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Abstract
Model organisms are vital to our understanding of human muscle biology and disease. The
potential of the nematode Caenorhabditis elegans, the fruitfly, Drosophila melanogaster and the
zebrafish, Danio rerio, as model genetic organisms for the study of human muscle disease is
discussed by examining their muscle biology, muscle genetics and development. The powerful
genetic tools available with each organism are outlined. It is concluded that these organisms have
already demonstrated potential in facilitating the study of muscle disease and in screening for
therapeutic agents.

Introduction
The major problems in investigating human muscle disease are that the organism concerned
is long-lived, experimentally inaccessible during the important events of muscle
development, and many essential experiments are impossible and/or unethical. Model
genetic organisms, including mice (see Chapter by Hardeman) provide alternative
approaches to understanding aspects of normal and diseased muscle. Genome sequencing of
human and the major genetic model animals - mouse, zebrafish (Danio rerio), fruitfly
(Drosophila melanogaster) and the nematode (Caenorhabditis elegans) has revealed close
homologies in the genes and muscle proteins between these species and humans.
Comparisons of muscle structure, function and development also show extensive
homologies. However, their disadvantages are that although their muscles are similar to
those from humans they do also differ to varying degrees from human muscle.

We aim to acquaint the reader with sufficient background to appreciate the opportunities that
the non-mammalian model genetic organisms offer for study of human muscle genetic
diseases and give examples to illustrate what these organisms have already contributed to
disease investigations. We argue that there is enormous potential in using these non-
mammalian genetic models to investigate human muscle disease that remains to be fully
exploited
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The major non-mammalian model genetic animals
The three major non-mammalian model organisms for genetic study of development, cell
biology, physiology, neurobiology, ageing etc are the zebrafish, the fruitfly and the
nematode (usually referred to as the ‘worm’). Comparisons of their genomes with humans,
and their proven success as models with which to illuminate gene function have led to a
wider acceptance, that they have important potential for the study of human disease.

Sequence analysis of these organisms’ genomes show that a large fraction of their genes
have human homologues; 60-70% of human genes have counterparts in C. elegans and D.
melanogaster. Having single genes where vertebrates have several paralogues these
invertebrate organisms are well suited to identifying the core functions of gene families. The
zebrafish has more orthologous genes and is particularly advantageous for dissecting the
function of individual members of gene families.

Why or how were these organisms chosen and why are they such useful model genetic
systems? In each case, the choice was made by an individual investigator. As the models
proved amenable, each spawned very large international networks of researchers. It is the
communal sharing and developing of genetic resources, tools, and information within these
networks that make these organisms such powerful tools for genetics research.

Drosophila melanogaster, the fruitfly, was one of the first genetic model organisms. It
contributed throughout the 20th Century to most major advances in genetics, especially
pioneering genetic approaches to study animal development, cell biology, neurobiology etc.
Thomas Hunt Morgan chose it as an experimental genetic organism around 1905 because it
was inexpensive and easy to culture, had high female fecundity and flies could be kept in
large numbers. Subsequently it transpired that it had only four chromosomes, a smallish
genome, mutants were easy to obtain, and it was cytogenetically amenable. Its genome
(180Mb) has been fully sequenced and annotated, along with those of 11 close relative
species (see Flybase).

Sydney Brenner used similar arguments in the 1970s when initiating research on the
nematode, Caenorhaditis elegans. This organism can be grown cheaply and easily on
Escherichia coli lawns in Petri plates. Crosses are easily made and different mutant lines
stored by freezing. Since the female worm is a self-fertilizing hermaphrodite, homozygotes
are readily produced without the need to mate. Crippled animals survive as homozygotes, a
great advantage when studying severe muscle mutations. The genome (97Mb) is sequenced1

and contains > 19,000 genes. It is unique in that a map of the invariant cell fate of every cell
within the nematode is known.2

The zebrafish, Danio rerio was chosen as a suitable vertebrate model genetic organism by
George Streisinger during the 1970s. It has excellent optical properties during early stages.
Females have high fecundity and embryos develop rapidly, reaching a motile stage 24 hours
after fertilisation. Eggs are fertilised outside the body which facilitates genetic and cellular
manipulations. The zebrafish bridges the taxonomic gap between the worm and fly and the
mouse. A major advantage of the fish as a genetic model for disease is that its organs and
systems are more homologous to those of humans.3 Although the facilities required for
culturing fish are more extensive than for either invertebrate model, sperm can be stored
frozen which allows many different mutations and transgenic lines to be kept for long
periods and transferred inexpensively.

Importantly, research communities associated with each of these organisms have developed
and maintain publicly funded mutant stock collections, sequenced and annotated the
genomes, and placed all this in open access databases, along with guides to aspects of the
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organisms’ genetics, biology and bibliography. These are accessible at Flybase (http://
flybase.bio.indiana.edu/), Wormbase (http://www.wormbase.org/) and ZFIN, the Zebrafish
Information Service (http://zfin.org/) and are linked to the major international bioinformatics
resources. National and local mutant stock collections are maintained.

