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Abstract

Autosomal recessive limb girdle muscular dystrophies (LGMD2) are a group of genetically heterogeneous diseases that are typically

characterised by progressive weakness and wasting of the shoulder and pelvic girdle muscles. Many of the more than 20 different conditions show

overlapping clinical features with other forms of muscular dystrophy, congenital, myofibrillar or even distal myopathies and also with acquired

muscle diseases. Although individually extremely rare, all types of LGMD2 together form an important differential diagnostic group among

neuromuscular diseases. Despite improved diagnostics and pathomechanistic insight, a curative therapy is currently lacking for any of these

diseases. Medical care consists of the symptomatic treatment of complications, aiming to improve life expectancy and quality of life. Besides well

characterised pre-clinical tools like animal models and cell culture assays, the determinants of successful drug development programmes for rare

diseases include a good understanding of the phenotype and natural history of the disease, the existence of clinically relevant outcome measures,

guidance on care standards, up to date patient registries, and, ideally, biomarkers that can help assess disease severity or drug response. Strong

patient organisations driving research and successful partnerships between academia, advocacy, industry and regulatory authorities can also help

accelerate the elaboration of clinical trials. All these determinants constitute aspects of translational research efforts and influence patient access

to therapies. Here we review the current status of determinants of successful drug development programmes for LGMD2, and the challenges of

translating promising therapeutic strategies into effective and accessible treatments for patients.

© 2015 Published by Elsevier B.V.
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1. Introduction

The term limb girdlemuscular dystrophy (LGMD) includes a

heterogeneous group of genetic disorders characterised by

progressive muscle weakness and wasting involving mainly the

pelvic, shoulder girdle and proximal limb muscles. LGMDs

were first described as a distinct nosological entity in 1954 by

John Walton and Frederick Nattrass [1]. The first responsible

gene was identified in 1994 in the laboratory of Kevin Campbell

[2]. Since then, at least 8 different forms of autosomal dominant

LGMD (LGMD1) andmore than 20 distinct forms of autosomal

recessive LGMD (LGMD2) (Table 1) have been characterised

that also encompass other allelic disorders.

The overall frequency of LGMD, autosomal dominant and

autosomal recessive, has been shown to vary within different

populations and has been estimated to be around 20–40/

1.000.000 [18].

The most frequent presentation is proximal weakness with

onset in the second decade of life. However, a broadening

phenotypic spectrum highlights the importance of considering

LGMD2 as a differential diagnosis in almost any patient

presenting with primary muscle weakness. A precise genetic

diagnosis is critical, as it allows more accurate follow-up, the

prevention of known possible complications, and appropriate

genetic counselling for familymembers.Although new therapeutic

concepts are rapidly developing, there is currently no licenced

treatment for any form of LGMD, except for LGMD2V, which is

generally referred to as Pompe disease. It is therefore important to

review the translational research pathway for LGMD2 in order

to identify bottlenecks that may currently be hindering the

development of promising treatments. The key stages of

translational research are outlined in Fig. 1, demonstrating how

basic science research, clinical research and clinical care are

distinct but interdependent stages of translational research. The
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Table 1

Molecular genetics and main clinical features of LGMD2s [3–5]. DGC: Dystrophin glycoprotein complex. UL: upper limbs. LL: Lower limbs.

Disease

name/gene

Protein function Populations

with founder
mutations

CK Onset Progression

(wheelchair
bound)

Main clinical features Complications

Contractures Respiratory
involvement

Cardiomyopathy
(or other cardiac
involvement)

LGMD2A –

CAPN3

Calcium-sensitive protease

involved in muscle
re-modelling

Amish [6],

Basque
(Spain) [7],
Northern Italy

[8], Germany
and eastern
Europe [9]

5–80×
but can
be
normal

2–40 yrs

(8–15 yrs)

Moderate-rapid

(11–28 years
after onset)

Posterior thigh and scapular

weakness common; often hip
abductor sparing – calf atrophy

Yes Rare Rare

LGMD2B –

DYSF

Structure and signalling

function, involved in
membrane repair

Libyan

Jewish [10]

Often

>100×
17–23 yrs Slow Proximal and/or distal weakness,

little shoulder involvement – calf
hypertrophy rare

Yes (ankles) Rare Not frequent

LGMD2C –
SGCG

Structural components of
the DGC

North
Africans;
Gypsies

[11,12]

10–70× 3–15 yrs (8.5 yrs)
Complete
deficiency:

difficulty run,
walk

Rapid (~15
years after
onset)

Proximal weakness – calf
hypertrophy and scapular
winging common

Yes Yes
(frequent)

Yes
(rare in 2D)

LGMD2D –
SGCA

LGMD2E –
SGCB

Amish [13] Adolescent –
young adulthood

Partial deficiency:
cramps, exercise
intolerance

LGMD2F –
SGCD

Brazilian [7]

LGMD2G
-TCAP

Structural protein of the
sarcomere

3–17× 9–15 yrs Slow-moderate
(~18 y after

onset)

Prominent distal involvement
(UL proximal, LL proximal and

distal)

Yes

LGMD2H –
TRIM32

E3 ubiquitin ligase
involved in the
differentiation of muscle

stem cells and in muscle
regeneration

Manitoba
Hutterites
[14]

4–30× 1–9 yrs Slow (late in
life)

Proximal LL, neck and facial
weakness – muscle wasting

No

LGMD2I –
FKRP

Involved in the
glycosylation of

alpha-dystroglycan

10–20× 1.5–27 yrs
(11.5 yrs)

Slow-moderate
(23–26 y after

onset)

Mainly proximal weakness,
muscle hypertrophy,

BMD/DMD-like

Rare (scoliosis in
childhood onset)

Yes Yes

LGMD2J –
TTN

Structural protein of the
sarcomere.

Finland [15] 10–40× 5–25 yrs Slow-moderate
(20 y after
onset)

Proximal weakness, ankle
contractures

No Yes No

LGMD2K –
POMT1

Involved in the
glycosylation of

alpha-dystroglycan

Turkish [16] 20–40× 1–3 yrs Slow
(1 patient –

17 y)

Mild weakness, proximal > distal
– hypertrophy of calves and

thighs

Yes (ankles, neck
scoliosis)

Yes Not frequent

LGMD2L –
ANO5

Calcium activated chloride
channel localised in the
endoplasmic reticulum,

function unknown

Northern
European
[17]

10–50× 3rd decade Slow Proximal pelvic – femoral or
distal weakness in lower limbs,
atrophy of quadriceps,

hamstrings and biceps

Yes (wrist, fingers,
ankles)

No No

LGMD2M –
FKTN

Involved in the
glycosylation of
alpha-dystroglycan

4–50× Early childhood Moderate Proximal weakness, LL > UL –
calves, thighs and triceps
hypertrophy

Yes (scoliosis in
childhood onset)

