
First coined in 1954 by Walton and Nattrass1 as a clinical 
descriptor to define patients presenting with a proximal 
muscular dystrophy phenotype and a family history sug‑
gestive of autosomal rather than X‑linked inheritance, 
the term ‘limb‑girdle muscular dystrophy’ (LGMD) now 
encompasses more than 30 genetically defined subtypes 
of neuromuscular disease. This complexity contin‑
ues to increase as next‑generation sequencing (NGS) 
approaches come to the fore, and research efforts are 
ongoing in the areas of gene discovery and pathogenesis, 
as the impact of the genetic defects is understood from 
a molecular and cellular perspective. At the same time, 
translational research is putting the basic science into its 
clinical context, aiming to decipher the natural history 
and course of progression of each subtype as a precursor 
to therapeutic trials of treatments identified on the basis 
of the molecular and pathophysiological defects.

In this article, we briefly review the current state of 
knowledge about individual LGMD subtypes, includ‑
ing their differentiating clinical features, genetic ori‑
gins and molecular mechanisms. We then provide a 
detailed discussion of the large‑scale international 
collaborative projects that are aiming to increase 
the body of data on LGMD genetics, and to collate the 

comprehensive clinical, genetic and phenotypic data sets 
that are required to translate current knowledge into 
clinical practice.

The limb-girdle muscular dystrophies
Clinical, genetic and pathophysiological summary. 
In keeping with the descriptive origin of their name, 
most forms of LGMD share the determining features of 
weakness and wasting of the pelvic and shoulder gir‑
dle muscles, but in clinical, genetic and pathophysio‑
logical terms they are highly heterogeneous. All forms of 
LGMD are rare, and all are autosomally inherited. They 
are classi fied into dominant forms (LGMD1) and reces‑
sive forms (LGMD2). Recessive forms predominate in 
terms of both number of subtypes and individual prev‑
alence, with regional variation owing to founder effects 
in some cases. Some of the rarest forms have only been 
seen in a few families. Of the others, estimated individual 
prevalences range from 0.94 per 100,000 (LGMD2A)2 
and 0.43 per 100,000 (LGMD2I) to 0.07 per 100,000 
(LGMD2D and LGMD2E)3.

The clinical course of the LGMDs is typically pro‑
gressive, but the phenotype can range from severe, with 
disease onset within the first decade of life, to mild, 
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Abstract | The limb-girdle muscular dystrophies (LGMDs) are a diverse group of genetic 
neuromuscular conditions that usually manifest in the proximal muscles of the hip and shoulder 
girdles. Since the identification of the first gene associated with the phenotype in 1994, an 
extensive body of research has identified the genetic defects responsible for over 30 LGMD 
subtypes, revealed an increasingly varied phenotypic spectrum, and exposed the need to move 
towards a systems-based understanding of the molecular pathways affected. New sequencing 
technologies, including whole-exome and whole-genome sequencing, are continuing to expand 
the range of genes and phenotypes associated with the LGMDs, and new computational 
approaches are helping clinicians to adapt to this new genomic medicine paradigm. However, 
60 years on from the first description of LGMD, no curative therapies exist, and systematic 
exploration of the natural history is still lacking. To enable rapid translation of basic research to 
the clinic, well-phenotyped and genetically characterized patient cohorts are a necessity, and 
appropriate outcome measures and biomarkers must be developed through natural history 
studies. Here, we review the international collaborations that are addressing these translational 
research issues, and the lessons learned from large-scale LGMD sequencing programmes.

 R A R E  D I S E A S E S

R E V I E W S

2 | ADVANCE ONLINE PUBLICATION www.nature.com/nrneurol

©
 
2016

 
Macmillan

 
Publishers

 
Limited.

 
All

 
rights

 
reserved. ©

 
2016

 
Macmillan

 
Publishers

 
Limited.

 
All

 
rights

 
reserved.

mailto:volker.straub@ncl.ac.uk
http://dx.doi.org/10.1038/nrneurol.2016.35


Nature Reviews | Neurology

Cardiac involvement
LGMD1A, B, C, E

LGMD2C–F, G, I, M, 
N, R, T, U, W, X

Respiratory 
involvement

LGMD1A, B, D, E, F
LGMD2B,C–F, G, I, J,

K, M, N, O, R, T, 
U, V, W

Contractures
LGMD1B, C, F, G

LGMD2A, C–F, G, I, J,
K, M–Q, S–U, W

Distal involvement
LGMD1A, B, C, D, E, F, G
LGMD2A, B, G, L, Q, R, V

Specific biopsy 
findings

LGMD1C 
LGMD2A, B, C–F, G, Q

Founder mutations
LGMD2A, C, D, 

H, I, J, L, M, S

with later onset and slower progression. In some cases, 
mutations in the same gene can cause either a severe con‑
genital form of muscle disease (classified as a ‘congenital 
muscular dystrophy’) or a milder ‘limb‑girdle’ form. 

Muscle biopsy generally shows dystrophic changes that 
are indicative of degeneration and regeneration of mus‑
cle fibres, and serum creatine kinase levels are usually 
elevated, reflecting this myocyte damage.

Beyond these few common features of the LGMDs, 
a wide phenotypic spectrum exists, with differences in 
age of onset, disease progression, muscle involvement, 
joint involvement, and cardiac and respiratory involve‑
ment (FIG. 1). Recent gene discovery efforts have added 
substantially to this complexity, with phenotypic expan‑
sion continuing to blur the boundaries between LGMD 
and other neuromuscular conditions. This pheno typic 
diversity is reflective of the lack of a common aetiol‑
ogy: different subtypes result from defects in genes 
encoding proteins that are active in different areas of 
the muscle cell (FIG. 2), for example, within the sarco‑
lemma, cytosol or nucleus. Although the end result is 
invariably muscle cell damage and muscle fibre degen‑
eration, distinct physiological pathways can be affected. 
Pathological mechanisms implicated in LGMD include 
loss of sarco lemmal integrity, errors in the glycosy‑
lation of α‑ dystroglycan, defects in muscle repair, and 
dissociation of the sarcomere.

Subtypes and nomenclature issues. Recent comprehen‑
sive reviews by Nigro et al.4 and Murphy et al.5, as well 
as the American Academy of Neurology’s evidence‑ 
based guidelines3, provide in‑depth descriptions of the 
indivi dual subtypes of LGMD, including their main fea‑
tures and pathological mechanisms, and these articles 
should be consulted for additional detail not presented 
here. TABLE 1 and TABLE 2 provide a summary of the 
dominant6–15 and recessive16–50 LGMD subtypes, respec‑
tively, including the key differentiating clinical features, 
therapeutic strategies, genetic loci, allelic conditions 
(that is, conditions caused by defects in the same gene 
but presenting with a different phenotype and known 
by a different name), and the protein involved and its 
putative function.