What makes these special as model genetic organisms for studies of
muscle?

The simple answer is that compared to mammalian models all stages of muscle development
are visible or easily accessible in vivo. In reality, it is a combination of our sophisticated
knowledge of, and ability to manipulate, their genetics, their overall biology and specifically
their muscle biology.

The generation of many separate populations of myogenic cells (myoblasts) is thought to
underlie establishment of muscle fibre diversity in species from Drosophila to man.4,5 Four
types of myoblast diversity are particularly significant. First, at, or before, terminal
differentiation, myoblasts gain an ‘identity’ by expressing genes specifically required for the
formation of particular muscles or muscle groups and display behaviours, such as adopting
specific positions, orientations or morphologies within the tissue anlagen.6-10 ‘Identity’
ensures that muscle fibres interact correctly with connective tissues, become correctly
positioned and oriented, and make correct paired attachments to skeletal and neural cells.
Second, myoblasts that initiate new fibre formation may be distinct from those that
contribute to growth. This is best understood in Drosophila, where founder myoblasts, in the
embryo and at metamorphosis, express different genes and have different developmental
capacities from so-called fusion-competent myoblasts.6,7 Tissue culture and zebrafish
studies suggest a similar system operates in vertebrates.11,12 In fly embryos only founder
cells appear to have muscle identity. 6,7 The situation in vertebrates is unresolved.4,13 Third,
amniote myoblast clones have a cellular memory that determines the contractile protein
genes they express, and hence the fibre type formed when they terminally differentiate.14-16

As fibres of similar fibre type exist in most muscles it is entirely unclear how this property
relates to muscle identity. Is the slow fibre founder in slow soleus muscle distinct from a
slow founder in the mainly fast plantaris? Fourth, myoblast clones, including those from
human embryos, differ in their responsiveness to growth factors17 and capacity for
proliferation 18 in ways reminiscent of the classical distinction between stem cells (capable
of proliferating indefinitely) and progenitor, or transit amplifying, cells (capable of only a
limited burst of proliferation followed by terminal differentiation). Stem cell-derived cells
from non-muscle tissue participate in muscle repair and are particularly important in the
context of muscle maintenance.19,20 Drosophila and zebrafish studies have begun to address
these issues in the context of early muscle patterning.

Zebrafish (Danio rerio)
Zebrafish contain muscle types characteristic of all the vertebrates. As in mammals, skeletal
muscles can be divided into somitic, somite-derived migratory hypaxial (e.g. fin) and head
muscles.21-23 Skeletal muscle can be classified into slow and fast twitch fibres which, in
embryos, are topologically separable. Mature fish have a subcutaneous layer of slow-twitch
fibres at the dorsoventral midline; most of the rest of the skeletal musculature is fast-twitch.
At least six fibre types have been identified in each somite as early as 24 hours post-
fertilisation.24-27 Zebrafish cardiac myogenesis produces a heart with only two chambers
and relies on many of the same genes as mammalian heart; mutations in genes that cause
heart disease also affect fish hearts.28-29 Zebrafish also have vascular and visceral smooth
muscle. Human muscle disease often preferentially affects specific muscle groups or fibre
types, providing a major argument for investigating muscle disease in fish.
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Importantly for studying human muscle disease, where muscle growth and repair can be
major features, zebrafish have a dermomyotome,25 which contains muscle stem cells26 and
may yield satellite cells. The phasic growth of fish muscle is similar to that in mammals.

Once the early embryonic muscle pattern has been established, vertebrate muscles undergo
huge growth. This entails the founding of the correct number of additional muscle fibres in
each muscle, which occurs in the early phases of amniote life. Subsequently, the correct
number of nuclei must be added to each founded syncitial fibre as the animal grows. In
adulthood, this number must be dynamically maintained and adapted dependent on
physiological demands. There is evidence from flies, birds and mammals that distinct
myoblast populations may influence each of these growth processes.30-32 Experimental
challenge can interconvert some populations.33 However, the normal embryological origin
of vertebrate myoblast populations contributing to muscle growth are uncertain.

The role of myoblast diversity in adult muscle is obscure.34 Muscle maintenance and repair
in the adult can be of several kinds. Mild muscle damage necessitates running repairs to
existing fibres, while increased physiological demands enhance muscle mass or alter muscle
character and inactivity leads to muscle atrophy. Serious muscle injury or muscle disease
can necessitate de novo fibre reconstruction. There is evidence for stem cell populations in
adult skeletal muscle.35 Current interest focuses on the nature, role, origin and capacities of
multipotent mesenchymal stem cell populations found within muscle tissue and their
relationship to satellite cells, the quiescent myoblasts of adult muscle.36,37 Change in
myoblast diversity is observed in many pathological situations; the extent to which such
changes contribute to altered muscle function and disease progression is unknown. Muscle
pathology usually increases ‘fibroblast’ numbers leading to fibrosis. The origin and
relationship of these cells to myogenic cells is unclear.