Yes Not frequent

LGMD2N –
POMT2

Involved in the
glycosylation of

alpha-dystroglycan

4–50× Early childhood Moderate
(20 years – 1

patient)

No weakness – scapular winging
and mild lordosis; intellectual

disability – calf hypertrophy

Yes (scoliosis) Yes Not frequent

LGMD2O –
POMGNT1

Involved in the
glycosylation of
alpha-dystroglycan

Normal
to 2×

10–15 years Moderate
(19 y – 1
patient)

Weakness proximal > distal –
hypertrophy of calves and
quadriceps; wasting of

hamstrings and deltoids

Yes (ankles) No

LGMD2P –
DAG1

Structural component of
the DGC, basement
membrane receptor

20× Early childhood Moderate
(24 y – 1
patient)

Developmental delay without
structural brain anomalies

Yes (ankles,
lumbar lordosis)

No

LGMD2Q –
PLEC

Component of
intermediate filaments

providing mechanical
strength to cells

10–50× 2–3 yrs Slow Proximal weakness and
generalised muscle atrophy

Yes

LGMD2R –
DES

Member of the
intermediate filament

protein family

Normal Young adulthood Slow Proximal weakness and
generalised muscle atrophy

No Not frequent
(conduction

defects)

LGMD2S –
TRAPPC11

Component of a protein
complex involved in
intracellular vesicle

trafficking

9–16× Childhood ? Shoulder girdle more affected
than hip girdle, possible
hyperkinetic movement disorder,

ataxia and developmental delay

Scoliosis Possible
restrictive

Not frequent

LGMD2T –
GMPPB

Involved in the
glycosylation of
alpha-dystroglycan

Normal
to 2×

Early childhood to
young adulthood

Slow Developmental delay, exercise
intolerance, possible seizures

Ankles Mild

LGMD2U –
ISPD

Involved in the
glycosylation of

alpha-dystroglycan

6–50× ? Proximal weakness and muscle
pseudo hypertrophy

Yes Yes

LGMD2V –
GAA

Lysosomal enzyme
involved in the
hydrolysation of glycogen

Normal
to 20×

Variable Variable Proximal weakness, respiratory
insufficiency

No Yes Not frequent
in adults

LGMD2W –

LIMS2

Mediates adhesion

between cells and the
extracellular matrix

10× Childhood ? Proximal weakness,

macroglossia, calf hypertrophy

Yes
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main challenges involved in the progression from one stage

to another, as well as enabling pathways and networks, are

highlighted and discussed in this review.

Collaborative efforts between stakeholder groups involved

in translational research in LGMD2 should aim to overcome

existing bottlenecks. Strengthened collaboration between

academic researchers, the pharmaceutical industry and patient

advocacy groups is an essential prerequisite for successful drug

development programmes for patients with LGMD2.

Basic research in the last 15–20 years not only improved our

knowledge of the aetiology but also of the pathogenesis of a

growing number of LGMD2s. Understanding the molecular

mechanisms of disease is often the first step towards the

identification of possible targets for drug development. Once a

potential target has been identified, the next step is to demonstrate

in pre-clinical in vitro and in vivo experiments the principal

mechanism and efficacy of a candidate compound. Possible

therapeutic strategies that are currently considered for LGMD2

include gene therapy using viral vectors, RNA modification

through exon skipping and stop codon read-through, cell therapy,

and pharmacological treatments. Once a potential compound or

therapeutic strategy has been identified, safety needs to be

demonstrated in toxicology studies in animals before a clinical

trial can be initiated in humans. Available animal models for

LGMD2s are listed in Table 2.

Designing a clinical trial is the next challenge in drug

development programmes for rare diseases like LGMD2. Typical

obstacles include the lack of natural history data due to the

paucity of diagnosed patients, the absence of care standards,

which again can affect the natural history of a disease, and the

lack of validated and clinically meaningful outcome measures.

For all these reasons, clinical trials in LGMD2 have been very

limited (Table 3), even for the more common forms, as it has

been difficult to establish homogeneous groups of patients to

appropriately power clinical studies. International collaboration

between physicians and patient groups, often on a global scale, is

therefore required to diagnose and recruit sufficient numbers of

patients with specific forms of LGMD2 for natural studies,

as is currently happening for patients with dysferlinopathy

(LGMD2B) (ClinicalTrials.gov NCT01676077). Natural history

studies are a critical prerequisite for the development of

interventional therapies, as they provide the relevant knowledge

of the course of a disease without an intervention. They are also

used to develop and apply standardised outcome measures for

assessing changes over time, which form the basis for monitoring

therapeutic efficacy in patients undergoing an experimental

treatment. Few validated outcome measures are currently

available for distinct forms of LGMD2 and several international

efforts are trying to address this for the most common forms of

LGMD2. In parallel to developing functional outcomes obtained

by physical assessments, natural history studies are also aiming

to characterise serum, urine and imaging biomarkers.

Because the recruitment of sufficient numbers of patients

for both natural history studies and interventional trials is

particularly challenging in the case of LGMD2, working with

patient organisations and patient registries is essential for the

collection of demographic and clinical data. Patient organisations

can help disseminate accurate information about ongoing

research projects and can reach out to patients who are

potentially eligible for clinical trials.

Fig. 1. Key Stages of Translational Research. This figure demonstrates how basic science research, clinical research and clinical care are distinct but interdependent

stages of translational research. The main challenges involved in the progression from one stage to another as well as enabling pathways and networks are highlighted

and discussed in this review.

113V. Straub, M. Bertoli /Neuromuscular Disorders 26 (2016) 111–125



Table 2

Available animal models for LGMD2s.

Disease – gene Species Genotype Phenotype Reference

LGMD2A – CAPN3 Mouse Capn3-/- Progressive mild muscular dystrophy. Dystrophic features at histologic

analysis, with inflammatory infiltration

[19]

Capn3-/- (C3KO) Generalised atrophy. Muscle histology shows small foci of muscular

necrosis

[20]

LGMD2B – DYSF D. melanogaster mfr mutation Infertility [21]

C. elegans Fer-1 mutation Infertility, altered gene expression of muscle enriched genes [22]

Zebrafish Morpholino

knockout of Dysf

Altered development and muscle disorganisation [23]

Morpholino

knockout of Dysf

and annexin A6

Myopathy due to altered sarcolemmal repair [24]

Mouse SJL/J natural

model

Proximal limb muscular dystrophy and trunk weakness, increased risk of

sarcomas

[25]

A/J natural model Progressive mild muscular dystrophy and susceptibility to infections [26]

Dysfprmd A/J mice backcrossed on C57BL/6 background: progressive mild

muscular dystrophy and no complement deficiency

[27]

LGMD2C – SGCG Zebrafish Morpholino

knockout of

delta-SG

Severe muscle and cardiac phenotype [28]

Mouse Sgcg-/- Pronounced dystrophic muscle changes in early life. Cardiomyopathy by

the age of 20 weeks, shortened life span

[29]

