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Chapter 1

The skeletal muscle system represents around 40-50% of the body 
mass, comprising of six hundred different muscles responsible for 
movement and body posture. Muscles are soft tissue and most of 
them are connected to bones via tendons. Their main function is 
to transform chemical energy present as adenosine tri-phosphate 
(ATP) in cells into mechanical energy i.e force. 

Skeletal muscle system: from the whole muscle to the myofibril

A skeletal muscle is surrounded by a layer of fibrous elastic 
tissue called the epimysium. Towards the end of the muscle, the 
connective tissue becomes thicker and mixes with collagen to 
form tendons, which attach muscles to bones (Figure 1). 

Within the epimysium individual skeletal muscle fibers are bundled 
together into fascicles surrounded by another connective tissue: 
the perimysium. The areolar connective tissue, which connects 
individual fibers to each other is called the endomysium. It covers 
the muscle fiber cell membrane: the sarcolemma. 

Muscle fibers are multi-nucleic cells with variable diameter of  
10-100μm and a length of up to 30 cm in the human body1, 2.  Within 
a fascicle, each muscle fiber can be innervated by one motoneuron, 
central neuron with axon that leaves the central nervous system 
to innervate non-neuronal tissue. However, one motoneuron can 
innervate several muscle fibers. Together, the motoneuron and all 
fibers that it innervates is called the motor unit.

A fiber is composed of longitudinally arranged myofibrils, which 
comprise of the contractile filaments of the muscle. A myofibril 
has a diameter of 1.0-2.0μm and a microscopic appearance of 
alternating black bands called A-bands (anisotropic) and light 
bands called I-bands (isotropic). Within the A-band there is a 
lighter zone called H-zone (Heller) within is the M-line, a thin 
dark line. The I-band is divided in its center by the Z-disc  
(Figure 1). The myofibril portion between two Z-discs is called the 
sarcomere, the smallest contractile unit in muscle. It is composed 
of two major filaments, the thin and the thick filament. 



Figure 1. Skeletal muscle structure 

Basic organisation of a muscle from the whole muscle to the myofibril. 
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The thick filament spans the entire A-band and is interconnected 
at the M-band. The thin filament is attached to the Z-disc 
and runs towards the center of the sarcomere. The alternating 
arrangement of thick and thin filaments gives rise to the typical 
striated appearance of skeletal muscle. 

The myofibrils bathe in the sarcoplasm, the intracellular liquid. 
It contains glycogen, mitochondria, ATP, phosphocreatine and 
myoglobin. This protein binds O2 and facilitates its transport 
from blood cells to mitochondria within the muscle cells for 
metabolic processes. 
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Sarcomere: main contractile unit

The sarcomere is bordered by two Z-disc, mainly composed 
of α-actinin (97kDa), an anchoring site for the thin filament, 
nebulin and titin proteins3. The M-line keeps the thick filament 
in the middle of the sarcomere, facilitating optimal sarcomere 
performance4 (Figure 2). 

Thick filament 

The thick filament is ~1.6μm long with little variation between 
different muscles and species5-7 (Figure 2). It is a polymer of ~300 
molecules of myosin associated tail‐to‐tail in an anti‐parallel array 
with a diameter of 15nm8. Eighteen myosin classes exist but the 
class II is the one responsible for producing muscle contraction 
in striated muscle cells9.  The C-terminal side of myosin II is 
composed of 2 heavy chains (MHC, ~200kDa) and 4 light chains 
(MLC, ~20kDa). Two globular heads that bind actin and hydrolyse 
ATP during muscle contraction compose the N-terminal side 
(Figure 2A). 

The thick filament is connected to the Z-disc via titin (Figure 2). 
This ~3000 kDa protein is an “elastic” component that supports 
sarcomere structure and regulates its passive stiffness to prevent 
overstretching10. 

MHC form
Throughout the body, muscles have distinct functions and express 
MHC isoforms with various mechanical and metabolic properties 
to support these functions. 

In human skeletal muscle, three MHC fiber types can be discerned. 
The slow type 1 fibers (MHC 1, encoded by MYH1) have an oxidative 
metabolism, high mitochondria and myoglobin concentration 
(giving the red color to the muscles). These muscles present a 
good resistance to fatigue and a slow contraction kinetics.

The fast type 2X fibers (MHC 2x, encoded by MYH7) have 
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a glycolytic metabolism, containing a high concentration of 
glycogen and glycolytic enzymes but a low level of mitochondria, 
myoglobin and less capillaries (white muscles). These muscle 
fibers have less resistance to fatigue and have fast contraction 
kinetics11. 

The fast type 2A fibers (MHC 2a, encoded by MYH2) are called 
“intermediate” muscle fibers and constitute mixed properties of 
type 1 and type 2X MHC11. Mature skeletal muscle cells of mice 
also have a population of fast type 2b fibres (expressing MHC 2b  
encoded by MYH4) but this isoform is not present in human 
muscle12. 

The heterogeneity of muscle fiber types depends of the plasticity 
of the muscle common to all vertebrates and presents a large 
variation among species, and between individuals within a 
species. The muscle can adapt to tasks varying from continuous 
low-intensity activity (e.g. posture) to repeated submaximal 
contractions (e.g. locomotion) and fast and strong maximal 
contractions (e.g. jumping, kicking). Furthermore, the fiber type 
composition in muscles can change in response to nutrition, 
environmental conditions (e.g. thermal stress) hormones, neural 
influences and to certain disease states13. 