Amniotes exhibit a great diversity of myogenic routes. During fetal and postnatal
myogenesis waves of distinct myoblasts appear and disappear, but their origin and fate are
unknown. Molecules that indelibly mark particular cell lineages have not been found. Other
myogenic populations exist within adult mammalian muscle. For example, so-called SP cells
may be multipotent mesenchymal stem cells,19 but their normal role is unclear.

Fish myogenesis proceeds in waves similar to those in mammals. Several early myogenic
cell populations give rise to diverse early muscle fibres (Figure 1). The muscle then grows
by ‘polarized hyperplasia’, yielding extra fibres in specific somitic zones, the dorsal and
ventral myotomal lips and the ‘red muscle rim’ between slow and fast muscle
regions.26,38,39 Later ‘mosaic hyperplasia’ generates new fibres between existing early
fibres similar to mammalian secondary fibre formation.38 Continuous growth of the fish
requires fusion of myogenic cells to existing fibres. These may derive from satellite cells
(SC) lying under the basal lamina of each fibre, as in mammals, and probably contribute to
muscle repair. Zebrafish muscle growth and repair is essentially unstudied, although
regeneration and growth is known to occur in teleosts.40

Zebrafish are readily mutagenized and a wide range of behavioural and developmental
phenotypes visually screened for. Large scale screens41 for mutations affecting muscle
development and function are a goldmine for understanding early muscle development.
TILLING can be used to create allelic series of mutations in chosen genes. This involves
random point (chemical) mutagenesis, followed by DNA sequencing of many fish to
identify individuals carrying mutations in target genes. These approaches have tremendous
potential to permit detailed analyses of gene function.

Sparrow et al. Page 4

Adv Exp Med Biol. Author manuscript; available in PMC 2012 May 27.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fruitfly (Drosophila melanogaster)
All Drosophila muscles are striated. The organism contains many skeletal (attached to the
exoskeleton) and visceral muscles, as well as a primitive heart. The musculature of
Drosophila has been described in detail42 and images are available on Flybase.

The Drosophila life-cycle requires development of skeletal and visceral muscles twice; once
for embryonic/larval development and another during pupal development prior to emergence
of the adult (the heart undergoes some development during pupal metamorphosis).
Myoblasts that form the embryonic muscles and those that will later differentiate into the
adult muscles develop together during early embryogenesis, but while some differentiate
immediately to form embryonic/larval muscles, others multiply during larval and early pupal
development and then differentiate during metamorphosis to form the adult muscles. No
satellite cells have been found in adult flies, though the myoblasts set aside during
embryogenesis, only later to form the adult musculature could provide a model system for
study of satellite cells.43 There is an extensive literature on Drosophila muscle
development43,44 and an insightful detailed comparison of Drosophila and vertebrate muscle
development.43 Drosophila embryonic myogenesis is rapid (<< 1 day) and easily visible.
Mutant studies have identified many genes that are important during myogenesis and
revealed cell interactions such as those between founder/pioneer myoblasts that inform
studies in the vertebrate models.

Most studies of muscle disease in Drosophila have either focused on the later larval stages
(instars) when the muscles are much larger or on the adult, especially the indirect flight
muscles (IFM). IFM function can be easily assayed by measures of flight or an elevated
wing position phenotype and have been used for fibre physiology/mechanics.45 The IFM are
easily exposed by bisecting the thorax and readily removed for biophysical/biochemical
experimentation.46 The effects of severe mutants can be studied, as flies, at least in the
laboratory, do not need flight muscle function for survival and reproduction.

Flies are easily mutagenized by X- and γ-irradiation, various chemicals and, more recently,
transposon mutagenesis. For embryonic muscle mutants, screens normally search for
recessive lethal mutations which cause embryos to fail to hatch from the egg, followed by
inspection to see if they have developed their cuticle and other organs, but remain immotile.
Further investigation is then required to identify these mutants as muscle-defective. Muscle
mutants in flies were recovered in the IFM by selecting for a dominant flightless
phenotype.47,48 Many muscle protein genes were first identified in this way.