Research into the genetics and molecular mecha‑
nisms of LGMD has transformed our understanding of 
this broad group of conditions from a purely descriptive, 
phenotype‑based classification towards an appreciation 
that these conditions are system disorders, and that 
pathway‑ based modelling approaches could have much 
to offer in terms of understanding pathogenesis and guid‑
ing therapy development. For example, the dystroglycan‑
opathies, which comprise a group of congenital muscular 
dystrophy syndromes, including Fukuyama congenital 
muscular dystrophy, muscle–eye–brain disease and 
Walker–Warburg syndrome51, are increasingly associated 
with LGMDs52. The dystroglycanopathies range from 
congenital forms with severe structural brain anomalies 
to milder LGMD forms that seem to only affect the skel‑
etal muscle, and were defined as a group in recognition 
of the fact that mutations in at least 18 genes associ ated 
with these conditions interfere with the glycosy lation 
of α‑dystroglycan and, thus, with the function of the 
dystroglycan complex as a matrix receptor53. An under‑
standing of the role of dystroglycan and its carbohy‑
drate moieties as a basement membrane receptor will, 

Key points

• New sequencing technologies, including whole-exome and whole-genome 
sequencing, combined with increased data sharing and international research 
collaborations, are resulting in the identification of new limb-girdle muscular 
dystrophy (LGMD) subtypes and diagnosis of additional patients

• These technologies are also providing evidence that added complexities, including 
intronic and regulatory mutations, oligogenic inheritance and modifier gene effects, 
could have a role in the hardest-to-diagnose forms of LGMD

• The increased molecular and pathogenetic understanding of LGMD subtypes is now 
calling into question their original classification by phenotype, and new systems-based 
and pathway-based classification systems may be required

• ‘Trial readiness’, which includes preparation of patient cohorts, care standards, 
outcome measures, and biomarkers stratified according to genes and/or pathways,  
is a key concept for translation of basic research to the clinic

• Collaboration between patients, industry and academia is essential in the translational 
pathway towards therapy development and clinical trials

Figure 1 | Clinical aspects of LGMD subtypes. The various forms of LGMD share the 
symptom of proximal muscle weakness, but phenotypic presentations can be very 
heterogeneous. Differential diagnostic considerations also encompass cardiac and 
respiratory muscle involvement, the degree and pattern of joint contractures, the ethnic 
background of patients, disease-specific changes in muscle biopsies, and weakness of 
distal muscle groups. Muscle biopsy assessment includes immunoanalysis, which in a 
number of LGMDs can reveal specific loss of protein expression. The categorization in 
this figure is based on typical presentations. LGMD, limb-girdle muscular dystrophy.
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Figure 2 | Pathophysiological mechanisms in LGMD. The various forms of LGMD do not 
share a common pathophysiological mechanism. Depending on the specific protein 
function that is defective, different pathways and subcellular structures can be involved, 
including the dystrophin–glycoprotein complex, the sarcomere, glycosylation of 
dystroglycan, vesicle and molecular trafficking, signal transduction pathways, and 
nuclear functions. Some of the proteins that are relevant to LGMD can be involved in 
several pathways and, in this figure, structures and diseases have been assigned to 
pathophysiological categories on the basis of generic concepts. LGMD, limb-girdle 
muscular dystrophy.

therefore, be relevant for therapy development for a large 
number of diseases beyond the boundaries of traditional 
classification systems.

As well as summarizing the subtypes of LGMD, 
TABLE 1 and TABLE 2 illustrate some of the problems with 
the current classification system. First, there is the prac‑
tical question of what happens when we reach the end of 
the alphabet. More importantly, the numerous allelic dis‑
orders listed and the patho mechanistic insights described 
reveal that the same genes and pathways can be impli‑
cated in diseases that have historically been classified 
differently owing to their pheno typic presentation. For 
this reason, we recognize an increasing need to review 
the approach towards classi fication and nomenclature in 
the light of new molecular and systems‑based insights, 
and to establish a classification that will be more robust 
to future develop ments in both diagnostics and molec‑
ular research. One potential strategy would be to name 
the diseases after the protein affected, as is already the 
case for calpain opathies and dystroglycanopathies, 

for example. Certainly, coining the term ‘calpain 3‑related 
dis orders’ would seem more appropriate than creating 
a new LGMD1 for the recently described dominantly 
inherited calpain 3 dis order54. Another approach could 
be to use an eponymous nomenclature that follows exam‑
ples such as the collagen VI‑related myopathies Ullrich 
congenital muscular dystrophy and Bethlem myopathy.

Next-generation sequencing
Virtually every field of medicine is experiencing the 
transformative effect of NGS — also known as mas‑
sively parallel sequencing — on diagnostic rates for 
genetically determined conditions, and the neuro‑
muscular field is no exception. Whole‑exome sequenc‑
ing (WES) and whole‑genome sequencing (WGS) are 
unbiased NGS‑based approaches for detecting genetic 
variation at single‑ base resolution anywhere within 
the protein‑ coding region of the genome or across the 
entire genome, respectively. A third approach is targeted 
sequencing, which makes use of gene panels to simulta‑
neously assess all genes known to be associated with a 
particular pheno type, and is tailored towards diagnosis 
of known conditions rather than gene discovery.

Diagnostic sequencing. In LGMD, targeted panel‑ 
sequencing approaches are increasingly used in the 
diagnostic setting to replace the traditional gene‑by‑ gene 
approach and to improve first‑pass diagnostic rates4,55,56. 
LGMD is a highly appropriate paradigm for NGS diag‑
nostics, owing to the large number of genes associated 
with the phenotype, the large size of many of the associ‑
ated genes, and the high frequency of private mutations 
(rare mutations that are confined to one family or a small 
population), all of which limit the utility of gene‑by‑gene 
sequencing approaches.

In the past, after a clinical work‑up for LGMD, the 
next step would frequently be immunoanalysis of a mus‑
cle biopsy in order to identify the affected protein and, 
thus, refine the gene or genes to be targeted for testing. 
Rather than making such approaches obsolete, NGS is 
likely to change the order of elements in the diagnostic 
pathway. In an NGS‑based approach, after the initial 
clinical work‑up and exclusion of the more‑common 
conditions with overlapping phenotypes that are less 
amenable to diagnosis with NGS (in particular, Becker 
muscular dystrophy, facioscapulohumeral muscular 
dystrophy, spinal muscular atrophy type III and myo‑
tonic dystrophy), panel or exome sequencing would 
be the immediate next step, before protein work‑up. 
If this process generates a clear result (an evidently 
pathogenic mutation in a gene previously associated 
with the phenotype), no further diagnostic laboratory 
work‑up — apart from segregation and potential Sanger 
confirmation of the variant — is required. If the result 
is unclear (for example, no obviously pathogenic muta‑
tion, or several candidates), neurophysiological and 
imaging studies, respiratory and cardiac investigations, 
and biopsy and protein immunoanalysis come into play. 
Despite their diminishing diagnostic role, however, 
many of these additional investigations are still crucial 
in management terms, so as to gain an understanding 
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of disease progression and complications, and response 
to treatment. Consequently, natural history studies and 
interventional clinical trials may still entail use of all of 
these techniques.

