPB functions early in the glycosylation pathway, transferrin isoelectric focusing, a
screening test for N-glycosylation defects seen in the congenital disorders of glycosylation,
is normal in those GMPPB-associated dystroglycanopathy individuals who have been tested
[Carss et al., 2013; Raphael et al., 2014].

Here we describe the clinical, genetic, and pathological findings in nine unrelated
individuals with compound heterozygous variants in GMPPB. All unreported individuals
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known to the authors with GMPPB variants thought to be pathogenic were included in this
case series. Clinical data were collected through retrospective chart review by the primary
clinician. Diagnostic genetic testing was done through Prevention Genetics (RefSeq
NM_013334.2) or the University of lowa Department of Pathology (P4, RefSeq
NM_013334.3), and de-identified reports were reviewed for all cases. Case clinical features
are summarized in Table 1. Each were assigned a phenotype according to the system
proposed by Godfrey et al [Godfrey et al., 2007], ranging in this series from limb-girdle
muscular dystrophy (LGMD) to congenital muscular dystrophy with cerebellar involvement
(CMD-CRB). All individuals had elevated maximal serum creatine kinase (CK) levels
ranging from 1,331 to 7,250 (CK during episodes of rhabdomyolysis not included) and
dystrophic muscle pathology. Compound heterozygous variants or a single heterozygous
variant in GMPPB were found in each individual.

P1, P2, and P3 each presented in their mid-to-late teens with inability to keep up with their
peers and proximal weakness. P2 presented only with exercise induced myalgias, weakness,
and myoglobinuria with recovery to normal strength. They are now ages fifty, twenty-six,
and thirty-two years old, respectively. All three individuals continue to walk independently
and have normal cognitive and cardiopulmonary function.

P4, now twenty-five years old, presented at age twenty-three after routine blood work
showed elevated transaminases. Follow up CK was greater than 5,000 U/L. He has normal
strength with infrequent episodes of exercise-induced myoglobinuria. He is cognitively
normal and has a first degree AV block and low normal left ventricular systolic function (EF
estimated at 50-55%).

P5, now twenty years old, presented at five years old with inability to run or climb stairs.
She is no longer ambulatory and developed scoliosis requiring surgery. Her pulmonary
function is slowly declining with a restrictive pattern. Echocardiogram is normal but with a
gradually declining ejection fraction. She has cognitive disability and requires speech
therapy. She has sensorineural hearing loss.

P6, now five years old, presented at nine months with hypotonia, global developmental
delay, and strabismus. She is now able to walk independently and run but is ataxic. On exam
she has mild proximal weakness and full strength distally. She has intellectual disability but
is able to communicate in sentences. She had obstructive sleep apnea that improved after a
tonsillectomy, her cardiopulmonary function is otherwise normal.

P7 is a fifteen year old female who presented in infancy with motor and language delays and
unusual movement patterns. She walked at sixteen months and continues to walk
independently. She has a very mild proximal weakness which has been stable over time. She
developed a seizure disorder at eight years of age and is verbal but with significant
intellectual disability. Serum transferrin isoelectric focusing was normal.

P8 is a thirteen year old female who presented at eight months of age with microcephaly,
hypotonia, global developmental delay, and infantile spasms. She remained non-verbal,
reportedly crawled briefly at one and a half years but lost that skill by two years; she is
unable to sit without support and has cortical visual impairment and strabismus. She fed
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orally but required a gastrostomy tube at five years for dietary supplementation while she
continued to take food by mouth. She developed neuromuscular scoliosis requiring spinal
fusion. Brain MRI at age 3 years showed mild cerebellar hypoplasia (Figure 1A).

P9, now three years old, presented prenatally with intrauterine growth restriction and
decreased fetal movements. He was hypotonic, in respiratory distress at birth, and continues
to require overnight oxygen support. He never fed orally, requiring gavage or gastrostomy
feeds. He developed complex partial seizures at twenty-two months of age controlled with
levetiracetam. He is non-verbal, is unable to sit independently, and has cortical visual
impairment, strabismus, and displays self-injurious and self-stimulatory behaviors. Brain
MRI at age 19 months showed cerebellar hypoplasia (Figure 1A). Serum transferrin
isoelectric focusing was normal. An extended dystroglycanopathy genetic testing panel
identified a single variant in GMPPB that is predicted to be pathogenic; the panel was
otherwise normal. Based on phenotype, CK, muscle biopsy, and normal sequencing for other
known dystroglycanopathy genes, we propose that a second variant in GMPPB is present,
but not identifiable with commercially available testing.