Nematode (Caenorhabditis elegans)
The nematode contains a number of muscle systems, but the major set is the bodywall
muscles and these have been the target of most genetic studies.49 The other muscles include
those of the pharynx, the 15 diagonal tail muscles with 26 other tail muscles involved in
male copulation, 16 sex muscles (of uterus and vulva) in the hermaphrodite, two intestinal
muscles and the anal muscles. The body-wall muscles are prominent and the organism small
and translucent, so these muscles are readily visualized by polarised light or fluorescent
microscopy of the whole organism. Details at the level of the sarcomere are visible. The
bodywall muscles occur in 4 strips each consisting of 24 mononucleate, spindle-shaped
cells. The first obvious difference is that these muscles contain an obliquely striated array of
filaments that for those familiar with vertebrate or arthropod striated muscles is at first
glance perplexing, but is wholly analogous to those in the cross-striated sarcomeres of
vertebrates and arthropods. A detailed explanation is provided by Waterston49 in his general
account of C. elegans muscle. The second difference is that the thick filaments are much
thicker than in vertebrates, though less so than in most arthropods including Drosophila.
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Nematode muscle attachments are more complex. Though the ends of the muscle cells have
dense plaques to which the thin filaments attach from only one direction, as in vertebrates
and insects, nematode muscle is unusual in that most of the tension generated is transferred
directly to the cuticle through a series of lateral attachments at the dense bodies, that are
finger-like projections (analogous to Z-discs) into the muscle from the hypodermal side.49,50

There are similar dense body attachments between the neighbouring muscle cells. The M-
lines are seen as finger-like projections that also originate within the muscle cell from the
surface closest to the hypoderm.

Random genetic screens using a range of mutagens (X-/γ rays, chemical mutagens) are
readily performed. Muscle mutants were recovered in the first screens for nematode
uncoordinated (unc) mutants. Some of these mutants affect the nervous system, but many
muscle genes were first identified on this basis49 and are still actively studied. More
recently, severe muscle mutants have been recovered by arrested development with specific
phenotypes e.g. the pat mutants.51 The ability to grow worms and flies in large numbers,
quickly and cheaply not only facilitates the recovery of primary mutations, but also allows
screening for secondary mutations in other genes (intergenic), that either reduce the severity
of the primary mutation (suppressors), or enhance it (enhancers).

Genomes/Genetic technologies of the model organisms
The combination of recombinant DNA technology with transgenesis techniques has
transformed our ability to manipulate the genomes of model organisms. This has led to the
generation and application of an almost bewildering array of powerful molecular tools.

Stable genomic transgenesis is an important process required of model genetic organisms in
the current era. Unlike the mouse, in none of these three model genetic organisms is it yet
possible to target specific genes for replacement by homologous recombination. Gene
replacement thus requires transgenesis of mutant gene copies into genomes containing ‘null’
mutations for the gene of interest. In C. elegans for genes already containing a transposon
(‘tagged’) it is possible to copy a modified version of the gene directly into the native
chromosome; similarly in Drosophila an inserted transposon (P-element, see below) can be
replaced at a high frequency with another P-element, that could contain a novel version of
the same gene.

The nematode genome contains a number of transposable elements including Tc1 and Tc3,
members of the Tc1/mariner transposon superfamily.52 Mutations due to transposon
insertion have been developed into ‘gene-tagging’ (also used in Drosophila and zebrafish)
whereby mutations with specific phenotypes are recovered and the genes identified using
PCR techniques to obtain the insert flanking sequences. These mutations may be unstable or
have weak phenotypes. Stable mutations can be recovered by remobilising the original
transposon by imprecise excision that removes flanking genomic DNA creating deletions
detectable using PCR methods. More recently, a significant number of C. elegans genes
have been tagged using the Drosophila Mos1 transposon, which is more stable than Tc
elements.53 Nematode transgenesis is routinely achieved by non-integration of plasmid
vectors by either DNA injection or sometimes particle bombardment54 and allows a wide
variety of gene manipulations. to look at the in vivo effects. These include gene ‘rescue’
(with wild type gene copies) of mutants, insertion of dominant negative mutations made in
vitro, expressing gene and protein fusions, to investigate gene promoters using promoter-
reporter constructs, and ectopic expression of genes. Not only do these allow genetic
investigations, but also provide a wide variety of powerful microscopical tools for
investigating the organismal cell biology through the expression of protein reporters such as
fluorescent tags (e.g. GFP, YFP etc.), enzymes and epitope tags etc.
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In Drosophila a stable transgenesis system has been developed using the P-element, a native
transposon, though other native transposons have also been developed as vectors. P-element
vector DNA is injected into the posterior part of preblastoderm eggs along with a source of
transposase (either the enzyme or a defective P-element able to express functional
transposase). A variety of P-element vectors are available and whole genes can be inserted
for e.g. ‘rescue’ experiments, to make promoter-reporter constructs for in vivo gene
expression analysis, insert in vitro mutagenized genes, or other DNA sequences. Specific P-
elements (and some other transposons e.g. pigyBac) have been made for a range of
application. For instance, they are used for insertinal mutagenesis55 Berkely Drosophila
Genome Project http://www.fruitly.org) and to generate deletions by imprecise excision or
by recombination between two inserts. A novel approach is to ‘enhancer trap’ different
genes (using reporter sequences – GFP, lacZ etc.) by relying on insertion near a gene
enhancer to overcome the weak endogenous expression of the reporter gene in the P-
element. Protein trapping canbe achieved by random insertion of a P-element containing
GFP as an exon into a genomic intron that leads to the appearance of green fluorescent
embryos or tissues. This allows for rapid screening for useful protein-GFP fusions.56 These
activities have produced massive collections of gene knockouts, deletions,57 enhancer traps,
expression reporters etc.