Gene panels for LGMD or broader lists of neuro‑
muscular genes have been used with high success rates 
in leading diagnostics centres across the world56–58. 
One effect of this development has been to expand the 

Table 1 | Autosomal dominant LGMDs

LGMD 
(OMIM #)

Key clinical features NH or TI 
studies

Locus 
(gene)

Allelic disorders  
(OMIM #)

Protein Suggested 
function of protein

LGMD1A 
(159000)6

Proximal and 
distal weakness, 
cardiomyopathy, 
neuropathy, dysarthria 
and facial weakness

– 5q 22–34 
(TTID)

• AD myofibrillar myopathy 
(609200)

• AD spheroid body myopathy 
(182920)

Myotilin F-actin binding 
protein, stabilization 
and anchorage of 
thin filaments, Z-disc 
organization

LGMD1B 
(159001)7

Broad clinical 
spectrum, 
scapuloperoneal and 
humeral weakness, 
joint contractures, 
rigid spine, dilated 
cardiomyopathy, 
arrhythmias with 
atrioventricular block, 
atrial fibrillation, 
sudden cardiac 
death, lipodystrophy, 
neuropathy

– 1q 11–21 
(LMNA)

• AD cardiomyopathy, dilated, 1A 
(115200)

• AR Charcot–Marie–Tooth disease, 
type 2B1 (605588)

• AD Emery–Dreifuss muscular 
dystrophy 2 (181350)

• AR Emery–Dreifuss muscular 
dystrophy 3 (616516)

• AD heart–hand syndrome, 
Slovenian type (610140)

• AD Hutchinson–Gilford progeria 
(176670)

• AD familial partial lipodystrophy 
type 2 (151660)

• AD Malouf syndrome (212112)
• AR mandibuloacral dysplasia 

(248370)
• AD congenital muscular 

dystrophy (613205)
• AR lethal restrictive dermopathy 

(275210)

Lamin A/C Intermediate 
filament protein 
of the nuclear 
lamina, membrane 
stabilization and 
transcriptional 
regulation

LGMD1C 
(607801)8,9

Proximal and distal 
muscle weakness, 
myalgia, rippling 
muscle disease, 
percussion-induced 
rapid contractions

– 3p25 (CAV3) • AD familial hypertrophic 
cardiomyopathy (192600)

• Long QT syndrome 9 (611818)
• AR LGMD (607801)
• AD distal myopathy type 

Tateyama (614321)
• AD rippling muscle disease 

(606072)

Caveolin 3 Stabilization of 
the sarcolemmal 
membrane, 
regulates cellular 
signal traffic, 
component of 
caveolae, exclusively 
expressed in cardiac 
and skeletal muscle

LGMD1D 
(603511)10,11

Proximal and distal 
weakness, in some 
patients dysphagia 
and cramps

– 7q (DNAJB6) – HSP40 Molecular 
chaperone involved 
in proteomic and 
autophagic turnover, 
interacts with BAG3 
and HSP70

LGMD1E 
(601419)12,13

Broad phenotypic 
spectrum, proximal 
and distal weakness, 
cardiomyopathy, 
arrhythmia, respiratory 
involvement

– 6q23 (DES) • AR LGMD2R (615325)
• Dilated cardiomyopathy 1 

(604765)
• AD, AR myofibrillar myopathy 

(601419)
• AD neurogenic scapuloperoneal 

syndrome type Kaeser (181400)

Desmin Intermediate 
filament regulating 
sarcomere and 
cytoskeletal 
architecture

LGMD1F 
(608423)14

Proximal>distal 
weakness, 
contractures

– 7q32 
(TNPO3)

– Transportin 3 Nuclear importing 
receptor, transport 
of serine/arginine 
rich proteins into 
nucleus

LGMD1G 
(609115)15

Proximal>distal 
weakness, cataracts

– 4q21 
(HNRNPDL)

– Heterogeneous 
nuclear 
ribonucleoprotein 
D-like protein

Pre-mRNA 
processing and 
nuclear export

AD, autosomal dominant, AR, autosomal recessive; LGMD, limb-girdle muscular dystrophy; NH, natural history; OMIM, Online Mendelian Inheritance in Man; 
TI, therapeutic intervention.
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Table 2 | Autosomal recessive LGMDs

LGMD 
(OMIM #)

Key clinical 
features

NH or TI 
studies

Locus 
(gene)

Allelic disorders  
(OMIM #)

Protein Suggested function 
of protein

LGMD2A 
(253600)16,17

Proximal weakness, 
contractures

NH, TI 15q15–21 
(CAPN3)

– Calpain 3 Ca2+-activated 
nonlysosomal cysteine 
thiol-protease, 
implicated in cytoskeletal 
repair mechanisms, 
binds titin

LGMD2B 
(253601)18–20

Proximal and distal 
weakness, asymmetry

NH, TI 2p13 
(DYSF)

• AR Miyoshi myopathy 1 
(254130)

• AR distal myopathy with 
anterior tibial onset (606768)

Dysferlin Regulation of vesicle 
fusion, receptor 
trafficking and repair of 
damaged membranes

LGMD2C 
(253700)21,22

Proximal weakness, 
respiratory and 
cardiac involvement

TI 13q12 
(SGCG)

– γ-Sarcoglycan Connects the 
sarcolemma to the 
extracellular matrix, 
stabilization of the 
dystroglycan complex

LGMD2D 
(608099)23,24

Proximal weakness, 
respiratory 
involvement

TI 17q 12–21 
(SGCA)

– α-Sarcoglycan Connects the 
sarcolemma to the 
extracellular matrix, 
stabilization of the 
dystroglycan complex

LGMD2E 
(604286)25,26

Proximal weakness, 
respiratory and 
cardiac involvement

TI 4q12 
(SGCB)

– β-Sarcoglycan Connects the 
sarcolemma to the 
extracellular matrix, 
stabilization of the 
dystroglycan complex

LGMD2F 
(601287)27,28

Proximal weakness, 
respiratory and 
cardiac involvement

TI 5q33–34 
(SGCD)

Dilated cardiomyopathy 1L 
(606685)

δ-Sarcoglycan Connects the 
sarcolemma to the 
extracellular matrix, 
stabilization of the 
dystroglycan complex

LGMD2G 
(601954)29

Proximal weakness, 
cardiac involvement

NH 17q11–12 
(TCAP)

Hypertrophic 
cardiomyopathy-25 (604488)

Telethonin T-tubule organization, 
substrate of serine kinase 
domain of titin

LGMD2H 
(254110)30,31

Proximal weakness – 9q31–34 
(TRIM32)

Bardet–Biedl syndrome 11 
(602290)

Tripartite motif 
containing 32

E3 ubiquitin ligase, 
labelling of proteins with 
ubiqutin for proteasome 
degradation

LGMD2I 
(606596)32

Proximal weakness, 
calf hypertrophy, 
respiratory 
involvement, 
cardiomyopathy, 
myalgia

NH, TI 19q13 
(FKRP)

• AR MDDGA5 (606596),
• AR MDDGB5 (606612)

Fukutin-related 
protein

Associated with 
dystroglycan processing

LGMD2J 
(608807)33

Proximal>distal 
weakness

– 2q (TTN) • Dilated cardiomyopathy 1G 
(604145)

• Familial hypertrophic 
cardiomyopathy 9 (613765)

• AR early-onset myopathy 
with fatal cardiomyopathy 
(611705)

• Proximal myopathy with 
early respiratory muscle 
involvement (603689)

• AD tibial muscular dystrophy 
(600334)

Titin Multiple binding sites for 
other proteins, connects 
the Z-line to the M-line 
in the sarcomere

LGMD2K 
(609308)34

Proximal weakness, 
mental retardation

NH 9q34 
(POMT1)

• AR MDDGA5 (236670)
• AR MDDGB1 (613155)

Protein-O-mannosyl 
transferasel

Involved in glycosylation 
of α-dystroglycan

LGMD2L 
(611307)35,36

Proximal>distal 
weakness, lower 
limbs>upper limbs, 
adult onset

NH 11p12–13 
(ANO5)

• AD gnathodiaphyseal 
dysplasia (166260)

• AR Miyoshi muscular 
dystrophy 3 (613319)

Anoctamin 5 Not completely 
understood — may act 
as a chloride channel, 
member of family of 
proteins with eight 
transmembrane domains
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phenotype associated with known genes59, as pathogenic 
mutations might be found in genes that would not have 
been tested in a single‑gene approach because they did not 
seem compatible with the phenotype known at the time.