Thin filament
The thin filament is composed of several proteins, including actin, 
tropomyosin, troponin, nebulin, tropomodulin. 

α-actin
α-actin is a highly conserved and essential protein found in all 
eukaryotic cells. Skeletal muscle α-actin is encoded by the ACTA1 
gene. It is a 375 amino-acid globular protein (~42kDa). In the 
presence of cations and ATP, G-actin can polymerize into a double 
helix of two twisted filaments (F-actin, 8nm diameter) (Figure 2). 
The actin filament is a specialised actin polymere (~460 monomers) 
with a length regulated at ~1.0-1.3µm, depending on the muscle 
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type and species14, 15. 

Tropomyosin
Tropomyosin (Tm) is an α-helical coiled-coil protein, 42nm 
long and 37kDa16 (Figure 2). The skeletal muscle expresses three 
tropomyosins isoforms: α-Tmfast (encoded by TPM1), α-Tmslow 
(encoded by TPM3) and ß-Tm (encoded by TPM2). α-Tm and 
ß-Tm are highly conserved, with 87% similarity. However, their 
expressions depend on the stage of development and the muscle type: 
α-Tmfast in fast fibers, α-Tmslow in slow fibers and ß-Tm is found in 
both types3, 17, 18.  Tm molecules can form dimers which polymerize 
head to tail and extend along the actin filament (Figure 2).  
Tm plays an important role in stabilizing the thin filament and 
controlling thin filament length19, 20.  Furthermore, at rest, Tm 
covers the myosin binding site on actin. 

Troponin 
The troponin (Tn) complex is composed of 3 proteins: Tn-T (30 kDa, 
encoded by TNNT1), Tn-I (20 kDa, encoded by TNNI1) and Tn-C 
(18 kDa, encoded by TNNC1)3.  The troponin complex is bound 
to Tm (Figure 2) and, together, Tm and Tn, regulate the thin and 
thick filament interaction during muscle contraction. Tn-T acts 
as a linker between Tm, Tn-C, Tn-I and thin filament; Tn-C binds 
calcium and Tn-I inhibits ATP-ase activity and blocks the myosin 
binding sites of the thin filament. 

Nebulin
Nebulin is a giant filamentous protein (~600-900 kDa) expressed 
at high levels in skeletal muscle. It is encoded by NEB ,  which 
contains 183 exons which can be alternatively spliced producing 
hundreds of isoforms21. The C-terminal region is anchored 
at the Z-disc and the N-terminal region is directed to the thin 
filament pointed end22. Nebulin is organized into seven-modules 
super-repeats that match the actin filament repeat (Figure 2). 
Nebulin plays an important role in sarcomeric structure and 
muscle contraction by stabilizing thin filament length and Z-disc 
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structure, modulating the thin-thick filament interaction and 
regulating calcium sensitivity of muscle force generation23, 24. 

Tropomodulin
Encoded by TMOD1  and TMOD4 ,  the 2 sarcomeric tropomodulins 
(Tmods, ~40 kDa) are dynamic caps that inhibit actin monomers 
association and dissociation from the pointed end of the actin 
filament (Figure 2). Tmods also bind Tm to regulate the tightness 
of actin pointed ends, contributing to thin filament stability and 
length25.

Cap-Z
Cap-Z is composed of 2 sub-units, α (36 kDa) and ß (32 kDa), 
which cap the end of the barbed end of the thin filament located 
in the Z-disc of the muscle sarcomere26 (Figure 2). It interacts 
with nebulin and α-actinins27, 28 and regulates polymerization and 
depolymerisation of actin filaments29. 

Mechanism of muscle contraction 

The muscle contraction mechanism starts with neuronal 
activation. At the neuromuscular junction, the neurotransmitter 
achetylcholine is released in the synaptic cleft and binds to its 
receptors on the post-synaptic membrane (Figure 3, ①). Receptor 
stimulation causes a conformational change in the post-synaptic 
membrane and action potential propagation along the muscle 
fiber’s membrane (Figure 3, ②) leading to the activation of 
dihydropyridine (DHPRs) receptors. In the skeletal muscle, these 
receptors are linked to sarcoplasmic reticulum’s Ca2+ channels of 
the sarcoplasmic reticulum (the Ca2+ store of muscle), which result 
in Ca2+ release from the sarcoplasmic reticulum (SR) mainly via 
ryanodine (RYRs) receptors (Figure 3, ③). 
Cytoplasmic Ca2+ then binds to Tn-C leading to a reduction in 
actin affinity of Tn-I and a conformational change in Tm to 
expose actin‘s binding sites for myosin (Figure 3, ④). When 
myosin binds to actin a cross-bridge is formed (Figure 3, ⑤). The 
cross-bridges cycle consists of four steps: 1) Myosin binds to actin 



Figure 3. Cross-bridge cycle

Adapted from Human anatomy and physiology, Elaine Nicpon-Marieb, Addison 
Wesley Long-man, Inc, 2001. 
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(cross-bridges) followed by 2) the power stroke of the myosin 
head caused by the release of the inorganic phosphate lead to the 
pulling of the actin toward the middle of the sarcomere (M-line)  
(Figure 3, ⑥). After the power stroke ADP is released from 
myosin; 3) As soon as the ADP diffuses away, a new ATP 
molecule binds the myosin head and breaks the cross-bridge  
(Figure 3, ⑦); 4) ATP hydrolysis results in reattachment of the 
myosin head to actin, and a new cross-bridge can be formed 
(Figure 3, ⑧). The Ca2+ is transferred back to the sarcoplasmic 
reticulum. The contraction continues as long as ATP and Ca2+ are 
available. 