LGMD2D – SGCA Mouse Scga-/- Progressive muscular dystrophy and ongoing muscle necrosis with age, a

hallmark of the human disease

[30]

LGMD2E – SGCB Mouse Sgcb-/- Muscular dystrophy and cardiomyopathy [31]

LGMD2F – SGCD D. melanogaster Three different

δ-sarcoglycan

deletion mutants

Reduced life span with heart and muscle dysfunction [32]

Mouse Scgcd-/- Muscular dystrophy and cardiomyopathy [31]

Scgcd-/- Cardiomyopathy and muscular dystrophy [33]

Hamster BIO14.6 Muscular dystrophy and cardiomyopathy [34]

LGMD2G -TCAP Zebrafish Morpholino

knockout of Tcap

Deformed muscle structure and impaired swimming ability [35]

Mouse Tcap-/- Abnormal myofibre size variation with central nucleation, decline in the

ability to maintain balance, stiffness

[36]

LGMD2H – TRIM32 D. melanogaster l(2)thin [l(2)tn] tn mutant larvae show progressive muscular degeneration [37]

Mouse Trim32-/-

(T32KO)

Mixed myopathic and neurogenic phenotype, with dystrophic muscle and

reduction of neurofilaments and myelination

[38]

D489N KI Phenotype overlapping Trim32-/- mouse [39]

LGMD2I – FKRP Zebrafish Morpholino

knockout of Fkrp

Reduced alpha-DG glycosylation, developmental defects in somitic

structure, muscle fibre organisations and eye morphology

[40,41]

Morpholino

knockout of Fkrp

Altered muscle structure, altered laminin expression, notochord defect [42]

Mouse Fkrp-/- Embryonic lethal [43]

L276I KI Late onset muscular dystrophy [44]

P448L KI Reduced glycosylation of alpha-DG; severe phenotype with muscle, eye

and brain developmental defects

[43]

LGMD2J – TTN Zebrafish erzschlag mutant Abnormalities in both cardiac and skeletal muscles [45]

Mouse IG KO mice

(lacking Ig TTN

domain)

Kyfosis, atrophic slow muscles [46]

Mouse Ttntm1.1Isrd Heterozygous mice: distal muscular dystrophy with onset at 9 months:

few muscles involved. Homozygous mice: dystrophic muscle with onset

at 1 month, generalised at 6 months

[47]

LGMD2K – POMT1 D. melanogaster Pomt1 ko Larvae mutant for either Pomt1, Pomt2, or double mutant for both:

muscle attachment and muscle contraction phenotypes identical to those

associated with reduced Dg function

[48]

rotated abdomen

(rt) ko

High myoblast density and position derangement, which result in

apoptosis, muscle disorganisation, and muscle cell defects

[49]

Mouse Pomt1-/- Embryonic lethal [50,51]

(continued on next page)
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Here we review the challenges of translational research for

LGMD2s, from basic research to drug development, with a

focus on the current status of clinical trials and on clinical trial

readiness for these rare diseases.

2. Effects of genetic and clinical variability on disease

prognosis

2.1. Aetiology and epidemiology

The genetic classification of LGMD2 has become

increasingly complex over the years and even more so since the

application of next generation sequencing technologies. The

current classification is shown in Table 1 [3].

To distinguish the autosomal recessive forms from the forms

with dominant inheritance, the dominant forms have been

named LGMD1 and the recessive forms LGMD2, followed by

a letter assigned in alphabetical order based on the timeline of

gene locus or gene identification. LGMD2A was accordingly

the first recessive form of LGMD with an identified gene locus

[74].

Patients with LGMD2 generally share weakness of the

shoulder and pelvic girdle muscles as the main clinical

symptom. Many forms show a wider spectrum of clinical

symptoms that can include cardiac and respiratory problems,

joint contractures, and, in some childhood onset forms, general

developmental delay. The most frequent age of onset is in the

second to third decade, but can vary from the first years of life

in LGMD2K, LGMD2M or LGMD2N, up to the 5th decade of

life in some cases of LGMD2L. Progression is generally slow,

but in some forms, such as calpainopathy (LGMD2A) or

sarcoglycanopathies (LGMD2C-F), it can lead to the loss of

ambulation in less than 15 years from the presentation of first

symptoms (Table 1).

The prevalence of each single form of LGMD2 is currently

difficult to evaluate as all forms are individually very rare, and,

for many subtypes, genetic diagnoses have only been recently

established. The overall frequency of all forms of LGMD,

autosomal recessive and autosomal dominant, is estimated to be

around 20–40/1.000.000 [18], and has been shown to vary in

different populations, from a frequency of 8/1.000.000 in the

Netherlands [75] and 22/1.000.000 in Northern England [76],

to 69/1.000.000 in the Basque country (Spain) [7].

In Northern England, all forms of LGMD together account

for about 6% of patients who are diagnosed with genetic muscle

diseases [76].

Single disease frequencies for the various forms of LGMD2

have only been estimated for a few subtypes in selected

populations. Epidemiological data, in combination with a

comprehensive clinical data set, are useful for diagnostic

purposes, as the frequency of single forms of LGMD2 varies

in different ethnic populations due to founder mutations.

Sarcoglycanopathies as a group (LGMD2C-F) have, for

example, been reported as one of the most common forms of

LGMD2 after calpainopathy (LGMD2A) and dysferlinopathy

(LGMD2B), representing up to 18% of LGMD2 in Italy [77]

and even up to 68% of severe forms of all LGMD in Brazil [78].

Nevertheless, they seem to be extremely rare in Japan, where

LGMD2C was diagnosed in less than 1% of all LGMD cases

[79]. LGMD2C (SGCG) is more frequent in Tunisia and Roma

populations [11,80–82], with a carrier frequency of 1/250 in

Morocco [12] and up to 1/15 in some Roma groups [83].

LGMD2I (FKRP) has one of the highest prevalence rates of all

Table 2 (continued)

Disease – gene Species Genotype Phenotype Reference

LGMD2M – FKTN Zebrafish Morpholino

knockout of

Fukutin

Altered muscle structure, altered laminin expression, notochord defect [42]

Mouse Fukutin-/- Embryonic lethal [52]

LGMD2N – POMT2 D. melanogaster Pomt2 ko Larvae mutant for either Pomt1, Pomt2, or double mutant for both:

muscle attachment and muscle contraction phenotypes identical to those

associated with reduced DG function

[48]

D. melanogaster twisted (tw) ko High myoblast density and position derangement, which result in

apoptosis, muscle disorganisation, and muscle cell defects

[49]

Mouse Pomt2-/- Embryonic lethal because of brain malformation [53]

LGMD2O –

POMGNT1

Mouse POMGnT1-/- Reduce glycosylation of alpha-DG, multiple developmental defects in

muscle, eye, and brain

[54,55]

LGMD2P – DAG1 Zebrafish V567D KI Muscle shows disorganised terminal cisternae of sarcoplasmic reticulum,

brain abnormalities, ocular defects

[56]

Mouse Dg-/- Embryonic lethal [57]

T190M KI mice Muscular dystrophy, centrally located nuclei, clasping phenotype [58]

LGMD2Q – PLEC Mouse Plec-/- Increased intermediate filament network and sarcomere dynamics,

reduced myotube resilience following mechanical stretch

[59]

LGMD2R – DES Zebrafish Morpholino

knockout of

desmin

Smaller larvae, with diminished swimming activity [60]

Mouse Desmin-/- Disruption of skeletal muscle architecture and myocardial degeneration [61,62]

LGMD2T – GMPPB Zebrafish Gmppb-/- Structural muscle defects with decreased motility, eye abnormalities and

reduced glycosylation of alpha-DG

[63]

LGMD2V – GAA Mouse GAA -/- Dysregulation in glycogen metabolism [64]
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Table 3

Clinical research in LGMD2s: natural history clinical trials, investigational drug clinical trials and available registries.