In our own diagnostic and research experience, 
the proportion of patients with LGMD who can be 
diagnosed in an NGS‑based approach is highly varia‑
ble, and depends on the naivety of the population to 

Table 2 (cont.) | Autosomal recessive LGMDs

LGMD 
(OMIM #)

Key clinical 
features

NH or TI 
studies

Locus 
(gene)

Allelic disorders  
(OMIM #)

Protein Suggested function 
of protein

LGMD2M 
(611588)37,38

Axial and 
proximal>distal 
weakness, low IQ, 
cardiomyopathy

NH 9q31 
(FKTN)

• AR dilated cardiomyopathy 
1X (611615)

• AR MDDGA4 (253800)
• AR MDDGB4 (613152)

Fukutin Involved in glycosylation 
of α-dystroglycan

LGMD2N 
(613158)39

Proximal weakness, 
calf hypertrophy

NH 14q24 
(POMT2)

• AR MDDGA2 (613150)
• AR MDDGB2 (613156)

Protein-O-mannosyl 
transferase 2

Involved in glycosylation 
of α-dystroglycan

LGMD2O 
(613157)40,41

Proximal weakness, 
calf hypertrophy

NH 1p34 
(POMGnT1)

• AR MDDGA3 (253280)
• AR MDDGB3 (613151)

Protein-O-linked 
mannose 
β1,2 N-acetylgluco-
saminyl transferase

Involved in glycosylation 
of α-dystroglycan

LGMD2P 
(613818)42

Proximal>distal 
weakness, mental 
retardation, small 
head size

– 3p21 
(DAG1)

AR MDDGA9 (616538) Dystroglycan Key basement membrane 
receptor and component 
of the dystrophin–
glycoprotein complex

LGMD2Q 
(613723)43

Proximal>distal 
weakness

– 8q24 
(PLEC1)

• AR EBS with nail dystrophy 
(616487)

• AR EBS with muscular 
dystrophy (226670)

• AR EBS with pyloric atresia 
(612138)

• AD EBS, Ogna type (131950)

Plectin Costameric protein, 
structural linkage 
between sarcomere 
and sarcolemma

LGMD2R 
(615325)44

Proximal>distal 
weakness, 
atrioventricular 
conduction block, 
cardiomyopathy, 
facial involvement, 
respiratory 
involvement

– 2q35 (DES) • AD LGMD1E (601419)
• Dilated cardiomyopathy 1I 

(604765)
• AD, AR myofibrillar myopathy 

(601419)
• AD neurogenic 

scapuloperoneal syndrome 
type Kaeser (181400)

Desmin Intermediate filament 
regulating sarcomere and 
cytoskeletal architecture

LGMD2S 
(615356)45

Proximal weakness, 
CNS involvement

– 4q35 
(TRAPPC11)

– Transport protein 
particle complex 11

Component of the TRAPP 
multisubunit tethering 
complex involved in 
intracellular vesicle 
trafficking

LGMD2T 
(615352)46

Proximal weakness, 
calf hypertrophy, 
learning difficulties, 
cardiomyopathy

– 3p21 
(GMPPB)

• AR MDDGA14 (615350)
• AR MDDGB14 (615351)

GDP-mannose 
pyrophosphorylase B

Involved in glycosylation 
of α-dystroglycan

LGMD2U 
(616052)47

Proximal>distal 
weakness, cardiac 
involvement

– 7p21 (ISPD) AR MDDGA7 (614643) Isoprenoid synthase 
domain

Aids in O-mannosylation 
of α-dystroglycan

LGMD2V48 Proximal and 
axial>distal weakness

TI 17q25 
(GAA)

Late-onset Pompe disease or 
glycogen storage disease type 2 
(232300)

α-1,4 glucosidase Lysosomal enzyme 
hydrolysing glycogen

LGMD2W 
(616827)49

Proximal weakness, 
cardiomyopathy and 
triangular tongues

– 2q14 
(LIMS2)

– Lim and senescent 
cell antigen-like 
domains 2

Part of the integrin–actin 
cytoskeleton, signalling

LGMD2X 
(616812)50

Proximal weakness, 
arrhythmias with 
atrioventricular block

– 6q21 
(BVES)

– Blood vessel 
endocardial 
substance

Transmembrane protein 
that regulates structure 
and function of cardiac 
and skeletal muscle cells, 
involved in membrane 
trafficking

EBS, epidermolysis bullosa simplex; LGMD, limb-girdle muscular dystrophy; MDDG, congenital muscular dystrophy–dystroglycanopathy; MDDGA, MDDG with brain 
and eye anomalies; MDDGB1–3 and MGGD14, MDDG with mental retardation; MGGDB5, MGGD with or without mental retardation; MDDGB4, MDDG without 
mental retardation; NH, natural history; TI, therapeutic intervention.
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Figure 3 | Translational research projects in LGMD. The exome sequencing projects 
NeurOmics, MYO-SEQ and SeqNMD have helped to identify new LGMD-related genes, 
and have increased the number of diagnosed patients with different forms of LGMD. 
Data sharing from these projects is facilitated by the rare disease platform RD-Connect, 
a European Union (EU)-funded project that links omics data with patient registries and 
biobanks. Large patient numbers are a prerequisite for systematic natural history 
studies, such as the International Clinical Outcome Study (COS) in dysferlinopathies, 
which is sponsored by the Jain Foundation. Patient recruitment and assessment is 
further supported by TREAT-NMD, a network of excellence for rare genetic 
neuromuscular diseases, initially funded by the EU. LGMD, limb-girdle 
muscular dystrophy.

prior testing, the experience of the referring clinician 
with the LGMD phenotype, and the defined scope 
of the phenotypic inclusion criteria — in particular, 
whether there is overlap with acquired conditions such 
as fibromyalgia. Before commencing NGS testing, many 
expert centres with good access to genetic testing will 
have already exhausted the most plausible genes using 
the single‑gene approach, and the rate of ‘additional’ 
patients diagnosed through an NGS panel could be less 
than 20%. By contrast, in centres that have not tested 
patients with a single‑gene approach (due either to 
lack of availability of tests in certain countries or to use 
of an NGS‑first approach), a comprehensive LGMD 
panel might diagnose as many as 60% of patients with 
a clear limb‑girdle phenotype, although this figure is 
likely to be reduced if the clinician is less familiar with 
the hallmark clinical features in the patients referred 
for testing.