1

Figure 4. Force-sarcomere length relation of force of  
production
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Force- sarcomere length relation

Force production in skeletal muscle is dependent of the sarcomere 
length and proportional to the overlap between the thin-thick 
filaments i.e. cross-bridges. At a sarcomere length less than 
1.6µm (~1.6µm, Figure 4), the number of cross-bridges generating 
force is dramatically reduced due to the collision of ends of thick 
filaments with the Z-lines30 and due to the overlapping of the 
thin filaments from opposite side of the sarcomere, resulting in 
lower force. Further stretch (~2.0µm, ascending limb, Figure 4) 
provokes tension enhancement until an optimal overlap of actin 
and myosin filaments is reached creating the opportunity for 
maximal number of cross-bridge formation (~2.5µm, plateau, 
Figure 4). This is the optimal length for force production. On 
the descending limb, there is reduced overlap and therefore force 
decreases (~3.0µm, descending limb, Figure 4). Force approaches 
zero as the thin filaments do not overlap with the thick filaments 
and no cross-bridges can be formed (~3.8µm). Thus, the length 
of the thin and thick filaments, as well as sarcomere length, are 
important determinants of the capacity of muscle to generate 
force.
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Nemaline myopathy

Nemaline myopathy (NM) is a rare disease described for the first 
time in 1963 by G.M. Shy31 and represents one of the most common 
congenital myopathies with a prevalence of 1:50 00032, 33,  and with 
higher prevalence  in Amish or Ashkenazi Jewish34, 35 populations. 

Histopathology
The main hallmark feature of NM is the presence of aggregates 
called nemaline “rods” or “bodies” in skeletal muscle fiber. These 
appear as purple-red colored aggregates with Gomori trichrome 
staining36, 37 and are mainly localised in the cytoplasm38, 39 but 
they have also been observed close to the nucleus40-44.  Rod size is 
variable with a length between 1.0 to 7.0µm and a width of 0.3 to 
2.0µm33 (Figure 5A). 
By electron microscopy, the rods appear to be derived directly 
from the Z-disc and they are mainly composed of α-actinin33, 45 
(Figure 5B). Other Z-disc’s constitutive proteins such as actin46, 
nebuline47,  desmine45, or myotilin48 have also been identified. 
Normally, the Z-disc assembly and width implicated titin, nebulin 
and Cap-Z. The mechanisms underlying rod formation are still 
unclear but it has been postulated that it could result from an 
alteration between nebulin and Cap-Z proteins28 interaction 
which conducts to Z-disc’s proteins recruitment and an abnormal 
thin filament’s growth from the Z-disc. 
Interestingly, the number of rods does not correlate with disease 
severity37, 49,  and vary in different muscles and can change over 
time32, 36, 50. 
NM patients often display a type I fibers predominance44, 47, 51-53. 
This untypical fiber typing is imputed to auto-degenerative 
process54,  disruption of the normal muscle fiber development55, 
slower maturation of fiber types56 or reorganization of fiber type 
following a particular sequence of events53.  This last possibility 
would also explain the presence of some hypotrophic type I 
fibers31, 52, 55 in NM patients. However, it is unknown if it is part of 
the disease development or a compensatory mechanism that may 
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Figure 5. Histopathology of nemaline myopathy

(A) Cross section of skeletal muscle tissue of an NM patient stained with Gomori 
trichrome showing nemaline rods (black arrows) and (B) electron microscopy of 
nemaline rods appearing as dense protein aggregates. 

increase the energy efficiency of the muscle, slow fibers having 
more energy-efficient oxidative metabolism32, 51, 57.

Clinical features
Clinically, patients present with muscular weakness, hypotonia 
and depressed or absent deep tendon reflexes. Muscle weakness 
commonly affects the face, neck flexors and proximal limb 
muscles58.  Respiratory muscles are also affected and provoke 
respiratory failure leading to respiratory insufficiency, the main 
cause of death of NM patients59.  Six clinical categories of NM 
are distinguished based on clinical features and age of the onset 
(Table 1): severe congenital, Amish, intermediate congenital, 
typical, mild childhood-onset and adult onset58. 

Severe NM 
This form represents 10-20% of NM cases. Patients present with 
hypotonia and muscle weakness affecting, mainly, the diaphragm 
and intercostal muscles, resulting in respiratory insufficiency. 
The patients have some spontaneous movements with difficulty to 
suck and swallow. Despite neonatal care and ventilatory support, 
death occurs within the first few months after birth. 
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Intermediate NM 
Representing 20% of the NM cases, this form is characterized 
by the patients’ capacity to breath and move spontaneously at 
birth. However, during childhood, when the disease evolves to 
a more severe form, the patients are unable to sit and/or walk 
and respiratory assistance is necessary. Before the patients reach  
11 years old, a wheelchair is necessary if they are having multiple 
contractures and/or fractures.

Typical NM
Typical NM constitutes ~50% of the NM cases. Frequently, the 
patients present with hypotonia and muscle weakness affecting, 
first, the proximal muscles and progressively the distal ones. 
The muscle weakness is slow or non - progressive. However, the 
respiratory problems persist all along the patients’ life and might 
conduct to nocturnal hypoxia and hypercarbia. 

