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Abstract

Laminin α2 chain-deficient muscular dystrophy, or LAMA2-CMD, is a very 
severe disease caused by mutations in the  LAMA2 gene. Skeletal muscle is 
the  most  affected  tissue,  with  patients  presenting  symptoms  such  as 
hypotonia  at  birth,  joint  contractures  and  progressive  muscle  wasting. 
Changes in the central nervous system include white matter abnormalities, 
delayed motor milestones and compromised action potential propagation. To 
date, there is no cure and most therapeutic interventions aim at alleviating 
secondary  complications.  In  the  last  two  decades  microRNAs  (miRNAs) 
have been explored as biomarkers or therapeutic targets in various diseases.  
In this thesis we have profiled miRNAs in quadriceps muscle of the dy3K/dy3K 

mouse model of LAMA2-CMD as an initial screening. We then investigated 
the effects of genetically removing a pro-fibrotic miRNA, i.e. miR-21, in two 
mouse models of LAMA2-CMD. We showed that the single deletion of this 
miRNA is not enough to reduce fibrosis and improve muscle phenotype or 
function in LAMA2-CMD mouse models. We further explored miRNAs as 
non-invasive  biomarkers  of  disease  progression.  Urine  miRNAs  were 
profiled at  3 time points representing no symptoms,  initial  symptoms and 
severe  disease  (3,  4  and  6  weeks  of  age).  We  found  distinct  panels  of 
differentially  expressed  miRNAs  at  these  time  points,  suggesting  that 
miRNAs can be used as biomarkers for LAMA2-CMD progression. Finally, 
we explored metabolism as a therapeutic target in a metformin intervention 
study. We found that metformin treatment improved grip strength in treated 
dy2J/dy2J mice,  despite  unaffected  muscle  weights.  Energy  efficiency  was 
improved  in  treated  dy2J/dy2J females,  which  resulted  in  improved weight 
gain. Central nucleation decreased in treated  dy2J/dy2J mice, which suggests 
reduced muscle damage. We found a significant reduction of small fibres in 
dy2J/dy2J  females with metformin. White adipose tissue weight increased in 
treated dy2J/dy2J mice; in contrast, brown adipose tissue weight was reduced 
in treated dy2J/dy2J males.
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Background

Skeletal muscle

Skeletal  muscle  comprises  about  40%  of  our  body  weight  under  normal 
conditions. It allows us to perform daily activities such as walking and lifting, 
and it’s  also responsible  for  vital  functions  such  as  eating,  breathing  and 
blood pumping. Skeletal muscle is the main energy consumer in our bodies 
and therefore plays an important role in metabolic homoeostasis.

Skeletal  muscle  mass  is  determined  by  the  balance  between  muscle 
breakdown,  or  catabolism,  and  muscle  build  up,  or  anabolism.  These 
processes are influenced by numerous environmental and physiological cues 
such as diet, exercise, stress and hormones, for example. These signals can 
tilt the balance in one direction or the other, resulting in net muscle gain or 
loss.

Over 70 million people suffer from muscle wasting disease, in one form or 
another, and this costs the health care industry over $500 billion annually. 
Yet, there are currently no treatments. These numbers are likely to increase as 
the  elderly  proportion  increases  and  age-related  muscle  wasting  (i.e.  
sarcopenia)  becomes  more  prevalent.  Moreover,  muscle  atrophy  isn’t  an 
exclusive  feature  of  myodegenerative  diseases;  it  is  also  a  secondary 
complication of diseases such as cancer cachexia [1], diabetes [2] and COPD 
[3], for example.

Not only treatments are lacking but also effective ways to assess them. In 
practice  most  clinicians  resort  to  muscle  biopsies  to  monitor  disease 
progression,  which is  invasive,  especially for children.  They also measure 
creatine kinase (CK) concentration in blood, a muscle enzyme that leaks into 
circulation  upon  muscle  damage;  it  is  an  indirect  measure  of  muscle 
breakdown. Unfortunately, CK levels vary with factors such as sex, age, diet 
and stress, making it an unreliable marker [4]. There is thus a great need for 
better biomarkers for myopathies.
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Myogenesis

The term myogenesis refers to skeletal muscle formation, especially during 
embryonic  development.  It  is  a  complex  process  that  depends  on  timely 
expression/repression  of  several  genes.  Generally  speaking,  the  process 
involves a) the commitment of pluripotent cells to the myogenic lineage, b) 
proliferation of these cells followed by differentiation into myotubes and c) 
fusion of myotubes into myofibres [5; 6].

During the embryonic phase the cells that will give rise to skeletal muscle 
come from the (paraxial) mesoderm. These cells will form somites, which are 
parallel  bundles  of cells  that  run along the neural  tube.  The somites  start  
subdividing  into  sclerotome  (which  will  generate  cartilage)  and 
dermomyotome. The latter will be further divided into dermatome (skin) and 
myotome (muscle). The commitment of myotome cells to become myoblasts 
is  regulated  by  transcription  factors  such  as  myogenic  factor  5  (Myf5),  
myogenin  and  muscle  regulatory  factor  4  (MRF4),  the  main  one  being 
myogenic  determination  protein  1 (MyoD).  These factors  will  initiate  the 
myogenic programme in cells [5; 6].

Myoblasts will proliferate under the influence of MyoD and Myf5. When a 
sufficient number of cells is reached the myoblasts will exit the cell cycle and 
start  to  fuse  into myotubes.  Myotube formation occurs in two waves:  the 
primary wave consists of embryonic myoblasts that will fuse to form mainly 
slow-contracting type I fibres; the second wave will have foetal myoblasts 
fuse to form (mostly) fast-contracting type II fibres. After birth, the number 
of  skeletal  muscle  fibres  is  largely  set.  Therefore,  adult  skeletal  muscle 
cannot  increase  fibre  number  (hyperplasia)  but  only  regulate  their  size 
(hypertrophy or atrophy) [5; 6].

Regeneration

In  post-natal  muscle,  especially  adult  muscle,  the  process  of  regeneration 
resembles that of (embryonic) myogenesis. Post-natal muscle retains stem-
like cells  that  can differentiate  into myotubes to  aid muscle  regeneration. 
These are called satellite cells (SCs) due to their peripheral position: they are 
located between the sarcolemma and the basement membrane, normally in a 
quiescent state. They proliferate in response to muscle damage and migrate to 
the  injury  site  to  fuse  into  myotubes,  providing  additional  nuclei  for 
transcriptional power [5; 6] . 
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Structure

Macroscopically, skeletal muscle is formed by fibre bundles surrounded by 
connective tissue. The latter will have different names depending on location: 
epimysium surrounds the whole  muscle,  perimysium covers  fibre  bundles 
and endomysium individual muscle fibres (figure 1A). Muscle fibres are the 
cellular unit of skeletal muscle. They’re composed of myofibrils, which are 
contractile filaments made up mainly of actin and myosin. Other important 
myofibrillar proteins include titin and nebulin. Myofibrils are in fact a series 
of sarcomeres,  the contractile unit  of skeletal muscle.  It  is the cumulative  
shortening of sarcomeres that makes muscles contract [7; 8].

The  sarcomere  is  divided  into  regions  according  to  its  interaction  with 
polarised light (figure 1B). The boundaries of the sarcomeres can be seen 
under the microscope as narrow dense lines, the Z lines (from the German 
zwischen, between). A dense dark band can be observed in the middle of the 
sarcomere; it’s the A band (from anisotropic). Its colour comes from a higher 
density of thick filaments such as myosin. The area between the A band in  
one sarcomere and the A band in the adjacent one is called I band (from 
isotropic). At the very centre of the A band is the M line (from the German 
Mittelscheibe, middle disk). The lighter region in the middle of A bands is 
the H zone (from the German heller, lighter), where thin and thick filaments 
do not overlap. The width of this region varies with muscle contraction [8] .

In  order  to  contract  skeletal  muscle  needs input  from the central  nervous 
system (CNS). Under voluntary contractions this command is generated in 
the motor cortex and transmitted down the spinal cord. In the anterior horn of 
the spinal cord the impulse is transmitted to a motor neuron and then passed 
to muscle cells.  Each motor neuron, along with the fibres it  innervates, is  
called a motor unit. The axon terminal and the sarcolemma region adjacent to 
it constitute the neuromuscular junction (NMJ). This is a specialised interface 
between neuron and muscle where the action potential is passed from the  
neuron to the muscle cell [8].
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Figure 1. 
Skeletal muscle hierarchical structure. A: macro-structure of muscle fibres and surrounding connective tissue. 
B: structure of the sarcomere, the contractile unit of skeletal muscle.
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Extracellular matrix

The extracellular matrix (ECM) is a mesh-like network, composed mainly of 
polysaccharides  and  proteins,  that  provides  structural  and  biochemical 
support to cells. It provides a scaffold to which cells can adhere and mature, 
as well as receptors and cytokines to modulate cellular activity. The ECM 
may store growth factors and cytokines in latent form, as well as proteases to 
process these into bioactive molecules, a prominent example being TGF-β [9] 
.

Polysaccharides  constitute  the  ECM  foundation  where  proteins  will  be 
inserted. They form coarse structures due to their stiffness and hydrophilicity. 
Their  net  negative  charge  attracts  sodium ions  that  in  turn  attract  water,  
keeping  the  cells  and  tissues  hydrated.  The  main  ECM polysaccharide  is 
glycosaminoglycan (GAG) [7].

The most abundant ECM protein is collagen. In skeletal muscle it accounts  
for  one  to  two  percent  of  the  tissue.  It  is  synthesised  and  exported  by 
fibroblasts  as  pro-collagen,  and  subsequently  cleaved  by  ECM  proteases. 
Collagen is composed of 3 tightly packed α chains in a helical structure. So 
far  more  than  20  α  chains  have  been  discovered,  which  in  turn  form 
approximately 20 collagen types [7; 9].

Basement membrane

The basement membrane (BM) is a specialised region of the ECM: it is a thin 
sheet that covers cells and separate them from, but also anchor to, the rest of 
the  ECM.  The  BM  is  divided  into  (interior)  basal  lamina  and  (exterior) 
reticular lamina; the former is rich in non-fibrillar collagen, non-collagenous 
glycoproteins and proteoglycans, whilst the latter contains fibrillar collagen 
and proteoglycans  [10].  The  major  components  of  BMs are  collagen IV, 
laminins, heparan sulfate, fibronectin, nidogen and agrin [9; 11; 12] .

The  BM  has  critical  roles  in  mediating  cell  stability  and  integrity.  Its  
structural role was described first and is thus better studied. The BM provides  
much  of  a  muscle’s  tensile  strength  and  therefore  prevents  contraction-
induced damage. Furthermore, even in the event of muscle damage the BM 
serves as a scaffold to support and direct SCs and promote proper muscle 
architecture  [10].  The  BM  also  covers  other  structures  and  tissues  that 
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directly interact with skeletal muscle, such as myotendinous junctions and 
NMJs.  For example,  the basal lamina spans the cleft  between muscle and 
nerve at the NMJ and keeps this critical structure in proper placement. At 
myotendinous junctions the basal lamina covers invaginations, increasing the 
surface  area  of  muscle-tendon  interaction  and  therefore  aiding  force 
transmission [7; 9].

Laminin

Laminins are heterotrimers formed by an α, a β and a γ subunit (or chain). 
Their names come from their composition: e.g. laminin-111 is composed of 
α1, β1 and γ1 chains. For the most part,  their structure resembles a cross, 
with the β and γ chains protruding laterally and the α one upwards (figure 2).  
To date, over 15 laminin isoforms have been discovered.

Laminins  are  the  major  non-collagenous  component  of  the  basement 
membrane.  In  particular,  laminin-211  is  the  most  abundant  isoform  in 
skeletal muscle. Similarly to the ECM, laminins have structural (primary) and 
biochemical  (secondary)  roles.  Much of  the  stiffness  and tightness  of  the 
ECM is due to laminin polymerisation. Both N- (LN) and C-terminal (LG, 
globular)  parts  of  the  protein  are  crucial  to  its  activity.  The  LN domain 
mediates self-assembly and polymerisation, whilst the LG domain binds to 
cell surface receptors such as integrin α7β1 and α-dystroglycan (figure 2). 
Thereby, laminins are linked to the intracellular cytoskeleton and transduce 
extracellular signals to the cytoplasm and hence modulate cellular activity.  
Laminins are involved in cell  adhesion,  migration and differentiation.  The 
biological function of laminins is highly dependent on which receptor they 
interact  with.  Signalling  through  integrin  α7β1  promotes  cell  growth  and 
myofibre survival by activating the PI3K/Akt pathway. The lack of laminin 
α2  and  the  consequent  reduction  in  Akt  signalling  stimulate  processes 
involved in muscle atrophy such as apoptosis and the ubiquitin-proteasome 
system [11]. Less is known about laminin-211 signalling through α- and β-
dystroglycan.

The laminin profile in muscle is time- and space-dependent. Some isoforms, 
such as laminin-111, are only expressed during embryonic stages. Others, are 
only expressed in specialised regions such as the NMJ (α4, α5 and β5) [9] .
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Fig 2.
Laminin and surrounding proteins. The main laminin-interacting proteins are integrins and dystroglycan.

Muscular dystrophies

Muscular dystrophies are a group of more than 50 genetic diseases that affect  
the  neuromuscular  system,  resulting  in  progressive  muscle  loss.  Other 
hallmark features include fibrosis and muscle inflammation. Many muscular 
dystrophies  arise  from  mutations  in  genes  encoding  proteins  of  the 
dystrophin-glycoprotein complex (DGC). The DGC is a very large protein 
complex that sits on the muscle cell membrane (sarcolemma) and works to 
stabilise it  and connect it  to the ECM (figure 2).  When this connection is 
faulty,  muscle  cells  become  prone  to  damage  or  detachment,  which 
ultimately leads to muscle degeneration [13].

The  most  frequent  type  of  the  disease  is  Duchenne  muscular  dystrophy 
(DMD). It is an X-linked illness that affects mostly boys and causes loss of 
dystrophin,  a  protein  involved  in  muscle  membrane  stability.  Becker 
muscular dystrophy (BMD) is a milder variant of DMD due to lower levels 
of  dystrophin  or  a  truncated  protein.  Mutations  in  the  laminin-interacting 
sarcoglycan complex lead to limb-girdle muscular dystrophies (LGMD) types 
2C, 2D, 2E or 2F, depending on the particular isoform affected. LGMD is in 

21



fact a group of very heterogeneous muscular dystrophies with the common 
feature that the proximal muscles of trunk and limbs are affected [13-15] .

Laminin α2 chain-deficient muscular dystrophy

Laminin α2 chain-deficient muscular dystrophy (LAMA2-CMD), also called 
merosin-deficient muscular dystrophy, or MDC1A, is a severe form of the 
disease caused by mutations in the LAMA2 gene. Despite being a monogenic 
defect, the absence of laminin α2 chain leads to multiple complications at the 
tissue and cellular level. Its symptoms include substantial hypotonia at birth, 
muscle  contractures,  progressive muscle  atrophy and fibrosis.  The lack of 
laminin α2 chain affects not only skeletal muscle but also the central nervous 
system. Reported abnormalities include changes in white matter,  defective 
myelination and slower action potential propagation. Thus, LAMA2-CMD, 
unlike  most  muscular  dystrophies,  affects  the  neuromuscular  system as  a 
whole [16].

The lack of proper attachment to the surrounding tissue makes muscle cells 
prone to contraction-induced detachment: upon muscle contraction the cells 
detach and undergo apoptosis (programmed cell death). Even cells that do not 
enter  the  apoptotic  programme  suffer  detrimental  consequences  such  as 
increased autophagy and proteasome activity [16-21].

Tissue inflammation and degeneration induce an immune response attracting 
mainly macrophages to the injury site. Initially, macrophages present a pro-
inflammatory phenotype secreting cytokines  such as  IL-6.  They transition 
into an anti-inflammatory phenotype as the tissue recovers.
Table 1
Most common LAMA2-CMD mouse models.

Mouse model Mutation Laminin α2 
chain

Severity Reference

dy/dy Unknown 
spontaneous 
mutation

Reduced levels Moderate [22]

dy2J/dy2J Spontaneous 
mutation in LN 
domain

Reduced levels 
of truncated 
protein

Mild [23]

dy3K/dy3K Knock-out Complete 
deficiency

Very severe [24]
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dyW/dyW Knock-out Very low levels 
of truncated 
protein

Severe [25]

It  is also worth mentioning the  mdx mouse model of DMD, since it’s the 
most  studied  mouse  model  of  muscular  dystrophy.  It  has  a  spontaneous 
mutation in the dystrophin gene resulting in a premature stop codon on exon 
23 [26].
Table 2
Some pre-clinical therapeutic trials for LAMA2-CMD.

Approach Mouse model Outcome Reference

Over-expression of 
human laminin α2 
chain

dyW/dyW Improved grip 
strength, fibre CSA 
normalisation and 
reduced fibrosis.

[25]

Over-expression of 
laminin α1 chain

dy3K/dy3K Improved histology, 
bodyweight, 
locomotion, grip 
strength and lifespan; 
normalised CK levels.

[27; 28] 

Apoptosis 
suppression

dyW/dyW, dy2J/dy2J Improved bodyweight, 
grip strength, CSA 
distribution and lower 
serum CK levels.

[17; 29; 30] 

Proteasome inhibition dy3K/dy3K Moderate 
improvement in fibre 
CSA, decreased 
apoptosis and 
fibrosis.

[20; 31]

Fibrosis and 
inflammation 
suppression

dyW/dyW, dy2J/dy2J Improved bodyweight, 
grip strength and 
locomotion.

[32-34]

Linker proteins dyW/dyW Reduced fibrosis, 
central nucleation and 
inflammation, 
improved fibre CSA, 
myelination and 
locomotion.

[35; 36]

Fibrosis

Fibrosis is one of the most prominent and deleterious symptoms of LAMA2-
CMD (as well as other muscular dystrophies). The progressive replacement 
of skeletal muscle for fibrous tissue renders it weaker and stiffer.
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Fibrosis is (mainly) the result of net increases in collagen synthesis. Repeated 
degeneration/regeneration cycles lead to inflammation and incomplete ECM 
remodelling.  Increased inflammation and TGF-β signalling in turn lead to 
excessive synthesis of collagen by fibroblasts, which progressively replaces 
muscle tissue. The reduced muscular content will need higher activation to 
meet  force  demands,  making  it  prone  to  contraction-induced  damage  or 
detachment.  The  muscular  milieu  is  thus  in  a  feed-forward  cycle  that  
promotes  fibrosis.  Increased  TGF-β  activity  not  only  promotes  fibroblast 
proliferation but also impairs muscle growth. Myostatin is a TGF-β family 
member that negatively regulates muscle growth. Its inhibition in mdx mice 
improved  histopathology  and  fibrosis  [37;  38].  TGF-β  induces  fibrosis 
through  canonical,  i.e.  Smad-mediated,  and  non-canonical  pathways,  e.g. 
MAPK.  Another  fibrosis-driving  mechanism  is  the  TGF-β-related  renin-
angiotensin system (RAS). Angiotensin (Ang) II is produced from AngI by 
the angiotensin-converting enzyme (ACE) 1. AngII can activate Smad and 
MAPK  signalling  to  stimulate  fibrosis.  The  ACE2  enzyme,  however, 
catalyses  the  conversion  of  AngI  into  Ang-1-7,  which  in  turn  binds  Mas 
receptors and elicits beneficial responses such as reduced oxidative stress and 
fibrosis [39].

Different attempts at blocking fibrosis in muscular dystrophies have yielded 
varying results, mdx mice being more responsive than LAMA2-CMD mouse 
models. Inhibiting TGF-β-related signalling is a clear course of action that 
has improved the  mdx phenotype  [40] and also LGMD. Ang-1-7 treatment 
inhibited TGF-β activity and consequently decreased miR-21 levels, which in 
turn reduced the number of fibroblasts and ECM synthesis  [40]. Similarly, 
blocking angiotensin II receptor type 1 (AT1) in the dyW/dyW mouse model of 
LAMA2-CMD  reduced  fibrosis  and  inflammation,  and  improved  body 
weight and muscle function [34]. In a similar study, Elbaz et al.  [33] found 
that losartan, an AT1 antagonist, was efficient in reducing fibrosis in dy2J/dy2J 

mice  by  repressing  TGF-β  signalling.  Nevo  et  al.  [32] found  improved 
histopathology  in  dy2J/dy2J mice  with  fibrosis  inhibition.  In  their  study, 
halofuginone treatment reduced collagen I synthesis by reducing phospho-
Smad3 in fibroblasts surrounding centrally nucleated fibres.

Metabolic alterations

A number of metabolic alterations have been described in various muscular 
dystrophies,  including  redox  unbalance,  mitochondrial  dysfunction  and 
amino-acid  and  ion  metabolism.  Our  group  has  shown  altered  gene 
expression and mitochondrial function in LAMA2-CMD patient cells  [21]. 
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We  have  also  previously  found  that  a  high  percentage  (~40%)  of 
differentially abundant proteins in dy3K/dy3K muscle are related to metabolism 
[41; 42] Therefore, metabolic alterations could potentially be disease-driving 
mechanisms  or  therapeutic  targets.  In  the  present  work  we  assessed  if 
metformin, the most widely used anti-diabetes drug, could improve muscle 
histology and function in the dy2J/dy2J mouse model of LAMA2-CMD.

MicroRNAs

MicroRNAs (miRNAs) are a class of small non-coding RNAs that have a 
regulatory role on mRNA translation. They work by base-complementarity to 
induce  mRNA  degradation  or  translation  repression;  i.e.  they  are  post-
transcriptional repressors [43].

MiRNAs  are  first  transcribed  in  the  nucleus  as  primary  miRNAs  (pri-
miRNA),  a  multiple  stem  (or  hairpin)  loop  structure  that  is  hundreds  of 
nucleotides in length. Already in the nucleus these are cleaved into precursor 
miRNAs (pre-miRNAs) with a single stem loop by a complex whose main 
components  are  Drosha  and  DGCR8.  Pre-miRNAs  are  exported  to  the 
cytoplasm  by  exportin  5,  where  they’re  cleaved  by  DICER,  yielding  a 
double-stranded RNA. One of the strands will be incorporated into the RNA-
induced silencing complex (RISC) to exert its biological function; this is the 
mature miRNA. The miRNA serves as a guiding template that drives RISC 
towards target mRNAs (figure 3). Nucleotides 2-8 on the 5’-end on a mature 
miRNA are called the seed. This region is the main factor in miRNA target 
recognition and specificity [43; 44].

Despite their non-coding nature, miRNAs can be located anywhere on the 
genome.  Many  miRNAs  are  within  protein-coding  regions,  usually  on 
introns, and are thus transcribed along with the host gene. MiRNAs located 
on exons or introns may bypass processing by Drosha/DGCR8 and instead 
use  the  spliceosome  for  cleavage  (figure  3).  Alternatively,  miRNAs  are 
located between genes (intergenic miRNAs) and are regulated by their own 
promoters.  Some  miRNAs  form clusters  (polycistronic  miRNAs)  and  are 
transcribed  together;  these  include  the  most  prominent  skeletal  muscle 
miRNAs, i.e. miR-1, miR-133, miR-206 [43].

Interestingly, miRNAs are also found in extracellular spaces. It’s not well-
understood how the export process works nor what’s the purpose of it. One 
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clear possibility is that miRNAs are involved in cell-to-cell communication. 
In support of this, there isn’t a direct correlation between the miRNA profiles 
of  different  fractions,  i.e.  intra-  and  extra-cellular,  vesicular  [45-47].  For 
example,  some  miRNAs  are  only  found  in  secreted  vesicles  [48].  Their 
presence in extracellular space also opens up the possibility of their use as 
biomarkers.  Given  the  short  half-life  of  RNA,  extracellular  miRNAs  are 
bound to  protein  complexes  (e.g.  HDL or  Argonaute)  or  encapsulated  in 
vesicles of various sizes (e.g. exosomes) for increased stability.

Initial interest in miRNA research was due to their involvement in disease, 
particularly  cancer.  Later,  they  were  found  to  be  dysregulated  in  various 
diseases, including muscular dystrophies. MiRNAs are ubiquitous regulators 
of  a  multitude  of  cellular  processes,  making  them  interesting  therapeutic 
targets.

MiRNAs in myogenesis

Striated muscle has some miRNAs which are semi-specific to it or enriched 
in the tissue: these are called myomiRs. They are miR-1, miR-133a/b and 
miR-206,  the  classical  myomiRs,  as  well  as  the  newcomers  miR-208a/b, 
miR-486 and miR-499. MiRNAs that have a larger than 20-fold expression in 
skeletal  muscle  compared  to  other  tissues  are  termed  muscle-specific, 
whereas lower than 20-fold expression is  considered muscle-enriched  [43; 
49; 50].
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Figure 3.
MiRNA biogenesis. The upper-right branch depicts the alternative route when miRNAs have a host-gene.

MiRNAs  influence  processes  important  for  myogenesis,  i.e.  proliferation, 
differentiation, fusion and migration. MyomiRs, amongst others, help fine-
tune  and  orchestrate  myogenesis  [49;  51].  They  are  part  of  signalling 
pathways  involved  in  cell  survival  and  growth  such  as  e.g.  IGF-
1/PI3K/Akt/mTOR, TGF-β and myostatin/FOXO [43; 51-53].

MiR-1, miR-206 and miR-133 are involved in perhaps the most fundamental 
aspect  of  myogenesis,  i.e.  they  promote  the  adoption  of  myogenic  cell 
lineages during embryogenesis by targeting genes that promote non-muscle 
cell paths. The expression of these miRNAs is under regulation of MRFs [50] 
.
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MiR-1 and miR-206 are largely involved in myoblast differentiation. These 
miRNAs differ in sequence by only four nucleotides in the 3’ region, which 
translates into a great overlap in target-genes. They target Pax3 and Pax7 in 
progenitor  cells  to  inhibit  proliferation  and  stimulate  differentiation  [50]. 
MiR-1 and miR-206 affect myoblast differentiation by targeting HDAC4, a 
known repressor of muscle genes  [50; 54; 55] . MiR-206 accomplishes this 
by  inhibiting  SMAD3  induction  by  TGF-β. They  also  target  cell-cycle 
regulators such as cyclins and chromatin-remodelling factors. By doing so 
the miRNAs force cell cycle exit and thus halt proliferation.

The next  myomiR,  miR-133,  is  related to  the  previous  two as  they form 
bicistronic clusters: miR-1/miR-133a and miR-206/miR-133b [43; 50]. This 
means that their expression is related by some common regulatory elements. 
The role of miR-133 in myogenesis is more controversial, with evidence for 
the stimulation of both proliferation and differentiation. This suggests that the 
function  of  miR-133  may  be  context-dependent.  MiR-133  stimulates 
proliferation by targeting serum response factor (SRF), an inducer of miR-1 
and miR-206.  Therefore,  by  targeting SRF miR-133 represses  miR-1 and 
miR-206 and their anti-proliferative effects. On the other hand, miR-133 may 
inhibit  proliferation  by  targeting  FGFR1,  a  component  of  the  MAPK 
pathway.  Another  MAPK component  interacting  with  miR-133  is  p38.  It 
induces miR-133 and miR-1 expression, which in turn target SP1, an inducer 
of cyclin 1. Once again this has the effect of inducing cell  cycle exit  and  
halting  proliferation.  MiR-133 also  interacts  with  the  IGF-1 pathway:  the 
latter  induces  miR-133a  expression  via  MyoG,  which  targets  IGF1R  to 
down-regulate PI3K/Akt activity, thereby forming a negative feedback loop 
[50].

MiR-208a/b and miR-499 are encoded in intronic regions of myosin genes 
and thus play a role in fibre-type specification. MiR-208a is heart-specific 
and comes from the gene encoding Myh6, a fast myosin isoform. MiR-208b 
and miR-499, however, come from slow myosin genes (Myh7 and Myh7b, 
respectively)  and  are  only  expressed in  slow fibres.  These miRNAs have 
interesting target genes such as MAPK6 and myostatin [50].

MiR-486 is the newest myomiR and thus not so well-studied. Similarly to 
miR-1  and  miR-206,  it  targets  Pax7  to  promote  differentiation.  MiR-486 
stimulates  PI3K/Akt  activity:  it  directly  targets  PTEN and  FOXO1,  both 
negative regulators of the pathway [50]. 
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MiRNAs in dystrophies

Muscular dystrophies generally arise from mutations in genes encoding DGC 
proteins.  Some  of  these  protein  genes  may  themselves  harbour  miRNA 
genes,  which  could  compound  the  problem.  Furthermore,  the  absence  of 
mRNAs/proteins  may  disrupt  feedback/feed-forward  loops  that  regulate 
miRNA  expression  and  cellular  homoeostasis.  Thus,  it’s  no  surprise  that 
miRNAs are dysregulated in muscular dystrophies [43; 56-58].

Our group showed that myomiRs, amongst others, are altered in LAMA2-
CMD plasma and muscle [59]. A comprehensive study of miRNA expression 
in 10 types of muscular dystrophy was conducted by Eisenberg et al.  [60], 
although  LAMA2-CMD  was  not  included.  They  showed  that  most 
dystrophies  were  associated  with  a  specific  set  of  dysregulated  miRNAs, 
most  of  which  were  up-regulated  in  disease.  This  suggests  that,  despite 
common  phenotypic  observations  of  myofibre  degeneration  and  fibrosis, 
there  are  disease-specific  mechanisms driving  these processes  in  different 
muscular dystrophies.

The  most  deleterious  aspect  of  muscular  dystrophies  is  fibrosis.  MiR-21 
promotes fibrosis in various diseases and tissues, such as muscle, lung, and 
kidney [61-64]. It is part of signalling networks involving TGF-β, MAPK and 
Akt/mTOR  that  upon  stimulation  promote  fibroblast  proliferation  and 
collagen synthesis [65]. Interestingly, similar pathways act in macrophages to 
keep  them in  a  pro-inflammatory  state  [66;  67].  Prolonged  inflammation 
compromises the regeneration process thus aiding disease progression. MiR-
21 levels are increased in LAMA2-CMD [59]  but its genetic deletion does 
not  improve muscle phenotype or function  [68]. MiR-29 has the opposite 
action of miR-21, i.e. anti-fibrotic, and mimicking its activity significantly 
reduced  collagen  production  in  mdx myoblasts  [63]. TGF-β  can  also 
stimulate  miR-21  expression  in  fibroblasts  via  Smad  signalling.  TGF-β 
increases  miR-21 levels  post-transcriptionally  by inducing Drosha activity 
and the processing of pri-miR-21 into pre-miR-21 [69]. One of miR-21 target 
genes is phosphatase and tensin homologue (PTEN), which is an inhibitor of 
Akt.  Increased miR-21,  therefore,  stimulates  Akt  activity  in  fibroblasts  to 
promote proliferation or survival.

MiRNAs as biomarkers

MiRNAs  have  been  a  hope  in  the  search  for  biomarkers  for  muscular 
diseases. The classical myomiRs were the first proposal due to their higher  
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levels  in  patient  and  mdx sera  [70-72].  They  were  thought  to  leak  into 
circulation  due  to  membrane  damage  or  instability.  However,  their  levels 
decrease with age and muscle mass, which could make their use difficult. At 
present it’s still hard to interpret a response in the form of higher myomiR 
levels: does it mean increased muscle mass or necrosis? Zaharieva et al. [72] 
found that DMD patients with a milder disease course had higher myomiR 
levels  than  severe  ones,  suggesting  that  these  miRNAs  may  serve  as 
indicators of remaining muscle mass. Li et al. [58] further showed that miR-
208 and miR-499 are also increased in serum of DMD patients. Furthermore, 
miR-133, miR-206, miR-208b and miR-499 were able to distinguish DMD 
from its milder variant BMD.

Muscular dystrophy patients usually die from cardio-respiratory failure. With 
this in mind Becker et al. [73] sought to find cardiomyopathy-related miRNA 
biomarkers.  They  found,  amongst  others,  increased  circulating  miR-222, 
miR-26a and miR-378a in muscular dystrophy patients (DMD and BMD). 
What’s more, these miRNAs were differentially expressed between patients 
with and without  myocardial  fibrosis.  Another  study involving DMD and 
BMD patients found increased miR-30c and miR-181a in serum [74] . Unlike 
the  classical  myomiRs,  there  was  very  low  correlation  between  miRNA 
levels and age, which could make them more stable biomarkers. On the other 
hand,  they found a  trend for  higher  levels  of  miR-30c with  better  motor 
function (in DMD patients).

As  we  can  note,  the  vast  majority  of  biomarker  studies  for  muscular 
dystrophies  focuses  on  DMD.  To  date  no  study  specifically  looked  for 
LAMA2-CMD biomarkers. We address this gap in our third article, where 
we  explore  urine  miRNAs  as  non-invasive  biomarkers  of  LAMA2-CMD 
disease progression.

MiRNAs as therapeutic targets

The ubiquitous role of miRNAs as regulators of biological  processes also 
makes them interesting therapeutic targets. In this case, their action can either 
be blocked or enhanced. Blocking miRNA activity is usually achieved using 
anti-sense  oligonucleotides  (antagomiRs)  or  locked  nucleic  acids  (LNA). 
These  approaches  work  much  like  miRNAs  themselves,  i.e.  by 
complementary-binding their targets and preventing their action; they’re said 
to  act  as  “sponges”  that  sequester  miRNAs  and  prevent  their  action. 
Naturally, another approach is to remove the gene that encodes the miRNA. 
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One limitation of such method is unforeseen developmental changes. For an 
extensive review on miRNA inhibition methods see [75].

MiRNA over-expression has mostly been achieved by adeno-associated viral  
vectors (AAVs). However, system-wide expression is still infeasible due to 
liver  toxicity  [76].  Furthermore,  AAVs pose a size-limit  to  the constructs 
they can deliver. For example dystrophin, the protein absent in DMD, is the 
largest  protein  in  the  human  genome,  making  it  unsuitable  for  AAV 
transfection [77].

Alexander et al. found that muscle-enriched miR-486 expression is lower in 
DMD and BMD patients, and its over-expression improves symptoms [78]. 
The  beneficial  effects  were  once  again  achieved  by  modulation  of  the 
PTEN/Akt pathway: miR-486 targets DOCK3, which in turn increases PTEN 
levels, an inhibitor of Akt. An interesting possibility that’s rarely thought of 
is  that  miRNAs could also be exploited as adjunct  therapy.  For  example, 
Cacchiarelli  et  al.  [79] found  that  inhibition  of  miR-31  improved  the 
efficiency of exon-skipping treatment in mdx mice. In this context miRNAs 
wouldn’t be the main therapeutic targets but would improve the efficiency of 
other therapies.
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Methods

Histology

Histology is  a  basic  and vital  technique in medical  science.  It  allows the 
inspection  of  tissues  and  their  properties  under  the  light  or  electron 
microscope. Our group makes routine use of this technique to observe muscle 
fibres and their nuclei by means of haematoxylin and eosin staining (H&E). 
Haematoxylin binds DNA and colours the nuclei dark blue, which contrasts 
with the red/pink hues of the other (eosinophilic) structures  [80] . We use 
H&E to assess overall muscle integrity and counting centrally located nuclei  
(articles II, III and IV).

Polymerase chain reaction (PCR)

Polymerase chain reaction (PCR) is a technique that revolutionised biology. 
It was developed in the 80’s by Kary Mullis and uses the ability of DNA 
polymerase to extend a nucleotide chain based on complementarity. Given 
that DNA polymerase can only extend an existing chain, a primer is used as 
an initial template. Primers are specific to the region that is to be amplified.

PCR works by thermal cycling: 1) denaturation – at 94 °C the DNA strands 
are  separated,  2)  annealing  –  at  54  °C the  primers  bind  the  single  DNA 
strands and 3) extension – with the primers in place DNA polymerase can 
extend the chains.  These 3 steps consstitute a single cycle,  which will  be 
repeated 30-40 times. Theoretically, every cycle doubles the DNA amount,  
the end result being millions of copies of the original DNA fragment [81] .

Quantitative  PCR  (qPCR)  monitors  the  amount  (amplification)  of  DNA 
during the reaction; it is also called real-time PCR (RT-PCR). However, the 
acronym RT-PCR usually refers  to  reverse  transcription  PCR,  which is  a 
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method for cloning regions of interest from their RNA. Thus RT-PCR reverse 
transcribes RNA into cDNA using reverse transcriptase.

In  summary,  PCR  allows  the  absolute  or  relative  quantification  of  gene 
expression. We have used qPCR in paper II to confirm the absence of miR-21 
in relevant groups, as well as TGF-β expression.

Next-generation sequencing (NGS)

The term next-generation sequencing is an umbrella term for a few different 
technologies  that  have the aim of  deciphering the sequence of  nucleotide 
chains.  Like PCR,  NGS has  revolutionised biomedical  science in  the  last 
decade,  allowing  for  cheaper  and  high-throughput  experiments  to  be 
performed.

Sequencing machines are not yet capable of handling very long fragments, so 
the samples have to be fractioned into smaller fragments. The size of these 
will depend on the technology used for sequencing; e.g. Illumina sequencing 
can handle fragments ~150 nucleotides-long, Ion Torrent ~ 200bp and Roche 
454 up to  1kb.  Adapters  are added after  fragmentation;  these are used to  
anchor the DNA templates to slides or beads and also aid the subsequent 
PCR reaction [82] .

For fragments to be sequenced with confidence, we need many of them. PCR 
is thus used to amplify the reads. The specifics of the PCR step may vary 
depending on the type of sequencing, e.g. Ion Torrent uses emulsion PCR. 
Regardless  of  that,  the  goal  is  to  have  many  copies  of  a  specific  DNA 
template grouped in one place. The (PCR) amplification step is highly related 
to ‘sequence depth of coverage’ -  the term is usually shortened to simply 
sequence depth or coverage. Sequence depth is the measure of how many 
times a given base in our sample has been sequenced. To be confident in our 
sequencing run we need sufficient coverage. The depth of coverage needed is 
determined  by  the  type  of  sequencing  (RNA-seq,  ChIP-seq,  miRNA-seq, 
etc), organism of origin and reference genome, for example [83].

The  elongation  of  the  PCR  products  and  detection  of  incorporated 
nucleotides  differ  by  manufacturer.  Illumina  sequencing  binds  the  PCR 
product  to a slide and floods it  with nucleotides,  DNA polymerase and a 
terminator  which  will  limit  the  action  of  DNA polymerase  to  one  single 
reaction. The nucleotides are colour-labelled and thus emit a specific signal 
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when added to the chain.  A picture of the slide is taken indicating which 
nucleotides were added in each position. The terminator is removed and the 
cycle repeated. Based on the sequence of images (and colours) computers can 
determine the sequence of a fragment [82].

Roche 454 binds one DNA template per bead for amplification. The beads 
are  then  placed  in  a  well  with  DNA  polymerase  and  buffers.  Next,  the 
nucleotides are added sequentially, i.e. first A, then T, C and G, for example. 
A light signal is emitted when a nucleotide is incorporated, and the signal is 
proportional to the number of nucleotides added [82].

Differently from the two previous methods, which use optical signals,  Ion 
Torrent/Proton makes use of pH changes to determine the fragment sequence. 
The addition of nucleotides by DNA polymerase releases a H+ ion, one per 
added base. Like Roche 454, the chip is sequentially flooded with known 
nucleotides,  and by measuring the drop in  pH we know how many were 
added [82].

Ion  Torrent  sequencing  was  used  in  articles  I  and  III  to  profile  miRNA 
expression.

Figure 4.
Overview of some of the most common NGS platforms.
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Main research questions

• What is the microRNA profile of laminin α2 chain-deficient muscle?

• Can the absence of pro-fibrotic miR-21 improve muscle phenotype 
and function in the dy3K/dy3K and dy2J/dy2J mouse models of LAMA2-
CMD?

• Are  urinary  miRNAs  potential  biomarkers  of  LAMA2-CMD 
progression?

• Can  metabolism  be  targeted  to  improve  muscle  function  and 
phenotype in LAMA2-CMD mouse models? If so, can metformin be 
used for this purpose?
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Results

Article I

In this work we have used next-generation sequencing to profile miRNAs in 
dy3K/dy3K muscle as an initial screening for our future studies. To make full 
use of the data we have integrated it with a previous (microarray) mRNA 
data set  [41] from our group to get information about miRNA targets. We 
found 128 differentially expressed miRNAs in dy3K/dy3K muscle compared to 
wild-type: 70 up- and 58 down-regulated. Of the up-regulated miRNAs, miR-
125a,  miR-665  and  miR-152  had  more  than  20  down-regulated  targets. 
Conversely,  amongst  the  down-regulated miRNAs with most  up-regulated 
targets we find two myomiRs, namely miR-1a and miR-133a/b, with 17 and 
15 targets, respectively. Moreover, expression of several dystromiRs such as 
miR-1,  miR-29c,  miR-133,  miR-206,  miR-223  and  miR-499  was 
dysregulated also in  dy3K/dy3K  skeletal muscle. Furthermore, we also found 
other miRNAs that are common to various muscle disorders including DMD 
(e.g.  miR-30c,  miR-99b,  miR-103,  miR-125a,  miR-195a,  miR-214,  miR-
299a, miR-381, miR-501 and let-7e) [60]. Down-regulated genes targeted by 
multiple  miRNAs include Arhgap28,  Maf  and S100pbp;  and up-regulated 
targets include Bicc1, Bnc2, Dab2, Dclk1, Enpp1, Prune2 and Sox11.  Gene 
set  enrichment  analysis  of  differentially  expressed  target  genes  found 
significant  terms  which  include  oxidative  phosphorylation,  metabolic 
pathways, protein and RNA metabolism, immunity, etc., in accordance with 
previous studies in our lab  [21; 42], but also, to our knowledge, unrelated 
terms such as ‘Adrenergic signalling in cardiomyocytes’, and ‘AGE-RAGE 
signalling in diabetes’. 

Article II

37



Considering the dysregulated miRNA profile observed in the first article and 
our previous studies, including pro-fibrotic miR-21, we explored the effects 
of its genetic deletion on skeletal muscle phenotype, function and fibrosis in 
LAMA2-CMD.

We found no improvement in body weight nor grip strength in either mouse 
model, despite a very slight reduction in collagen content in dy2J/dy2J double 
knock-out mice. There was a slight increase in central nucleation in dy3K/dy3K 

double  knock-outs,  which  suggests  increased  regeneration;  however,  we 
couldn’t  confirm  it  with  embryonic  MHC  staining  (data  not  shown).  In 
agreement  with  the  lack  of  overt  improvement,  there  was  no  significant 
change in TGF-β expression.

In summary we showed that the single deletion of miR-21 is not enough to 
reduce fibrosis in the dy2J/dy2J and dy3K/dy3K mouse models of LAMA2-CMD.

Article III

The lack  of  reliable  biomarkers  for  myodegenerative diseases  has  been  a 
limitation in the field for many years. Usually, patients have to undergo blood 
tests and tissue biopsies, which are invasive, especially for children. We tried 
to address this problem by exploring urinary miRNAs as reliable and non-
invasive biomarkers for LAMA2-CMD. Our results show that already at 3 
weeks  of  age,  when  no  visible  symptoms  are  present,  five  miRNAs  are 
differentially expressed. At 4 weeks of age, when the first symptoms appear, 
we found the largest number of dysregulated miRNAs (18 microRNAs) and 
the only time point with down-regulated genes (in sick mice compared to 
control); a few muscle-enriched miRNAs are altered. At 6 weeks of age the 
symptoms are clear and myomiRs are amongst the differentially expressed 
miRNAs.  We  found  17  significant  miRNAs  that  also  include  muscle-
enriched and mitomiRs – i.e. mitochondria-related miRNAs. 

Interestingly, we observed that male dy2J/dy2J mice have reduced body weight 
from 3 weeks onwards, compared to WT litter-mates, whilst  females only 
differ at 6 weeks. Muscle function (assessed by grip strength) is lower and 
central nucleation higher from 4 weeks of age onward. Despite a trend at 4 
weeks, collagen content is significantly elevated only at the 6 weeks time 
point.  As expected,  CK is  higher in dystrophic animals at  all  time points 
analysed.
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Article IV

A  proteomics  study  performed  by  our  group  [42] found  that  most 
differentially abundant proteins between dy3K/dy3K and wild-type mice muscle 
were  related  to  metabolic  processes.  We  therefore  chose  to  explore 
metabolism  as  a  potential  therapeutic  target  in  a  metformin  intervention 
study.  Six-week-old  dy2J/dy2J and  WT  mice  were  treated  with  either 
metformin or water for 25 days. The analyses were factored on sex due to the 
different degree of muscle mass between males and females, and different 
response to disease observed in article III.

We  found  that  metformin  treatment  improved  grip  strength  in  treated 
dy2J/dy2J compared to untreated, despite unaffected muscle weights. Energy 
efficiency  was  improved  in  treated  dy2J/dy2J females,  which  resulted  in 
increased weight  gain in these mice.  Central  nucleation decreased in both 
dy2J/dy2J females and males in response to metformin, which suggests reduced 
muscle damage. We found a significant reduction of small fibres (500-1000 
µm²) in treated  dy2J/dy2J females. White adipose tissue weight increased in 
both  dy2J/dy2J females and males; in contrast,  brown adipose tissue weight 
was reduced in dy2J/dy2J males.
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Discussion

The main goal of my thesis was to explore potential therapies and biomarkers 
for LAMA2-CMD, particularly the potential of miRNAs. We’ve previously 
shown  that  miRNAs  are  dysregulated  in  LAMA2-CMD,  specifically 
myomiRs, miR-21 and miR-223  [59]. To expand the scope of this analysis 
we have used miRNA-Seq to profile microRNAs in dy3K/dy3K muscle, which 
is presented in article I. We detected over 1500 miRNAs in dy3K/dy3K muscle, 
most of which were expressed at low levels. Of these, 128 were differentially 
expressed,  70  up-  and  58  down-regulated  in  dystrophic  muscle.  The  up-
regulated miRNAs with most repressed target genes were miR-125a, miR-
665, miR-152 and miR-501. Arhgap28 (targeted by miR-125a, miR-152 and 
miR-665)  is  an  actin-interacting  protein  involved  in  cell  contractility  and 
ECM remodelling [84]. Given that the main function of laminin α2 chain is 
to connect the actin cytoskeleton of myotubes to the ECM, the repression of 
Arhgap28 is likely significant for LAMA2-CMD. Basically nothing is known 
about Maf (targeted by miR-125a, miR-152 and miR-665) in skeletal muscle. 
In other tissues, however, it interacts with p53 to influence apoptosis and cell 
cycle progression  [85] and p53 has been demonstrated to mediate caspase-
activation in LAMA2-CMD [86]. S100pbp (repressed; targeted by miR-125a, 
miR-501  and  miR-665)  and  Bnc2  (up-regulated;  targeted  by  miR-1a  and 
miR-133a/b)  are  largely  unknown  genes  except  for  some  involvement  in 
cancers.  The function of  Bicc1 (targeted by miR-20a and miR-133a/b)  in 
skeletal muscle is mostly unexplored, but it is involved in muscle memory to 
loading:  it  was  found  hypo-methylated  after  a  single  bout  of  resistance 
exercise  and its  expression increased in  response to  reloading  [87].  Dab2 
(targeted  by  miR-20a  and  miR-133a/b)  was  linked  to  angiogenesis  in 
facioscapulohumeral muscular dystrophy by interacting with FRG1 (FSHD 
region gene 1) [88]. More relevant to LAMA2-CMD, Dab2 mediates TGF- 
induced fibronectin synthesis in fibroblast-like cell lines by activating JNK 
[89].  Dclk1  (targeted  by  miR-1a,  miR-20a  and  miR-133a/b)  and  Prune2 
(targeted by miR-1a, miR-20a, miR-22 and miR-133a/b) are genes involved 
in various forms of cancer, whilst Enpp1 (targeted by miR-1a, miR-20a, miR-
22  and  miR-133a/b)  affects  cardiac  and  vascular  calcification.  Sox11 
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(targeted  by  miR-1a,  miR-22,  miR-133a/b  and  miR-499),  besides  its 
involvement in cancers, affects nerve regeneration and CNS development. To 
better understand the potential role of these target genes we performed gene 
set enrichment analysis on them. These analyses look for over-represented 
genes related to a specific function, cellular component or process. Using the 
KEGG 2016 gene set we found interesting enriched terms such as oxidative 
phosphorylation,  metabolic  pathways  and  cardiac  muscle  contraction, 
suggesting that these processes are dysfunctional in LAMA2-CMD. We also 
found  previously  LAMA2-CMD-unrelated  terms  such  as  ‘Adrenergic 
signalling in cardiomyocytes’ and ‘AGE-RAGE signalling in diabetes’.

One of our specific goals was to investigate if the genetic deletion of pro-
fibrotic  miR-21  would  reduce  fibrosis  and  improve  muscle  histology  or 
function in the  dy2J/dy2J and  dy3K/dy3K mouse models of LAMA2-CMD. To 
our knowledge, this is the first study to address this question. We have shown 
that the genetic knock-out of miR-21 is not enough to reduce pathology, most 
likely due to miRNA redundancy. There are more than 130 miRNAs which 
share at least 50 targets with miR-21. At the moment miR-21’s network in 
skeletal  muscle  is  largely  unknown,  which  makes  it  impossible  for  us  to 
suggest  potential  candidates  that  could  be  taking  its  place.  MicroRNA 
research still faces limitations such as the lack of validated targets; currently, 
Tarbase  [90] doesn’t  list  any  miR-21 validated  target  in  skeletal  muscle. 
Furthermore, we didn’t observe any reduction in TGF-β expression, which 
suggests that the overall inflammation status might be unchanged.

Another  factor  is  different  disease-driving  mechanisms between LAMA2-
CMD and DMD. Earlier studies were performed on the mdx mouse model of 
DMD,  which  presents  a  mild  dystrophic  phenotype  compared  to  human 
DMD patients and our mouse models, especially the dy3K/dy3K. Furthermore, 
in DMD the whole DGC is missing from the sarcolemma, which is not the  
case  in  LAMA2-CMD.  Muscle  fibres  in  DMD are  prone  to  contraction-
induced  damage  whilst  LAMA2-CMD  leads  to  contraction-induced 
detachment. It seems that detachment is a strong signal for cell death and 
degeneration, leading to fibrosis.

The  inability  of  the  single  deletion  of  miR-21  in  reducing  fibrosis  in 
LAMA2-CMD makes us  wonder  about  the  deletion of  multiple  miRNAs, 
perhaps clusters or closely related miRNAs. At the moment this is a technical 
challenge:  e.g.  AAV vectors  have  limited  capacity  for  carrying  material, 
either for over-expression or gene editing [76; 77]. Also, genetic deletion of 
multiple  genes  may  render  embryos  unviable  or  have  undesired 
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developmental consequences. One potential limitation of this study is that the 
absence of  miR-21,  whilst  perhaps beneficial  for  skeletal  muscle  fibrosis,  
could prove to be detrimental for other tissues. In that sense, post-natal RNA 
interference  methods  could  be  more  a  suitable  way  to  dampen  miR-21 
activity instead of its complete genetic removal.

The third article explored the potential of urinary miRNAs as biomarkers of 
disease progression in LAMA2-CMD. We followed disease progression as 
routinely done with patients, i.e. muscle biopsies for histological inspection 
and blood concentration of creatine kinase, and also by miRNA sequencing. 
We found five miRNAs increased in the urine of dy2J/dy2J mice at 3 weeks of 
age,  with  no  visible  symptoms  on  histological  sections.  Although 
uninteresting  from  a  diagnostic  perspective,  these  miRNAs  could  hint  at 
processes not analysed here, such as initial inflammatory response or immune 
cell  infiltration.  At this  age,  male  dy2J/dy2J mice already have lower body 
weight than WT counterparts. At 4 weeks, with the first visible symptoms, 
we found the largest number of differentially expressed miRNAs (18 genes). 
It  is  also  the  only  time  point  with  down-regulated  miRNAs  in  dy2J/dy2J 

compared  to  WT.  At  this  stage  dy2J/dy2J mice  have  increased  central 
nucleation and decreased grip strength. Although there was a trend for higher 
collagen  content  in  dystrophic  animals,  it  did  not  reach  statistical  
significance.  At  the  latest  time  point  we  also  found  a  large  number  of 
dysregulated miRNAs, seventeen genes. Interestingly, one miRNA that was 
down-regulated at  4  weeks is  now up-regulated in  dy2J/dy2J mice,  namely 
miR-181a. It may prove to be an interesting candidate for further studies as it 
changes expression direction from 4 to 6 weeks of age, and it is a muscle-
enriched mitochondria-associated miRNA. At 6 weeks of age the pathology 
is  clear  on  histological  sections  and  many  of  the  differentially  expressed 
miRNAs are either muscle-specific or muscle-enriched; collagen content is 
significantly higher in dy2J/dy2J mice and grip strength lower. Creatine kinase 
concentration was higher in dystrophic animals at all time points analysed.

Considering  the  minimal  overlap  of  differentially  expressed  miRNAs 
between the time points analysed we propose that urine miRNAs could be 
used as biomarkers  for LAMA2-CMD. Future studies should confirm our 
results  with  an  orthogonal  method,  such  as  qPCR.  Besides,  future  trials 
should also try to make use of patient samples, which will present challenges 
in the form of higher variance and data heterogeneity. One limitation of our 
study  is  that  we  had  to  pool  urine  samples  for  sequencing;  it  would  be 
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interesting to repeat this study with one sample per subject, which should be 
possible with patient material.

In  article  IV  we  have  explored  a  therapeutic  intervention  targeting 
metabolism. To do so we have used the FDA-approved drug metformin, the 
leading  medication  against  type  2  diabetes.  Metformin’s  mechanisms  of 
action  aren’t  completely  understood  yet,  but  it  is  known  to  act  through 
AMPK to  increase PGC-1α expression  and mitochondrial  content.  It  also 
inhibits gluconeogenesis in the liver and glucose uptake in the intestines; in 
skeletal muscle and adipose tissue it increases glucose uptake by increasing 
transport at the membrane [91]. These effects could counteract the decreased 
mitochondrial content and impaired energetic metabolism observed in patient 
cells [21].

The improved weight gain observed in treated dy2J/dy2J females seems to stem 
from non-muscle tissues, specifically, white adipose tissue. The reduction in 
brown adipose tissue in treated male dy2J/dy2J mice may suggest an effect of 
metformin  on  mitochondrial  metabolism.  Indeed,  metformin  uptake  is 
substantial  in  brown  adipose  tissue,  as  recently  shown  by  PET/CT  [92] 
(Breining et al. 2018).

It is not clear what the cause of improved grip strength could be given that 
muscle weights did not change in response to metformin. We could speculate 
that, if the muscular component is not improved, then perhaps the neural one 
is. Metformin treatment might have improved motor neuron conductivity or 
NMJ stability. Future studies should address this possibility. The improved 
energy efficiency in dy2J/dy2J females might also have delayed fatigue in these 
mice.

A clear limitation of this study is the age at which treatment began, i.e. 6 
weeks. In a clinical setting treatment would ensue as soon as the diagnosis is  
positive.  It  is  therefore  possible  that  metformin  could  alter  disease 
progression and delay some of the symptoms.
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Conclusions

The main finding of my thesis are:

There is substantial dysregulation in miRNA expression in dy3K/dy3K muscle. 
This  is  also  highlighted  by  various  target  genes  being  differentially 
expressed,  many  of  which  are  related  to  oxidative  metabolism,  muscle 
contraction, RNA, protein and amino-acid metabolism, amongst others. Some 
of the miRNAs with most target genes are myomiRs miR-1a, miR-133 and 
miR-499.

By itself,  miR-21 knock-out  is  not  enough to reduce fibrosis in LAMA2-
CMD.  Even  in  its  absence,  tissue  degeneration  is  substantial,  leading  to 
progressive fibrosis and functional deficit.

MiRNAs are detectable in the urine of the dy2J/dy2J mouse model of LAMA2-
CMD. They are potentially dysregulated already at 3 weeks of age, when no 
symptoms are visible. There is very little overlap in differentially expressed 
miRNAs throughout disease progression, and we thereby propose that future 
studies explore their potential.

Metformin yields some positive effects to dy2J/dy2J mice, especially females. 
Unfortunately,  there  was  no  improvement  in  body  or  muscle  weights,  
indicating  no  major  impact  on  skeletal  muscle.  Central  nucleation  was 
reduced  in  dy2J/dy2J mice  with  metformin  treatment,  suggesting  reduced 
muscle  degeneration.  Most  strikingly,  metformin  treatment  improved  grip 
strength in dystrophic mice.

Together, our studies show that LAMA2-CMD is a very difficult disease to 
tackle. Interventions that were beneficial for other muscular dystrophies show 
little or no impact on LAMA2-CMD. But not all is lost. Our results suggest  
that urinary miRNAs can indeed be used as biomarkers. Future studies should 
benefit  from larger  sample  sizes  and patient  material.  Metabolism-related 
features have been consistently altered in our recent investigations, indicating 
that  metabolism  is  a  logical  therapeutic  target  to  be  pursued.  Although 
metformin did not increase body and muscle weights, it might have improved 
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neural  function,  leading  to  the  increased  grip  strength  observed.  Besides,  
there are other compounds to be explored, such as anti-oxidant agents.
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ABSTRACT

Laminin α2 chain-deficient congenital muscular dystrophy, or LAMA2-CMD, is a serious disease 

for which there is no cure. To gain insight into the molecular mechanisms underlying LAMA2-

CMD we previously performed gene expression profiling of laminin α2 chain-deficient dy3K/dy3K 

mouse  limb  muscle.  For  further  elucidation  of  disease  mechanisms  we  have  here  profiled 

microRNAs (miRNAs) in skeletal muscle of wild-type and dy3K/dy3K limb muscle. We detected, on 

average, 1578 miRNAs across samples. One hundred and twenty-eight miRNAs were differentially 

expressed;  70  up-  and  58  down-regulated  in  dy3K/dy3K muscle  compared  to  wild-type  muscle. 

Around one third of those miRNAs have been shown to be dysregulated in dystrophin-deficient 

muscular  dystrophy.  Moreover,  we  probed  the  regulatory  relationships  between  differentially 

regulated mRNAs and miRNAs. Four up- (miR-125a, miR-152, miR-501 and miR-665) and seven 

down-regulated  (miR-133a/b,  miR-154,  miR-1a,  miR-20a,  miR-22 and  miR-499)  miRNAs had 

target  genes  that  were  also  differentially  expressed  in  dy3K/dy3K skeletal  muscle.  Some  of  the 

relevant targets include Arhgap28, Maf, Bicc1, Dab2 and Sox11. Finally, enrichment analysis of 

differentially expressed mRNAs revealed significant pathways relevant for LAMA2-CMD, some 

that  have  been  described  before  but  also  novel.  In  summary  our  results  may  provide  better 

understanding of LAMA2-CMD.
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INTRODUCTION

Laminin  α2  chain-deficient  congenital  muscular  dystrophy,  or  LAMA2-CMD,  is  caused  by 

mutations  in  the  LAMA2 gene  that  encodes  the  extracellular  matrix  protein  laminin  α2  chain. 

LAMA2-CMD can either be very severe if laminin α2 chain is completely deficient or milder if 

laminin α2 chain is partially missing. Complete deficiency is characterised by profound hypotonia 

at  birth,  widespread muscle weakness,  proximal  joint  contractures,  scoliosis  and delayed motor 

milestones. In general, children do not acquire independent ambulation and 30% of the patients die 

in the first decade of life [1]. The dy3K/dy3K mouse is a widely used animal model for LAMA2-CMD 

with complete laminin α2 chain-deficiency. Dy3K/dy3K mice develop severe muscular dystrophy with 

a  median  survival  of  three  weeks  and  skeletal  muscle  is  characterized  by repeated  cycles  of 

degeneration/regeneration, massive inflammation and pathological fibrosis [2].

In an attempt to increase our understanding of the molecular mechanisms driving LAMA2-CMD, 

we previously performed gene expression profiling of mouse dy3K/dy3K limb muscles [3]. The altered 

gene expression has also been confirmed at the protein level in a more recent proteomic profiling 

study  [4].  From these studies  it  is  evident  that  many of  the  differentially  expressed genes  and 

proteins  are  involved  in  muscle  development,  metabolic  processes,  calcium  handling  and 

remodelling of extracellular matrix. Although these two studies have identified many genes and 

proteins  in  different  functional  categories  that  are  differently  expressed  in  LAMA2-CMD,  the 

underlying  disease  mechanisms  remain  largely  unclear.  Hence,  we  decided  to  investigate 

microRNAs (miRNAs) in LAMA2-CMD. 

MiRNAs are  short  non-coding  RNAs that  negatively  regulate  mRNA translation.  MiRNAs are 

between 18 and 24 nucleotides long and act by base-complementarity to recognise mRNA targets in 

a cell-specific manner. MiRNAs serve as a guiding template in the RNA-induced silencing complex 

(RISC), which will bind the target mRNA. Upon binding of the complex, mRNAs are most often 

destabilised  and  degraded,  or  translation  is  inhibited  [5].  Interest  in  miRNA  biology  grew 

substantially after discovery of their involvement in various diseases, including myopathies  [6-8]. 

Our group has previously shown some miRNAs to be dysregulated in LAMA2-CMD  [9].  This 

previous work focused on “dystromiRs”, which have been defined as miRNAs that are differentially 

expressed  in  patients  with  Duchenne  muscular  dystrophy  and/or  dystrophic  models  [10]. 

Furthermore, we have recently profiled urine miRNA expression in  dy2J/dy2J mice (a model that 

recapitulates the milder form of LAMA2-CMD) and demonstrated unique groups of miRNAs at 

asymptomatic, initial and established disease [Moreira Soares Oliveira, submitted]. Here, we have 
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used next-generation sequencing to obtain an extensive profile of miRNAs in skeletal muscle of 3-

week-old dy3K/dy3K mice. Moreover, the sequencing results were integrated with a previous mRNA 

dataset [3] to probe the relationship between miRNA-mRNA and functional annotation was carried 

out. 
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MATERIALS AND METHODS

Animal model

Laminin α2 chain-deficient dy3K/dy3K mice have been previously described [11]. Mice were analysed 

at three weeks of age. Animals were handled in accordance with the animal care guidelines set by 

the Malmö/Lund (Sweden) ethical committee for animal research (permit number M152-14).

RNA isolation

Total  RNA from quadriceps femoris of wild-type (n=5) and  dy3K/dy3K (n=5) was extracted with 

Qiagen miRNeasy Mini Kit following the manufacturer’s instructions. The RNA was sent to the 

Uppsala Genome Centre for high-throughput sequencing on the IonTorrent platform (ThermoFisher 

Scientific).  The  raw  sequencing  data  is  deposited  in  the  European  Nucleotide  Archive  under 

accession number PRJEB24388. 

Bioinformatics

Reads were received from the sequencing facility in BAM format mapped to the mm10 mouse 

genome  (UCSC genome  browser).  BAM files  were  converted  to  FASTQ using  the  BEDtools 

bamtofastq module (2.26.0). Quality assessment of the sequencing run was done with FastQC. Only 

reads of mature miRNA length, i.e. 18 to 24 nucleotides, were kept for further analyses. Reads were 

mapped  to  the  mature  miRNA  reference  from  miRBase  (v  21)  using  bowtie  (1.1.2)  [12]. 

Differential  expression  analysis  was  conducted  in  R  (3.2.3)  [13] with  DESeq2  (1.8.2)  [14]. 

Exploratory data analysis and gene enrichment analyses were perfomed in IPython (6.2.1) [15] with 

the  modules  gseapy  (0.9.3)  [16,  17] and  goatools  (0.7.11)  [18].  MiRNA target  prediction  was 

conducted querying Tarbase, a curated database of experimentally validated miRNA targets  [19]. 

The Tarbase subset of Mus musculus and skeletal muscle tissue was used for further analyses. The 

code and data sets pertaining these analyses can be found at https://gitlab.com/uamoti/muscle_mirna
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RESULTS AND DISCUSSION

We used next-generation  sequencing to  profile  and compare the  miRNA expression in  skeletal 

muscle  of  dy3K/dy3K mice  with  wild-type  mice.  Dimensionality  reduction  techniques  such  as 

hierarchical  clustering,  as  seen  in  the  heatmap  (Figure  1A),  and  principal  component  analysis 

(PCA) (Figure 1B) clearly distinguished the two experimental groups. In total, 1578 miRNAs were 

detected with mean greater than zero across samples, whilst 640 miRNAs had mean greater than 

one. This shows that at least 938 miRNAs were expressed at very low levels across samples. One 

hundred and twenty-eight miRNAs were differentially expressed at 5% significance and absolute 

log2 fold change greater than or equal to one. Of these, 70 were up-regulated (Table 1) and 58 

down-regulated  (Table  2)  in  dy3K/dy3K compared  to  wild-type  muscle.  A large  majority  of  the 

differentially  expressed  miRNAs  have  previously  been  identified  in  mouse  skeletal  muscle 

(http://www.mirbase.org/). Moreover, expression of several dystromiRs  [10] such as miR-1, miR-

29c, miR-133, miR-206, miR-223 and miR-499 was dysregulated also in dy3K/dy3K skeletal muscle. 

In agreement with these results, we have by RT-qPCR previously demonstrated altered expression 

of several of the dystromiRs in  dy3K/dy3K  and dy2J/dy2J skeletal muscle and plasma [9]. Apart from 

the  dystromiRs  we  also  found  other  miRNAs  that  are  common  to  various  muscle  disorders 

including Duchenne muscular dystrophy (e.g. miR-30c, miR-99b, miR-103, miR-125a, miR-195a, 

miR-214,  miR-299a,  miR-381,  miR-501 and let-7e)  [20].  Roberts  et  al.,  formerly  performed  a 

miRNA  microarray  analysis  on  dystrophin-deficient  mdx  quadriceps  muscle  and  identified 

approximately  180  differentially  expressed  miRNAs  [10].  Around  25  of  these  (not  including 

dystromiRs)  were  also  identified  in  our  screen.  Thus,  altogether  approximately  32%  of  the 

dysregulated miRNAs in laminin α2 chain-deficient muscular dystrophy are also dysregulated also 

in dystrophin-deficient muscular dystrophy. A few miRNAs (not including dystromirs) were also 

earlier identified in dy2J/dy2J urine (e.g. miR-337, miR-369, miR-376b, miR-475, miR-5100).

We previously conducted a microarray study on skeletal  muscle of  dy3K/dy3K  mice  [3]. The two 

datasets enabled us to look into the reverse relationship between miRNA and mRNA. We found 152 

up- and 437 down-regulated genes at the 10% level. Fifty-four up-regulated genes were targeted by 

7  down-regulated  miRNAs,  whilst  73  down-regulated  genes  were  targeted  by  4  up-regulated 

miRNAs (Figure  2).  These  numbers  suggest  that  a  few miRNAs target  various  mRNAs.  Most 

mRNAs were targeted by one or two miRNAs, with a few genes being targeted by as much as 4 or 

5. MiR-1a, miR-133a/b and miR-499 had 17, 15 and 11 up-regulated targets, respectively. 

The skeletal muscle subset of Tarbase contains 72 unique miRNAs. From these, 12 are amongst our 

differentially expressed miRNAs, which combined have 127 unique target genes confirmed in the 

microarray  dataset.  We  ran  pairwise  comparisons  of  target  genes  amongst  the  up-  and  down-

6

http://www.mirbase.org/


regulated miRNAs and found some overlap, i.e. genes targeted by multiple miRNAs. The targets of 

up-regulated  miRNAs,  and  thus  lower  in  dy3K/dy3K muscle,  include  Arhgap28  (Rho  GTPase-

activating  protein  28),  Maf (avian  musculoaponeurotic  fibrosarcoma oncogene homologue)  and 

S100pbp  (S100P binding  protein),  whereas  targets  of  down-regulated  miRNAs,  and  therefore 

elevated  in  dystrophic  muscle,  included  Bicc1  (BicC  family  RNA binding  protein  1),  Bnc2 

(basonuclin  2),  Dab2  (disabled  2,  mitogen-reponsive  phosphoprotein),  Dclk1  (doublecortin-like 

kinase 1), Enpp1 (ectonucleotide pyrophosphatase/phosphodiesterase 1), Prune2 (prune homolog 2) 

and  Sox11 (SRY (sex-determining  region  Y)-box 11).  Arhgap28  is  an  actin-interacting  protein 

involved in cell contractility and extracellular matrix remodelling  [21]. Considering that the main 

function of laminin α2 chain is to connect the actin cytoskeleton of myotubes to the extracellular 

matrix,  the repression of Arhgap28 is  likely significant for LAMA2-CMD. Basically nothing is 

known about Maf in skeletal muscle. In other tissues, however, it interacts with p53 to influence 

apoptosis  and  cell  cycle  progression  [22] and  p53 has  been  demonstrated  to  mediate  caspase-

activation in LAMA2-CMD [23]. S100pbp and Bnc2 are largely unknown genes except for some 

involvement in cancers [24, 25]. The function of Bicc1 in skeletal muscle is mostly unexplored, but 

it is involved in muscle memory to loading: it was found hypo-methylated after a single bout of 

resistance  exercise  [26].  Dab2  was  linked  to  angiogenesis  in  facioscapulohumeral  muscular 

dystrophy by interacting with FRG1 (FSHD region gene 1) [27]. More relevant to LAMA2-CMD, 

Dab2 mediates TGF- induced fibronectin synthesis in fibroblast-like cell lines by activating JNK 

[28]. Dclk1 and Prune2 are genes involved in various forms of cancer [29, 30], whilst Enpp1 affects 

cardiac and vascular calcification  [31]. Sox11, besides its involvement in cancers, affects  nerve 

regeneration and CNS development [32]. Hence, it will now be interesting to analyse the potential 

function of the novel target genes in LAMA2-CMD in more detail.

Finally,  to  determine  the  biological  processes  or  molecular  functions  associated  with  the 

differentially expressed target genes  we conducted gene set enrichment analysis on differentially 

expressed mRNAs. We queried the Enrichr API [17, 33] for KEGG pathways (KEGG 2016 set) and 

found 12 significantly enriched terms (Table 3). Amongst these are terms that previously have been 

shown to be  relevant  for  LAMA2-CMD, for  example oxidative  phosphorylation  and metabolic 

pathways  [3,  4,  34] but  also  terms  (e.g.  adrenergic  and  AGE-RAGE  signalling)  that  to  our 

knowledge have not been implicated in LAMA2-CMD. 

In summary, we showed that 128 miRNAs are dysregulated in quadriceps muscle of dy3K/dy3K mice, 

of which 78 are up- and 58 are down-regulated. By probing the regulatory relationships between 

differentially expressed mRNAs and miRNAs we found target genes that potentially are involved in 
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LAMA2-CMD.  In  addition,  pathway  analysis  revealed  that  dysregulated  target  genes  are 

overrepresented in 12 pathways. Thus, these results may prove valuable for future research into 

miRNAs and LAMA2-CMD and provide information on disease mechanisms.
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FIGURE LEGENDS

Figure  1.  Diagnostic  plots.  A:  heatmap  of  top-20  mostly  expressed  miRNAs.  B:  Principal 

Component  Analysis  (PCA)  plot  shows  how  well  samples  grouped  based  on  global  gene 

expression..

Figure 2. Networks of up- (A) and (B) down-regulated miRNAs and their significant target genes. 

The hue of target genes is mapped to their p-values (darker hues → lower p-values) and the size of 

miRNAs to the number of targets.

Supplemental Figure 1. MA plot from miRNA-Seq: it shows the relationship between log fold 

change  between  two  conditions  (y  axis)  and  the  average  expression  of  these  (x  axis).  Genes 

significant at the 10% level are coloured red.
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Table 1. Up-regulated miRNAs in dy3K/dy3K skeletal muscle.

miRNA Base mean Log2 fold change P-adjusted
mmu-miR-1188-5p 5,4018 3,2010 0,0000
mmu-miR-485-3p 20,4875 2,7043 0,0000
mmu-miR-223-3p 11743,2337 2,6297 0,0000
mmu-miR-147-5p 1,7908 2,4338 0,0043
mmu-miR-6922-5p 1,5795 2,3449 0,0060
mmu-miR-6394 13,7919 2,3133 0,0000
mmu-miR-673-5p 49,0415 2,2760 0,0000
mmu-miR-2139 9,5531 2,2560 0,0000
mmu-miR-409-3p 703,9058 2,1903 0,0000
mmu-miR-147-3p 3,5683 2,1396 0,0043
mmu-miR-370-3p 47,7388 2,1049 0,0000
mmu-miR-152-3p 10211,8869 2,0658 0,0000
mmu-miR-223-5p 11,0033 2,0453 0,0000
mmu-miR-7116-5p 1,9197 2,0294 0,0223
mmu-miR-214-3p 11569,2852 1,9949 0,0000
mmu-miR-6966-5p 1,2645 1,9771 0,0260
mmu-miR-702-3p 1,2020 1,9005 0,0335
mmu-miR-501-5p 5,4575 1,8969 0,0147
mmu-miR-665-3p 787,8759 1,8880 0,0000
mmu-miR-148b-3p 14869,4111 1,8560 0,0000
mmu-miR-7667-5p 2,8006 1,8543 0,0284
mmu-miR-6985-5p 1,0503 1,8464 0,0381
mmu-miR-142b 6,8106 1,8291 0,0019
mmu-miR-16-5p 48032,7070 1,8390 0,0000
mmu-miR-342-3p 9041,9845 1,8273 0,0000
mmu-miR-470-5p 4,4139 1,7905 0,0126
mmu-miR-142a-3p 1039,6201 1,7687 0,0000
mmu-miR-7676-3p 1,2034 1,7650 0,0495
mmu-miR-449b 8,8074 1,7533 0,0019
mmu-miR-214-5p 1965,0024 1,7331 0,0000
mmu-miR-5100 13,0874 1,7181 0,0003
mmu-miR-6389 336,1398 1,7094 0,0000
mmu-miR-543-3p 613,4066 1,7079 0,0000
mmu-miR-134-5p 3971,3889 1,6892 0,0000
mmu-miR-206-5p 48,8629 1,6887 0,0001
mmu-miR-133b-5p 129,0795 1,6711 0,0000
mmu-miR-376b-3p 1974,8193 1,6402 0,0000
mmu-miR-6371 9,2571 1,6187 0,0060
mmu-miR-3060-3p 6,1818 1,6099 0,0056
mmu-miR-132-3p 179,1053 1,5822 0,0000
mmu-miR-212-3p 56,8246 1,5792 0,0000
mmu-miR-3072-5p 6,1702 1,5737 0,0119
mmu-miR-2137 25,4100 1,5401 0,0109
mmu-miR-140-3p 1191,7496 1,5019 0,0000
mmu-miR-1930-5p 15,3619 1,4913 0,0006
mmu-miR-3473b 37,0728 1,4873 0,0000
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mmu-miR-6341 186,8590 1,4757 0,0000
mmu-miR-302b-3p 6,2650 1,4634 0,0248
mmu-miR-449c-5p 10,2891 1,4496 0,0048
mmu-miR-132-5p 7,2425 1,4257 0,0176
mmu-miR-302d-3p 5,7279 1,4115 0,0275
mmu-miR-671-5p 156,6565 1,4093 0,0002
mmu-miR-99b-5p 5799,1860 1,3778 0,0000
mmu-miR-6923-5p 7,5135 1,3495 0,0141
mmu-miR-1936 42,3551 1,3248 0,0000
mmu-miR-5124a 116,6308 1,3002 0,0002
mmu-miR-3061-5p 5,5888 1,2890 0,0344
mmu-miR-142a-5p 33,9146 1,2707 0,0003
mmu-miR-652-5p 30,0790 1,2685 0,0041
mmu-miR-6419 7,1654 1,2294 0,0415
mmu-miR-574-3p 2977,5203 1,2153 0,0000
mmu-miR-380-3p 415,9370 1,1985 0,0079
mmu-miR-671-3p 24,4609 1,1832 0,0015
mmu-miR-667-5p 11,8442 1,1573 0,0189
mmu-miR-125a-3p 75,8170 1,1562 0,0000
mmu-miR-484 9007,9971 1,1469 0,0001
mmu-miR-192-5p 339,7628 1,1156 0,0000
mmu-miR-195a-5p 19570,3444 1,1012 0,0001
mmu-miR-194-5p 468,9640 1,0536 0,0000
mmu-miR-449a-5p 66,7366 1,0041 0,0069

Table 2. Down-regulated miRNAs in dy3K/dy3K skeletal muscle.

miRNA Base mean Log2 fold change P-adjusted
mmu-miR-544-3p 429,4354 -2,5383 0,0000
mmu-miR-365-3p 13964,3498 -2,2392 0,0000
mmu-miR-1a-3p 2189415,2418 -2,2231 0,0000
mmu-miR-499-5p 206,7507 -2,1314 0,0000
mmu-miR-369-3p 731,0826 -2,0163 0,0000
mmu-miR-3544-5p 356,4450 -1,9955 0,0000
mmu-miR-7014-5p 14,6116 -1,8812 0,0001
mmu-miR-22-3p 10780,7092 -1,8636 0,0000
mmu-miR-3966 33,9808 -1,8604 0,0000
mmu-miR-337-3p 17990,3285 -1,8517 0,0000
mmu-miR-544-5p 23,5215 -1,8373 0,0000
mmu-miR-22-5p 3413,1853 -1,7883 0,0000
mmu-miR-154-5p 4456,0922 -1,7849 0,0000
mmu-miR-434-3p 52038,3759 -1,7330 0,0060
mmu-miR-29b-2-5p 40,4434 -1,7239 0,0000
mmu-miR-491-3p 3,7489 -1,5989 0,0335
mmu-miR-539-3p 3,8843 -1,5760 0,0257
mmu-miR-122-5p 6,2803 -1,5629 0,0122
mmu-miR-381-5p 4792,5410 -1,5507 0,0000
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mmu-miR-1957b 2331,0350 -1,5161 0,0000
mmu-miR-137-3p 6,7969 -1,4678 0,0104
mmu-miR-29c-5p 263,7817 -1,4602 0,0000
mmu-miR-133b-3p 362138,5578 -1,4472 0,0000
mmu-miR-133a-3p 362336,7811 -1,4472 0,0000
Mmu-miR-540-5p 431,5793 -1,4216 0,0009
mmu-miR-495-5p 94,6648 -1,4128 0,0000
mmu-miR-1249-5p 5,0280 -1,4018 0,0382
mmu-miR-3092-3p 4,4165 -1,3991 0,0422
mmu-miR-300-5p 122,3388 -1,3824 0,0000
mmu-miR-6373 9,6605 -1,3791 0,0163
mmu-miR-3962 30,5328 -1,3513 0,0052
mmu-miR-669d-3p 9,2754 -1,3508 0,0122
mmu-miR-3071-3p 2573,5940 -1,3104 0,0000
mmu-miR-144-3p 365,5291 -1,2966 0,0000
mmu-miR-7115-3p 340,6924 -1,2850 0,0000
mmu-miR-6404 7,9732 -1,2633 0,0217
mmu-let-7e-5p 116836,4346 -1,2622 0,0000
mmu-let-7g-5p 132865,8654 -1,2530 0,0000
mmu-miR-9-3p 7,7953 -1,2530 0,0348
mmu-miR-98-5p 60308,6952 -1,2365 0,0000
mmu-let-7f-5p 144368,2590 -1,2352 0,0000
mmu-let-7c-5p 121757,5853 -1,2343 0,0000
mmu-miR-6382 2748,2424 -1,2215 0,0000
mmu-let-7a-5p 148449,1527 -1,2158 0,0000
mmu-miR-499-3p 12,6173 -1,2116 0,0103
mmu-miR-341-3p 678,4725 -1,1919 0,0002
mmu-miR-493-5p 30,3144 -1,1899 0,0001
mmu-let-7b-5p 65919,8845 -1,1808 0,0000
mmu-miR-9-5p 107,8352 -1,1571 0,0000
mmu-miR-103-2-5p 13,6029 -1,1399 0,0097
mmu-miR-30a-5p 27246,6611 -1,0918 0,0002
mmu-miR-30c-2-3p 125,7143 -1,0689 0,0000
mmu-miR-136-3p 919,0918 -1,0615 0,0013
mmu-miR-299a-5p 40091,4924 -1,0597 0,0000
mmu-miR-29c-3p 17824,7893 -1,0563 0,0000
mmu-miR-664-3p 203,1091 -1,0479 0,0000
mmu-miR-551b-3p 13,5289 -1,0435 0,0251
mmu-miR-20a-5p 3247,1080 -1,0426 0,0000

Table 3. Enriched KEGG terms at the 10% level.

Significant KEGG 2016 terms Overlap P-adjusted
Oxidative phosphorylation 13/133 0,0331
Alzheimer's disease 14/168 0,0418
Metabolic pathways 56/1239 0,0418
Huntington’s disease 15/193 0,0418
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Non-alcoholic fatty liver disease 12/151 0,0579
Adrenergic signaling in 
cardiomyocytes

12/148 0,0579

AGE-RAGE signaling pathway in 
diabetic complications

9/101 0,0652

Cardiac muscle contraction 8/78 0,0579
Phagosome 12/154 0,0579
Parkinson’s disease 11/142 0,0652
Arginine and proline metabolism 6/50 0,0652
Alanine, aspartate and glutamate 
metabolism

5/35 0,0652
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Abstract

MicroRNAs (miRNAs) are short non-coding RNAs that modulate gene expression post-tran-

scriptionally. Current evidence suggests that miR-21 plays a significant role in the progres-

sion of fibrosis in muscle diseases. Laminin-deficient congenital muscular dystrophy

(LAMA2-CMD) is a severe form of congenital muscular dystrophy caused by mutations in

the gene encoding laminin α2 chain. Mouse models dy3K/dy3K and dy2J/dy2J, respectively,

adequately mirror severe and milder forms of LAMA2-CMD. Both human and mouse

LAMA2-CMD muscles are characterized by extensive fibrosis and considering that fibrosis

is the final step that destroys muscle during the disease course, anti-fibrotic therapies may

be effective strategies for prevention of LAMA2-CMD. We have previously demonstrated a

significant up-regulation of the pro-fibrotic miR-21 in dy3K/dy3K and dy2J/dy2J skeletal mus-

cle. Hence, the objective of this study was to explore if absence of miR-21 reduces fibrogen-

esis and improves the phenotype of LAMA2-CMD mice. Thus, we generated dy3K/dy3K and

dy2J/dy2J mice devoid of miR-21 (dy3K/miR-21 and dy2J/miR-21 mice, respectively). How-

ever, the muscular dystrophy phenotype of dy3K/miR-21 and dy2J/miR-21 double knock-out

mice was not improved compared to dy3K/dy3K or dy2J/dy2J mice, respectively. Mice dis-

played the same body weight, dystrophic muscles (with fibrosis) and impaired muscle func-

tion. These data indicate that miR-21 may not be involved in the development of fibrosis in

LAMA2-CMD.

Introduction

Laminin-deficient congenital muscular dystrophy type 1A (LAMA2-CMD) is a severe form of

muscular dystrophy caused by mutations in the LAMA2 gene encoding the laminin α2 chain

that together with laminin β1 and γ1 chains form the heterotrimeric molecule laminin-211.

Without this laminin isoform, the muscle cell loses one of its main connections to the extracel-

lular matrix and a series of deleterious events ensue. General symptoms of LAMA2-CMD

include muscle wasting and weakness and delayed motor development [1]. Genotype-pheno-

type studies have established that complete absence of laminin α2 chain leads to a very severe

muscular dystrophy (ambulation is typically not achieved) whereas partial deficiency causes a
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milder limb-girdle-type muscular dystrophy [2; 3] There are several relevant mouse models for

LAMA2-CMD recapitulating grave and milder forms of LAMA2-CMD, including the dy3K/
dy3K and dy2J/dy2J mouse models. The dy3K/dy3K mouse completely lacks laminin α2 chain and

is the most severely affected among all LAMA2-CMD mouse models, with a life span of approx-

imately 3 weeks. The dy2J/dy2J mouse has a moderate muscular dystrophy with a significantly

longer survival, because it still expresses laminin α2 chain, albeit a truncated chain that is unable

to polymerize [2; 3]. Several preclinical approaches to combat LAMA2-CMD in mice have been

tested [2; 3]. Addressing the primary cause of the disease and trying to restore the connection

between the muscle cell and the basement membrane has been the most successful line of attack,

but translation into the clinics remains cumbersome [3–9] Thus, many efforts have also focused

on secondary aspects to mitigate disease progression [10–14]. One of the main traits of LAMA2-

CMD (as well as other types of muscular dystrophy) is the build-up of fibrotic tissue, which gradu-

ally replaces muscle [15–17]. Fibrotic tissue is less elastic and contractile than skeletal muscle,

which consequently leads to decreased muscle function. Thus, attempts to prevent or reduce

excessive fibrogenesis are highly desirable.

MicroRNAs (miRNAs) are short non-coding RNAs that modulate gene expression post-

transcriptionally. Their mature form is about 22 nucleotides long and they work by comple-

mentary binding mRNA. Subsequently, miRNA-bound mRNA can be degraded (most cases)

or translation is blocked, making miRNAs negative regulators of translation. MiRNA-21

(miR-21) has been implicated in fibrosis in different tissues [18–20]. It is a powerful mediator

of fibrogenesis in the mdx mouse model of Duchenne muscular dystrophy [21; 22], with its

suppression (by antagomirs for miR-21) leading to improved muscle phenotype whereas its

over-expression (by miR-21 mimics) worsened it [22]. Furthermore, it was demonstrated that

the miR-21 fibrogenic pathway involves PAI-1/urokinase-type plasminogen activator balance

and TGF-β [21; 22]. MiR-21 expression is also stress-responsive, as evidenced by its elevated

levels after exercise [23] or heart failure [19; 24]. Furthermore, it interacts with major players

in fibrosis and inflammation such as TGF-β, Akt, MAPK, Toll-like receptors and osteopontin

[19; 21; 25; 26]. Finally, we have demonstrated that miR-21 expression is significantly aug-

mented in dy3K/dy3K (already at 9 days of age) and dy2J/dy2J muscle [27].

Therefore, the purpose of this study was to investigate if deleting miR-21 genetically in

mouse models of LAMA2-CMD reduces fibrogenesis and improves the phenotype. Hence, we

generated dy3K/dy3K and dy2J/dy2J mice devoid of miR-21 (dy3K/miR-21 and dy2J/miR-21 mice,

respectively) and analyzed the phenotypes.

Materials and methods

Animal models

Laminin α2 chain-deficient dy3K/dy3K mice were previously described [28]. Heterozygous dy2J/
dy2J (B6.WK-Lama2dy-2J/J) [29; 30] and miR-21 ko (B6;129S6-Mir21atm1Yoli/J) [31] mice were

purchased from Jackson Laboratory (Bar Harbor, ME) and bred in the Biomedical Center ac-

cording to institutional animal care guidelines. Heterozygous dy3K/+ and dy2J/+ mice (healthy

carriers of LAMA2-CMD), respectively, were mated with miR-21 ko mice. The resulting dy3K/+:

miR-21/+ males and females were mated to generate double knockout mice (dy3K/miR-21),

dy3K/dy3K mice, miR-21 ko and wild-type (WT) mice. Similarly, the resulting dy2J/+:miR-21/+
males and females were mated to generate double knockout mice (dy2J/miR-21), dy2J/dy2J mice,

miR-21 ko and WT mice. Ear biopsies were used for genotyping. All experimental procedures

involving animals were approved by the Malmö/Lund (Sweden) Ethical Committee for Animal

Research (ethical permit number: M152-14) in accordance with the guidelines approved by the

Swedish Board of Agriculture.
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Animal handling and tissue collection. Three-week-old WT, miR-21 ko, dy3K/dy3K,

dy3K/miR-21 and 6-week-old WT, miR-21 ko, dy2J/dy2J, dy2J/miR-21 mice were euthanized by

CO2. Quadriceps muscles were dissected for immunohistochemistry and embedded in O.C.T

compound (Sakura Finetek, Torrance, CA) prior to freezing in liquid nitrogen or embedded

in paraffin. Paraffin embedded specimens were sectioned using microtome (5 μm) (Microm

H355, Cellab). Additionally, quadriceps muscles were dissected for hydroxyproline assay and

frozen directly in liquid nitrogen.

RNA isolation and quantitative RT-PCR analysis

Total RNA was isolated from quadriceps muscles from 3-week-old WT, miR-21 ko, dy3K/dy3K

and dy3K/miR-21 mice and from 6-week-old WT, miR-21 ko, dy2J/dy2J and dy2J/miR-21 mice

using miRNeasy Mini Kit (Qiagen, Valencia, CA), including DNA digestion by DNase I fol-

lowing the manufacturer’s specifications. Concentration and purity of RNA samples were

assessed using NanoDrop 1000 Spectrophotometer (ThermoFisher Scientific, Waltham, MA).

For miRNA expression analysis, 10 ng of muscle RNA was reverse transcribed to cDNA using

the TaqMan Advanced miRNA cDNA Synthesis Kit (Applied Biosystems, Waltham, MA). For

mRNA expression analysis, 50 ng RNA was reverse transcribed to cDNA using the High

Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham, MA) according to

manufacturer’s protocol. The amplification was performed in a LightCycler 480 Real-Time

PCR System (Roche Diagnostics, Basel Switzerland) using TaqMan Fast Advanced Master

Mix. TaqMan probes detecting mouse miR-21, miR-93 (reference miRNA), TGF-β and Rn18s

(reference gene) were used (Applied Biosystems, Waltham, MA). Comparative CT method

was used for relative quantitation.

Histology and morphometric analysis

Muscle sections were stained with hematoxylin and eosin [32] or picro sirius red/fast green

[27]. Stained cross-sections were scanned using Aperio’s Scanscope CS2 (with Scanscope con-

sole v.8.2.0.1263, Aperio, Vista, CA) and representative images were created using Aperio soft-

ware. Centrally nucleated muscle fibers representing regenerating muscle cells and

peripherally nucleated normal muscle cells were counted in quadriceps muscles using ImageJ

software version 1.43u (NIH, Bethesda, MD). A whole area of each muscle cross section was

considered.

Sirius red/fast green quantification. Collagen content was quantified by a colorimetric

method as described by Leon and Rojkind (1985) [33]. Briefly, approximately 15 paraffin sec-

tions of 15μm were placed in a plastic tube. Paraffin removal was accomplished by immersing

the section in the following solutions: 5 min. xylene, 5 min. xylene/ethanol (1:1), 5 min. etha-

nol, 5 min. ethanol/water (1:1), 5 min. water. The sections were then stained with fast green/

sirius red for 30 min. on rotation. The tissue was washed with distilled water until excess dye is

removed and the solution is clear. One ml of 0.1 N NaOH was added and the solutions were

analyzed for absorbance at 560 nm and 605 nm.

Hydroxyproline assay

Quadriceps muscles were isolated and frozen in liquid nitrogen. Samples were weighed and

incubated overnight in 200 μl 12 M HCl at 95˚C. The hydrolyzate (25 μl) was neutralized with

0.6 M NaOH (25 μl) and incubated with 0.056 M chloramine-T reagent (450 μl) at room tem-

perature for 25 min. Erlich’s reagent (500 μl) was added to each sample and incubated for 1

hour at 65˚C, followed by cooling on ice. Subsequently, 100 μl (in duplicates) was transferred

to a 96-well plate and absorbance was read at 560 nm. Standards from 4-hydroxyproline at
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Fig 1. Muscular dystrophy hallmarks are not reduced in 3-week-old dy3K/miR-21 mice. A. The body

weight is significantly increased in miR-21 ko compared to wild-type (WT) mice but significantly reduced in
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PLOS ONE | https://doi.org/10.1371/journal.pone.0181950 August 3, 2017 4 / 13

https://doi.org/10.1371/journal.pone.0181950


concentrations (μg/μl); 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.4 were treated the same way as the samples.

Absorbance (A560) of standards was plotted against amount of hydroxyproline (μg) and a lin-

ear regression was performed to determine slope and intercept. All absorbance values were

subtracted with blank (0 μg/ml hydroxyproline). Content of hydroxyproline in samples was

calculated by equation:

x mgð Þ ¼
ðA560 � yinterceptÞ

slope

Collagen conversion factor = 13.5 [27]. Values are presented as μg collagen/mg muscle.

Grip strength

Forelimb grip strength was measured on a grip-strength meter (Columbus Instruments,

Columbus, OH). In short, the mouse was held by the base of the tail and allowed to grasp the

flat wire mesh of the pull bar with its forepaws. When the mouse got a good grip it was slowly

pulled away by its tail until it released the pull bar. Each mouse was allowed to pull the pull bar

five times. The two lowest values were rejected and the mean of the three remaining values was

counted. Animals were not subjected to any training prior to the experiment.

Statistical analysis

The analyses were performed in the Ipython environment [34] using the SciPy (v. 0.18.1) [35]

and statsmodels packages (v. 0.61). Difference between groups was assessed by one-way analy-

sis of variance. Multiple test correction was done with the Bonferroni method. Significance

was set at the 5% level.

Results

The phenotype of dy3K/miR-21 double knock-out mice is not improved

compared to dy3K/dy3K single knock-outs

Dy3K/dy3K mice display a very severe muscular dystrophy and have a median life span of

approximately 3 weeks [3]. In order to investigate if deletion of miR-21 improves the pheno-

type of dy3K/dy3K mice, we generated mice (dy3K/miR-21) lacking both laminin α2 chain and

miR-21 (by series of breeding; please see Materials and methods for further information).

Absence of miR-21 in dy3K/miR-21 muscle was confirmed by RT-PCR (S1 Fig). The overall

health of 3-week-old dy3K/miR-21 mice was, however, not improved compared to dy3K/dy3K

mice. Dy3K/miR-21 mice exhibited similar decreased survival, growth retardation, muscle

wasting, kyphosis and reduced body weight as dy3K/dy3K mice (Fig 1A).

Dy3K/dy3K muscle is characterized by enhanced apoptosis, degeneration/regeneration

cycles, massive inflammation and substantial connective tissue infiltration (fibrosis) [3]. Histo-

logical analyses of quadriceps femoris muscle sections from 3-week-old dy3K/miR-21 mice

revealed that dystrophic alterations were readily present, just like in dy3K/dy3K muscle (Fig 1B).

Regenerating fibers with centrally located nuclei were in fact increased in dy3K/miR-21 muscle

compared to dy3K/dy3K muscle (Fig 1C). Measures of fibrosis (sirius red and fast green staining,

dy3K/dy3K and dy3K/miR-21 mice. Notably, there is no significant difference between dy3K/dy3Kand dy3K/miR-

21 mice. B. Hematoxylin & eosin staining of quadriceps muscles shows similar muscular dystrophy

histopathology in dy3K/dy3Kand dy3K/miR-21 muscle. C. Quantification of centrally nucleated fibers shows

significantly increased number of regenerating fibers in dy3K/miR-21 compared to dy3K/dy3K quadriceps

muscle. * p < 0.05, ** p < 0.01, *** p < 0.001.

https://doi.org/10.1371/journal.pone.0181950.g001
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Fig 2. Fibrotic lesions are equally abundant in muscles from dy3K/dy3K and dy3K/miR-21 mice. A. Picrosirius red/fast

green stained sections demonstrate significant fibrosis (collagen deposition in pink) in dy3K/dy3K and dy3K/miR-21
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visualizing collagenous and non-collagenous tissue, respectively, as well as biochemical colla-

gen quantification) demonstrated that a similar deposition of collagen was present in dy3K/
miR-21 and dy3K/dy3K muscle (Fig 2A–2C). Finally, expression of TGF-β (a master regulator of

fibrosis) has been shown to be enhanced in LAMA2-CMD muscle [16; 36] but analysis of

TGF-β gene expression revealed no reduction of TGF-β transcript levels upon miR-21 deletion

in dy3K/dy3K muscle (Fig 2D).

In summary, our results indicated that removal of miR-21 has no beneficial effects in the

severely affected dy3K/dy3K mouse model. Considering that inhibition of miR-21 expression

reduced fibrosis in the mildly affected dystrophin-deficient mdx mouse model of Duchenne

muscular dystrophy [21], we next investigated if removal of miR-21 would have propitious

effects in the milder LAMA2-CMD dy2J/dy2J mouse model.

The phenotype of dy2J/miR-21 double knock-out mice is not improved

compared to dy2J/dy2J single knock-outs

We generated dy2J/miR-21 mice expressing a polymerization-defective truncated laminin α2

chain with no miR-21 (by series of breeding; please see Materials and methods for further

information). Similar to the dy3K/miR-21 mouse, the overall health of 6-week-old dy2J/miR-21

mice was not improved compared to that of dy2J/dy2J mice and dy2J/miR-21 mice exhibited a

similar reduction in body weight and hindleg paralysis (Fig 3A).

Dy2J/dy2J muscle is also characterized by enhanced apoptosis, degeneration/regeneration

cycles, inflammation and connective tissue infiltration [3; 27]. Histological analyses of quadri-

ceps muscle sections from 6-week-old dy2J/miR-21 mice revealed that dystrophic alterations

were readily present, just like in dy2J/dy2Jmice (Fig 3B). Regenerating fibers with centrally

located nuclei were present to a similar degree in dy2J/miR-21 and dy2J/dy2J muscle (Fig 3C). Sir-

ius red and fast green staining revealed a similar collagen deposition in dy2J/miR-21 and dy2J/
dy2J muscle (Fig 4A), but when quantified, a small but significant reduction in collagen deposi-

tion was noted in dy2J/miR-21 muscle (Fig 4B). Biochemical collagen quantification (hydroxy-

proline assay), on the other hand, demonstrated similar collagen accumulation in dy2J/dy2J and

dy2J/miR-21 muscle (Fig 4C). Also, expression of TGF-β mRNA was comparable in dy2J/dy2J

and dy2J/miR-21 quadriceps muscle (Fig 4D). Finally, we assessed forelimb grip strength. It has

previously been demonstrated that grip strength is significantly decreased in 6-week-old dy2J/
dy2J mice, compared to wild-type animals [27]. We found that normalized grip strength

(strength divided by body weight) was very similar in dy2J/miR-21 and dy2J/dy2J mice (Fig 4E).

Altogether, our results indicate that removal of miR-21 has no beneficial effects in the

severely affected dy3K/dy3K or in the mildly affected dy2J/dy2J mouse model of LAMA2-CMD.

Discussion

The present study aimed at investigating potential benefits of deleting miR-21, a known pro-

fibrotic miRNA, in LAMA2-CMD. We present evidence that deleting miR-21 in two different

LAMA2-CMD mouse models is insufficient to reduce fibrotic tissue build up and improve the

skeletal muscle phenotype. In general, we did not observe any change or improvement due to

miR-21 absence, neither on wild-type nor dy3K/dy3K and dy2J/dy2J backgrounds, apart from a pos-

sible minor reduction in collagen content in dy2J/miR-21 muscle. This is in sharp contrast to

quadriceps muscle. B. Sirius red/fast green quantification of collagen content in dy3K/dy3K and dy3K/miR-21 quadriceps

muscle. C. Biochemical collagen quantification (hydroxyproline assay) in dy3K/dy3K and dy3K/miR-21 quadriceps muscle.

Please note that collagen content is very similar in dy3K/dy3K and dy3K/miR-21 muscle. D. qPCR analysis of TGF-β
transcript levels in WT, miR-21 ko, dy3K/dy3K and dy3K/miR-21 quadriceps muscle.

https://doi.org/10.1371/journal.pone.0181950.g002
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Fig 3. Muscular dystrophy hallmarks are not reduced in 6-week-old dy2J/miR-21 mice. A. Body weight

is significantly reduced in dy2J/dy2J and dy2J/miR-21 compared to WT mice but is not significantly different
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previous studies on mdx mice where inhibition of miR-21 significantly improved disease pheno-

type [22]. The differences to the aforementioned study could be due to the mouse strains used

(mdx vs. dy3K/dy3Kand dy2J/dy2J) and it is important to note that the mdx mouse has mild clinical

symptoms in contrast to both dy3K/dy3K and dy2J/dy2J mice [2]. Also, the strategy for miR-21 inhi-

bition was different. An antagomir for mir-21 was utilized to silence expression in mdx mice

whereas a constitutive genetic deletion was used in dy3K/dy3K and dy2J/dy2J animals, possibly acti-

vating compensatory mechanisms over the course of development. We cannot entirely rule out

the possibility that removal of miR-21 could have beneficial effects in older dy2J/dy2J animals.

However, at 6 weeks of age dy2J/dy2J mice display a full-blown muscular dystrophy but dy2J/dy2J

mice have an extended life span compared to dy3Kdy3K mice (more than 6 months vs. 3 weeks)

suggesting that no major worsening of the skeletal muscle phenotype appears after 6 weeks of age.

Despite its bad reputation, inflammation and the ensuing immunological response, is actu-

ally fundamental for muscle homeostasis [26]. In healthy tissue there is a fine balance between

pro- and anti-inflammatory cues in response to injury and the resolution of the inflammatory

response allows for recovery of tissue morphology and function. In LAMA2-CMD, however,

this balance is heavily tilted towards pro-inflammatory signals, leading to a state of chronic

inflammation [31; 37] Interestingly, miR-21 is also involved in inflammation. Tissue damage

leads to increased miR-21 expression through (p38) MAPK [26]. MiR-21 then targets PTEN,

an inhibitor of Akt. Relieved from PTEN’s inhibition Akt is free to promote fibroblast prolifer-

ation thus increasing collagen synthesis [19–21, 24, 37]. In macrophages the same pathway

acts to transition the cells from a pro-inflammatory state into an anti-inflammatory one. In

healthy tissue this transition allows the resolution of inflammation and tissue recovery. Under

chronic inflammation, however, persistently elevated levels of miR-21 will lead to sustained

Akt activity and thus prolonged fibroblast proliferation and delayed transition of macro-

phages, shortening their anti-inflammatory state [25; 26].

miR-21 has also been shown to promote kidney fibrosis and, in contrast to LAMA2-CMD

mouse models, both genetic deletion of miR-21 and inhibition with an antagomir reduced

fibrogenesis in mouse models [18]. One explanation to the different outcome in response to

miR-21 removal is related to organ-specific aspects of fibrosis. Although various signalling

pathways associated with the fibrotic process are conserved across different organs, it is well

known that unique, organ-specific features of fibrosis exist [37]. It is also possible that the

lack of response upon miR-21 removal in LAMA2-CMD mouse models is due to miRNA

promiscuity. That is, one miRNA can target several genes and a single gene can be targeted

by many miRNAs. Tarbase (v. 7.0) [38], a manually curated database of experimentally vali-

dated miRNA targets, lists 824 unique miR-21a-5p targets, although none in skeletal muscle

tissue. MiR-21a-3p has 626 target genes, 160 in common with miR-21a-5p. Moreover, 399

different miRNAs have at least one common target with miR-21a-5p, with 137 having more

than 50 common targets. In this scenario it seems very likely that other miRNAs may com-

pensate for miR-21 deficiency. In summary, we have demonstrated that removing miR-21 is

not sufficient to improve muscle morphology and function in LAMA2-CMD mouse models.

Future research employing multiple miR KOs will have to investigate whether removing other

miRNAs that work synergistically with miR-21 represents a better strategy and expanding

the list of miR-21 validated targets to include skeletal muscle tissue would help us in that

direction.

between dy2J/dy2J and dy2J/miR-21 mice. B. Hematoxylin & eosin staining of quadriceps muscles shows

similar muscular dystrophy histopathology in dy2J/dy2J and dy2J/miR-21 muscle. C. Central nucleation is

similar in dy2J/dy2J and dy2J/miR-21 in quadriceps muscle. * p < 0.05.

https://doi.org/10.1371/journal.pone.0181950.g003
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Fig 4. Fibrotic lesions and grip strength in dy2J/dy2J and dy2J/miR-21 mice. A. Sirius red/fast green stained sections

demonstrate significant fibrosis (collagen deposition in pink) in dy2J/dy2J and dy2J/miR-21 quadriceps muscle. B. Sirius
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Supporting information

S1 Fig. miR-21 qPCR. Absence of miR-21 in dy3K/miR-21 mice. Mice with the same miR-21

ko background were used to generate dy2J/miR-21 mice.

(TIF)
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ABSTRACT

Circulating microRNAs (miRNAs) are being considered as non-invasive biomarkers for disease 

progression and clinical trials. Congenital muscular dystrophy with deficiency of laminin α2 chain 

(LAMA2-CMD) is a very severe form of muscular dystrophy, for which no treatment is available. 

In  order  to  identify  LAMA2-CMD  biomarkers  we  have  profiled  miRNAs  in  urine  from  the 

dy2J/dy2J mouse model of LAMA2-CMD at three distinct time points (representing asymptomatic, 

initial and established disease). We demonstrate that unique groups of miRNAs are differentially 

expressed at each time point. To our knowledge, this is the first time that a urine miRNA profile for  

muscular dystrophy has been presented. We suggest that urine miRNAs can be sensitive biomarkers 

for different stages of LAMA2-CMD.
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INTRODUCTION

Laminin α2 chain-deficient congenital muscular dystrophy, or LAMA2-CMD, is a severe form of 

muscular dystrophy caused by mutations in the  LAMA2 gene. Genotype-phenotype analyses have 

demonstrated  that  complete  deficiency  of  laminin  α2  chain  leads  to  a  more  severe  phenotype 

whereas partial absence leads to a milder disease course. The clinical manifestations of complete 

laminin α2 chain-deficiency include profound hypotonia at  birth,  widespread muscle weakness, 

proximal  joint  contractures,  scoliosis  and  delayed  motor  milestones.  Patients  may  achieve 

unsupported sitting but very few children acquire independent ambulation. Individuals with partial 

deficiency often have later onset of proximal muscle weakness and delayed motor milestones but 

achieve independent ambulation [1].

There  are  several  mouse  models  for  laminin  α2 chain-deficiency  that  adequately  represent  the 

clinical heterogeneity of LAMA2-CMD and phenocopy the skeletal muscle changes. The dy3K/dy3K 

mouse completely lacks laminin α2 chain and displays a very severe muscular dystrophy with a 

median survival of three weeks whilst the  dy2J/dy2J mouse model has slightly reduced expression 

and shows a relatively mild muscular dystrophy with a life span of several months. In both models, 

skeletal muscle is characterized by repeated cycles of degeneration/regeneration and pathological 

fibrosis. Consequently, dy3K/dy3K and dy2J/dy2J mice weigh less and display impaired skeletal muscle 

function [2]. Diagnosis of LAMA2-CMD and knowledge of underlying pathogenetic mechanisms 

have greatly improved due to advances in clinical and pre-clinical studies involving LAMA2-CMD 

patient material and the above mentioned mouse models (as well as other animal models). However, 

early  detection,  assessment  of  disease  progression  and  response  to  treatment  are  still  major 

challenges. Hence, it would be important to find novel biomarkers that could facilitate diagnosis 

and prognosis  and aid  in  evaluating  preclinical  as  well  as  clinical  trial  results.  The traditional 

biomarker for muscular dystrophy is creatine kinase (CK), coupled with histological inspection of 

muscle  biopsies.  Unfortunately,  CK is  not  very  reliable  as  it  is  sensitive  to  age,  sex,  physical 

exertion, stress and diet [3], and muscle biopsies are invasive. Therefore, there is an urgent need for 

more reliable and less invasive biomarkers for LAMA2-CMD and muscular dystrophies in general.

After their discovery in the early nineties, microRNAs (also called miRNAs or miRs) have been 

extensively studied for their biological roles and biomarker potential. miRNAs are short (18-24 nt) 

non-coding RNAs that post-transcriptionally regulate protein synthesis by complementary-binding 

messenger  RNA,  which  leads  to  degradation  of  the  latter  or  translation  inhibition  [4].  Their 

presence  in  extracellular  fluids,  such  as  blood  and  urine,  along  with  miRNA dysregulation  in 

various diseases, including muscular dystrophy  [5], has spurred extensive biomarker research  [6-

3

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68



10].  Indeed, we have previously demonstrated that laminin α2 chain-deficiency is associated with 

miRNA dysregulation  in  skeletal  muscle  and plasma  [11].  In  this  study we aimed at  profiling 

miRNA expression in  urine from  dy2J/dy2J mice to  assess  their  potential  for  monitoring disease 

progression. Three distinct time points (three, four and six weeks of age) were chosen to represent 

asymptomatic, initial symptoms and established disease, respectively. Here we show that distinct 

sets of miRNA characterise each time point whilst CK fails to differentiate between them.
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MATERIALS AND METHODS

Animals

Wild-type and  dy2J/dy2J  (B6.WK-Lama2dy-2J/J) mice were purchased from Jackson laboratory and 

bred in the Biomedical Center  according to institutional animal care guidelines. Permission was 

given by the Malmö/Lund (Sweden) ethical committee for animal research (ethical permit number 

M152-14).

Tissue collection

Three-, four- and six-week-old control and  dy2J/dy2J mice (n = 5 per group) were sacrificed by 

cervical dislocation. Quadriceps muscles were dissected for histology and embedded in paraffin.

Histology and morphometric analysis 

Muscle sections  were stained with haematoxylin & eosin  [12] or picro sirius red/fast green  [11]. 

Stained cross-sections were scanned using  Aperio’s  Scanscope CS2 (with Scanscope console v. 

8.2.0.1263) and representative images were created using Aperio software.

Centrally nucleated muscle fibres representing regenerating muscle cells and peripherally nucleated 

non-regenerating muscle cells were counted in quadriceps femoris  using ImageJ software version 

1.45i (NIH, Bethesda, MD). The whole area of each muscle cross section was considered.

Creatine kinase assay

Blood  was  collected  from  heart  puncture  and  transferred  to  anticoagulant  tubes  (EDTA)  and 

centrifuged at 1100 × g for 10 min. at 4°C. Plasma was analysed at Clinical Chemistry Laboratory 

at Skåne University Hospital. The CK_P_S Cobas method was used to quantify enzyme activity.

Fast green/sirius red quantification

Collagen content was quantified by a colorimetric method as described [13]. Briefly, approximately 

15 paraffin sections of 15 µm were placed in a plastic tube. Paraffin removal was accomplished by 

immersing the sections in the following solutions: 5 min. xylene, 5 min. xylene/ethanol (1:1), 5 

min. ethanol, 5 min. ethanol/water (1:1), 5 min. water. The sections were then stained with fast 

green/sirius red for 30 min. (rotating). The tissue was washed with distilled water until excess dye 

was removed and the solution was clear. One ml of 0.1 N NaOH was added to elute colours. The 
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eluted fraction was analysed at  560 nm and 605 nm to estimate collagen and non-collagenous 

protein content, respectively.

Grip strength

Forelimb grip strength was measured on a grip-strength meter (Columbus Instruments, Columbus, 

OH) as previously described [14]. In short, the mouse was held by the base of the tail and allowed 

to grasp the flat wire mesh of the pull bar with its forepaws. When the mouse got a good grip it was 

slowly pulled away by its tail until it released the pull bar. Each mouse was allowed to pull the pull 

bar five times. The two lowest values were rejected and the mean of the three remaining values was 

counted. Animals were not subjected to any training prior to the experiment.

Urine collection

Individual mice were manually handled on top of a grid  placed above a collection plate. The mouse 

was grabbed by the neck and tail and placed in an upright position. When stressed by the handling 

the mouse would urinate onto the plate. The urine was pipetted into a tube and stored at -80°C.

Isolation of RNA and RNA sequencing

Total RNA from urine was extracted with Qiagen miRNeasy Mini Kit following the manufacturer’s 

instructions. One hundred and twenty microliters of urine were pooled from two or three animals 

into one sample. 

Total  RNA isolated  from  urine  was  sent  to  the  Uppsala  Genome  Centre  for  high-throughput 

sequencing  on  the  IonTorrent  platform (ThermoFisher  Scientific).  The  raw sequencing  data  is 

deposited in the European Nucleotide Archive under accession number PRJEB23307. 

Bioinformatics analyses

Bioinformatics analyses were performed in conjunction with the Bioinformatics Long-term Support 

(WABI – SciLifeLab). Shortly, raw reads between 18 and 24 nt were kept for further analyses. 

These were mapped to the mouse hairpin miRNA sequences (miRBase, v 22) using bowtie [15] (v. 

1.2,  Johns  Hopkins  University).  Read  counts  were  calculated  with  HTSeq  [16] and  miRBase 

annotation (v. 21). Differential expression analysis was performed in the R statistical environment 

(v. 3.3.2, R Foundation for Statistical Computing) with the Bioconductor package DESeq2 [17] (v. 

1.12.3), with significance set at adjusted p lower than 5%.
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Statistical analysis

The  statistical  analysis  of  next-generation  sequencing  data  was  done  as  described  above.  The 

remaining analyses were performed in the IPython  [18] environment using the SciPy (v. 0.18.1) 

[19] and  statsmodels  packages  (v.  0.61).  Difference  between  groups  was  assessed  by one-way 

analysis of variance. Significance was set at the 5% level. Data are presented as mean ± SEM.
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RESULTS

Characterization of disease stages

Figure 1.  Experimental overview.  The arrows (upper part) indicate the different time points when 

analyses (lower left) were performed.

In order to profile miRNA expression in urine from  dy2J/dy2J mice at  asymptomatic,  initial  and 

established stages of the disease, we first assessed body weight, muscle function, muscle histology, 

and creatine kinase levels in three-, four- and six-week-old dy2J/dy2J and wild-type (WT) littermate 

mice (Figure 1). Independent of age,  dy2J/dy2J male mice weighed less than wild-type mice. This 

reduction in body weight was only significant at six weeks of age among female  dy2J/dy2J mice 

(Figure 2A).  Grip  strength to  body weight  ratio  is  an indicator  of  muscle  function  that  allows 

comparison of animals with different body weights. It is also an indicator of muscle mass change as 

skeletal muscle is the main tissue that produces force. At three weeks of age there was no difference 

in normalised grip strength, indicating no functional decline at this age, which is in accordance with 

the lack of overt symptoms (Figure 2B). At four and six weeks of age the dy2J/dy2J groups had lower 

normalised grip strength (Figure 2B). A similar result was found by McKee et al. (2017), where 

dy2J/dy2J mice had similar normalised forelimb grip-strength to wild-type mice at 3 weeks of age, 

with a sharp decline thereafter [20].

Figure 2. Male dy2J/dy2J  mice weight less than WT and display impaired muscle function. A: Body 

weight  for males  and females  WT and  dy2J/dy2J;  B:  Normalised grip strength at  indicated time 

points. * p < 0.05, ** p < 0.01, *** p < 0.001.

In order to assess if impaired muscle function was reflected by abnormal histology, we inspected 

haematoxylin-eosin and picro-sirius red/fast green stained sections. We found that the first visual 

signs  of  muscle  pathology  appeared  at  four  weeks  of  age  and  two  weeks  later  the  diseased 

phenotype was evident (Figure 3A). The only indication of disease at 3 weeks of age was a low 

degree of inflammation (data not shown). Central nucleation was measured as an index of muscle 

regeneration.  At  three  weeks  of  age  we did  not  observe  any signs  of  regeneration  in  dy2J/dy2J 

muscle.  However,  at  subsequent  time  points  there  was  a  dramatic  increase  in  the  number  of 

regenerating  fibres  in  dy2J/dy2J muscle  (Figure  3B). A hallmark  of  muscular  dystrophies  is  the 

progressive replacement of skeletal muscle by fibrous tissue. At three and four weeks of age, there 
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was no difference in collagen content (assessed by picro-sirius red absorbance) between  dy2J/dy2J 

and wild-type muscle (Figure 3, C and D). However, at six weeks of age there was a significant 

increase in collagen content in dy2J/dy2J muscle (Figure 3, C and D). 

CK, a classical biomarker for skeletal muscle disease, was elevated in  dy2J/dy2J serum  at all time 

points (Figure 3E). Furthermore, CK levels in dy2J/dy2J serum did not differ between three and six 

weeks of age (not shown). 

Figure  3: Progressive muscle deterioration and collagen accumulation as evidenced by histology 

and CK concentration. A: Haematoxylin and eosin staining; B: Central nucleation quantification (as 

percentage of fibres with central nuclei); C: Fast green/sirius red staining: collagen is coloured red; 

D:  Quantification of collagen as percentage  of total protein;  E: CK.  Scale bars = 100 µm; * p < 

0.05, ** p < 0.01, *** p < 0.001.

In summary, these data revealed that there are no signs of pathology in three-week-old  dy2J/dy2J 

mice, but subsequently a gradual disease progression occurs. Hence, we decided to profile urine 

miRNAs in three-, four- and six-week-old animals.

MiRNA profiling in urine

We detected more than 700 miRNAs in mouse urine at each time point: 773 at three weeks, 764 at  

four weeks and 703 at  six weeks of age.  Among these,  the number of  differentially  expressed 

miRNAs also varied. Five, 18 and 17 miRNAs, respectively, were differentially expressed at three, 

four and six weeks of age (Table 1, supplemental figures).  We also found that distinct miRNA 

profiles were associated with each time point, i.e. there was minimal overlap between differentially 

expressed  miRNAs  at  three,  four  and  six  weeks  of  age.  Only  miR-1957a  and  miR-675  were 

differentially  expressed  both  at  three  and  six  weeks  of  age,  and  miR-181  was  differentially 

expressed at four and six weeks of age. However, miRNA-181 was down-regulated at four weeks 

but up-regulated at six weeks of age (Table 1). Furthermore, we found that myomiRs (miR-1, miR-

133  and  miR-206)  and  muscle-enriched  miRNAs  (miR-181a  and  miR-486)  dominate  the 

differentially expressed miRNA panel at six weeks of age.
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DISCUSSION

For the past couple of decades miRNAs have been extensively studied for their biomarker potential. 

However, most investigations use biopsies or blood samples for this purpose, which are invasive. 

CK  assessment  (along  with  morphological  analysis)  is  often  part  of  the  standard  diagnostic 

protocols for muscle wasting diseases. The reliability of this method has long been questioned as 

CK is responsive to age, sex, stress, physical exertion and diet  [3]. It is largely a binary analysis, 

indicating recent muscle damage but not cause or severity. Here, we show that CK measurement 

cannot be used to distinguish disease severity as it was elevated in dy2J/dy2J mice already from three 

weeks onwards. Furthermore, CK levels did not differ between three- and six-week-old  dy2J/dy2J 

mice. We also observed higher variability in the diseased group compared to controls, making it 

difficult to establish a cut-off value. Considering the aforementioned limitations, we have opted for 

a less invasive intervention and profiled miRNAs in urine from a LAMA2-CMD mouse model at 

three distinct time points (asymptomatic, initial symptoms and established disease). We found that 

distinct miRNA profiles are associated with each time point. Specifically, we demonstrated that: 1) 

Some miRNAs are  differentially  expressed  in  urine  from  dy2J/dy2J mice  at  three  weeks  of  age 

although skeletal muscles appear histologically and functionally normal at that age with no obvious 

signs of muscle regeneration or fibrosis; 2) The highest number of differentially expressed miRNAs 

is seen in urine from four-week-old dy2J/dy2J mice, a time point when these mice display dystrophic 

characteristics including increased myofibre regeneration (but no fibrosis) and functional decline, 

and  finally:  3)  Differentially  expressed  miRNAs  in  urine  from  six-week-old  animals  are 

predominantly  myomiRs  (i.e.  miRNAs  that  are  specific  for  or  enriched  in  skeletal  muscle) 

corresponding to fully developed muscle pathology with a high degree of muscle fibre regeneration 

and fibrosis. Thus, we suggest that urine miRNAs can be sensitive biomarkers for different stages of 

LAMA2-CMD. 

Our analysis showed that at three weeks of age the miRNA with the largest fold change is miR-675-

3p, followed closely by its -5p counterpart. Both miRNA are derived from exon 1 of the long non-

coding RNA H19. H19 is highly expressed during embryonic phases but strongly repressed after 

birth, with significant expression remaining only in skeletal and cardiac muscle [21; 22]. H19 acts 

through  miR-675  to  influence  regeneration  and  differentiation  [21-23].  miR-15b  was  down-

regulated in myasthenia gravis patients and was found to regulate IL-15 expression in a mouse 

model  of  the  disease  [8].  It  also  stimulated  cardiomyocyte  apoptosis  in  response  to 

ischaemia/reperfusion injury [24].
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The highest number of differentially expressed miRNAs was found at four weeks of age and it is 

the only time point with down-regulated miRNAs. It is also the first time point with a differentially 

expressed muscle-enriched miRNA, i.e.  miR-181a-1 and miR-181a-2,  both of which are down-

regulated at  four weeks of age.  Mir-181a was previously associated with the degree of muscle 

wasting following high-risk cardiothoracic surgery, with a high predictive value of 91%, despite 

some limitations in study design and low sensitivity (56%) [9]. Apart from being a myomiR, miR-

181a is also one of the mitochondria-associated miRNAs, also called mitomiRs. They bind to the 

mitochondrial  outer  membrane  to  regulate  its  metabolism,  gene  expression  and  function  [25]. 

Besides taking part in energy metabolism, mitochondria also have prominent roles in cell longevity 

and apoptosis.  In line with this our group has previously shown that most differentially expressed 

proteins  in  dy3K/dy3K (a  severely  affected  LAMA2-CMD mouse  model)  muscle  are  coupled  to 

energy and calcium metabolism/signalling [26]. The most up-regulated miRNA at four weeks of age 

was miR-495, which is also up-regulated in various cardiac diseases, including cardiomyopathies 

associated with muscular dystrophies  [27]. Another differentially expressed miRNA involved in 

cardiopathy is miR-154, which is associated with increased fibrosis and reduced apoptosis  [28]. 

With an almost 6-fold increased expression in dystrophic muscle, miR-182 is involved in skeletal 

muscle atrophy [29], myocardial hypertrophy [30], muscle glucose utilisation [31] and the response 

to hormone replacement therapy in women  [32]. The most down-regulated miRNA at this time 

point was miR-155. It  was reported to be involved in various processes in skeletal  and cardiac 

muscle,  such as  pathological  cardiac  hypertrophy  [33],  skeletal  muscle  differentiation  [34] and 

regeneration  [35].  Moreover,  miR-155 regulates  macrophage transition  from a  pro-  to  an  anti-

inflammatory state in skeletal muscle [35], which is an important step in muscle regeneration.

At six weeks of age myomiRs dominate the differentially expressed miRNA panel. It may suggest 

that compensatory mechanisms are at play and degeneration/regeneration cycles are intensified. Our 

lab has previously shown that miR-1, miR-133 and miR-206 are altered in quadriceps and plasma of 

dy2J/dy2J and  dy3K/dy3K mice [6]. Levels of miR-1 and miR-133 changed in opposite directions in 

muscle  and  plasma,  i.e.  both  were  down-regulated  in  quadriceps  whilst  up-regulated  in  blood 

plasma. MiR-206 was up-regulated in both muscle and plasma. MiR-1 and miR-133 are involved in 

differentiation and proliferation, respectively [31-33]. MiR-206 on the other hand seems to be an 

important hub in gene networks in skeletal muscle given its involvement in fundamental processes 

such as muscle cell differentiation [32; 34] and regeneration [35]. Interestingly, work by Böttger et 

al. [36]  presented evidence that the miR-206/133b cluster is in fact dispensable for skeletal muscle 

development and regeneration. MiR-486, a muscle-enriched miRNA, is also involved in various 

processes relevant for LAMA2-CMD. Hitachi et al.  [37]  showed that myostatin, a well-known 
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negative regulator of muscle mass, acts via miR-486 to regulate the IGF-1/Akt/mTOR pathway; 

others have found similar results  [38; 39]. MiR-486 also affects myoblast differentiation along with 

miR-206 [34]. One of the most interesting findings at six weeks of age is that miR-181a is up-

regulated, given that it was down-regulated at four weeks. This makes it an interesting target for  

further  investigation,  coupled  with  its  purported  role  in  ageing,  inflammation,  and muscle  and 

mitochondrial metabolism. Validating its targets in skeletal muscle would provide valuable insight 

into its function in this tissue.

Despite our interesting findings care must be taken when interpreting NGS results. NGS library 

preparation is  known to induce biases that may favour certain sequences and thus compromise 

further  analyses.  For  this  reason,  ideally,  biomarkers  should  be  validated  with  an  orthogonal 

method, such as qPCR for example. We must also bear in mind that the clinical reality is quite 

different  from a  laboratory  one.  Our  mice  had  standardised  housing,  diet,  light-cycle,  genetic 

background, etc., all of which differ amongst patients. Future work with clinical samples will have 

to deal with much higher data variability. Considering the low incidence of LAMA2-CMD it will be 

very difficult to run clinical trials with age- and sex-matched subjects. One of our goals was to 

match disease severity to miRNA profile. In the clinical setting this goal is likely to be hampered by 

the lack of standardised clinical outcomes for muscular dystrophies, another limitation in the field.

In summary,  we were  able  to  follow disease  progression  in  LAMA2-CMD by analysing  three 

distinct  time  points.  Three-week-old  dy2J/dy2J muscle  appears  histologically  normal  with  no 

functional  deficit.  Yet,  CK is  elevated and a  few miRNAs are differentially  expressed.  At  four 

weeks of age, muscles are histologically abnormal and show increased regeneration and functional 

decline (but no fibrosis). CK is increased and several differentially expressed miRNAs are detected. 

Finally, six-week-old  dy2J/dy2J muscle displays histological and functional impairment along with 

increased CK and the differentially expressed myomiRs. To our knowledge, this is the first time 

urine miRNAs are profiled in muscular dystrophy. We would like to propose that miRNAs have the 

potential to distinguish disease stages and should be further investigated as biomarkers for LAMA2-

CMD.
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TABLES

Table 1

mirna log2FoldChange padj time
mmu-miR-675-3p 4.4063 0.0005 3wk
mmu-miR-675-5p 4.1857 0.0003 3wk
mmu-miR-1957a 2.9201 0.0022 3wk
mmu-miR-15b-5p 2.4532 0.0001 3wk
mmu-miR-320-5p 2.4024 0.0063 3wk
mmu-miR-495-3p 3.8713 0.0052 4wk
mmu-miR-369-3p 3.6786 0.0108 4wk
mmu-miR-337-3p 3.6545 0.0028 4wk
mmu-miR-154-3p 3.6308 0.0028 4wk
mmu-miR-376b-3p 2.9790 0.0028 4wk
mmu-miR-182-5p 2.7268 0.0031 4wk
mmu-miR-127-3p 2.7131 0.0489 4wk
mmu-miR-148a-3p 2.5092 0.0028 4wk
mmu-miR-31-5p 2.1256 0.0012 4wk

mmu-miR-1839-5p 1.8521 0.0167 4wk
mmu-miR-21a-5p 1.3860 0.0108 4wk
mmu-miR-155-5p -2.4041 0.0389 4wk
mmu-miR-615-3p -2.1658 0.0028 4wk
mmu-miR-204-5p -1.7558 0.0389 4wk
mmu-miR-187-3p -1.7246 0.0477 4wk

mmu-miR-181a-1-5p -1.3911 0.0389 4wk
mmu-miR-181a-2-5p -1.3911 0.0389 4wk

mmu-miR-378c -1.1433 0.0389 4wk
mmu-miR-486a-5p 4.7623 0.0002 6wk
mmu-miR-486b-5p 4.7524 0.0002 6wk

mmu-miR-5108 4.5049 0.0076 6wk
mmu-miR-206-3p 4.1917 0.0031 6wk
mmu-miR-8101 4.0483 0.0127 6wk

mmu-miR-675-5p 3.9570 0.0031 6wk
mmu-miR-133b-3p 3.7315 0.0221 6wk
mmu-miR-1a-2-3p 3.5710 0.0103 6wk
mmu-miR-1a-1-3p 3.5710 0.0103 6wk

mmu-miR-133a-1-3p 2.8598 0.0103 6wk
mmu-miR-133a-2-3p 2.8598 0.0103 6wk

mmu-miR-1957a 2.5676 0.0401 6wk
mmu-miR-5100 1.9848 0.0127 6wk

mmu-miR-7a-2-5p 1.7627 0.0204 6wk
mmu-miR-7a-1-5p 1.7603 0.0204 6wk

mmu-miR-181a-1-5p 1.5137 0.0190 6wk
mmu-miR-181a-2-5p 1.5137 0.0190 6wk

Table  1. Differentially  expressed  miRNAs at  the  selected  time  points.  Adjusted  p  <  0.05  and 

log2FoldChange > 1.
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FIGURE LEGENDS

Fig1.  Experimental  overview.  The  arrows  (upper  part)  indicate  the  different  time  points  when 

analyses (lower left) were performed.

Fig2. Male dy /dy mice weight less than WT and display impaired muscle function. A: Body weight 

for males and females WT and dy /dy ; B: Normalised grip strength at indicated time points. * p < 

0.05, ** p < 0.01, *** p < 0.001.

Fig3. Progressive muscle deterioration and collagen accumulation as evidenced by histology and 

CK concentration.  A: Haematoxylin and eosin staining; B: Central  nucleation quantification (as 

percentage of fibres with central nuclei); C: Fast green/sirius red staining: collagen is coloured red; 

D: Quantification of collagen as percentage of total protein; E: CK. Scale bars = 100 μm; * p <m; * p < 

0.05, ** p < 0.01, *** p < 0.001.

Sup1. Diagnostic plots: principal component analysis (PCA) shows how well samples group based 

on global gene expression; heatmaps are color-coded values from an expression matrix, which may 

or may not include all the genes. A: PCA of three-week-old samples; B: Heatmap of the 20 mostly 

expressed miRNAs at three weeks of age; C: Heatmap of differentially expressed miRNAs at three 

weeks of age.

Sup2. A: PCA of four-week-old samples; B: Heatmap of the 20 mostly expressed miRNAs at four 

weeks of age; C: Heatmap of differentially expressed miRNAs at four weeks of age.

Sup3. A: PCA of six-week-old samples; B: Heatmap of the 20 mostly expressed miRNAs at six 

weeks of age; C: Heatmap of differentially expressed miRNAs at six weeks of age.
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Congenital muscular dystrophy with laminin α2 chain-deficiency (LAMA2-CMD) is a severe 

muscle disorder with complex underlying pathogenesis. We have previously employed 

profiling techniques to elucidate molecular patterns and demonstrated significant metabolic 

impairment in skeletal muscle from LAMA2-CMD patients and mouse models. Thus, we 

hypothesize that skeletal muscle metabolism may be a promising pharmacological target to 

improve muscle function in LAMA2-CMD. Here, we have investigated whether the 

multifunctional medication metformin could be used to reduce disease in the dy2J/dy2J 

mouse model of LAMA2-CMD. First, we show gender disparity for several pathological 

hallmarks of LAMA2-CMD. Second, we demonstrate that metformin treatment significantly 

increases weight gain and energy efficiency, enhances muscle function and improves skeletal 

muscle histology in female dy2J/dy2J mice (and to a lesser extent in dy2J/dy2J males). Thus, our 

current data suggest that metformin may be a potential future supportive treatment that 

improves many of the pathological characteristics of LAMA2-CMD. 
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INTRODUCTION 

Mutations in the LAMA2 gene encoding laminin α2 chain cause congenital muscular 

dystrophy with laminin α2 chain-deficiency (LAMA2-CMD), a very severe muscle disorder. 

Under normal conditions, laminin α2 chain forms the heterotrimeric protein laminin-211 

(together with laminin β1 and γ1 chains) and this extracellular matrix protein is highly 

expressed in the basement membranes of muscle and Schwann cells. Laminin α2 chain is 

either completely or partially absent in LAMA2-CMD and the clinical manifestations include 

profound hypotonia at birth, widespread muscle weakness, proximal joint contractures, 

inability to stand and walk, scoliosis, dysmyelinating neuropathy and white matter 

abnormalities 1. At the histological level the skeletal muscle pathology comprises muscle 

fiber size variation, the presence of regenerating and necrotic fibers, vast inflammation and 

extensive proliferation of connective tissue 2.  

In order to obtain novel insights into the molecular mechanisms underlying LAMA2-CMD, we 

previously performed transcriptional and proteomic profiling of affected skeletal muscles 

from LAMA2-CMD mice. A majority of the differentially expressed genes and proteins were 

found to be involved in various metabolic processes 3,4. Subsequently, we demonstrated 

functional bioenergetic impairment, with decreased PGC-1α expression, reduced 

mitochondrial respiration and a compensatory upregulation of glycolysis in human LAMA2-

CMD muscle cells 5. Thus, from these studies, we concluded that skeletal muscle metabolism 

may be a promising pharmacological target to improve muscle function in LAMA2-CMD 

patients. 

Metformin, a biguanide derived from Galega officinalis, has been used for more than 50 

years to treat type II diabetes 6. Despite long clinical use, its mechanisms of action still 
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remain obscure but several studies have demonstrated the effectiveness of metformin in 

skeletal muscle. For example, it was recently demonstrated that six weeks of metformin 

treatment increased expression of non-metabolic and metabolic-related genes in adipose 

and muscle tissue in old humans 7. Furthermore, positive non-metabolic effects in exercised 

mdx mice (a mouse model of Duchenne muscular dystrophy) were observed after 20 weeks 

of metformin treatment, with improved skeletal muscle histopathology and force 8. 

Moreover, metformin has been shown to protect skeletal muscle from cardiotoxin-induced 

degeneration 9, increase physical performance in sedentary mice 10 and enhance PGC-1α in 

dystrophin-deficient mdx muscle 11. Also, an open-label proof-of-concept study 

demonstrated improved muscle function in four out of five ambulatory Duchenne muscular 

dystrophy patients treated with L-arginine and metformin 12. Therefore, we reasoned that 

metformin might improve muscle function and delay disease progression in LAMA2-CMD. 

Hence, in this study, we have treated dy2J/dy2J mice with metformin. Dy2J/dy2J mice exhibit a 

mutation in the N-terminal domain of laminin α2 chain  causing a laminin polymerization 

defect and a slight reduction of laminin α2 chain expression 13. Consequently, dy2J/dy2J mice 

present a relatively mild muscular dystrophy with the first symptoms appearing at around 3-

4 weeks of age and dy2J/dy2J mice typically live more than 6 months 2,13,14. We demonstrate 

that dy2J/dy2J mice treated with metformin display improved muscle structure and function. 

Importantly, we also analyzed the gender factor in the progression of the disease and 

demonstrate sex differences. 
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RESULTS 

Weight gain differences in male and female dy2J/dy2J mice 

To analyze the gender factor in the progression of the disease, males and females were 

separated in WT and dy2J/dy2J groups. As expected, the initial body weight was significantly 

different between males and females in both WT and dy2J/dy2J groups (Fig. 1). The same 

trend was observed for the final body weight, with gender and disease significantly different 

when analyzed by two-way ANOVA (Figure 1). Notably, male dy2J/dy2J mice displayed similar 

weights as female WT mice (Figure 1). When weight gain was compared between dy2J/dy2J 

males and females, we noted that dy2J/dy2J males gain around 85% more weight than 

dy2J/dy2J females (Figure 1). Bearing this data in mind, metformin treatment was performed 

in males and females separately.  

 

Metformin treatment increases water intake and weight gain in female dy2J/dy2mice 

We treated mice with metformin (250 mg/kg, daily oral gavage) during four weeks. The dose 

was chosen based on a small pilot study in which metformin at 100 mg/kg (daily oral gavage 

for four weeks) enhanced grip strength in female dy2J/dy2J mice but the increase was not 

statistically different from untreated dy2J/dy2J mice (data not shown). 

We first assessed the effects of metformin administration on water intake, food intake and 

weight gain. In dy2J/dy2J females, we observed a 34% reduction of water intake compared 

with WT females (Figure 2). In contrast, water intake was not significantly different between 

dy2J/dy2J and WT males (Figure 2). Interestingly, metformin treatment slightly increased 

water intake in dy2J/dy2J females and also in WT males (Figure 2). Food intake was not 
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significantly different between WT and dy2J/dy2J mice, neither in males nor in females and 

metformin did not alter food intake in any of the groups (Figure 2). 

An 87% reduction in weight gain was observed in dy2J/dy2J females when compared with WT 

females whereas the reduction in males was around 54% (Figure 2). Metformin treatment 

had a positive effect in both dy2J/dy2J females and males, but was more explicit in dy2J/dy2J 

females, with levels statistically indistinguishable from those of WT mice (Figure 2). 

Accordingly, energy efficiency (calculated based on the weight gain and energy intake along 

the experimental period 15) was positively affected by metformin with a six-fold increase 

(statistically significant) in dy2J/dy2 females and a 1.7-fold increase (non-significant) in 

dy2J/dy2J males (Figure 2). 

 

Metformin treatment does not enhance muscle weight but augments grip strength in 

female dy2J/dy2J mice 

Next, we evaluated if the weight gain was associated with larger skeletal muscles in 

metformin-treated dy2J/dy2J mice. A significant decrease in the weight of gastrocnemius 

(41% in females and 38% in males), tibialis anterior (23% in females and 36% in males) and 

quadriceps (30% in females and 37% in males) was seen in dy2J/dy2J mice (Figure 3). Also, 

heart weight was declined in dy2J/dy2J mice (32% in females and 14% in males). In contrast, 

there was no difference in the weight of dy2J/dy2J soleus muscle (neither in males nor 

females) compared to WT soleus. However, metformin treatment had no major effect in 

improving muscle mass in female and male dy2J/dy2J mice (Figure 3), except for a slightly 

increased heart weight in dy2J/dy2J females. Yet, metformin significantly enhanced grip 

strength in dy2J/dy2J mice. Grip strength was significantly reduced (about 70%) in dy2J/dy2J 
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females compared to WT females and metformin treatment approximately doubled the 

muscle strength (Figure 4). Following this pattern, a 30% decrease in grip strength was 

observed in dy2J/dy2J males when compared with WT (but this reduction was not statistically 

different). Furthermore, metformin treatment marginally improved grip strength in both WT 

and dy2J/dy2J males (but again, the increase was not statistically different).  

Parameters such as exploratory locomotion and stand-ups were evaluated but metformin 

did not confer any beneficial effect in dy2J/dy2J females or males (data not shown).  

 

Skeletal muscle histology is improved in female dy2J/dy2J mice 

A microscopic evaluation of H&E-stained quadriceps sections revealed typical muscular 

dystrophy characteristics with fiber degeneration/regeneration (evidenced by central 

nucleation) and fiber size variability in dy2J/dy2J mice (Figure 5). Central nucleation was 

significantly amplified in both dy2J/dy2J females and males and metformin treatment reduced 

the number of fibers with centrally located nuclei to levels statistically indiscernible from 

those of WT mice (Figure 5). In dy2J/dy2J female muscle, the percentage of fibers with cross 

sectional areas in the range of 500 to 1000 mm2 was increased compared to WT 

counterparts. In contrast, the percentage of fibers between 2000 to 2500 mm2 was 

decreased (Figure 5). A similar trend was noted in male dy2J/dy2J muscle but the differences 

were not statistically significant (Figure 5). Notably, metformin treatment caused a shift of 

fiber-size distribution and normalized the fiber size and proportion in dy2J/dy2J females 

(Figure 5) whereas metformin did not affect fiber-size distribution in dy2J/dy2J males (Figure 

5). 
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To analyze whether metformin-treatment affected fiber type composition, we analyzed the 

expression of skeletal muscle slow myosin.  The number of fibers with positive staining was 

reduced in dy2J/dy2J mice (both females and males) compared to WT and metformin seemed 

to increase the percentage of positive slow fibers in both WT and dy2J/dy2J animals. 

However, there were no significant differences between any four studied groups (Figure 6).  

 

Metformin treatment enhances the weight of white adipose tissue in dy2J/dy2J mice 

Finally, to investigate whether metformin influenced non-muscle organs we analyzed the 

weights of white adipose tissue, brown adipose tissue, liver, spleen and kidney. In dy2J/dy2J 

mice we noted a 54% and 60% decrease of white adipose tissue weight in males and 

females, respectively, and metformin treatment enhanced dy2J/dy2J white adipose tissue 

weight in both females and males but did not impact WT white adipose tissue weight (Figure 

7). The weight of brown adipose tissue was not affected in dy2J/dy2J females but was 

significantly reduced in dy2J/dy2J males. Metformin did not alter the weight of brown adipose 

tissue in female mice but marginally increased the brown adipose tissue weight in dy2J/dy2J 

males (Figure 7). Neither liver nor kidney weights were affected in dy2J/dy2J females and 

males. Spleen weight, on the other hand, was reduced by 20% in dy2J/dy2J females (a non-

significant reduction was also noted in dy2J/dy2Jmales) and metformin slightly increased 

spleen weight in dy2J/dy2J females (Figure 7). 
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DISCUSSION 

LAMA2-CMD, the second-most common form of congenital muscular dystrophy, remains 

incurable despite the development of successful genetic and pharmacological preclinical 

treatment strategies 1,2. Metformin is FDA approved for treatment of type II diabetes in 

children over 10 years of age but is also used off-label to treat obesity in adolescents 16. In 

this study, we show that metformin enhances weight gain, restores energy efficiency, 

augments muscle function and improves morphological features of muscular dystrophy in 

dy2J/dy2J females (and to a lesser extent in dy2J/dy2J males). Some features were not 

improved, such as exploratory locomotion and stand-ups but this may be due to the fact 

that metformin only had little effect on hindleg lameness. Peripheral neuropathy is 

particularly evident in dy2J/dy2J mice but is not a clinical manifestation in patients 17. Another 

therapeutic candidate for LAMA2-CMD is losartan that was demonstrated to confer clinical 

improvement and reduce fibrosis in the dy2J/dy2J mouse model 18. The anti-apoptotic 

compound omigapil also provided beneficial effects in dy2J/dy2J mice 19 as well as in the 

dyW/dyW mouse 20 (another mouse model of LAMA2-CMD). Losartan and omigapil are 

expected to target fibrosis and apoptosis, respectively, but neither compound has been 

shown to regulate metabolism, which is significantly altered in LAMA2-CMD as well as in 

other muscular dystrophies 5,21,22. 

Metformin has been described to control metabolism, for example by decreasing 

lipogenesis and gluconeogenesis and modulating mitochondrial function 23. Studies 

demonstrate that metformin increases healthspan and lifespan in mice 24 and in elderly 

patients, improving glucose tolerance and regulating expression not only of metabolic genes 

but also collagen and DNA repair-related-genes in muscle and adipose tissue 7. Moreover, it 
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was recently described that metformin treatment attenuated fibrosis and insulin resistance 

in adipose tissue caused by doxorubicin treatment in rats 25. In skeletal muscle, metformin 

treatment improved the oxidative metabolism in gastrocnemius muscle from mice and 

reduced muscle injury induced by cardiotoxin 9. In the same study, reduction of cell damage 

and necrosis was demonstrated in vitro using C2C12 myotubes subjected to metformin 

treatment 9. Finally, in tumor-bearing animals metformin was shown to increase protein 

synthesis and reduces protein degradation in gastrocnemius muscle 26. It is tempting to 

speculate that metformin improves oxidative metabolism, which is significantly impaired in 

LAMA2-CMD cells 5. On the other hand, while metformin conferred positive effects in mdx 

skeletal muscle, no clear protective actions on dystrophic metabolism were observed 8. 

Hence, the mechanisms of metformin action in dy2J/dy2J mice are still to be clarified. Yet, it is 

interesting to note that another compound (N-acetyl-cysteine), which affects metabolism by 

reducing the formation of reactive oxygen species that may arise through insufficient 

mitochondrial respiration, also improves muscle function and structure in dy2J/dy2J mice 

(Harandi et al., unpublished data). Nevertheless, there are some other limitations of this 

study. For example, treatment was initiated at 6-weeks of age when muscle impairment is 

already readily detected in dy2J/dy2J mice 14. It would be interesting to start metformin 

treatment sooner and continue over a longer period of time (as no overt side effects of 

metformin were noted). Moreover, we have only analysed histology of one skeletal muscle 

(quadriceps). 

 

It is well known that gender affects a wide variety of physiological functions including 

cardiovascular and autoimmune systems and influences a broad range of diseases such as 
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gastrointestinal, liver, kidney, endocrine, blood and neurological disorders. Moreover, 

gender also impacts pharmacokinetics and pharmacodynamics  27. Duchenne muscular 

dystrophy is an X-linked recessive muscular dystrophy, thus affecting only boys, but apart 

from gender differences due to the genetic inheritance pattern, there is only little data 

available regarding gender differences in disease progression of muscular dystrophy 28-30. 

Bearing this in mind, we monitored the disease progression during four weeks in 6-week-old 

dy2J/dy2J females and males. We found several important gender differences (at least in this 

age range). Weight gain was lower in dy2J/dy2J female mice compared to dy2J/dy2J males; 

water intake was significantly reduced in dy2J/dy2J females compared to WT females (not in 

corresponding males); a larger decrease of relative grip strength was noted in dy2J/dy2J 

females compared to dy2J/dy2J males and the shift in fiber size distribution was much more 

pronounced in dy2J/dy2J females compared to males. Thus, to our knowledge, this is the first 

time gender differences are reported in LAMA2-CMD.  

 

In conclusion, this study shows that metformin treatment significantly reduces muscular 

dystrophy in dy2J/dy2J females. Importantly, metformin is already approved for use in 

humans, which is advantageous from a clinical point of view. Nevertheless, metformin 

treatment does not target the primary genetic defect and is not expected to completely cure 

LAMA2-CMD. Yet, metformin could be used as a supportive treatment that may improve 

many of the pathological symptoms in LAMA2-CMD. 
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MATERIALS AND METHODS 

Animals 

Heterozygous dy2J/dy2J (B6.WK-Lama2dy-2J/J) were obtained from Jackson Laboratory and 

bred and maintained in our animal facility according to institutional animal care guidelines. 

All experimental procedures involving animals were approved by the Malmö/Lund (Sweden) 

ethical committee for animal research (ethical permit number 5.8.18-02255/2017) in 

accordance with guidelines issues by the Swedish Board of Agriculture. The animals were 

maintained at 22 ± 2°C with a regular light-dark cycle (light on from 6:00 am to 6:00 pm) and 

had free access to food and water. The diet consisted of 51.2% carbohydrate, 22% protein 

and 4.25% fat (Special Diet Services). Six-week-old mice were separated according to gender 

and into wild-type (WT) and dystrophic (dy2J/dy2J) groups and further subdivided into WT 

control, WT metformin-treated, dy2J/dy2J control and dy2J/dy2J metformin-treated.  

 

Treatment 

Metformin (CAS 1115-70-4, Calbiochem) diluted in filtered water was administrated by oral 

gavage once a day at 250 mg/kg body weight during four weeks. Control animals received 

filtered water by oral gavage. Initial and final bodyweight and weight gain were analyzed. 

Food and water intake were estimated twice-a-week (by weight measurements). The energy 

efficiency ratio was calculated as the weight gain (g) during the experimental period divided 

by the cumulative energy intake over the same period (kcal), according to Jung et al. 15.  

 

Locomotor activity and grip strength 

After four weeks of treatment, animals were subjected to exploratory locomotion testing 
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and grip strength analysis. Exploratory locomotion was evaluated in an open-field test, as 

previously described 31. In each experiment, a mouse was placed into a new cage and 

allowed to explore the cage for five minutes. The time that the mouse spent moving around 

was measured, as well as number of stand-ups on hindlimbs.  

Forelimb grip strength was measured using a grip-strength meter (Columbus Instruments) as 

previously described 31. In brief, the mouse was held by the base of the tail and allowed to 

grasp the flat wire mesh of the pull bar with its forepaws. When the mouse got a good grip, 

it was slowly pulled away by its tail until it released the pull bar. Each mouse was allowed to 

pull the pull bar five times. The two lowest values were rejected and the mean of the three 

remaining values was counted. Animals were not subjected to any training prior to the 

experiment. Grip strength was calculated as force divided by final body weight 32. 

 

Tissue collection 

Mice were sacrificed by cervical dislocation. Tissues were rapidly excised, carefully dissected, 

and weighed. Skeletal muscles isolated were soleus, gastrocnemius, tibialis anterior and 

quadriceps. Heart, white adipose tissue (perigenital), brown adipose tissue (intercostal), 

liver, spleen and kidney were isolated and weighed as well. 

 

Histology and immunohistochemistry  

For morphometric analyses, quadriceps muscles were either embedded in OCT compound 

(Tissue-Tek) and frozen in liquid nitrogen or embedded in paraffin. Paraffin-embedded 

specimens were sectioned using a microtome (5 μm) (Microm H355) and OCT embedded 

sections were sectioned using a cryostat (7 μm) (Microm HM 560). Paraffin sections were 
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stained with hematoxylin and eosin (H&E) staining and cryosections were subjected to 

immunostaining (see further down). H&E stained sections were scanned using an Aperio 

ScanScope CS2 scanner with ScanScope console version 8.2.0.1263. Central nucleation was 

quantified using ImageJ software version 1.43u, Cell Counter plug-in (NIH). The whole 

quadriceps cross-section muscle was used for quantification and the percentage of central 

nuclei was subsequently calculated. The fiber area of biotinylated wheat germ agglutinin 

(WGA) stained muscle fibers was measured and quantified using Adobe Photoshop CS5 

extended version (Adobe System) and ImageJ.  

Immunohistochemistry was performed as previously described 33 using a monoclonal 

antibody against anti-myosin (skeletal, slow; M8421, Sigma Aldrich). In addition, biotinylated 

WGA was used as a membrane marker. The secondary antibody was goat anti-mouse IgG 

546 (Thermo Fisher Scientific) together with avidin. The slides were analyzed by Zeiss 

Axioplan fluorescence microscope (Zeiss) and images were captured using an ORCA 1394 ER 

digital camera (Hamamatsu Photonics) and Openlab software version 4 (Improvision). The 

whole quadriceps cross-section muscle was used for quantification and the percentage of 

fibers with positive staining of type I slow fibers was subsequently calculated.  

 

Statistical analysis 

All data are shown as mean ± S.E.M. Statistical analysis of the data was performed by means 

of two-way analysis of variance (ANOVA) with Bonferroni post hoc test for comparison of 

gender and disease effect and one-way analysis of variance (ANOVA) with Bonferroni post 

hoc test for comparison of treatment effect. p<0.05 values were considered as significant. 
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FIGURE LEGENDS 

Figure 1. Differences between males and females in disease progression. Body weights were 

recorded when the animals were 6-weeks-old and monitored during four weeks. Results are 

expressed as mean ± SEM in 13 WT males, 10 WT females, 4 dy2J/dy2J males and 6 dy2J/dy2J 

females. Initial body weight (IBW) and final body weight (FBW) values are significantly 

different by two-way ANOVA for disease and gender both with p<0.0001. Weight gain values 

are significantly different by two-way ANOVA for disease (p<0.01) and gender (p<0.001). 

Letters a, b and c were used to express the differences among groups and columns with the 

same letter are not significantly different.  

 

Figure 2. Differences between males and females in disease progression and response to 

metformin treatment. Water intake is expressed in milliliter (mL) and food intake in grams. 

The measurements refer to ingestion during the period of treatment. Weight gain is 

expressed in grams. Energy efficiency is expressed in percentage comparative to WT control 

group, which is considered 100% efficient. WT control: females=7, males=13; WT metformin: 

females=10, males=6; dy2J/dy2J control: females=5, males=4; dy2J/dy2J metformin: females=5, 

males=5. Results are expressed as mean ± SEM. Statistical significance was assessed by one-

way ANOVA followed by Bonferroni post hoc test. p<0.05 values were considered as 

statistically significantly different. Letters a, b and c were used to express the differences 

among groups and columns with the same letter are not significantly different.  
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Figure 3. Muscle and heart weights. Values are expressed in grams (weights collected after 

four weeks of treatment). WT control: females=7, males=13; WT metformin: females=10, 

males=6; dy2J/dy2J control: females=5, males=4; dy2J/dy2J metformin: females=5, males=5. 

Results are expressed as mean ± SEM. Statistical significance was assessed by one-way 

ANOVA followed by Bonferroni post hoc test. p<0.05 values were considered as statistically 

significantly different. Letters a, b and c were used to express the differences among groups 

and columns with the same letter are not significantly different.  

 

Figure 4. Relative forelimb grip strength. Calculations were done as force (KgF) divided by 

final body weight in grams. Results are expressed as % relative grip strength. WT control: 

females=7, males=13; WT metformin: females=10, males=6; dy2J/dy2J control: females=5, 

males=4; dy2J/dy2J metformin: females=5, males=5. Results are expressed as mean ± SEM. 

Statistical significance was assessed by one-way ANOVA followed by Bonferroni post hoc 

test. p<0.05 values were considered as statistically significantly different. Letters a, b and c 

were used to express the differences among groups and columns with the same letter are 

not significantly different. 

 

Figure 5. A) Representative hematoxylin and eosin stained sections. B) Central nucleation in 

quadriceps muscle. C) Cross-sectional area of quadriceps muscle cells. WT control: 

females=6, males=10; WT metformin: females=9, males=5; dy2J/dy2J control: females=5, 

males=3; dy2J/dy2J metformin: females=4, males=4. Results are expressed as mean ± SEM. 

Statistical significance was assessed by one-way ANOVA followed by Bonferroni post hoc 

test. p<0.05 values were considered as statistically significantly different. Letters a, b and c 
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were used to express the differences among groups and columns with the same letter are 

not significantly different. (Bar=50 µm, Magnification=4.9X). 

 

Figure 6.  A) Labelling against slow quadriceps muscle fibers. B) Values are expressed in 

percentage of positive slow muscle fibers (analyzed after four weeks of treatment). WT 

control: females=3, males=3; WT metformin: females=3, males=2; dy2J/dy2J control: 

females=3, males=3; dy2J/dy2J metformin: females=4, males=3. Results are expressed as 

mean ± SEM. Statistical significance was assessed by one-way ANOVA followed by Bonferroni 

post hoc test (Bar=100 µm). 

 

Figure 7. Tissue weights. WAT: white (perigenital) adipose tissue, BAT: brown (intercostal) 

adipose tissue. Values are expressed in grams (collected after four weeks of treatment). WT 

control: females, males=13; WT metformin: females=10, males=6; dy2J/dy2J control: 

females=5, males=4; dy2J/dy2J metformin: females=5, males=5. Results are expressed as 

mean ± SEM. Statistical significance was assessed by one-way ANOVA followed by Bonferroni 

post hoc test. p<0.05 values were considered as statistically significantly different. Letters a, 

b and c were used to express the differences among groups and columns with the same 

letter are not significantly different.  

 

 

 

 
