Gene discovery. Even in a cohort that is totally naive to 
testing, a substantial proportion of patients presenting 
with a limb‑girdle phenotype will remain without a likely 
causative mutation in a known gene after panel‑based 
testing. In such cases, pure diagnostic efforts give way 
to research and gene discovery using WES, WGS and, 
in some cases, additional ‘omics’ techniques, including 
transcriptomics to assess the effect of the mutation on 
the transcript, and proteomics to examine the resultant 
protein expression.

Both WES and WGS provide a non‑biased approach 
towards discovery of potentially causative mutations60,61, 
and the cohort of patients with an LGMD phenotype 
who remain undiagnosed after extensive single‑gene 
or targeted NGS approaches has been the focus of a 
number of recent international omics research and 
gene discovery projects (FIG. 3). These projects are mak‑
ing use of WES and — increasingly — WGS, as well as 
other high‑throughput molecular approaches. In addi‑
tion, numerous individual centres are adopting these 
approaches for gene discovery in their undiagnosed 
cohorts. Below, we focus on several of the larger projects 
that are international in scope. Each of these current 
endeavours has a slightly different and complemen‑
tary focus, and raises a number of issues of particular 
relevance to LGMD.

NeurOmics is a European Union (EU)‑funded 
project that aims to elucidate genetic causes, molecu‑
lar mech anisms and therapeutic targets for a set of 10 
neuro muscular and neurodegenerative disease groups, 
including LGMD. SeqNMD is an NIH‑funded sequenc‑
ing project focusing on gene discovery in cohorts of 
patients with a clear limb‑girdle phenotype but no genetic 
diagnosis after comprehensive single‑gene testing.

In contrast to NeurOmics and SeqNMD, both of 
which started from a discovery paradigm, a third pro‑
ject, MYO‑SEQ, is using WES more as a first‑pass diag‑
nostic strategy, sequencing a cohort of 1,000 index cases 
with a limb‑girdle phenotype and initially analysing 
only genes previously associated with muscle conditions 
with limb‑girdle weakness as a kind of ‘virtual’ panel. 
As a public–private partnership between academia, 
patient organizations and two pharmaceutical com‑
panies with an interest in patients with a limb‑girdle 
phenotype, MYO‑SEQ provides a unique model that 
sits at the boundary between research and diagnostics, 
and provides an opportunity to evaluate the benefits of 
new sequencing technologies not only for diagnostics, 
but also for pharmaceutical and biotechnology compa‑
nies with a drug development pipeline in genetic con‑
ditions. Together, these three projects have sequenced 
an estimated 1,300 index cases with a limb‑girdle 
phenotype — one of the largest genetically charac‑
terized LGMD research cohorts ever assembled. As a 
consequence, a number of valuable lessons have been 
learned, about both the conditions themselves and the 
benefits and drawbacks of the new sequencing (BOX 1).

It is worth noting that these projects do not stand 
alone, but build on previous collaborative efforts in 
neuro muscular research, and also feed into other 
related projects. MYO‑SEQ draws its index cases 
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from over 50 neuromuscular centres across Europe. 
Participating sites were recruited through the Care and 
Trial Site Registry (CTSR)62, which was set up by the 
TREAT‑NMD network63, a neuromuscular network 
of excellence originally funded under the EU Sixth 
Framework Programme. As a comprehensive network 
of self‑registered clinical sites seeing neuromuscular 
patients, the CTSR provided a ready‑made recruitment 
pathway for patients meeting the inclusion criteria: 

CTSR clinicians were familiar with the LGMD pheno‑
type, and had both the relevant undiagnosed patient 
cohorts and the interest in participating in the research. 
Recruitment of 1,000 index patients took just 12 months, 
a feat that would have proven very challenging without 
this structured recruitment pathway.

Clearly, these large cohorts are also a resource that 
will benefit LGMD diagnostic, biomarker and thera‑
peutic research in the future and, with adequate con‑
sents in place for data sharing64, their research outputs 
can be made more broadly available to authorized 
researchers. The raw data generated across these pro‑
jects is being archived in perpetuity at the European 
Genome–phenome Archive (EGA)65 and its US equiv‑
alent dbGaP — secure‑access repositories for the long‑
term storage of genomic data. Variant‑called data 
processed through a standard ana lysis pipeline is made 
accessible for further analysis through RD‑Connect66, 
an infrastructure project developed with EU funding 
that is bringing together genomic, proteomic, tran‑
scriptomic and metabolomic data, enabling its analysis 
with sophisticated bioinformatics tools, and linking 
it with data from patient registries and information on 
biosamples from biobank catalogues67.

A further argument for making both the raw data 
and confirmed gene findings accessible via international 
databases is that it reinforces the body of validated data 
that is used in diagnostics. According to recent esti‑
mates68, up to 30% of variants reported as pathogenic 
in widely used variant databases could be incorrect, and 
it is only when a sufficient critical mass of new data is 
made accessible that the signal of the correct reports will 

Box 1 | Lessons from large-scale LGMD sequencing projects

Standard genetic testing is usually not exhaustive 
Even in an extensively tested cohort, whole-exome sequencing (WES) will reveal causative variants in a known gene in 
only 20–45% of patients with an LGMD phenotype55.

Phenotypic overlap with other neuromuscular conditions is substantial 
After WES, a substantial number of patients classified clinically as LGMD will be found to have a different condition, with 
RYR1-associated myopathies, dystrophinopathies (including manifesting carriers), congenital myasthenic syndromes and 
collagen VI-related disorders among the top alternative diagnoses.

For gene discovery, large cohorts increase the chance of finding a confirmatory case 
Individual centres might not have a second case to enable validation, but new data-sharing approaches that allow 
matchmaking between rare cases with similar phenotypes can help confirm a new gene finding.

Consent for data sharing must be addressed early 
Patients are often keen for their genomic data to be shared for the benefit of research, but adequate consents must be in 
place at the start of a sequencing endeavour.

User-friendly data-sharing and analysis solutions are crucial 
Genomic data analysis involves numerous complex calculations to refine the candidate variants from several thousand to 
the causative one or two. Without tools to support such filtration steps, genome analysis would be too slow and 
cumbersome to be of real-world utility.

The computer cannot replace the disease expert 
A plausible variant established by a bioinformatics pipeline is only the start of the story, and interpretation in the disease 
context is essential.

The exome is often not enough 
In a substantial minority of patients, the disease-causing variant remains elusive even after exome analysis. The next 
stage of genomic research will include new challenges beyond the exome, including modifiers, oligogenic inheritance, 
incomplete penetrance, and regulatory and intronic mutations.

LGMD, limb-girdle muscular dystrophy.