Muscle biopsies of all cases were reviewed at The University of lowa. Frozen sections from
each biopsy were evaluated by hematoxylin and eosin (H&E) staining and by
immunofluorescence as reported previously [Moore et al., 2006]. The antibodies used for the
immunostaining or western blotting reported here include 11H6 and VIA4-1 anti-glyco-a-
dystroglycan, Shp5 anti-a-dystroglycan core protein, 7D11 anti-B-dystroglycan, and
ab15277 anti-dystrophin antibodies. Biopsies displayed dystrophic features of varying
severity including myonecrosis and regeneration, increased internally placed nuclei,
increased fiber size variation, and endomysial fibrosis in the more severe cases (Figure 1C).
Immunofluorescence evaluation using 11H6 and VIA4-1 antibodies against glycosylated a-
dystroglycan showed mosaic patterns of decreased staining, while dystrophin and p-
dystroglycan appeared normal (Figure 1C). Wheat germ agglutinin (WGA) preparations
from pooled cryosections were utilized for western blots of a-dystroglycan and -
dystroglycan using published protocols [Michele et al., 2002]. Skeletal muscle WGA
preparations from P2 showed reduced signal for glycosylated a-dystroglycan and a
reduction in molecular weight for core a-dystroglycan compared to controls (Figure 1B).
The glycosylation status of a-dystroglycan in subject fibroblast cultures was evaluated with
western blots using WGA enriched cell lysates according to published protocols [Willer et
al., 2012]. Western blot analysis of WGA preparations of cultured skin fibroblasts from P2
showed no significant difference in a-dystroglycan glycosylation compared to control
fibroblasts (Figure 1B). Western blot analysis of the muscle biopsy (P1) and fibroblast
cultures (P3, P4, P7, P8, and P9) from other cases yielded results similar to P2 (data not
shown).

In our nine cases, six GMPPB variants were previously reported as pathogenic while five
variants are novel. Based on clinical phenotypes and immunofluorescence demonstrating
decreased glycosylation of a-dystroglycan in muscle we propose that these additional
variants are also pathogenic. In silico analysis of the novel variants using SIFT, Mutation-
Taster, and PolyPhen2 produced the following predictions: Two novel variants [c.395C>G
(p.S132C), and ¢.94C>T (p.P32S)] are predicted pathogenic by all three programs, whereas
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the two novel variants in P4 [c.721C>T (p.P241S), ¢.1034T>C (p.V345A)] were predicted
pathogenic by one of the three programs [Ng and Henikoff, 2003; Adzhubei et al., 2010;
Schwarz et al., 2014]. Sequence alignment of these novel variants are shown in Supp. Figure
S1. The final novel variant in P4 (c.402+1G>A) alters a highly conserved position in the
intron 4 splice donor site. Sequencing of GMPPB in the parents of P7 confirmed
heterozygous carrier status for each parent, providing further evidence for the pathogenicity
of the novel variant ¢.395C>G (p.S132C).

These individuals together with previously reported cases show a remarkable range in
phenotypic severity, from a minimally symptomatic adult at age twenty-five (P4) to infants
with congenital muscular dystrophy including cerebellar involvement (P8, P9). They share
features typical of other dystroglycanopathies including serum CK levels greater than five
times normal, evidence of myonecrosis and regeneration on muscle biopsy, and abnormal a-
dystroglycan glycosylation by immunostaining and western blots of muscle.
Electrophysiological testing for myasthenia was not completed in our cases. In contrast to
skeletal muscle, the a-dystroglycan glycosylation defect in cultured fibroblasts of affected
individuals is absent or very mild (Figure 2B) [Carss et al., 2013].

To date, all but 6 of the reported 41 individuals with GMPPB variants have been compound
heterozygotes, making it difficult to confirm genotype-phenotype correlations. However, two
variants have been seen frequently enough in GMPPB compound heterozygotes to provide
initial insight: ¢.79G>C (p.D27H) and ¢.860G>A (p.R287Q). 68% of individuals (28 of 41)
and 66% of the families (21 of 32) reported to date, including the present series, have one of
these proposed common variants [Carss et al., 2013; Raphael et al., 2014; Belaya et al.,
2015; Bharucha-Goebel et al., 2015; Cabrera-Serrano et al., 2015]. Based on data available
by the NHLBI Exome Sequencing Project, the mean allelic frequency for the ¢.79G>C
(p.D27H) and ¢.860G>A (p.R287Q) variants in European Americans is 0.12% and 0.02%,
respectively. For comparison, the ¢.826C>A common pathogenic variant in FKRP (MIM
#606596), another dystroglycanopathy-associated gene, has a mean allelic frequency of
0.07% in European Americans. The ¢.79G>C (p.D27H) variant has been found in 17
individuals from 12 unrelated families [Carss et al., 2013; Belaya et al., 2015; Bharucha-
Goebel et al., 2015; Cabrera-Serrano et al., 2015]. These individuals present with
hyperCKemia, limb-girdle pattern weakness or muscle pain sometime after age 10 (16 of
17), are able to walk or run independently (17 of 17), and most have normal intelligence (12
of 17, the remaining 5 have borderline intelligence [2 of 5] or intellectual disability [3 of 5]).
Cataracts (3 of 14), abnormal electrocardiogram (3 of 14), and epilepsy (1 of 14), are
uncommon in reported individuals with this variant. Thus, the ¢.79G>C (p.D27H) variant is
associated with a relatively mild phenotype among individuals with GMPPB-associated
dystroglycanopathy. In contrast, the ¢.860G>A (p.R287Q) variant, which has been seen in
11 individuals from 9 unrelated families [Carss et al., 2013; Raphael et al., 2014; Belaya et
al., 2015; Cabrera-Serrano et al., 2015], is associated with a congenital muscular dystrophy
phenotype. These individuals have delayed motor developmental (10 of 11) and intellectual
disability (10 of 11). Most achieve independent ambulation (8 of 11). Results of brain MRI
are reported for eight individuals and five are abnormal with cerebellar hypoplasia. Other
variable clinical features in the c.860G>A cases include epilepsy (6 of 9) and strabismus (5
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of 9). Compound heterozygous individuals with both the ¢.79G>C (p.D27H) and ¢.860G>A
(p.R287Q) variants have yet to be reported.