LGMD2

C
li
n
ic
al
T
ri
al
s.
g
ov

ID
/d
o
i
re
f.

Trial name/article Purpose Interventional

drug/natural
history

State (last

update on
ClinicalTrials.
gov)

A B C D E F G H I J K L M N O P Q R S T U V W

C
A
P
N
3

D
Y
S
F

S
G
C
G

S
G
C
A

S
G
C
B

S
G
C
D

T
C
A
P

T
R
IM

3
2

F
K
R
P

T
T
N

P
O
M
T
1

A
N
O
5

F
K
T
N

P
O
M
T
2

P
O
M
G
n
T
1

D
A
G
1

P
L
E
C

D
E
S

T
R
A
P
P
C
1
1

G
M
P
P
B

IS
P
D

G
A
A

L
IM

S
2

C
li
n
ic
al

tr
ia
ls

N
C
T
0
0
8
9
3
3
3
4 Evaluation of Limb-Girdle

Muscular Dystrophy
To understand the biochemistry of
different types of LGMD –
determine appropriate outcome

measures

Natural
history

Completed 2014
(March 2014)

X X X

N
C
T
0
1
4
0
3
4
0
2 Congenital Muscle Disease

Patient and Proxy Reported

Outcome Study (CMDPROS)

To describe early sign and
symptoms, and adverse events in

CMDs

Natural
history

Recruiting (February
2015)

X X X X X X X

N
C
T
0
1
6
7
6
0
7
7 Clinical Outcome Study for

Dysferlinopathy
To determine the clinical outcome
measures – characterise the
disease progression – collect

biological samples for the
identification of biomarkers

Natural
history

Ongoing,
recruitment closed
March 2014 (April

2015)

x

N
C
T
0
2
1
6
5
3
5
8 Muscle MRI in Becker Muscular

Dystrophy and in Limb-Girdle

Muscular Dystrophy Type 2I

To investigate muscle hypertrophy
in the calves and tongue seen in

patients affected by Becker
muscular dystrophy and LGMD2I

Natural
history

Recruiting (June
2014)

X

N
C
T
0
0
3
1
3
6
7
7 Clinical Trial Readiness for the

Dystroglycanopathies

To describe the early signs and

symptoms of the
dystroglycanopathies, and to
gather information that will be

required for future clinical trials.

Natural

history

Recruiting (May

2012)

X X X X

N
C
T
0
1
1
2
6
6
9
7 Clinical Trial of Coenzyme Q10

and Lisinopril in Muscular

Dystrophies

To compare CoQ10/Lisinopril/
CoQ10+Lisinopril for CMP

prevention

Interventional
drug – Phase

II/III

Ongoing,
recruitment closed

(October 2014)

X X X X X

N
C
T
0
0
5
2
7
2
2
8 Deflazacort in Dysferlinopathies To assess the natural history –

evaluate therapeutic efficacy and
side effects of deflazacort in
LGMD2B

Interventional

drug – Phase
II/III

Completed 2008

(January 2009) [65]

x

N
C
T
0
1
9
7
6
0
9
1 Gene Transfer Clinical Trial for

LGMD2D (Alpha-Sarcoglycan
Deficiency) Using

scAAVrh74.tMCK.hSGCA

To evaluate the clinical safety and
efficacy of gene therapy in
LGMD2D

Interventional
drug – Phase
I/IIa

Recruiting (February
2015)

X

N
C
T
0
0
4
9
4
1
9
5 Gene Transfer Therapy for

Treating Children and Adults

with Limb Girdle Muscular
Dystrophy Type 2D (LGMD2D)

To evaluate the safety and
effectiveness of gene therapy in

treating children and adults with
LGMD2D

Interventional
drug – Phase

I

Completed
(February 2013)

[66]

X

N
C
T
0
0
1
0
4
0
7
8 A Phase I/II Trial of MYO-029

in Adult Subjects with Muscular
Dystrophy

To evaluate safety of MYO-029 in
adult patients with muscular
dystrophy

Interventional
drug – Phase
I/II

Completed
(December 2007)
[67]

X X X X X X

N
C
T
0
1
8
9
8
3
6
4 Safety and Efficacy Evaluation

of Repeat neoGAA Dosing in

Late Onset Pompe Disease
Patients

To evaluate the safety and
tolerability of neoGAA in

treatment naı̈ve and alglucosidase
alfa treated late-onset Pompe
disease patients

Interventional
drug – Phase

I

Completed (March
2015) (extension

study NCT02032524
ongoing – phase
2/3)

X

N
o
t

re
g
is
te
re
d 1α,25(OH)(2)-Vitamin D3

Increases Dysferlin Expression
in vitro and in a Human Clinical
Trial

To evaluate effects of VitD in cell

line and carriers subject (15
carriers, 12 months – increase in
monocyte expression)

VitD [68] X

N
o
t

re
g
is
te
re
d Effects of Rituximab in Two

Patients with Dysferlin-Deficient

Muscular Dystrophy

To evaluate effects of rituximab on
muscle strength in 2 patients with

Miyoshi myopathy

rituximab [69] X

N
o
t

re
g
is
te
re
d Two Siblings with Limb-Girdle

Muscular Dystrophy Type 2E
Responsive to Deflazacort

To evaluate response to treatment
with deflazacort in two patients
with LGMD2E

Deflazacort [70] X

N
o
t

re
g
is
te
re
d Inflammation and Response to

Steroid Treatment in Limb-
Girdle Muscular Dystrophy 2I

To evaluate response to treatment

with prednisolone in 2 patients
with LGMD2I

prednisolone [71] X

(continued on next page)
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the limb girdle muscular dystrophies in Northern Europe and is

more prevalent here than in the rest of the world, with an

estimated carrier frequency of 1/116 in Norway [84] and about

1/240 in the North of England [76], while it appears to be

considerably rarer in Australia, where it is the cause of only 3%

of all forms of LGMD [85].