Arguably, the most powerful application of P-element transgenesis has been the
development and use of the GAL4-UAS system.58 In this system transgenes expressing the
yeast GAL4 transcription factor ‘drive’ expression of any other transgenic sequence inserted
downstream of the yeast UAS sequence, the normal GAL4 binding target. Large collections
of GAL4 lines expressing GAL4 from gene-specific promoter sequences, or from ‘enhancer
traps’ now exist. Simply by crossing an appropriate (by expression level/pattern) GAL4 line
with any of the different UAS construct lines expressing a vast array of heterologous
proteins (GFP, GFP-protein fusions, dominant negative alleles, human disease proteins etc.)
one can control the ectopic expression of the protein of choice to interfere with the system,
to follow gene expression patterns or to determine the cellular locations of proteins of
interest.58

Zebrafish transgenesis is based on either retroviral infection or on the ubiquitous Tc1/
mariner transposons. Retroviral systems are used for efficient insertional mutagenesis,59

enhancer trapping60 and for a variety of other transgenic purposes. Retroviral systems are
relatively laborious. Use of the Tc1/mariner transposon to achieve transgenesis has great
potential to exploit the breadth of applications demonstrated by the Drosophila transposon
systems.

The discovery that short double-stranded RNA (dsRNA) molecules can cause specific
degradation of the corresponding mRNA was made in the nematode.61 This technique,
known as RNAi, is now used widely to ‘knockdown’ mRNA levels in many different
systems. Its use has been developed further in C. elegans, in Drosophila and more recently
in the zebrafish. Originally applied to worms by injection, 61 it is now routinely achievable
by soaking worms in dsRNA, or by feeding dsRNA in liquid culture, but most easily by
feeding worms on E. coli containing plasmids with the specific dsRNA sequence.62 A large
library of E. coli strains containing different dsRNAs covering the nematode genome is
available; almost any gene may be screened using the appropriate clones.63 In flies the
major technique is to make transgenic lines with specific dsRNA sequences downstream of
the UAS sequence. This allows one to drive RNAi expression in different tissues, dependent
only on the availability of a transgenic GAL4 driver. This is a very effective and flexible
approach. A large available collection of transgenic UAS-RNAi strains has recently been
made.64
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In the zebrafish, morpholinos, short chemically modified RNA molecules that bind to
mRNA provide an effective ‘knock down’ approach.65 Recently, RNAi technology has
become available through injection of dsRNA.66

Model organism studies of human muscular disease
There is already considerable model organism muscle research that is of relevance to the
study of human muscle disease, including both heart and skeletal muscle. The use of
zebrafish genetics to study congenital heart disease has been reviewed,29 as has the potential
of the Drosophila heart as a model system for human heart disease.67

Mutations of the myosin heavy chain can cause skeletal muscle myopathy and hypertrophic
cardiomyopathy. Many myosin mutations are known in nematodes and flies. Trangenesis of
a mutated copy of the nematode unc-54 (MyHC-B) gene into an unc54 null strain to study
the effects of the human (skeletal) myosin heavy chain IIa E706R mutation that leads to
contractions of the joints, and a progressive muscle weakness was able to show that the
mutant affects myosin function rather than causing a structural effect.68 At least one
Drosophila mutant myosin suppressor of hypercontraction occurs in the myosin
‘hypertrophic cardiomyopathy loop’.69

Arthrogryposis is a complex, rare human congenital disorder exhibiting multiple joint
contractures, usually of the distal limb. It is often associated with congenital muscular
dystrophy, congenital myopathies (central core, nemaline), myasthenic syndromes,
intrauterine viral myositis, and mitochondrial disorders. Two types of arthrogryposis are
caused by mutations of the fast twitch muscle-specific TnI (TNNI2) or the TPM2
tropomyosin gene.70 Tropomyosin/troponin complex mutations are known in nematodes,
flies and zebrafish and are usually associated with hypercontraction, a phenotype where
normally developed muscles undergo severe contractions causing muscle damage and
dysfunction. Sarcomeric troponin mutations in C. elegans e.g. in the TnT (CeTnT-1) gene
can cause detachment of body wall muscles.71,72 Mutants of the single Drosophila TnI and
TnT genes cause IFM hypercontraction and muscle detachment.72,73 IFMs appear especially
sensitive to hypercontraction. The held-up2 troponin I mutation at a highly conserved
alanine residue (from humans to flies) causes IFM hypercontraction before adult emergence.
Adult flies are initially normal, but flightless; then hypercontraction produces progressive
crippling due to leg muscle detachment.74

Drosophila single myosin heavy chain Mhc gene mutations can cause hypercontraction.75,76

The Mhc6 and Mhc13 myosin rod mutations do so by reducing thick filament mechanical
stability.75. In zebra fish silent heart mutants of the TNNT2 troponin T, gene affect the
heart.28