Previous studies have examined the subcellular localization of selected GMPPB variants in
C2C12 myoblasts [Carss et al., 2013; Belaya et al., 2015]. Normal cytoplasmic localization
of GMPPB was seen in the ¢.79G>C (p.D27H) variant cells whereas cytoplasmic
aggregation of GMPPB was seen in cells with the ¢.860G>A (p.R287Q) variant. The c.
79G>C (p.D27H) variant is located within the nucleotidyl transferase domain of GMPPB,
suggesting that it may reduce the efficacy of the enzyme’s catalytic function to a milder
degree respective to other pathogenic variants. The cytoplasmic aggregation of GMPPB in c.
860G>A (p.R287Q) variant cells suggests that protein misfolding and subsequent reduction
in cellular GMPPB activity may be responsible for the relatively severe phenotype seen in
individuals with this variant. Like the ¢.860G>A (p.R287Q) variant, GMPPB aggregation
was also seen in ¢.95C>T (p.P32L) variant cells, a variant that has been seen in a total of five
cases in literature (Carss et al P5-6; Cabrera-Serrano et al P1-2, 8) [Carss et al., 2013;
Cabrera-Serrano et al., 2015]. The single novel variant identified in our P9 (c.94C>T,
p.P32S), makes a predicted serine substitution in the same codon altered by the pathogenic
c.95C>T (p.P32L) variant, further supporting the predicted pathogenicity of the ¢.94C>T
(p.P32S) variant in our P9. Interestingly, four of the six individuals with cerebellar
hypoplasia have GMPPB variants leading to amino acid substitutions in this highly
conserved proline at codon 32 (P9 reported here, Carss et al P5 and P6, and Cabrera-Serrano
et al P8) [Carss et al., 2013; Cabrera-Serrano et al., 2015].

GMPPB-associated dystroglycanopathies present with a wide phenotypic spectrum and the
current cases, together with those previously published, allow preliminary genotype-
phenotype observations for the emerging common pathogenic variants ¢.79G>C (p.D27H)
and ¢.860G>A (p.R287Q). Muscle biopsy with immunostaining for glycosylated a-
dystroglycan can suggest a dystroglycanopathy, or support the diagnosis when novel variants
are identified. Unlike several other dystroglycanopathy genotypes [Willer et al., 2012],
fibroblast cultures show only subtle, if any, defects in a-glycosylation status [Carss et al.,
2013]. Additional experience with the current cohort of cases and the identification of
additional cases will be required to more completely understand genotype-phenotype
relationships and the natural history of GMPPB-associated dystroglycanopathy.
Management remains symptomatic, however, a subset of individuals with GMPPB variants
may respond to medications used to treat congenital myasthenic syndromes [Belaya et al.,
2015].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A: Sagittal T1 brain MRIs showing cerebellar hypoplasia in P8 at 3 years (Al) and P9 at 19
months (A2). B: Alpha- and -dystroglycan were evaluated by western blot in case P2.
WGA enriched homogenates of cultured skin fibroblasts (Fib) and muscle biopsy (MB) were
blotted with the core a-dystroglycan antibody, Shp5 (core a-DG) and the glycoepitope
dependent a-dystroglycan antibody, 11H6 (glyco a-DG). Subject muscle shows lower
molecular weight, hypoglycosylated a-DG with Shp5 and a decreased amount of functional,
properly glycosylated a-DG with 11H6 as compared to control. In contrast, subject
fibroblasts appear similar to control. An antibody against core p-dystroglycan, core B-DG
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(AP83) was used to assess loading. C: These photomicrographs illustrate the muscle biopsy
histopathology and immunostaining abnormalities of representative individuals with
GMPPB variants. The H&E images show dystrophic pathology in LGMD case P3 (C1) and
CMD-CRB case P9 (C2). Muscle biopsies were taken at 15 and 2 years of age respectively.
Immunofluorescence images from the same two muscle biopsies show reduced staining for
a-dystroglycan with two different glycoepitope-dependent antibodies, 11H6 and VIA4-1. A
control muscle biopsy is shown in panels C3, 6, 9, and 12. P3 muscle is shown in panels C4,
7, 10, and 13. P9 muscle is shown in panels C5, 8, 11, and 14. Dystrophin, C3-5; a-
dystroglycan (I11H6), C6-8; a-dystroglycan (VIA4-1), C9-11; B-dystroglycan, C12-14. The
scale bar in panel C2 equals 100 um in panels C1 and C2; the scale bar in panel C14 equals
100 pm in panels C3-14.
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