2.2. Complications and management

The LGMD2 genes encode for proteins with a variety of

different functions in muscle. They are involved in maintaining

muscle cell structure, in post-translational modification, in cell

differentiation and in cell signalling [4,85–89]. The complexity

of pathomechanisms renders the development of curative drug

treatments considerably more challenging and adequate clinical

care more relevant. Important aspects of clinical care include

the management of symptoms and the early detection of

anticipated disease complications [90,91].

The most common symptoms that need to be addressed in

patients with LGMD2 are muscle and joint pain, joint

contractures and scoliosis, cardiac and respiratory failure

and gastrointestinal symptoms, with different risks among

different subtypes (Table 1). An accurate multidisciplinary

follow-up involving neurologists, neuro-paediatricians,

geneticists, physiotherapists and occupational therapists,

orthopaedic surgeons, cardiologists, respiratory physicians

and gastroenterologists is essential to monitor potential

complications, intervene in a timely manner when indicated,

and coordinate care among different specialists.

Symptomatic treatments include regular physiotherapy and

orthotic devices to manage contractures and pain, nocturnal

non-invasive ventilation if weakness involves respiratory

muscles, spinal surgery in cases of prominent scoliosis and

pharmacological treatment at the first signs of impaired cardiac

function. Regular follow-up and appropriate interventions can

ameliorate quality of life of patients and prolong life

expectancy.

3. Animal models

Therapeutic strategies will first be tested in a preclinical

setting to establish proof of concept by improving a phenotype

in a cellular or in vivo model, and by identifying possible

side-effects and toxicities before designing a clinical trial

involving patients.

Adequate models for investigating molecular mechanisms

and testing potential therapeutic strategies need to be carefully

selected. Most mouse models currently used for LGMD2 are,

e.g., knockout models, while LGMD2 patients have missense

mutations that might have a different molecular effect than

haploinsufficiency. In addition, introducing a mutation known

to be associated with a human disease into an animal model

does not guarantee to result in a phenotype overlapping with the

human disease. For example, introducing the common SCGA

mutation p.R77C into a mouse did not produce an LGMD2D-

like phenotype [92,93] and expressing mutations in the

Drosophila melanogaster ferlin gene (mfr) did not show any

motility problems [21].

The two most common organisms used for modelling muscle

diseases are zebrafish and mice. Zebrafish models are frequently

used in muscle diseases, being relatively easy and rapid to breed,

translucent at an early developmental stage and having a simple

embryonic organisation [94,95]. For most human genes involved

in muscle structure and function, zebrafish have an orthologue

[96–98] and a disease model can be generated by inducing the

expression of a mutant gene or functionally knocking down

the target gene by injecting selective anti-sense morpholino

oligonucleotides (MOs). In LGMD2 this second approach has

been successfully used for a number of diseases, such as

LGMD2I, LGMD2G, LGMD2K and LGMD2N [35,40,41,99].

Caenorhabditis elegans and D. melanogaster are also simple

organisms that can be genetically manipulated, as they are both

small in size and genome and easy to observe for their motility

[100,101]. Small animals can be helpful as they are cheaper

models for unravelling molecular pathways. For this reason they
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Cardiovascular Magnetic
Resonance of Cardiomyopathy

in Limb Girdle Muscular
Dystrophy 2B and 2I

To evaluate cardiac function by
MRI in monitoring cardiac

pathology progression

[73] X X

http://www
.researchrom
.com/masterlist

Guidance, information and
assistance for choosing the right
outcome measures (OMs) for

neuromuscular disease trials and
studies

LGMD2
having
available

registries

X X X X X X X X

117V. Straub, M. Bertoli /Neuromuscular Disorders 26 (2016) 111–125



are used to introduce a mutation or to silence the orthologous

gene that determines a muscular phenotype. They can also be

used for primary drug screens complementary to in vitro systems

[101,102].

The mouse genome is highly similar (99%) to the human

genome and, for this reason, mice are the preferred animal for

modelling human diseases and for testing the toxicity and

safety of new drugs in preclinical studies [103].

Suitable animal models are available for most forms of

LGMD2 (Table 3). Below, we briefly discuss models that have

been used for drug development in the most common LGMD2

forms (LGMD2A, 2B, sarcoglycanopathies and LGMD2I).

3.1. LGMD2A – calpain-3

The calpain-3 knockout (also named C3KO) mouse shows a

mild phenotype. It is smaller than a wild type mouse, showing

muscle atrophy, disruptions of myofibrillogenesis and sarcomere

structure at muscle histology, and a partial force deficit [20].

3.2. LGMD2B – dysferlin

In developing animal models for dysferlinopathies, it has been

shown that the main function of the dysferlin orthologue gene in

D. melanogaster and C. elegans is related mainly to reproduction

and not to muscle function [21,22], while silencing the dysf gene

in zebrafish does result in altered development and muscle

disorganisation [23]. Two independent spontaneous mouse

models have been identified for dysferlinopathies that both

manifest some additional features that are not observed in

patients. TheA/J mouse carries an altered Dysf gene that leads to

aberrant splicing and to the absence of dysferlin expression.

Dystrophic features appear at 4–5 months of age with a slow

progression and a high susceptibility to infections due to a

deficiency of the C5 complement component was also observed.

The SJL/J mouse has an in-frame deletion in the dysferlin gene,

producing a shorter and instable protein that determines a

dystrophic phenotype similar to theA/J mouse. However, its high

incidence of early onset reticulum cell sarcomas limits its

possible use for the observation of the muscular phenotype. For

this reason, both models have been backcrossed to more suitable

genetic backgrounds in order to obtain a phenotype not affected

by strain-specific factors [27]. For example, the Dysfprmd mouse

was obtained by backcrossing the A/J mice onto the C57BL/6

background. Homozygous mice show weakness from the age of

2 months and no complement 5 deficiency.

3.3. LGMD2C, 2D, 2E and 2F – sarcoglycans

The Bio 14.6 hamster, a spontaneous model for a recessive

form of muscular dystrophy and cardiomyopathy, was first

described in 1962 [104], but its underlying genetic defect was

only identified 35 years later as being linked to the gene

encoding for delta-sarcoglycan (SG) [105–107].

Gene transfer through the direct intramuscular injection of a

vector (plasmid and adenovirus) containing the wild type

delta-SG gene was shown to restore expression of delta-SG and

the entire SG complex. Rescue of muscle pathology provided

evidence that integrity of the SG complex was required for the

maintenance of sarcolemmal stability [108].

The key role of the transmembrane and extracellular domains

for delta-SG function has been confirmed through the generation

of different mutants in D. melanogaster. The line with a large

deletion demonstrated reduced motility, heart dysfunction and

reduced life span, while the line carrying a small deletion

affecting only the cytoplasmic domain showed a mildly reduced

lifespan with normal locomotive activity and normal heart

function [32]. The same group observed that beta and delta-SG

null D. melanogaster show exercise-inducedTGF beta signalling

through the SMAD pathway, and that genetically decreasing

SMAD signalling using haploinsufficient alleles was sufficient to

rescue skeletal and cardiac muscle dysfunction in the SG null

D. melanogaster [109]. The SMAD pathway could therefore be a

target for reducing exercise-induced muscle damage and for

slowing down disease progression. Knockout mice for the four

sarcoglycan genes share similar features of muscular dystrophy

and cardiomyopathy, with the exception of the Sgca-/- mouse,

which only shows skeletal muscle involvement [29–31].

3.4. LGMD2I – FKRP

FKRP is a putative glycosyltransferase thought to be

involved in glycosylation of alpha-dystroglycan (alpha-DG),

but its exact role in the glycosylation pathway is still unclear.

Down-regulating FKRP in zebrafish results in reduced

alpha-DG glycosylation and developmental defects with an

altered somitic structure, altered muscle fibre organisations and

defects in eye morphology [40,41]. These features are present

in patients with LGMD2I and other dystroglycanopathies.

Defective glycosylation affecting dystroglycan complex

interactions is considered to underlie the pathogenesis in this

group of diseases. However, more recently it was suggested that

Fukutin and FKRP could also have a different role, impairing a

process that precedes the dystrophin-associated glycoprotein

(DAG) complex interaction. By inhibiting Fukutin or FKRP in

zebrafish, it was observed that muscle pathology in these

models is different from the dystroglycan-deficient model, also

showing a notochord defect and an altered laminin expression

as a consequence of endoplasmic reticulum stress and unfolded

protein response (UPR). The above suggests that both proteins

could be involved in this process and that UPR could contribute

to the phenotypic spectrum of dystroglycanopathies [42].

In mice, FKRP is essential for embryonic development, and

homozygous null embryos die in utero [43]. Knock-in mice

carrying the missense mutation P448L lack glycosylation of

alpha-DG and show a severe phenotype with muscle, eye and

brain developmental defects [43], while homozygous knock-in

mice for the L276I mutation common in LGMD2I patients

mimic the classic late onset phenotype of LGMD2I [44].

4. Therapeutical approaches in preclinical research

The identification of causative genes is essential to the

understanding of molecular mechanisms affected in LGMD2.

Delineating the molecular features of a disease is critical to

evaluating potential therapeutic strategies that may involve
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direct interventions at DNA, RNA and protein level or target

downstream effects caused by the primary defect. Although

efforts in all these areas have been made to address the

therapeutic challenge, to date, most groups working on LGMD2

have focused on the correction of the primary genetic defect.

Potential strategies depend on the molecular characteristics of

the single condition. For example, the size of a specific gene

influences an adeno-associated virus (AAV)-mediated gene

delivery approach as the payload of DNA that an AAV can

deliver is physically limited by the capacity of the viral particle

(i.e., ~5 kb).

4.1. Gene transfer

Viral vector-mediated gene transfer aims to introduce a

functional gene into the defective tissue to induce the expression

of a functional protein. This approach has been successfully

applied to more than one model for LGMD2.

Calpain-3 deficiency can be addressed throughAAV-mediated

gene transfer. The histological and functional phenotypes of

the C3KO mouse have been rescued after injections of rAAV

(recombinant adeno-associated virus) delivering wild type

calpain-3 [110].

As the full-length dysferlin gene is too large to be transferred

through a single viral vector, dysferlin-deficiency has been

addressed through two different gene transfer strategies.

Minidysferlin is a shorter gene, known to produce a milder

phenotype in patients. rAAV-mediated minidysferlin transfer

into the muscle of a Dysf−/− mouse led to protein expression

and efficient repair of sarcolemmal lesions [111]. A dual

AVV-mediated gene transfer in the Dysfprmd mouse, splitting

the dysferlin protein into two parts and injecting the muscle

with two different vectors, also showed encouraging results,

leading to the expression of a full length protein [112].

AAV-mediated gene transfer has successfully been applied

through intramuscular injection in the Bio14.6 hamster [113], and

in Sgca-/-, Sgcb-/- [114] and Sgcg-/- mice [115], showing efficient

restoration of gene expression and muscle pathology. It has on

the other hand failed in the Sgca-/- mouse model, where it only

showed short-term expression due to transgene toxicity, limiting

the possible application of this vector in patients. This issue has

been addressed through a modified vector placing the gene under

the control of an ubiquitously expressed cytomegalovirus (CMV)

promoter or a muscle-specific promoter, thus obtaining sustained

gene expressionwith a lack of cell toxicity in both cases [116].The

same approach has been shown to be effective also through the

systemic injection of the vector [117].

AVV-mediated gene delivery was also shown to be effective

in FKRP. After systemic delivery of the vector in L276I(KI)

mice at birth or at 9 months, increased FKRP expression and

restoration of alpha-DG glycosylation in skeletal and cardiac

muscle was observed [44].

4.2. Transcriptional modification

Other possible therapeutic approaches that are considered

for LGMD2 aim to modify the transcriptional process through

exon skipping or through the induction of stop codon read-

through. The approach used will depend on the type of the

underlying mutation.

Exon skipping can be considered in the case of an out-of-

frame mutation causing a premature stop codon with the

production of a truncated protein. By skipping a specific exon,

it is possible to restore the reading frame and to produce a

shorter but possibly more functional protein.

One of the limits of exon skipping in recent clinical trials in

Duchenne muscular dystrophy (DMD) was efficacy, as it failed to

produce high levels of skipped protein [118]. In LGMD2, this

could further reduce the number of eligible patients: targeting only

one allele may not restore a sufficient amount of functional protein

to rescue the phenotype. Only patients carrying homozygous

mutations, or compound heterozygous mutations involving the

same exon, would benefit from single exon skipping [119].

If the genetic defect is a nonsense mutation, a possible

therapeutic approach is to induce stop codon read-through by

PTC124®, a molecule that has been tested in Cystic Fibrosis

and DMD [120,121]. In LGMD2, this strategy has already been

applied in cultured myotubes from patients with stop mutations

in the dysferlin gene [122].

4.3. Cell therapy

Cell therapy aims to increase the production of differentiated

myotubes in dystrophic muscle through the transfer of stem cells.

Different cell populations have been used in mouse models to test

this therapeutic approach, with variable outcomes.

Mesoangioblasts, isolated from juvenile Sgca-/- mice and

transduced with a lentiviral vector expressing alpha-SG, when

injected into the femoral artery of dystrophic mice, reconstituted

skeletal muscle [123]. Non-autologous hematopoietic stem cells,

after transplantation into the cardiac and skeletal muscles of the

Sgcd-/- mouse, have been shown to be incorporated into myofibres

but failed to express delta-SG [124]. More recently, iPSC (induced

pluripotent stem cells)-derived mesoangioblasts were transplanted

into the skeletal muscle of Sgca-/- immunodeficient mice,

generating muscle fibres that expressed alpha-SC and leading to an

amelioration of the dystrophic phenotype [125].

Satellite cells (SC), mono-nucleated progenitor cells located

between the basal lamina and sarcolemma of muscle fibres,

mediate physiological muscle growth and regeneration [126]

and are therefore considered a promising resource for the treatment

of muscle wasting conditions [127]. Myosphere-derived progenitor

cells (MDPCs), an SC population that differentiates into vascular

smooth muscle cells and mesenchymal progeny, have been

implanted into the cardiac muscle of Sgcd-/- mice, resulting in

enhanced neo-angiogenesis, restored delta-SG expression and

improved cardiac function [128].

Non-HLA-compatible cell transplantation into patients

bears the high risk of an immune reaction, which could

potentially be addressed with immunosuppressive treatments.

Autologous transplantation would avoid the risk of an immune

reaction, but patient derived cells carry the genetic defect and

would first need to be genetically modified.

Therapeutic approaches that have been tested in patients are

discussed in Section 6.2.
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5. Outcome measures

Pre-clinical research leads to the identification of new drug

targets that need to be tested in interventional clinical trials for

their efficacy. In this context, the availability of standardised,

validated and non-invasive outcome measures to evaluate

disease progression becomes essential.

Muscle strength and function are typically assessed through

manual muscle testing, hand-held myometry [129] and timed

tests including the 10-metre run [130] and the 6-minute walk

distance (6MWD) [131,132]. Even though evaluators are

trained to be consistent in scoring and instructing patients, the

results are still dependent on patient effort. Furthermore, lower

limb function has been more thoroughly investigated than upper

limb function and sensitivity in measuring disease progression

over a short period is limited in slowly degenerating conditions

like LGMD2.A tool evaluating performance of the upper limbs

(PUL) has recently been developed for non-ambulant DMD

patients [133], but could also be useful in clinical trials for

LGMD2.

Quantitative muscle MRI is an objective and non-invasive

tool with the potential to become a reliable measure of muscle

pathology. Several studies have used MRI to assess skeletal

muscle and cardiac pathology in patients with LGMD2. Willis

et al. showed a significant increase in skeletal muscle fat fraction

over 12 months in patients affected by LGMD2I, while no

significant changes could be demonstrated over the same period

by physical assessment measures [72]. Rosales et al. evaluated

cardiac function in patients with LGMD2B and 2I by MRI to

define which markers of cardiomyopathy could be useful in

monitoring cardiac pathology. Only mild changes were identified

in the scanned patients and further studies are needed to assess

whether cardiac MRI could be effectively used for routine

monitoring in LGMD2B and 2I [73]. Muscle MRI can also be

a helpful tool in the differential diagnosis of some forms of

LGMD2 [134–137] and more importantly to distinguish patients

with LGMD2 from patients with myofibrillar myopathies,

collagen VI related disorders or other myopathies [138–140].

More extensive studies are necessary to evaluate the usefulness

of MRI as a diagnostic tool and as an outcome measure in the

various forms of LGMD2.

A biomarker has been defined as a “characteristic that is

objectively measured and evaluated as an indicator of normal

biological processes, pathogenic processes, or pharmacologic

responses to a therapeutic intervention” [141]. Except for elevated

serum creatine kinase activity as an unspecific diagnostic

biomarker, no specific biomarkers to monitor disease progression

have yet been validated for LGMD2.

In a recent study, miR-1, miR-133a, and miR-206,

previously reported as potential biomarkers for DMD, were

evaluated as possible biomarkers for other muscle diseases but

no significant change in their concentration was found in

LGMD2A [142]. An observational clinical trial is currently

recruiting patients with LGMD2B-F, 2I, 2L, myofibrillar

myopathies, BMD and Miyoshi myopathy type 3, with the aim

to identify biomarkers and clinical correlates of changes in

cell membrane permeability before and after routine motor

function testing and is expected to be completed in 2016

(ClinicalTrials.gov identifier: NCT01851447).

6. Patient registries and clinical trials

6.1. Patient registries

Patient registries are designed to collect demographic and

epidemiological data or to gather information on natural

history. Registries can also serve to keep patients informed

about current research activities, to contact them when new

clinical trials are about to start, and can help in collecting of

pharmacovigilance data in phase IV studies. Patient registries

can be created and coordinated by patient associations, by

reference centres working in patient care, or by pharmaceutical

companies with an interest in a specific disease.

Currently disease specific registries only exist for a few forms

of LGMD2, namely LGMD2A, 2B, 2C, 2D, and 2I. The registry

for patients with calpainopathy is held by the Coalition to Cure

Calpain 3 (http://www.lgmd2a.org); patients with LGMD2B or

Miyoshi myopathy can access the International Dysferlinopathy

Registry (http://dysferlinregistry.org/) created by The Jain

Foundation; patients with LGMD2C and 2D can register with the

Kurt and Peter Foundation (www.lgmd2cregistry.org) or the

registry held by the LGMD2D Foundation (www.lgmd2d.org/

patient-resources); and patients with different forms of muscle

diseases due to mutations in the FKRP gene (LGMD2I,MDC1C,

MEB and WWS) can access the Global FKRP Registry (https://

www.fkrp-registry.org). The Congenital Muscular Dystrophy

International Registry was created for patients with congenital

forms of muscle diseases, but is also open to patients with

different forms of LGMD2 (https://www.cmdir.org/).

6.2. Clinical trials

Interventional clinical trials in LGMD2 have only been

carried out for a handful of these conditions. For most forms of

LGMD2 we are still lacking in-depth data on natural history,

which would be helpful before moving into interventional drug

trials.Thiswill always present a challenge for the very rare forms

of LGMD2 that have been described only in a few patients or in

a single family, like LGMD2P (DAG1), LGMD2Q (PLEC) or

LGMD2S (TRAPPC11). Completed or ongoing clinical trials in

LGMD2 are summarised in Table 3, including natural history

studies and interventional drug studies.

A multi-centric clinical outcome study for dysferlinopathy

with over 200 patients is currently running in centres in the

United States, Europe, Australia and Japan (NCT01676077).

The aim is to obtain a better overview of the natural history and

progression of the disease, as well as to identify biomarkers and

outcome measures through standardised function and strength

tests and through muscle MRI.

Other registered natural history studies of LGMD2

(NCT00893334, NCT00313677, NCT01403402) are summarised

in Table 3.

The safety of gene therapy has been evaluated in

sarcoglycanopathies (LGMD2C and 2D). A phase 1 study in

LGMD2C patients assessed the safety and feasibility of AAV1-

sarcoglycan gene transfer. The vector was injected for 30

120 V. Straub, M. Bertoli /Neuromuscular Disorders 26 (2016) 111–125



consecutive days in the extensor carpi radialis muscle of nine

non-ambulant adult patients, divided into three groups with each

group receiving a different dose. Expression of gamma-SG was

detected by immunohistochemical analysis in muscle biopsies of

injected muscles from patients who received the highest dose. No

serious adverse events were reported for the duration of the study

and the six month follow-up [143].

Six patients with LGMD2D were included in a double-blind,

randomised trial to evaluate the safety of AAV-mediated gene

transfer through intramuscular injection in a selected site

(extensor digitorum brevis muscle). All six patients, divided into

two groups receiving two different doses, showed increased gene

expression without adverse effects [144]. The phase I/II study,

delivering the vector through intra-arterial injection, is currently

ongoing and aims to recruit 8 patients (NCT01976091).

A recent clinical study using autologous bone marrow

mononuclear cell therapy in 150 patients with muscular dystrophy,

including 20 with a form of LGMD2, described a functional

improvement after a 12 month follow-up. However, no controls

were included in the study [145]. Long-term safety data still need

to be collected and the evaluation of non-autologous stem

cell transplantation in patients is currently limited by HLA

compatibility and necessary immunosuppressive protocols with

additional side effects that are an ethical concern.

No effective pharmacological therapy to improve muscle

strength is currently available for patients with LGMD2 based

on randomised controlled clinical trials. In DMD, it has been

demonstrated that steroids improve strength and life span, and

reduce the progression of motor deterioration [146].

Anecdotal reports suggest a positive response to steroids in a

few forms of LGMD2. Deflazacort was associated with an

increase in muscle strength and function in a patient with

LGMD2D treated for 6 months [147] and in two siblings with

LGMD2E treated for 22 months [70]. Two unrelated patients

affected byLGMD2I showed a positive response to prednisolone

[71]. However, these constitute reports of single patients and

there is no evidence of steroid efficacy from placebo-controlled

trials.

A randomised placebo-controlled clinical trial with

deflazacort conducted in 25 patients with LGMD2B did not

show any significant clinical difference between treated and

non-treated patients [65]. Moreover, deteriorating muscle

strength was observed in the deflazacort group, accompanied

by known steroid side-effects. It is still not clear if steroids are

effective in some patients with LGMD2, however, based on the

experience in DMD, patients with LGMD2 associated with the

dystrophin-glycoprotein complex and a DMD-like phenotype

may more likely than others benefit from steroids.

Other pharmacological treatments evaluated in patients with

LGMD2 in registered clinical trials are Coenzyme Q10, Lisinopril

and MYO-029, a neutralising antibody against myostatin. The

randomised, open label, phase 2/3 trial of Coenzyme Q10 and

Lisinopril (NCT01126697) is evaluating the safety and efficacy of

these two compounds, as well as of a combined treatment, in

patients with dystrophinopathies or LGMD2C-2F and 2I that have

no clinical cardiac symptoms.The trial is expected to be completed

by the end of 2016. A dose-escalation, randomised, double-blind,

placebo-controlled study of intravenous administration of MYO-

029, an antibody aiming to induce muscle growth through the

inhibition of myostatin, has been conducted in 116 subjects

including patients with LGMD2A and LGMD2I. The trial

confirmed the safety of the compound but failed to show clear

efficacy [67].

7. Discussion

LGMD2 is a genetically heterogeneous group of rare

diseases that generally share proximal weakness as a presenting

clinical sign. Since they were first described as a distinct clinical

entity in 1954 significant advances in the understanding of

their underlying genetic causes have been achieved. More than

20 disease causing genes have been identified over the past

21 years and pre-clinical work on gene and protein function

has contributed immensely to our understanding of disease

mechanisms and muscle function in general. At the same time

detailed studies on the clinical spectrum of the more common

forms of LGMD2 have helped to improve the clinical diagnosis

in affected patients and to establish risk factors like cardiac and

respiratory involvement for which patients can be effectively

monitored.The application of diagnostic tools like muscle MRI,

muscle biopsies and more recently exome sequencing and other

omics technologies has contributed to the phenotypic

characterisation of several of the larger cohorts of LGMD2

patients. Better access to diagnostic services and technologies

has helped increase the number of patients with a confirmed

diagnosis and through the support of patient advocacy groups,

patient registries have now been established for several of the

LGMD2 subtypes. Patient involvement is absolutely crucial

for the development of a translational research pathway and

supportive infrastructure in rare diseases like LGMD2 and a lot

of progress has beenmade over the past few years in this respect.

Nevertheless, there is currently no curative treatment for any

form of LGMD2 and clinical care is based on the prevention

and management of known complications. Despite all the pre-

clinical and clinical advancements and the efforts to improve

the translational research pathway in LGMD2, the lack of

therapeutic options targeting the underlying cause of the

various forms of LGMD2 is based on the rarity of the diseases,

our patchy understanding of their pathophysiology, the sparsity

of completed natural history studies and finally the lack of

standardised patient cohorts. As a consequence the field is also

missing a set of well-established and validated outcome

measures and biomarkers for patients with LGMD2 that could

be used as clinically meaningful endpoints or surrogate markers

in clinical trials, respectively. These known deficits are now

addressed at different levels. Pre-clinical work in animal

models, which have been characterised for all forms of

LGMD2, will help to understand underlying molecular

mechanisms and to identify possible therapeutic targets. Mouse

models for LGMD2 in particular will be and have been very

helpful to test advanced therapy medicinal products. Once pre-

clinical proof of concept is obtained and sufficient safety data

are collected, a robust strategy needs to be developed to move

promising compounds into the clinic. High quality pre-clinical

work and properly conducted treatment studies in LGMD2
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mouse models will provide important information for clinical

trial design, safety monitoring and efficacy measures in

patients. For now the translation of pre-clinical therapeutic

concepts to the clinical stage is still hampered by the lack of

natural history data due to the paucity of patients and the

absence of validated and clinically meaningful outcome

measures.

Successful recruitment of LGMD2B and 2I patients into

ongoing natural history studies has shown that patients with

LGMD2 seem generally very keen to participate in clinical

trials. There is a real need to carry out additional multi-centric

natural history studies in other cohorts of LGMD2 patients and

to make use of existing international clinical networks like

TREAT-NMD (http://www.treat-nmd.org) and the Cooperative

International Neuromuscular Research Group (CINRG, http://

www.cinrgresearch.org/) to reach a meaningful number of

patients. Networking is also important for the generation,

dissemination and implementation of care standards and for the

identification and validation of outcome measures. Worldwide

clinical and scientific collaboration, essential to achieve these

aims in rare and complex conditions like LGMD2, is already

a reality and needs to be supported and enhanced. Patient

organisations are important stakeholders and play a central role

in promoting translational research. They can encourage and

empower collaboration among scientists and clinicians,

advocate for research and care funding, provide advice to

patients and families and keep them informed about current

research achievements and standards of care.

Today and future challenges in LGMD2 consist of translating

promising therapeutic strategies into effective and accessible

treatment for patients, reducing the burden of disease and

improving their quality of life.
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