Mild NM
Representing 10 to 15% of the NM cases, the symptoms appeared 
during the childhood or teenager ages and are similar to typical 
form. Only the age at which the symptoms appear, characterizes 
this form. 

Adult NM 
Affecting less than 5% of the NM cases, the disease appears in 
patients aged between 30 and 60 years old and the clinical features 
are variable. For some cases, it is a progressive form associated with 
inflammatory changes in muscles biopsies or cardiomyopathy. 

Amish NM 
This form is affecting only the Amish population with a neonatal 
onset and early-childhood lethality. At birth, the patients are 
presenting tremors in all muscles but particularly in the jaw muscles 
and lower limbs muscles. The muscular weakness is progressive 
and is associated with muscle atrophy, contractures and Pectus 
Carinatum (i.e. malformation of the chest characterized by a 
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Category Onset Course Contractures Respiratory 
status

Motor 
milestones Others findings Genes 

involved

Severe At birth Often lethal 
in first year

Severe 
congenital 
or absent 

Ventilatory 
support 

from birth

No 
spontaneous 

movements at 
birth

-

ACTA1, 
NEB, 

KLHL40, 
KLHL41, 
LMOD3

Intermediate Birth/
Infancy

Slowly 
or non-

progressive

Congenital, 
later onset 
or absent

Respiratory 
independence 

by one year 
but progressive 
deterioration

May never 
sit or walk or 
wheelchair‐ 

bound by 11 y

-
ACTA1, 

NEB, TPM3, 
KLHL41

Typical Birth/
Infancy

Slowly 
or non-

progressive

Later onset 
or absent

Respiratory 
independence 

by infancy

Delayed, 
ambulation 

into 
adulthood

-

ACTA1, 
NEB, 

TPM3, CFL, 
KLHL41, 

Mild
Childhood 

or 
juvenile

Slowly 
or non-

progressive
No Respiratory 

independence Normal -

ACTA1, 
NEB, TPM2, 

TPM3, 
KBTBD 13, 
KLHL41, 

Adult onset Adulthood Progressive No Respiratory 
independence Normal

Inflammatory 
changes, 

Cardiomyo-
pathy

MYO18B? 
MYPN?

Amish At birth
Progressive 

lethal by 
second year

Progressive
Death due to 
respiratory 

failure

No antigravity 
movements

Neonatal 
tremors, 
pectus 

Carinatum

TNNT1

Others form Variable Variable Variable Variable Variable

Occasional: 
cardiomyopathy, 
ophtalmoplegia, 

atypical 
distribution of 

MYO18B?

protuberance of the  sternum  and  ribs). Patients do not survive 
over 2 years old and die due to respiratory insufficiency. 

Others forms of NM 
In this category, we can find the “atypic” cases which are excluded 
from previous groups because they are presenting exclusion 
criteria such as cardiomyopathy, ophtalmoplegia or unusual 
nemaline rods distribution.

Table 1. Classification of Nemaline myopathy adapted from33 
and updated with last genetic discoveries 

1
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Nemaline Myopathy is genetically heterogeneous

NM is a genetically heterogeneous disease caused by recessive, 
dominant or de novo autosomal mutations in eleven genes. Five of 
them encode  proteins which are components of the thin filament: 
ACTA1  (α -actin)60,  TPM3  and TPM2  (α - and ß-tropomyosin)61, 62, 
NEB  (nebulin)63,  TNNT1  (troponin T type 1)35 (Figure 2). The 
other genes code for proteins which play a role in the regulation 
and the stability of the thin filament: CFL2  (Cofilin 2)64 and 
LMOD3  (Leiomodin-3) which regulate actin filament dynamics65; 
or MYPN  (Myopalladin) which is a link between nebulin, titin, and 
thin filament via α-actinin filaments to preserve the sarcomere 
structure66, 67;  KLHL40  (Kelch family member 40) is implicated in 
myogenesis68 and in the stabilization of thin filament proteins68, 69; 
KLHL41  (Kelch family member 41) modulates ubiquitination of 
thin filament proteins 69, 70 or stabilizes the sarcomere by being a 
chaperon protein71. The role of KBTBD13  (Kelch repeat and BTB 
(POZ) Domain Containing 13) is still  unclear but might involve a 
role in the ubiquitin-proteasome pathway72. 

Recently, a twelfth gene, MYO18B ,  coding for a myosin isoform, 
has been identified in one case with NM and cardiomyopathy73 
and in two cases with Klippel-Feil syndrome with NM and facial 
dysmorphism74. 

Mutations in NEB  account for over 50% of all NM cases while 
ACTA1  mutations (more than 200) are responsible for 25% of 
reported cases and up 50% of the severe forms. KLHL40  mutations 
count for 5% of NM cases and TPM2  and TPM3  for 2% 58, 
respectively. TNNT1  mutations account for Amish NM form and 
genetic mutations in CFL2 ,  LMOD3 ,  MYPN ,  MYO18B ,  KBTBD13 
and KLHL41  have been reported in a very small number of families. 
Recent studies on the characterization of various mutant thin 
filament proteins24, 75-79 provided new insights into how mutations 
affect muscle contractility in NM. Alteration of thin filament 
integrity such as structural changes (e.g. thin filament length24, 80), 
and/or contractile performances variations (e.g. kinetics of 
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the actomyosin interactions38, 81, 82,  calcium sensitivity of force 
generation81, 83) are factors that impact  the contractility of muscle 
fibers of NM patients. 1





AIM OF THE THESIS

Despite the improvement in the genetic diagnosis of NM, the 
mechanisms underlying muscle weakness are still  not fully 
understood and no cure is currently available. The aim of this thesis is 
to identify mechanisms leading to muscle weakness (Chapter 2 to  4) 
in order to develop treatment strategies (Chapter 5) 
which could improve patients’ quality of life. 