Suppressor mutations of the Drosophila hdp2 (TnI) mutation have been used to investigate
hypercontraction and the function of the troponin/tropomyosin complex in the activation of
muscle contraction.69,74,77,78 Suppressors were found intragenically (a second TnI mutation
that ‘corrects’ the effects of the first),77 in the Tm2 tropomyosin gene74 and in the Mhc
motor domain.69,78 Suppression by Mhc mutations is probably due to reduced contraction
force.69 Certain mutations in the IFM-specific Act88F actin gene suppress hdp2

hypercontraction (Haigh, Cammarato and Sparrow, unpublished). Suppression studies are a
powerful way to study the functional relationships of interacting muscle proteins. They may
be invaluable in exploring how genetic variance impacts the severity of specific human
muscle disease mutations.

Many, mostly dominant, congenital myopathy mutants are known in the human ACTA1
gene.79 A unique feature of the Drosophila IFM for the study of these diseases is that they
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express all their sarcomeric actin from a single gene, Act88F, that is expressed (almost)
solely in these muscles.80 Act88F null mutations are viable, so mutated Act88F transgenic
copies can be used to study effects on muscle structure and function, and the mutant actin
can be purified for biophysical and biochemical experiments.81 Since the Act88F and
ACTA1 proteins show 94% residue identity one can study the congenital actin myopathies
using the Drosophila IFMs.82 Biopsies from human disease patients show a range of
subcellular effects – nemaline rods, intranuclear rods, homogenously staining regions
containing large concentrations of thin filaments, zebra bodies83 and congenital fibre type
proportion (CFTD).84 Transgenesis of Act88F genes containing ACTA1 nemaline mutations
all affect muscle structure and function (Sevdali and Sparrow, unpublished). Effects range
from mild disturbances of sarcomeric structure to complete absence of thin filaments, ‘zebra
bodies’ (comparatively rare in human biopsies) (see Figure 2), some nemaline-rod like
structures (smaller than usually seen in humans) and novel Z-disc structures enclosing other
sarcomeric proteins. Some mutations reduce fibre diameter but since all IFM fibres are
equivalent whether these mimic CFTD effects is unclear.

Studies of early IFM myogenesis reveal at least two pathways to the fibre defects; most of
the actin mutants cannot assemble normal sarcomeres during development; others form
sarcomeres normally, but cannot maintain structural integrity during use (Sevdali and
Sparrow, unpublished). Nemaline mutations occur throughout the actin molecule with little
evidence of clustering of mutant residues with respect to phenotypic effects.79 The IFM
system allows exploration of the relationships between mutant residues, the biochemical
interactions of actin and effects on sarcomerogenesis and structural integrity. ‘Zebra bodies’
also occur in the IFM of Drosophila troponin T mutants. 73

This example highlights an issue of working with a model system for human muscle disease.
The Drosophila IFM express a single sarcomeric actin from the outset; during early human
skeletal myogenesis the ACTC cardiac isoform is expressed, switching to the ACTA1
skeletal isoform during late foetal stages. One can analyse the basic molecular lesion in
Drosophila without complications from other isoforms.

Only one well-known human muscle disease (but not a sarcomeric muscle disease) has been
focused on in all three model genetic organisms - muscular dystrophy. We describe these
studies to illustrate the benefits in applying these approaches to the investigation of human
muscle diseases, including the sarcomeric diseases.

Muscular dystrophy
Duchenne muscular dystrophy (DMD) in humans is due to mutations in the gene that
encodes dystrophin. Dystrophins and dystrophin-like proteins are widely distributed in
animals.85 The dystrophin-glycoprotein complex (DGC) includes dystrophin, as well as
transmembrane and cytoplasmic proteins. Homologues of this complex are known in all
three model organisms.

C. elegans possesses single conserved dystrophin-like (dys-1) and dystrobrevin-like (dyb-1)
genes.86 Conserved homologues have been found also for dystroglycan, delta/gamma-
sarcoglycan, syntrophin and divergent, but related, proteins to α- and β-sarcoglycans.87

Mutations inactivating the dys-1 gene cause only mild muscle degeneration, but cause
behavioural phenotypes of hyperactivity, unusual movements of the head and a tendency to
hypercontract88,89 that are also seen in mutants of other genes encoding DGC
components.86,89 In combination with a weak hlh-1 gene mutation, the dys-1 mutation
produces a time-dependent muscular dystrophy. The hlh-1 gene encodes a MyoD
homologue. In mdx mice MyoD mutations also enhance the severity of dystrophy.90

Dysfunction of the dys-1 mutants is partly rescued transgenically by human dystrophin88
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revealing a functional homology. This C. elegans genetic combination can thus be used as a
model system for human muscular dystrophy.