Figure 4 | Example of a limb-girdle phenotype hierarchy from the Human 
Phenotype Ontology (HPO). 
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Table 3 | Limb-girdle muscular dystrophy standardized data collection form and HPO mapping

Original term from disease expert HPO code HPO term

Limb-girdle muscular dystrophy HP:0006785 Limb-girdle muscular dystrophy

Delayed motor milestones HP:0001270 Motor delay

Ptosis HP:0000508 Ptosis

Glaucoma HP:0000501 Glaucoma

Ophthalmoparesis HP:0000597 Ophthalmoparesis

Optic nerve atrophy HP:0000648 Optic atrophy

Nystagmus HP:0000639 Nystagmus

Red cherry macular spot HP:0010729 Cherry red spot of the macula

Cataract HP:0000518 Cataract

Structural eye abnormalities HP:0000478 Abnormality of the eye

Congenital cataract HP:0000519 Congenital cataract

Bulbar signs HP:0002483 Bulbar signs

Speech problems HP:0001618 Dysphonia

Swallowing problems HP:0002015 Dysphagia

Percutaneous endoscopic gastrostomy feeding HP:0011471 Gastrostomy tube feeding in infancy

Hearing loss HP:0000365 Hearing impairment

Cognitive dysfunction HP:0011446 Abnormality of higher mental function

Static cognitive impairment HP:0100543 Cognitive impairment

Progressive cognitive dysfunction HP:0001268 Mental deterioration

Muscle atrophy HP:0003202 Amyotrophy

Muscle hypertrophy HP:0003712 Muscle hypertrophy

Proximal upper limb atrophy HP:0009055 Generalized limb muscle atrophy

Neck muscle atrophy HP:0000467 Neck muscle weakness

Proximal lower limb muscle atrophy HP:0009055 Generalized limb muscle atrophy

Paraspinal muscle atrophy HP:0003724 Shoulder girdle muscle atrophy

Distal upper limb muscle atrophy HP:0009055 Generalized limb muscle atrophy

Scapular muscle atrophy HP:0009060 Scapular muscle atrophy

Distal lower limb muscle atrophy HP:0009055 Generalized limb muscle atrophy

Facial muscle atrophy HP:0000297 Facial hypotonia

Proximal upper limb muscle hypertrophy HP:0010484 Hypertrophy of the upper limb

Neck muscle hypertrophy NA NA

Proximal lower limb muscle hypertrophy HP:0010496 Hypertrophy of the lower limb

Paraspinal muscle hypertrophy NA NA

Distal upper limb muscle hypertrophy HP:0010484 Hypertrophy of the upper limb

Scapular muscle hypertrophy NA NA

Distal lower muscle hypertrophy HP:0010496 Hypertrophy of the lower limb

Facial muscle hypertrophy NA NA

Asymmetry of muscle bulk NA NA

Skeletal deformities HP:0002652 Skeletal dysplasia

Contractures HP:0001371 Flexion contracture

Scoliosis HP:0002650 Scoliosis

Scapular winging HP:0003691 Scapular winging
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Table 3 (cont.) | Limb-girdle muscular dystrophy standardized data collection form and HPO mapping

Original term from disease expert HPO code HPO term

Proximal upper limb contractures HP:0100360 Contractures of the joints of the upper limbs

Proximal lower limb contractures HP:0005750 Contractures of the joints of the lower limbs

Distal upper limb contractures HP:0100360 Contractures of the joints of the upper limbs

Distal lower limb contractures HP:0005750 Contractures of the joints of the lower limbs

Spinal rigidity HP:0003306 Spinal rigidity

Weakness HP:0001324 Muscle weakness

Static weakness NA NA

Progressive weakness HP:0003323 Progressive muscle weakness

Fluctuating weakness NA NA

Episodic weakness NA NA

Proximal upper weakness HP:0008997 Proximal muscle weakness in upper limbs

Proximal lower weakness HP:0008994 Proximal muscle weakness in lower limbs

Distal upper weakness HP:0008959 Distal upper limb muscle weakness

Distal lower weakness HP:0009053 Distal lower limb muscle weakness

Asymmetry of muscle weakness NA NA

Face muscle weakness HP:0000297 Facial hypotonia

Voice muscle weakness HP:0001618 Dysphonia

Neck muscle weakness HP:0000467 Neck muscle weakness

Back/spine muscle weakness HP:0003547 Shoulder girdle muscle weakness

Fatigability HP:0003473 Fatigable weakness

Normal sensation NA NA

Abnormal sensation HP:0003474 Sensory impairment

Walk independently: no HP:0002505 Progressive inability to walk

Walks with support HP:0002355 Difficulty walking

Lost ambulation HP:0006957 Loss of ability to walk

Full time wheelchair HP:0002540 Inability to walk

Respiratory dysfunction HP:0002880 Respiratory difficulties

Artificial ventilation HP:0004887 Respiratory failure requiring assisted 
ventilation

EMG pattern abnormal HP:0003457 EMG abnormality

Myopathic EMG HP:0003458 EMG: myopathic abnormalities

Neurogenic EMG HP:0003445 EMG: neuropathic changes

EMG spontaneous activity: yes HP:0003457 EMG abnormality

Fibrillations NA Fibrillation

Myotonic EMG HP:0003730 EMG: myotonic runs

Positive sharp waves (PSV) HP:0003482 EMG: axonal abnormality

Motor nerve conduction studies: abnormal HP:0003431 Decreased motor nerve conduction velocity

Axonal HP:0007002 Motor axonal neuropathy

Demyelinating HP:0007220 Demyelinating motor neuropathy

Sensory nerve conduction studies: abnormal HP:0003448 Decreased sensory nerve conduction 
velocity

Axonal HP:0003390 Sensory axonal neuropathy

Demyelinating HP:0011402 Demyelinating sensory neuropathy
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Table 3 (cont.) | Limb-girdle muscular dystrophy standardized data collection form and HPO mapping

Original term from disease expert HPO code HPO term

Inflammatory infiltrates NA NA

Myofibrillar changes HP:0004303 Abnormality of muscle fibres

Mitochondrial changes HP:0003737 Mitochondrial myopathy

α-Dystroglycanopathy NA NA

Merosin (laminin α2) deficiency NA NA

Sarcoglycan deficiency NA NA

Dysferlin deficiency NA NA

Calpain deficiency NA NA

Dystrophin deficiency NA NA

Caveolin deficiency NA NA

Emerin deficiency NA NA

Myofibrillar myopathy HP:0003715 Myofibrillar myopathy

EMG, electromyography; HPO, Human Phenotype Ontology; NA, mapping not available.

outweigh the noise of the individual incorrect anecdotal 
assertions. This phenomenon is only just beginning to be 
explored in the LGMD context, with some reports sug‑
gesting that a number of variants asserted as causative in 
public databases also appear in the general population69. 
Recent large‑scale data aggregation efforts such as ExAC, 
which brings together WES data from over 60,000 
indivi duals, can aid assessment of background variation 
in different populations and, in some cases, can bring 
incorrect assertions to light.

In a substantial proportion of patients with LGMD, 
the genetic diagnosis remains elusive even after exome 
sequencing, indicating that the phenotype can be caused 
by more‑complex mechanisms that are not yet under‑
stood. These mechanisms may include deep intronic 
mutations, mutations in regulatory elements, complex 
rearrangements, and digenic or oligogenic inheritance. 
Genome sequencing and improvements in interpretation 
and bioinformatic analysis of the variants are expected to 
solve a certain proportion of these cases. Nevertheless, 
as more sequencing takes place, an increasing number 
of patients will emerge with plausible variants in more 
than one LGMD‑related gene, warranting deep pheno‑
typing through muscle MRI and protein analysis. The 
genome is also expected to reveal important information 
about genetic and epigenetic modifiers that will help to 
explain the extreme phenotypic variability observed in 
some forms of LGMD that are associated with identi‑
cal mutations in the same gene. These aspects are being 
explored at the cutting edge of LGMD research.

Deep phenotyping
As discussed above, far from replacing the role of the 
expert clinician, advances in NGS approaches under‑
line the importance of a precise clinical work‑up as a 
component of the diagnostic and research pathway, 
both in LGMD and in neuromuscular diseases in gen‑
eral. Making sense of the enormous degree of variation 
in any one individual requires not only sophisticated 

bioinformatics tools for pathogenicity prediction, 
pathway analysis, filtration and prioritization, but also 
a detailed knowledge of the individual phenotypic fea‑
tures observed in the patient, so as to contextualize 
the gene defects and inform functional predictions 
and analysis.

Phenotypic features are also of immense importance 
for finding confirmatory cases in gene discovery para‑
digms. All forms of LGMD are rare diseases: collectively, 
all subtypes affect only around 2–3 in 100,000 people 
(with some geographical differences)70. Most of the 
subtypes for which a genetic locus has not yet been 
found are assumed to be very rare indeed, and for many 
indivi duals with such conditions the diagnostic odyssey 
has a long hiatus, during which a plausible mutation 
might be found but cannot be validated owing to the 
lack of a confirmatory case or second family exhibiting 
a similar phenotype.

Although the expert clinician remains central to the 
new NGS‑based gene discovery and validation para‑
digms, some adaptation is required. Electronic infor‑
mation systems that make use of phenotypic ontologies, 
such as the Human Phenotype Ontology (HPO)71, are 
gaining traction in neurology and genetics, and across 
the rare disease field more broadly, as important mech‑
anisms for ensuring not only standardization of ter‑
minology, but also the placing of each feature within a 
hierarchy, from the general to the highly specific, which 
then allows computational analysis. Such phenotypic 
descriptors are, of course, only as good as their devisers, 
and here too the neuromuscular field has been highly 
active, working together with the authors of the HPO to 
review the entire hierarchy of relevant terminology 
to ensure its accuracy, comprehensiveness, relevance, 
and continued updating. FIG. 4 gives an example for a 
limb‑girdle phenotype — proximal muscle weakness 
in the lower limbs — and shows the hierarchy that the 
ontology provides to allow the computer to recognize 
the degree of similarity with related terms.
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To avoid the necessity of memorizing term lists, soft‑
ware solutions that allow data to be entered in natural 
language and can immediately suggest the correct term 
are of tremendous benefit. The LGMD sequencing pro‑
jects NeurOmics, SeqNMD and MYO‑SEQ (FIG. 3) make 
use of a user‑friendly software solution called PhenoTips, 
which allows natural language searching that enables the 
clinician to enter any phenotype observed, but can also 
be pre‑programmed with standardized disease‑specific 
forms to guide data entry and aid comprehensive com‑
pletion of the most relevant phenotypic differentiators. 
TABLE 3 shows a form that was developed by disease 
experts within the NeurOmics project to guide entry of 
phenotypic data for patients presenting with an LGMD 
phenotype, which are then mapped to HPO terms and 
made accessible in the PhenoTips system.

The main benefit of the underlying use of the HPO 
is that the phenotypic coding is independent of the 
software system that is used to enter it. The end result 
of this phenotyping exercise is a database of LGMD 
patient phenotypes coded with HPO, connected at a 
per‑patient level to the genomic data. This methodol‑
ogy enables more‑sophisticated queries to be run across 
a combination of genomic and phenotypic data to 
assess similarities between patients and potentially find 

confirmatory cases, or the ever‑elusive ‘second family’ 
that helps validate a new gene finding. This approach has 
been dubbed ‘matchmaking’, and an international effort 
known as Matchmaker Exchange72, led by the Global 
Alliance for Genomics & Health and the International 
Rare Diseases Research Consortium, is developing com‑
putational approaches that will enable numerous differ‑
ent genetic database systems to query one another to 
find matching cases.

Translation to the clinic
At the time that Walton and Nattrass first coined the term 
‘limb‑girdle muscular dystrophy’, research into these 
conditions was in its infancy and therapies were non‑ 
existent. It is fascinating to note, however, that even in 
1954, numerous potential drug treatments were already 
being trialled, with Walton reporting on empirical treat‑
ment of 98 cases at his Newcastle clinic. Systematic 
research into gene‑based therapies for neuromuscular 
conditions began in earnest after the identification of the 
dystrophin gene — mutations in which cause Duchenne 
muscular dystrophy (DMD) — in 1986. The techniques 
and approaches developed in the DMD field, including 
stop‑codon suppression, exon skipping using antisense 
oligonucleotides, upregulation of alternative proteins, 
and gene replacement, are now making their way into 
other neuromuscular conditions, including spinal mus‑
cular atrophy (SMA)73,74 and myotonic dystrophy type 1 
(REF. 75). As yet, little progress has been made with these 
approaches in LGMD: of the 12 ClinicalTrials.gov‑ 
registered trials listed in our recent review of autosomal 
recessive LGMD76, four are natural history studies, three 
are early‑phase gene therapy studies, and five involve 
other drug interventions. Only five are specific to a 
particular LGMD subtype, rather than being open to 
patients with any form of muscular dystrophy.

Despite the lack of progress in LGMD, the conditions 
that are further advanced along the therapy development 
pathway have provided valuable lessons regarding the 
prerequisites for translation of basic research into thera‑
peutic trials and clinical practice. International neuro‑
muscular disease networks such as TREAT‑NMD have 
done much to develop the concept of ‘trial readiness’ 
(FIG. 5) — a term that encompasses the preparation that is 
essential in a particular disease area in order that a trial 
becomes feasible77. As FIG. 6 illustrates, the ‘translational 
pathway’ includes several components. Genetically and 
phenotypically well‑characterized patient cohorts need to 
be assembled, so that individuals meeting any given trial’s 
inclusion criteria can be readily identified. Garnering as 
much information as possible about the natural history 
and course of progression of each condition is also impor‑
tant, as without this baseline measure, assessment of drug 
effects is highly challenging. Appropriate outcome meas‑
ures to quantify the changes seen during a trial must be 
developed and validated. Patients and families should 
be involved at all stages of research and development 
and trial design, and networks of clinicians and expert 
care and trial centres can be established to aid clinical 
research and trials, as well as to provide communication, 
updates and training.

Figure 5 | Components of trial readiness in LGMD. Trial readiness for a rare 
disease group such as the LGMDs can only be achieved if resources that support the 
characterization of standardized patient cohorts are combined. LGMD, limb-girdle 
muscular dystrophy.
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Figure 6 | The translational pathway. In limb-girdle muscular dystrophy, we currently lack the well-defined patient 
cohorts that are a prerequisite for clinical trials, therapy development and access to treatment — the ultimate goal of the 
translational research pathway.

Assembly of patient cohorts. The assembly and charac‑
terization of cohorts (FIG. 5) is often achieved through 
patient registries, and the trial readiness concept 
ensures that these registries collect not only demo‑
graphic and epidemiological data, but also a set of ele‑
ments that can act as first‑pass inclusion criteria for trial 
eligibility78. Across the neuromuscular spectrum, these 
elements are likely to include genetic mutation, ambu‑
lation status, medication history, respiratory measure‑
ments and, where relevant, other measures such as pain 
questionnaires, alongside other disease‑specific items 
as appropriate. Several LGMD registries do exist, and 
BOX 2 provides one such example in the form of a sum‑
mary of items collected by the Global FKRP Registry, a 
combined clinician‑ reported and patient‑self‑ reported 
registry open to all indivi duals anywhere in the world 
with a mutation in the FKRP gene. LGMD2I is by far 
the most common FKRP‑related condition, and this 
designation also includes forms of congenital mus‑
cular dystrophy such as muscle– eye–brain disease, 
Walker–Warburg syndrome and MDC1C.

Analysis of the Global FKRP Registry data set 
reveals that the items collected can serve multiple func‑
tions. Numbers of patients meeting different inclusion 
criteria can be established, thereby enabling trial feasi‑
bility assessment, including calculation of the required 
numbers of countries and trial sites. The availability 
of contact details and consent for contact enables 
potentially eligible patients to be invited — crucially, 
only through the registry as a trusted intermediary 
—  for assessment for trial inclusion. Meanwhile, 
annual updates of even the restricted clinical items 
results in a de facto natural history data set that has 
the potential to increase our understanding of the 

natural disease course. No data from the Global FKRP 
Registry have yet been published, but recent publica‑
tions in DMD78 and SMA79 demonstrate the potential 
utility of such streamlined data sets when the number 
of enrolled patients becomes sufficiently high.

Despite these advantages, the registry approach has 
some limitations. Historically, data collection has been 
hampered by clinician time constraints. This issue has 
been addressed in a two‑pronged manner: first, by 
restricting data item numbers to maximize uptake 
and completion, and second, by enabling patient self‑ 
report. Initial academic scepticism towards allowing 
patients to enter their own data has been allayed by 
the growing recognition that for all but the most med‑
ical or technical of items, patients are frequently in a 
better position than doctors to accurately record their 
own data. Patient organizations, many of which have a 
clear focus on therapy development, have been strong 
drivers in this regard, and it is interesting to note that 
every registry for LGMD (registries currently exist 
for LGMD2A, 2B, 2C, 2D and 2I)76 is either patient 
organization‑ led or a partnership between clinical 
academics and patient organizations.

Clinical trials. The lack of trials in LGMD is a clear 
issue not only for potentially curative therapies, but 
also for therapies aimed at management of the con‑
dition, particularly when anecdotal published reports 
suggest that a particular treatment (such as steroids, 
which are well established in DMD as standard treat‑
ment) might be effective. On the basis of anecdotal 
reports, a randomized, placebo‑controlled clinical 
trial of deflazacort was conducted in 25 patients with 
LGMD2B80. The robustly designed trial did not show 
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any significant difference between treated and non‑
treated patients; in fact, the treatment group showed 
deteriorating muscle strength, accompanied by typical 
steroid‑related adverse effects. As a result, there is now 
a strong recommendation against the use of steroids for 
this subtype of LGMD, although they could still be an 
option for other subtypes, particularly those with some 
pathomechanistic resemblance to DMD.

Natural history studies. The LGMD2 review men‑
tioned above76 also highlights the dearth of natural 
history data on most LGMD subtypes. The largest 
LGMD natural history study that is currently running 
is a global, multicentre clinical outcome study for dys‑
ferlinopathy (LGMD2B). The International Clinical 
Outcome Study for Dysferlinopathy includes over 200 
patients, and is examining natural history and progres‑
sion, as well as identifying biomarkers and outcome 
measures, through standardized tests and muscle MRI. 
It is only through such comprehensive studies that we 
can establish the natural course of LGMD progres‑
sion in the absence of intervention — a prerequisite 
for designing and powering trials designed to meas‑
ure treatment effect. Prospective natural history stud‑
ies also allow systematic acquisition of biomaterials 

associated with accurate clinical data, for instance, 
sequential serum samples for biomarker discovery 
and validation projects. LGMD2B exhibits some over‑
lap in biomarker profiles with other forms of muscular 
dystrophy in which serum proteins indicate muscle 
fibre damage and protein leakage, and exploration of 
these and other biomarkers in LGMD2B might provide 
tests to sensitively and quickly assess the efficacy of a 
therapeutic intervention in upcoming clinical trials. 
In addition, some differences in biomarker signa‑
tures between LGMD2B and DMD are emerging, and 
further pursuit of this line of research will help us to 
validate biomarkers for use in efficacy trials81.

Conclusions
Insights from new genomic technologies are continu‑
ing to expand our understanding of LGMD genetics, 
and LGMD is a prime disease area to benefit from 
these approaches owing to its genetic and phenotypic 
hetero geneity. Despite the success of sequencing pro‑
jects in terms of gene discovery and increasing diag‑
nostic rates for known LGMD subtypes, we recognize 
that a substantial proportion of patients will remain 
without a genetic diagnosis after exome sequencing. 
New horizons for genomic research include regulatory 
and intronic mutations, modifier genes, and oligo‑
genic inheritance. At the same time, basic research 
into pathological mechanisms is illustrating the ben‑
efits of a pathway‑based and systems‑based approach 
to understanding these conditions, and an empha‑
sis on the commonalities with other diseases that 
involve the same pathways is a promising strategy for 
therapeutic targeting.

The expert clinician remains central in this new 
paradigm as the individual who can assemble the full 
picture from a growing multiplicity of data sources and 
make sense of it in the patient context. However, an 
increasingly multidisciplinary, collaborative approach 
is required, including unfamiliar figures such as the bio‑
informatician and computer scientist as a complement 
to the immunoanalysis technician and wet‑ laboratory 
researcher. International collaboration has always 
been recognized as essential by those working on rare 
genetic conditions such as LGMD, and its importance 
is accentuated as we enter an era in which patients with 
an LGMD phenotype that remains without a genetic 
diagnosis tend to be sporadic cases or members of 
the same family. This phenomenon is resulting in a 
new emphasis on comprehensive data sharing, with 
attendant data protection concerns that are now being 
addressed82. This systematic data collection and data 
sharing must cover not only genomics and other omics 
approaches, but also detailed clinical data collection to 
facilitate the natural history and biomarker studies that 
are the precursor to therapeutic trials.

With this focus on joining up basic science and 
genomic and clinical research into a translational path‑
way, approaches applied in LGMD and other neuro‑
muscular conditions form a paradigm that could be of 
benefit in other groups of rare neurological disorders, 
and in the rare disease field more generally.

Box 2 | Global FKRP Registry data items

Patient-reported data
• Demographics

• Diagnosis

• Motor function
 - Current best motor function
 - Previous best motor function
 - Wheelchair use

• Myalgia

• Ventilation
 - Noninvasive
 - Invasive

• Family history

Professional-reported data
• Disease onset

• Age

• Symptoms

• Respiratory function
 - Forced vital capacity

• Cardiac function
 - Echocardiogram

• MRI
 - Brain
 - Muscle

• Cognitive function

• Contractures

• Other medical problems

• Muscle strength and function
 - 6 min walking distance
 - Medical Research Council Scale for Muscle Strength 
scores

• Genetic mutation
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