In Chapter 2 ,  we explored the contractility of muscle fibers 
isolated from biopsies of NM patients, carrying mutations in 8 
different genes, to determine whether changes in thin filament 
length contribute to muscle weakness. 

In Chapter 3 ,  we determined whether ACTA1  mutations induce 
sarcomere contractile dysfunction. We performed contractility 
measurements on single muscle fibers and myofibrils. In 
addition, we performed low angle x-ray diffraction and stimulated 
emission-depletion microscopy studies, providing insights into 
the structural defect caused by the mutant protein. 

In Chapter 4 ,  we studied the contractility of muscle fibers from 
the NebΔExon55 mouse model, to investigate the contractile function 
of the respiratory muscles in NM. Diaphragm contractility was 
compared to limb muscles. 

Finally, in Chapter 5  we investigated the ability of a slow troponin 
activator – Levosimendan – to restore contractile strength of 
muscle fibers of NM patients. 

The main results of this thesis and future perspectives are 
discussed in Chapter 6 . 

27

Chapter 1

1



28

Introduction & Aim of the study

REFERENCES
1. Alberts B, Johnson A, Lewis J, Raff 
M, Roberts K, Walter P. Molecular Biology of 
the Cell. 4th Edition ed: New York: Garland 
Science; 2002.

2. Craig RW, Padron R. Molecular 
Structure of the Sarcomere. In: Franzini-
Armstrong ACEaC, editor. Myology. 3rd 
edition ed: McGraw-Hill; 2004. p. 129-66.

3. Clark KA, McElhinny AS, 
Beckerle MC, Gregorio CC. Striated muscle 
cytoarchitecture: an intricate web of form 
and function. Annu Rev Cell Dev Biol. 2002 
Jul;18:637-706.

4. Agarkova I, Perriard JC. The 
M-band: an elastic web that crosslinks thick 
filaments in the center of the sarcomere. 
Trends Cell Biol. 2005 Sep;15(9):477-85.

5. Page SG, Huxley HE. Filament 
lengths in striated muscle. J Cell Biol. 1963 
Nov;19:369-90.

6. Page SG. Fine structure of 
tortoise skeletal muscle. J Physiol. 1968 
Aug;197(3):709-15.

7. Granzier HL, Akster HA, Ter Keurs 
HE. Effect of thin filament length on the 
force-sarcomere length relation of skeletal 
muscle. Am J Physiol. 1991 May;260(5 Pt 
1):C1060-70.

8. Huxley HE. Electron microscope 
studies on the structure of natural and 
synthetic protein filaments from striated 
muscle. J Mol Biol. 1963 Sep;7:281-308.

9. Thompson RF, Langford GM. 
Myosin superfamily evolutionary history. 
Anat Rec. 2002 Nov;268(3):276-89.

10. Craig R, Woodhead JL. Structure 
and function of myosin filaments. Curr Opin 
Struct Biol. 2006 Apr;16(2):204-12.

11. Smerdu V, Karsch-Mizrachi I, 
Campione M, Leinwand L, Schiaffino S. Type 

IIx myosin heavy chain transcripts are 

expressed in type IIb fibers of human skeletal 
muscle. Am J Physiol. 1994 Dec;267(6 Pt 
1):C1723-8.

12. Weiss A, Schiaffino S, Leinwand 
LA. Comparative sequence analysis of the 
complete human sarcomeric myosin heavy 
chain family: implications for functional 
diversity. J Mol Biol. 1999 Jul;290(1):61-75.

13. Schiaffino S, Reggiani C. Fiber types 
in mammalian skeletal muscles. Physiol Rev. 
2011 Oct;91(4):1447-531.

14. Ilkovski B, Clement S, Sewry C, 
North KN, Cooper ST. Defining alpha-
skeletal and alpha-cardiac actin expression 
in human heart and skeletal muscle explains 
the absence of cardiac involvement in 
ACTA1 nemaline myopathy. Neuromuscul 
Disord. 2005 Dec;15(12):829-35.

15. Gokhin DS, Kim NE, Lewis SA, 
Hoenecke HR, D'Lima DD, Fowler VM. 
Thin-filament length correlates with fiber 
type in human skeletal muscle. Am J Physiol 
Cell Physiol. 2012 Feb;302(3):C555-65.

16. Perry SV. Vertebrate tropomyosin: 
distribution, properties and function. J 
Muscle Res Cell Motil. 2001 Sep;22(1):5-49.

17. Bronson DD, Schachat FH. 
Heterogeneity of contractile proteins. 
Differences in tropomyosin in fast, mixed, 
and slow skeletal muscles of the rabbit. J Biol 
Chem. 1982 Apr;257(7):3937-44.

18. Schiaffino S, Reggiani C. Molecular 
diversity of myofibrillar proteins: gene 
regulation and functional significance. 
Physiol Rev. 1996 Apr;76(2):371-423.

19. Weigt C, Schoepper B, Wegner A. 
Tropomyosin-troponin complex stabilizes 
the pointed ends of actin filaments against 
polymerization and depolymerization. FEBS 
Lett. 1990 Jan;260(2):266-8.

20. Broschat KO. Tropomyosin 



29

Chapter 1

1
prevents depolymerization of actin filaments 
from the pointed end. J Biol Chem. 1990 
Dec;265(34):21323-9.

21. Pelin K, Wallgren-Pettersson C. 
Nebulin-a giant chameleon. Adv Exp Med 
Biol. 2008 Feb;642:28-39.

22. Labeit S, Kolmerer B. The complete 
primary structure of human nebulin and its 
correlation to muscle structure. J Mol Biol. 
1995 Apr;248(2):308-15.

23. Ottenheijm CAC, Granzier H, 
Labeit S. The sarcomeric protein nebulin: 
another multifunctional giant in charge of 
muscle strength optimization. Frontiers in 
physiology. 2012 Fev;3:37.

24. Ottenheijm CAC, Buck D, Winter 
JMd, et al. Deleting exon 55 from the nebulin 
gene induces severe muscle weakness in a 
mouse model for nemaline myopathy. Brain. 
2013 May;136((Pt 6)):1718-31.

25. Gokhin DS, Fowler VM. 
Tropomodulin capping of actin filaments in 
striated muscle development and physiology. 
J Biomed Biotechnol. 2011 Oct;2011:103069.

26. Caldwell JE, Heiss SG, Mermall V, 
Cooper JA. Effects of CapZ, an actin capping 
protein of muscle, on the polymerization of 
actin. Biochemistry. 1989 Oct;28(21):8506-
14.

27. Pappas CT, Bhattacharya N, 
Cooper JA, Gregorio CC. Nebulin interacts 
with CapZ and regulates thin filament 
architecture within the Z-disc. Mol Biol Cell. 
2008 May;19(5):1837-47.

28. Witt CC, Burkart C, Labeit D, et 
al. Nebulin regulates thin filament length, 
contractility, and Z-disk structure in vivo. 
The EMBO journal. 2006 Aug;25(16):3843-
55.

29. Casella JF, Craig SW, Maack DJ, 
Brown AE. Cap Z(36/32), a barbed end 
actin-capping protein, is a component of the 
Z-line of skeletal muscle. J Cell Biol. 1987 

Jul;105(1):371-9.

30. Gordon AM, Huxley AF, Julian 
FJ. The variation in isometric tension with 
sarcomere length in vertebrate muscle fibres. 
J Physiol. 1966 May;184(1):170-92.

31. Shy GM, Engel WK, Somers 
JE, Wanko T. Nemaline Myopathy. A 
New Congenital   Myopathy. Brain. 1963 
Dec;86:793-810.

32. North KN, Laing NG, Wallgren-
Pettersson C. Nemaline myopathy: current 
concepts. The ENMC International 
Consortium and Nemaline Myopathy. 
Journal of Medical Genetics. 1997 
Sept;34(9):705-13.

33. Sanoudou D, Beggs AH. Clinical 
and genetic heterogeneity in nemaline 
myopathy--a disease of skeletal muscle thin 
filaments. Trends in Molecular Medicine. 
2001 Aug;7(8):362-8.

34. Anderson SL, Ekstein J, Donnelly 
MC, et al. Nemaline myopathy in the 
Ashkenazi Jewish population is caused by 
a deletion in the nebulin gene. Hum Genet. 
2004 Aug;115(3):185-90.

35. Johnston JJ, Kelley RI, Crawford 
TO, et al. A novel nemaline myopathy in the 
Amish caused by a mutation in troponin T1. 
Am J Hum Genet. 2000 Oct;67(4):814-21.

36. Ryan MM, Ilkovski B, Strickland 
CD, et al. Clinical course correlates poorly 
with muscle pathology in nemaline 
myopathy. Neurology. 2003 Feb;60(4):665-
73.

37. Sewry CA. Pathological defects in 
congenital myopathies. J Muscle Res Cell 
Motil. 2008 Dec;29(6-8):231-8.

38. Lawlor MW, Ottenheijm CA, 
Lehtokari V-L, et al. Novel mutations in 
NEB cause abnormal nebulin expression and 
markedly impaired muscle force generation 
in severe nemaline myopathy. Skeletal 
muscle. 2011 Jun;1(1):23.



30

Introduction & Aim of the study

39. Wallgren-Pettersson C, Laing NG. 
109th ENMC International Workshop: 5th 
workshop on nemaline myopathy, 11th-13th 
October 2002, Naarden, The Netherlands. 
Neuromuscul Disord. 2003 Aug;13(6):501-7.

40. Hutchinson DO, Charlton A, Laing 
NG, Ilkovski B, North KN. Autosomal 
dominant nemaline myopathy with 
intranuclear rods due to mutation of the 
skeletal muscle ACTA1 gene: clinical and 
pathological variability within a kindred. 
Neuromuscul Disord. 2006 Feb;16(2):113-
21.

41. Paulus W, Peiffer J, Becker I, 
Roggendorf W, Schumm F. Adult-onset rod 
disease with abundant intranuclear rods. J 
Neurol. 1988 Jul;235(6):343-7.

42. Ravenscroft G, Wilmshurst JM, 
Pillay K, et al. A novel ACTA1 mutation 
resulting in a severe congenital myopathy 
with nemaline bodies, intranuclear rods and 
type I fibre predominance. Neuromuscul 
Disord. 2011 Jan;21(1):31-6.

43. Rifai Z, Kazee AM, Kamp C, Griggs 
RC. Intranuclear rods in severe congenital 
nemaline myopathy. Neurology. 1993 
Nov;43(11):2372-7.

44. Wallgren-Pettersson C, Pelin 
K, Nowak KJ, et al. Genotype-phenotype 
correlations in nemaline myopathy caused 
by mutations in the genes for nebulin and 
skeletal muscle alpha-actin. Neuromuscul 
Disord. 2004 Sep;14(8-9):461-70.

45. Wallgren-Pettersson C, Jasani 
B, Newman GR, et al. Alpha-actinin in 
nemaline bodies in congenital nemaline 
myopathy: immunological confirmation by 
light and electron microscopy. Neuromuscul 
Disord. 1995 Mar;5(2):93-104.

46. Yamaguchi M, Robson RM, Stromer 
MH, Dahl DS, Oda T. Actin filaments form 
the backbone of nemaline myopathy rods. 
Nature. 1978 Jan;271(5642):265-7.

47. Gurgel-Giannetti J, Reed U, Bang 
ML, et al. Nebulin expression in patients 
with nemaline myopathy. Neuromuscul 
Disord. 2001 Mar;11(2):154-62.

48. Schroder R, Reimann J, Salmikangas 
P, et al. Beyond LGMD1A: myotilin is a 
component of central core lesions and 
nemaline rods. Neuromuscul Disord. 2003 
Aug;13(6):451-5.

49. Tsujihata M, Shimomura C, 
Yoshimura T, et al. Fatal neonatal nemaline 
myopathy: a case report. J Neurol Neurosurg 
Psychiatry. 1983 Sep;46(9):856-9.

50. Tajsharghi H, Ohlsson M, Lindberg 
C, Oldfors A. Congenital myopathy with 
nemaline rods and cap structures caused by 
a mutation in the beta-tropomyosin gene 
(TPM2). Arch Neurol. 2007 Sep;64(9):1334-
8.

51. Hong JM, Kim SM, Sunwoo IN, et 
al. Clinical heterogeneity in Korean patients 
with nemaline myopathy. Yonsei Med J. 
2010 Mar;51(2):225-30.

52. Ladha S, Coons S, Johnsen S, 
Sambuughin N, Bien-Wilner R, Sivakumar 
K. Histopathologic progression and a novel 
mutation in a child with nemaline myopathy. 
J Child Neurol. 2008 Jul;23(7):813-7.

53. Miike T, Ohtani Y, Tamari 
H, Ishitsu T, Une Y. Muscle fiber type 
transformation in nemaline myopathy and 
congenital fiber type disproportion. Brain 
Dev. 1986 Aug;8(5):526-32.

54. Shimomura C, Nonaka I. 
Nemaline myopathy: comparative muscle 
histochemistry in the severe neonatal, 
moderate congenital, and adult-onset forms. 
Pediatr Neurol. 1989 Jan;5(1):25-31.

55. Volpe P, Damiani E, Margreth 
A, Pellegrini G, Scarlato G. Fast to slow 
change of myosin in nemaline myopathy: 
electrophoretic and immunologic evidence. 
Neurology. 1982 Jan;32(1):37-41.



31

Chapter 1

1
56. Corbett MA, Robinson CS, 
Dunglison GF, et al. A mutation in alpha-
tropomyosin(slow) affects muscle strength, 
maturation and hypertrophy in a mouse 
model for nemaline myopathy. Hum Mol 
Genet. 2001 Feb;10(4):317-28.

57. Jeannet PY, Mittaz L, Dunand 
M, Lobrinus JA, Bonafe L, Kuntzer T. 
Autosomal dominant nemaline myopathy: 
a new phenotype unlinked to previously 
known genetic loci. Neuromuscul Disord. 
2007 Jan;17(1):6-12.

58. Romero NB, Sandaradura SA, 
Clarke NF. Recent advances in nemaline 
myopathy. Current opinion in neurology. 
2013 Oct;26(5):519-26.

59. Ryan MM, Schnell C, Strickland 
CD, et al. Nemaline myopathy: a clinical 
study of 143 cases. Annals of Neurology. 
2001 Sept;50(3):312-20.

60. Nowak KJ, Wattanasirichaigoon D, 
Goebel HH, et al. Mutations in the skeletal 
muscle alpha-actin gene in patients with 
actin myopathy and nemaline myopathy. 
Nature Genetics. 1999 Oct;23(2):208-12.

61. Laing NG, Wilton SD, Akkari PA, 
et al. A mutation in the alpha tropomyosin 
gene TPM3 associated with autosomal 
dominant nemaline myopathy NEM1. Nat 
Genet. 1995 Jun;10(2):249.

62. Donner K, Ollikainen M, Ridanpaa 
M, et al. Mutations in the beta-tropomyosin 
(TPM2) gene--a rare cause of nemaline 
myopathy. Neuromuscul Disord. 2002 
Feb;12(2):151-8.

63. Pelin K, Hilpela P, Donner K, et 
al. Mutations in the nebulin gene associated 
with autosomal recessive nemaline 
myopathy. Proc Natl Acad Sci U S A. 1999 
Mar;96(5):2305-10.

64. Agrawal PB, Greenleaf RS, 
Tomczak KK, et al. Nemaline myopathy with 
minicores caused by mutation of the CFL2 

gene encoding the skeletal muscle actin-
binding protein, cofilin-2. Am J Hum Genet. 
2007 Jan;80(1):162-7.

65. Yuen M, Sandaradura SA, Dowling 
JJ, et al. Leiomodin-3 dysfunction results 
in thin filament disorganization and 
nemaline myopathy. The Journal of Clinical 
Investigation. 2014 Nov;124(11):4693-708.

66. Miyatake S, Mitsuhashi S, Hayashi 
YK, et al. Biallelic Mutations in MYPN, 
Encoding Myopalladin, Are Associated 
with Childhood-Onset, Slowly Progressive 
Nemaline Myopathy. Am J Hum Genet. 
2017 Jan;100(1):169-78.

67. Bang ML, Mudry RE, McElhinny AS, 
et al. Myopalladin, a Novel 145-Kilodalton 
Sarcomeric Protein with Multiple Roles in 
Z-Disc and I-Band Protein Assemblies.  J 
Cell Biol. 2001 Apr. p. 413-28.

68. Ravenscroft G, Miyatake S, 
Lehtokari V-L, et al. Mutations in KLHL40 
are a frequent cause of severe autosomal-
recessive nemaline myopathy. American 
Journal of Human Genetics. 2013 Jul;93(1):6-
18.

69. Gupta VA, Beggs AH. Kelch 
proteins: emerging roles in skeletal muscle 
development and diseases. Skeletal Muscle. 
2014 Jun;4:11.

70. Gupta VA, Ravenscroft G, 
Shaheen R, et al. Identification of KLHL41 
Mutations Implicates BTB-Kelch-Mediated 
Ubiquitination as an Alternate Pathway 
to Myofibrillar Disruption in Nemaline 
Myopathy. American journal of human 
genetics. 2013 Dec;93(6):1108-17.

71. Ramirez-Martinez A, Cenik BK, 
Bezprozvannaya S, et al. KLHL41 stabilizes 
skeletal muscle sarcomeres by nonproteolytic 
ubiquitination. Elife. 2017 Aug;6.

72. Sambuughin N, Yau KS, Olivé M, 
et al. Dominant mutations in KBTBD13, 
a member of the BTB/Kelch family, 



32

Introduction & Aim of the study

cause nemaline myopathy with cores. 
American Journal of Human Genetics. 2010 
Dec;87(6):842-7.

73. Malfatti E, Böhm J, Lacène E, 
Romero N, Laporte J. A premature stop 
codon in MYO18B is associated with severe 
nemaline myopathy with cardiomyopathy. 
Journal of Neuromuscular Diseases. 2015 
Sept;2(3):219-27.

74. Alazami AM, Kentab AY, Faqeih 
E, et al. A novel syndrome of Klippel-Feil 
anomaly, myopathy, and characteristic facies 
is linked to a null mutation in MYO18B. J 
Med Genet. 2015 Jun;52(6):400-4.

75. Ochala J. Thin filament proteins 
mutations associated with skeletal 
myopathies: defective regulation of muscle 
contraction. Journal of Molecular Medicine 
(Berlin, Germany). 2008 Nov;86(11):1197-
204.

76. Ochala J, Ravenscroft G, Laing 
NG, Nowak KJ. Nemaline myopathy-
related skeletal muscle alpha-actin (ACTA1) 
mutation, Asp286Gly, prevents proper 
strong myosin binding and triggers muscle 
weakness. PLoS One. 2012 Sept;7(9):e45923.

77. Gineste C, Le Fur Y, Vilmen C, 
et al. Combined MRI and (31)P-MRS 
investigations of the ACTA1(H40Y) 
mouse model of nemaline myopathy show 
impaired muscle function and altered 
energy metabolism. PLoS One. 2013 
Apr;8(4):e61517.

78. Gineste C, Duhamel G, Le Fur 
Y, et al. Multimodal MRI and (31)P-MRS 
investigations of the ACTA1(Asp286Gly) 
mouse model of nemaline myopathy 
provide evidence of impaired in vivo muscle 
function, altered muscle structure and 
disturbed energy metabolism. PLoS One. 
2013 Aug;8(8):e72294.

79. Ravenscroft G, Jackaman C, 
Bringans S, et al. Mouse models of dominant 
ACTA1 disease recapitulate human disease 

and provide insight into therapies. Brain. 
2011 Apr;134(Pt 4):1101-15.

80. Ottenheijm CAC, Witt CC, Stienen 
GJ, Labeit S, Beggs AH, Granzier H. Thin 
filament length dysregulation contributes 
to muscle weakness in nemaline myopathy 
patients with nebulin deficiency. Human 
molecular genetics. 2009 Jul;18(13):2359-69.

81. Ottenheijm CAC, Hooijman P, 
DeChene ET, Stienen GJ, Beggs AH, Granzier 
H. Altered myofilament function depresses 
force generation in patients with nebulin-
based nemaline myopathy (NEM2). Journal 
of Structural Biology. 2010 May;170(2):334-
43.

82. Ottenheijm CAC, Lawlor 
MW, Stienen GJM, Granzier H, Beggs 
AH. Changes in cross-bridge cycling 
underlie muscle weakness in patients with 
tropomyosin 3-based myopathy. Human 
molecular genetics. 2011 May;20(10):2015-
25.

83. Chandra M, Mamidi R, Ford S, et al. 
Nebulin alters cross-bridge cycling kinetics 
and increases thin filament activation: a 
novel mechanism for increasing tension and 
reducing tension cost. J Biol Chem. 2009 
Nov;284(45):30889-96.



1