Microarray studies of two dystrophin mutants, dys-1(cx35) and dys-1(cx18) revealed
expression changes for many genes.91 Comparison with microarray analyses of human
dystrophic patients showed many similarities but some significant differences probably
because of important differences in DGC composition in the two organisms.91

Characterisation of the C. elegans syntrophin gene89 illustrates where the relative genetic
simplicity and the tools available underpinned substantial progress in understanding a
specific gene/protein of the DGC. Syntrophin is a DGC component and searching across the
C. elegans genome revealed two nematode genes with homology to a human syntrophin
sequence. A transgenic syntrophin-1 (stn-1) promoter-GFP reporter construct was made and
revealed a nerve/muscle-specific expression pattern, consistent with syntrophin localisation
in humans. An stn-1 intragenic deletion mutation, ordered from the Gene Knockout
Consortium, showed phenotypic effects typical of dys-1 gene mutants. Using transgenesis
expression of a wild-type stn-1 gene controlled by a muscle-specific promoter in a stn-1
knockout mutant fully rescued the phenotype, indicating that the mutant effects were caused
by an absence of protein in the muscles, rather then the nerves. Although the stn-1 knockout
behaves like the dys-1 and dyb-1 mutants, its mild effects on muscle degeneration were not
potentiated by hlh-1.

Proposals that elevated Ca2+ levels increased the progression of the disease in mdx mice
have not been directly tested in the mdx mouse but were addressed in C. elegans by using a
gain of function mutation of the egl-19 calcium channel or knocking it down with RNAi-
mediated inhibition.92 These studies showed that increased calcium is bad for dystrophic
muscle.

C. elegans can be used, quickly and inexpensively, to screen for unknown genetic/biological
interactions or as an early stage screen for chemicals that may lead to therapy in humans.
This was demonstrated in successful screens for molecules, including serotonin and
prednisone, that alleviate the symptoms of the dystrophin mutations.88,93,94 Identifying
potential drugs for therapeutic development also highlights cellular processes for further
investigation. A screen for mutations with a phenotype similar to dys-1 recovered a number
of mutations including dyb-1 encoding a homologue of dystrobrevin,95 and the SLO-1
gene.96 SLO-1 regulates neurotransmitter release in nematode motorneurons and had not
previously been implicated in dystrophic effects. The double dys-1; SLO-1 mutant worm
does not have an additive phenotypic effect, suggesting that this channel is involved in the
same pathway as the nematode dystrophin homologue. Random mutagenic screens have
successfully identified mutations that suppress the phenotypic effects of dys-1 mutants,
thereby uncovering new genes likely to be involved in dystrophy,95 including the dyc-1
gene.

The D. melanogaster genome contains one or two genes for most of the essential
components of the DGC, including dystrophin, dystrobrevin, dystroglycan, syntrophin and
sarcoglycans, but no sarcospan homologue.97 This is in contrast to the genetic complexity
and potential redundancy found with the multiple isoforms of vertebrate DGC components.
The conservation of the DGC genes together with their smaller number suggests that the fly
system, like that of the nematode, will be a relatively simple, but good model for its human
counterpart. Detailed examination of the single dystrophin/utrophin gene homologue shows
substantial sequence and predicted structural homology to the human products.98 However,
this Drosophila gene shows a highly complex structure expressing at least six dystrophin-
like isoforms, DLP1-3 (long forms), Dp186,97-99 Dp205 and Dp117,100 with different
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expression patterns.98,101 Only the DLP2 isoform in known to be expressed in muscle fibres
and at muscle attachment sites.98,101 As in vertebrates, the dystrophin gene products are
expressed in nerves and muscles and recent genetic studies have begun to illuminate the
gene complexity and the functions of its products.100,102 Transposon mutagenesis reveals
that absent or reduced expression of the large gene products expressed in the musculature
does not cause degeneration of larval body wall muscles. However, neurophysiological
studies showed that the DLP2 dystrophin isoform is required postsynaptically to maintain
normal levels of neurotransmitter release.102 This indicates a novel role for dystrophin in
neuromuscular function, though its relevance to human disease is unknown. Using the
Drosophila GAL4–UAS system to drive expression of RNAi constructs specifically directed
against all dystrophins in the muscles and tendon cells did not compromise myogenesis or
muscle attachment to tendon cells, but caused a progressive degeneration of larval and adult
muscles. Reduction of the Dp117 isoform alone induced this degeneration. Clearly the
ability to manipulate gene expression of a complex gene in Drosophila has revealed at least
two roles for dystrophin gene products – maintaining synaptic homeostasis and preserving
the structural stability of the muscle.100

The zebrafish genome contains 29 genes orthologous to those in humans known to cause
dystrophy and databases show transcripts for 28 of these genes.103 There is a high level of
conservation, enhancing the potential of zebrafish for studies of muscular dystrophies. RNAi
against the Duchenne/dystrophin gene (dmd) produces muscle disease phenotypes in
embryos showing one can target the range of different transcripts produced by the gene.66

Zebrafish mutants are known which exhibit various phenotypes of dystrophy, one of which
is a premature termination mutation in the dystrophin gene,104 where muscle degeneration
becomes apparent as soon as three days after egg fertilization.105 The sapje mutation in the
fish orthologue of the human DMD gene causes a degeneration phenotype similar to human
muscular dystrophies.106 The mutation reveals that degeneration effects are due to failure of
the muscle end attachments in embryonic muscle, indicating that dystrophin is required for
the formation of stable muscle attachments.106 Such an involvement of dystrophin in
vertebrate myotendinous junctions was proposed earlier from studies of mdx mice.107 This
zebrafish data is the first direct evidence for this dystrophin function and highlights the
importance of studying human orthologues in different models.

Human mutations of DGC components have effects on other tissues,108,109 including the
nervous system. The effects of mutations in DGC complexes are being explored in other
tissues within model genetic organisms. Gain-of-function mutants in Drosophila
dystroglycan, laminin A and dystrophin genes affect epithelial cells and oocytes and have
been characterised using genetic mosaic analysis and RNAi methods.110 Using Drosophila
dystrophin mutants, dsRNA constructs and a range of GAL4/UAS lines, it has been shown
that dystroglycan and dystrophin are required in the brain for targeting neurons and glial
cells for correct neuronal path-finding.111

Conclusions
As genetic systems for studying muscle development and functions in their own right, all
three of these organisms have made fundamental contributions to muscle biology. Studies of
disease-causing genes and their human mutations in these model genetic organisms are
being increasingly used to address questions specifically related to understanding human
muscle disease. This suggests that muscle biologists working with these organisms now
have the genetic tools to do so, as detailed above, but also that clinically focused muscle
scientists are beginning to see the potential of such studies.
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An issue of working with a model system for human muscle disease is how well the model
system recapitulates the human disease. Neither nematode nor Drosophila muscle has any
regeneration capacity in response to dysfunction and neither organism has an adaptive
immune response. These can be considered advantages and disadvantages. The model
system will not recapitulate the whole disease, and in the examples studied to date do not.
The defects seen are related, but different. However, this is an advantage, allowing
investigation of the basic mutant molecular lesions without complications from repair or
immune responses.

In the context of sarcomeric muscle disease, the value of these model organisms will be
judged by contributions they make. In this chapter we have sought to illuminate what these
model organisms have to offer. The choice of a model organism for studies of human
muscle disease must be a balance of different advantages and disadvantages. Thus while
zebrafish muscle has much closer homologies to humans it does not yet have the various
sophisticated transgenic techniques and resources available in Drosophila, or, as especially
in the nematode, the rapidity of screening large numbers of organisms for muscle mutations,
RNAi effects across the whole transcriptome, or for chemicals that suppress the phenotype
in disease models.

Mammalian genomes contain only slightly larger numbers of genes than these model
organisms, yet mammalian genomes produce very many different proteins from them.
Comparing homologous muscle protein genes shows that those of nematode and Drosophila,
while also complex, are less so than those found in fish or mammals. The fish genes are only
slightly less complex than those in mammals. This makes detailed genetic analysis much
easier in the invertebrate models.

In conclusion, these three genetic models have enormous potential in the study of human
sarcomeric muscle disease. The literature increasingly contains reports of human muscle
disease mutations introduced into these model genetic organisms. This approach promises to
be especially informative. The European Union recently funded a large research network
Myores on ‘Multi-organismic approaches to muscle development and disease’
(www.myores.org).
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Figure 1.
Early myogenesis (left panel) generates four fibre types but leaves undifferentiated cells in
the dermomyotome (DM), probably destined to support for later growth. Mononucleate
superficial slow fibres (SSF) and muscle pioneer slow fibres (MP) form first, followed by
multinucleate fast fibres (FF), a subset of which become specialised as medial fast fibres
(MFF). Polarized hyperplasia (middle panel) generates further SSF and FF, probably from
DM cells. Mosaic hyperplasia (right panel) arises from precursor cells scattered within the
myotome and between the slow and fast regions at the so-called red muscle rim (RMR).
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Figure 2.
Electron micrographs of flight muscle sarcomeres from Act88F-G15R homozygous mutant
(A-C), and wild type flies (D). In panel A and B aberrant myofibrils are seen; there is a lack
of regular structure; Z-discs never extend across the myofibril width and large arrays of
‘zebra-bodies’ comprising stacks of short sections of Z-disc-like material, spacing by about
200nm, are seen mostly within the muscles. In this and other mutants they are also found
separated from the myofibrillar materials. Panel C highlights other aspects of these mutant
sarcomeres including longitudinal gaps (black arrow) and dark staining material which
appears to be split or duplicated Z-discs (white arrow). Panel D, wild sarcomere shows the
very regular structure and much reduced I-band width, typical of this muscle type. EMs
courtesy of Vikash Kumar.

Sparrow et al. Page 19

Adv Exp Med Biol. Author manuscript; available in PMC 2012 May 27.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts


