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To my family.

Nothing in this life is to be feared, it is only to be understood.
Marie Curie
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ABSTRACT
The nemaline myopathies (NM) are a group of genetic muscle disorders, ranging in severity from
severe, early lethal forms to milder muscle disorders with onset in childhood, sometimes
presenting in adulthood. Nemaline myopathies present with usually non-progressive or slowly
progressive generalised muscle weakness and are pathologically characterised by the presence of
cytoplasmic inclusions called nemaline bodies or rods. So far, mutations in twelve genes have
been identified underlying the disorder. This Thesis aimed at elucidating the expression of the
nebulin gene (NEB) and the function of the protein, in order to gain insight into the pathogenetic
mechanisms leading to NM.
Approximately half of NM cases are caused by mutations in NEB, and the vast majority of these
are inherited recessively. NEB consists of 183 exons, giving rise to transcripts up to 26 kb in
length. Nebulin is an enormous protein, with important roles in maintaining the structure and
function of skeletal muscle. It is localised in the thin filament of the muscle sarcomere, and one
nebulin protein spans the entire length of the filament. Nebulin structure is highly modular,
consisting of actin-binding simple repeats, and super repeats formed by seven simple repeats.
In NEB, more than 240 different pathogenic variants have been published, causing myopathies
with no cure currently available. Furthermore, most NEB-NM patients have a compound
heterozygous genotype, with two private mutations anywhere along the gene, which further
hampers the discovery of any genotype-phenotype correlations.
Many of the NEB exons are alternatively spliced. In this study, we investigated NEB expression
at the RNA level, in 21 different skeletal muscles and in brain. We demonstrated co-expression
of several different nebulin isoforms in all the muscles studied, but no isoforms specific for certain
muscles were identified. The results also indicated that all 183 NEB exons are expressed in adult
brain, and that the expression levels were comparable with expression in skeletal muscle. Further
studies are warranted to elucidate the expression in brain. We however, went on to further
investigate the expression and function of NEB in skeletal muscle.
Exons 143 and 144 are mutually exclusive, encoding the super repeats S21a and S21b,
respectively. The amino acid sequences of the alternative region differ in both charge and
hydrophobicity. We developed specific antibodies for these two isoforms, enabling studies of
their expression at the protein level. Our results showed differences in the usage of these isoforms
between various myofibres, and during muscle development. S21b was the only isoform present
in early myotubes, whereas regulated expression of S21a appeared later, mainly in fast myofibres.
These results form a basis for studying the functional differences between the isoforms, and add
to the basic knowledge of normal muscle function.

The size of nebulin complicates studies at the protein level as well as genetic studies. As the superrepeat region encompasses nearly the entire protein, we constructed a panel of 26 mini-genes,
corresponding to all the different nebulin super repeats, to enable protein interaction studies. The
studies covering the entire nebulin super-repeat region revealed differences in actin binding
between the seemingly similar super repeats, depending on their location in the protein. Actin
binding was significantly stronger towards the end of the protein, while the entire central region
bound actin weakly. This finding constitutes an important step in understanding nebulin function,
and may facilitate the interpretation of the effects of various NEB mutations, depending on their
location along the protein. Furthermore, the super-repeat panel can be utilised for studying
mutational effects functionally at the protein level.
To shed light on the pathogenetic mechanisms underlying NM, and to enable the study of nebulin
function in normal and defective muscle, we developed the first murine model of NM with
compound heterozygous Neb mutations. The aim was to produce a model recapitulating the most
common form of NM, i.e. the typical congenital form. By studying the new compound
heterozygous model, and the parental lines, we have gained valuable insight into the effects of
Neb mutations on muscle function. The mouse models will be useful in deciphering the
pathogenetic mechanisms of NEB-NM, and will be suitable for the assessment of potential
therapeutic approaches.
The results of this Thesis shed light on the expression and function of nebulin in health and
disease. This brings us closer to understanding the pathogenetic mechanisms of NM, and how
the disorder evolves, which in turn will enable providing more accurate diagnosis and prognosis
for NM patients. Understanding the pathogenetic mechanisms underlying NM is also a
prerequisite for developing effective therapies for NM in the future.

TIIVISTELMÄ
Nemaliinimyopatiat (NM) ovat joukko perinnöllisiä lihassairauksia, joiden vaikeusaste vaihtelee
hyvin vakavasta, aikaisessa vaiheessa kuolemaan johtavasta muodosta lievempään lapsuusiällä
alkavaan muotoon, joka saattaa tulla huomatuksi vasta aikuisiällä. Nemaliinimyopatiat ilmenevät
yleisimmin etenemättömänä tai hitaasti etenevänä lihasheikkoutena ja lihaspatologiaan tyypillisesti
kuuluvat solun sisäiset kertymät, joita kutsutaan nemaliinikappaleiksi. NM:n taustalta on tähän
mennessä julkaistu mutaatioita 12 geenissä. Väitöskirjassa tutkittiin nebuliinigeenin (NEB)
ekspressiota ja proteiinin toimintaa sekä sairauteen johtavia tautimekanismeja.
Noin puolet NM-tapauksista johtuu NEB-mutaatioista, jotka lähes poikkeuksetta periytyvät
peittyvästi. NEB koostuu 183 eksonista, tuottaen jopa 26 kb pitkiä transkripteja. Nebuliini on
valtava proteiini, jolla on tärkeitä tehtäviä luustolihasten rakenteen ja toiminnan ylläpitämisessä.
Se lokalisoituu sarkomeerin ohueen filamenttiin ja yksittäinen nebuliiniproteiini on koko ohuen
filamentin pituinen. Sen rakenne on suurelta osin modulaarinen, koostuen aktiinia sitovista
yksinkertaisista toistoista ja niistä muodostuvista supertoistoista.
Tähän mennessä on löydetty yli 240 erilaista NEB-mutaatiota, jotka aiheuttavat myopatioita,
joihin

ei

ole

parannuskeinoa.

Lisäksi

suurimmalla

osalla

NEB-NM-potilaista

on

yhdistelmäheterotsygoottinen mutaatiotausta, ja mutaatiot voivat sijaita missä tahansa koko
nebuliinin pituudelta, mikä vaikeuttaa genotyyppi-fenotyyppikorrelaatioiden tunnistamista.
NEB-eksoneista

monet

silmukoidaan

vaihtoehtoisesti.

Tässä

väitöskirjatutkimuksessa

kartoitettiin NEB-ekspressiota RNA-tasolla 21 eri luustolihaksessa ja aivoissa. Tutkimuksessa
selvisi, että eri isomuotoja ekspressoidaan samanaikaisesti kaikissa tutkituissa lihaksissa, mutta
isomuotoja, jotka spesifisesti expressoituisivat tietyissä lihaksissa ei löytynyt. Tuloksemme
osoittavat myös, että kaikki 183 NEB-eksonia ekspressoidaan aikuisen aivoissa, ja että
ekspressiotasot

ovat

verrattavissa

luustolihaksen

vastaaviin.

Nebuliinin

aivofunktion

selvittäminen vaatii vielä lisätutkimuksia, mutta lihasmuotojen käytön ja toiminnan selvittämistä
jatkettiin tarkemmin.
Toisensa pois sulkevat eksonit 143 ja 144 koodaavat supertoistoja S21a ja S21b, joiden
aminohapposekvenssit eroavat sekä varaukseltaan että hydrofobisuudeltaan. Kehitimme näille
isomuodoille spesifiset vasta-aineet, jotka mahdollistivat niiden ekspression tutkimisen
proteiinitasolla. Tutkimuksemme paljastivat eroja näiden isomuotojen käytössä eri lihassyiden
välillä ja kehittyvässä lihaksessa. S21b ilmenee aikaisemmassa lihaksen kehitysvaiheessa, kun taas
S21a:n säädelty ekspressio alkaa myöhemmin ja korreloi pääasiassa nopeiden lihassyiden kanssa.
Tuloksemme luovat perustan näiden isomuotojen toiminnallisten erojen tutkimiseen ja
kartuttavat lihaksen molekyylibiologian perustuntemusta.

Nebuliinin valtava koko vaikeuttaa sen tutkimista myös proteiinitasolla. Koska nebuliinin
supertoistoalue kattaa lähes koko proteiinin pituuden, rakensimme minigeenipaneelin kaikista 26
erilaisesta supertoistosta proteiini-interaktioiden tutkimista varten. Koko supertoistoalueen
kattavat tutkimuksemme osoittivat, että näennäisesti samanlaisten supertoistojen kyky sitoa
aktiinia vaihtelee riippuen supertoiston sijainnista proteiinissa, ja että supertoistoalueen alku- ja
loppupäässä nebuliini sitoutuu aktiiniin voimakkaammin kuin keskiosissa. Löydös on tärkeä askel
nebuliinin toiminnan selvittämisessä ja saattaa helpottaa erilaisten mutaatioiden vaikutusten
arvioimista. Supertoistopaneelia voidaan lisäksi käyttää potilailta löytyneiden mutaatioiden
vaikutusten tutkimiseen proteiinitasolla.
Selvittääksemme NM:n syntymekanismeja ja mahdollistaaksemme nebuliinin toiminnan
kartoittamisen

terveessä

ja

sairaassa

lihaksessa

kehitimme

ensimmäisen

yhdistelmäheterotsygoottisen Neb-hiirimallin. Pyrimme kehittämään mallin, joka mahdollisimman
tarkasti vastaisi ihmisellä esiintyvää tyypillistä NM:aa. Neb-mallia tutkimalla olemme saaneet
arvokasta tietoa Neb-mutaatioiden vaikutuksista lihasten toimintaan. Hiirimalleja voidaan
tulevaisuudessa käyttää myös alustana lupaavimpien terapiamuotojen tutkimuksessa.
Väitöskirjatutkimuksen tulokset tuovat lisätietoa nebuliinin ekspressiosta ja toiminnasta sekä
terveessä että sairaassa luustolihaksessa. Tämän tiedon avulla voimme oppia ymmärtämään NM:n
syntymekanismeja ja taudin kulkua, mikä mahdollistaa entistä tarkemman diagnoosin ja ennusteen
arvion antamisen NM-potilaille. Taudin syntymekanismien ymmärtäminen on myös edellytys
toimivan hoidon kehittämiselle tulevaisuudessa.
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INTRODUCTION
‘‘So I started working on muscle structure,
which seemed to offer more opportunity for adventure.”
- H.E. Huxley, one of the inventors of the sliding filament theory

Skeletal muscle, also called voluntary muscle, is the most common muscle type in the human
body (Fig. 1a). Most skeletal muscles are attached to bones, and their main function is to enable
voluntary movement. Skeletal muscles consist of multinucleated myofibres that are further
divided into myofibrils responsible for the contracting properties.
The sliding filament theory of muscle contraction was first published in 1954, by two, unrelated
Huxleys and their colleagues (H. E. Huxley and Hanson 1954; A. F. Huxley and Niedergerke
1954). Although the details of the known muscle architecture and function have since been greatly
refined, the elegant theory has remained essentially unchanged. The contracting unit of the
skeletal muscle is called the sarcomere (Fig. 1b). Sarcomeres are repetitive structures of the
myofibril, giving skeletal muscle its striated appearance. The basic structure of the sarcomere
consists of thin and thick filaments, and Z discs, forming the boundaries of the sarcomere (Fig.
1c). The thin filament, also called the actin filament, consists of filamentous actin, and the thick
filament consists of myosin, with globular heads binding to actin during muscle contraction. The
M band crosslinks adjacent myosin filaments in the centre of the sarcomere.
Later, two giant, filamentous proteins, nebulin and titin (also called connectin), were identified
forming additional filament systems, and supporting the structure and function of the sarcomere.

Figure 1. Structure and basic function of the skeletal muscle (facing page)
A Skeletal muscles enable voluntary movement. They consist of bundles of myofibres, i.e. multinucleated
muscle cells. Myofibres consist of myofibrils, with repetitive sarcomeres.
B Electron microscopy image of sarcomeres, the highly organised structures responsible for muscle
contraction. Electron dense Z discs form the boundaries of a sarcomere unit, separating the adjacent
structures.
C The main components of the thin filament are actin, nebulin, tropomyosin and troponin complexes.
Thick filaments consist of myosin (A band), and are connected to Z discs via the enormous molecular
spring, titin. One titin protein spans half of the sarcomere, from M band in the middle, to Z disc. In the
relaxed muscle, tropomyosin blocks the myosin-binding sites on the actin filament (blocked state).
D According to the sliding filament model, the thin and thick filaments slide past each other during
muscle contraction, shortening the sarcomere. Calcium (Ca 2+) binds to troponin, which results in a
conformational change in tropomyosin, revealing the myosin-binding sites (open state) in the actin
filament. Muscle contraction continues as long as Ca 2+ is available.
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Nebulin spans the entire length of the thin filament, whereas titin spans half of the sarcomere,
connecting the M band to the Z disc. Titin acts as a molecular spring, forming an uninterrupted
link along the myofibres. (Gautel and Djinović-Carugo 2016)
Muscle contracts when the thin and thick filaments of the many repeating sarcomeres slide past
each other, shortening the sarcomeres (Frontera and Ochala 2015). The sequence of events begins
with a signal transmitted through the neuromuscular junction, and a subsequent release of calcium
(Ca2+) from the sarcoplasmic reticulum. Troponins and tropomyosins work in concert revealing
the myosin-binding sites of the actin filament (Fig. 1d). Myosin heads bind to actin, and pull the
thin filament towards the centre of the sarcomere. The conformational changes in myosin heads
require ATP, thus consuming energy.
Myopathies (Greek: myos = of muscle, patheia = suffering) are disorders affecting muscle function,
usually resulting in muscle weakness and hypotonia (Sewry and Wallgren-Pettersson 2017).
Congenital myopathies are non-dystrophic genetic disorders in which the symptoms are present
at birth or early in life. Disease severity varies from severe neonatal to milder, moderately
progressive or non-progressive forms, and there is considerable clinical, pathological and genetic
overlap between different congenital myopathies. Defects in a number of different genes can
cause a certain pathological feature, whereas defects in a certain gene can cause multiple
myopathies. In myopathies, the primary defect is always within the muscle, as opposed to for
example the nerves (neuropathies or neurogenic disorders; Swash and Schwartz 1991).
For many of the congenital myopathies the mechanisms leading to muscle pathology are still
largely unknown. To understand the pathogenetic mechanisms underlying a disorder, knowledge
about the expression and function of the defective gene in health and disease is vital. In this
Thesis, we have elucidated these properties in the muscle protein nebulin, one of the largest
known proteins. Mutations in nebulin are the main cause of autosomal recessive nemaline
myopathy (NM), one of the most common congenital myopathies (Jungbluth et al. 2018).

2

REVIEW OF THE LITERATURE
“The sliding filament model for muscle is almost like setting the stage.
Now we need to know what the various actors actually do
to get the whole muscle show on the road,
and what happens when the players forget their lines.”
- John M. Squire (2016)

2.1

NEMALINE MYOPATHY

NM (Conen et al. 1963; Shy et al. 1963) is one of the most common congenital myopathies,
caused by mutations in structural or regulatory proteins of the thin filament. It is a genetically and
clinically heterogeneous group of disorders, characterised by usually non-progressive or slowly
progressive generalised muscle weakness affecting mainly proximal, axial, facial and neck flexor
skeletal muscles, with potential distal weakness later in life.
2.1.1 Clinical spectrum
The clinical presentations of NM constitute a continuum, ranging from neonates with severe
disease and sometimes arthrogryposis to milder childhood- or perhaps even adult-onset forms.
Six clinical subgroups have been used to classify the disorder according to severity and age of
onset (Wallgren-Pettersson and Laing 2000). The currently used classification consists of the
severe, intermediate, and typical congenital forms of NM, a mild childhood/juvenile-onset form,
adult-onset NM, and other (atypical) forms of NM (Table 1), but a simplification of this
classification has recently been proposed (Sewry, Laitila, and Wallgren-Pettersson 2019), omitting
the intermediate and adult-onset forms.
2.1.2 Muscle pathology
A histopathological feature in the muscles of NM patients are rod- or thread-like protein
aggregates called nemaline bodies, also called (nemaline) rods (Greek: nema = thread; Conen et al.
1963; Shy et al. 1963). The aggregates consist of thin filament and Z-disc proteins, they often
originate from Z discs, and disorganisation of the Z discs and other sarcomeric structures are
often observed. Nemaline bodies may also occur in normal myotendinous junctions, normal
extra-ocular muscle, in ageing muscle, or after strenuous exercise. Indeed, it is thought that
nemaline bodies are not a cause of NM, but rather a result of sarcomeric dysfunction, and that
the quantity of nemaline bodies does not correlate with disease severity (Sewry and WallgrenPettersson 2017).

Review of the Literature

Table 1. Current clinical classification of NM.
Clinical subgroup

Inclusion criteria

Exclusion criteria

Severe congenital

No spontaneous movements neonatally
No spontaneous respiration neonatally
Contractures at birth
Fractures at birth

Cardiomyopathy
Ophthalmoplegia

Intermediate
congenital

Infantile onset
Breathing and moving at birth
Inability to maintain respiratory
independence after early childhood
Failure to sit or walk independently
Use of wheelchair before 11 years
Contractures developing in early
childhood

Cardiomyopathy
Ophthalmoplegia

Typical congenital

Onset in infancy or early childhood
Weakness most pronounced in facial,
bulbar, and respiratory muscles, and
neck flexors
Weakness initially primarily proximal
Distal involvement later
Milestones delayed but reached
Slowly progressive/non-progressive
course

Contractures of fractures at birth
Failure to sit or walk
independently
Use of wheelchair before 11
years
Cardiomyopathy
Ophthalmoplegia
Unusual distribution of weakness

Mild/childhood-onset

Childhood or juvenile onset
No facial weakness

Cardiomyopathy
Ophthalmoplegia

Adult-onset

Adult onset

Other forms

Cardiomyopathy
Ophthalmoplegia

(Modified from Ryan et al. 2003; Wallgren-Pettersson et al. 1999; Wallgren-Pettersson and Laing 2000)

Additional pathological features of NM muscle may include cap-like structures (subsarcolemmal
accumulations of disorganised thin filament and/or Z disc proteins), cores (areas devoid of
mitochondria) and fibre typse disproportion. Some pathological features may provide an
indication of the defective gene, although their specificity has not been fully established (Sewry
and Wallgren-Pettersson 2017). Although structural hallmark features such as nemaline bodies
can be identified in a muscle biopsy, it is the combination of clinical, histological and genetic
features that define the disease entity (Sewry, Laitila, and Wallgren-Pettersson 2019).
2.1.3 Genetics and murine models
Disease-causing variants in twelve different genes have hitherto been reported to cause NM (Fig.
2: Sarcomeric localisation of the defective proteins). Most of these genes, i.e. nebulin (NEB, Pelin
et al. 1999), skeletal muscle α-actin (ACTA1, Nowak et al. 1999), α-tropomyosin (TPM3, Laing

et al. 1995), β-tropomyosin (TPM2, Donner et al. 2002), troponin T1 (TNNT1, Johnston et al.
2000), troponin T3 (TNNT3, Sandaradura et al. 2018), cofilin 2 (CFL2, Agrawal et al. 2007),
leiomodin 3 (LMOD3, Yuen et al. 2014), and myopalladin (MYPN, Miyatake et al. 2017) encode
structural components of the thin filament of the skeletal muscle sarcomere.
Kelch repeat and BTB (POZ) domain containing 13 (KBTBD13, Sambuughin et al. 2010), Kelchlike family member 40 (KLHL40, Ravenscroft et al. 2013), Kelch-like family member 41
(KLHL41, Gupta et al. 2013), encode proteins involved in the stability or turnover of the thin
filament.

Figure 2. A schematic representation of the sarcomeric localisation of the proteins corresponding
to the twelve NM genes published so far
NEB, ACTA1, TPM3, TPM2, TNNT1 and TNNT3 encode structural proteins of the thin filament
(nebulin, α-actin, α-tropomyosin, β-tropomyosin, slow troponin T and fast troponin T, respectively).
CFL2, LMOD3, MYPN encode proteins with structural and regulatory functions (cofilin-2, leiomodin-3
and myopalladin, respectively). Cofilin 2 and leiomodin 3 have opposing functions in regulating the actin
filament dynamics (F-actin/G-actin). Leiomodin 3 is an actin nucleation protein, whereas cofilin 2 is
responsible for severing the actin filament at the filament pointed end. Leiomodin 3 also binds to nebulin,
and is located along the entire A-band region of the thin filament, with its major localisation at the
pointed end. Myopalladin connects the thin filaments to the Z disc via interaction with the nebulin Cterminus. KBTBD13, KLHL40 and KLHL41 encode proteins involved purely in the stability or turnover
of the thin filament proteins. KLHL40 and KLHL41 interact with leiomodin 3 and nebulin, and
potentially have similar localisation patterns with leiomodin 3 along the A-band region, with additional
localisation at the I-band region of the filament. KBTBD13 is involved in a pathway of protein
ubiquitination, but the exact function of the protein is still unknown.
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2.1.3.1 NEB
Pathogenic variants in the nebulin gene (NEB; MIM: 161650; For review of nebulin structure and
function, see section 2.2.) are the most common cause of autosomal recessive NM (~50% of all
NM cases), and of the typical form of NM (Pelin and Wallgren-Pettersson 2019). The majority of
the patients are compound heterozygous, carrying two different variants of NEB. Two loss-of
function variants 5’ of exon 180 have not been identified in any patient, suggesting that complete
loss of nebulin is not compatible with life (Lehtokari et al. 2014).
The most common types of mutations are splice-site (34%), frame-shift (32%) and nonsense
mutations (23%) (Lehtokari et al. 2014). Missense variants are very common in NEB, accounting
for 63% of the variants in the coding region, splice sites and untranslated regions (UTRs).
However, individual changes are rare, with 76% of the missense variants being present in only 13 heterozygous carriers (Pelin and Wallgren-Pettersson 2019). Interpretation of the pathogenicity
of missense variants is extremely difficult, as nebulin seems to tolerate missense changes. Indeed,
only ~7% of the missense changes in NEB have been considered pathogenic, mostly according
to their location in the conserved amino acids in the putative actin- or tropomyosin-biding sites
(Lehtokari et al. 2014). Interestingly, homozygous missense mutations in NEB have been found
in rare cases of distal nebulin myopathy (NEB-DM; For review of disorders related to NEB-NM,
see section 2.1.5) instead of NM (Wallgren-Pettersson et al. 2007). However, the same missense
changes in compound heterozygous form, together with a more disruptive change, lead to NM.
To date, only one dominant NEB variant has been published (Kiiski et al. 2019). This large inframe deletion of ∼100 kb, encompassing exons 14–89, caused a distal nemaline/cap myopathy.
As a result of the deletion, a smaller mutant nebulin was expressed, causing a dominant-negative
effect.
An interesting recent development in NEB genetics is the discovery of a relatively common copynumber variation (CNV) in the triplicate (TRI) region in the central part of the gene, where a set
of eight exons is repeated three times (Kiiski et al. 2016). Deletion or duplication of one TRI copy
is considered as benign variation, but gains of two or more copies have been found segregating
with NM in 4% of the families studied, and are, thus, interpreted to be pathogenic. According to
the current estimate, large pathogenic CNVs are present in 10-15% of NEB-NM patients (Pelin
and Wallgren-Pettersson 2019).
Hitherto, only a few different murine models with nebulin deficiencies have been studied
(Supplementary Table 1). The first, Neb knock-out (KO) models (Bang et al. 2006; Witt et al.
2006) demonstrated that in the absence of nebulin, actin filaments are assembled, but as soon as
the muscle starts contracting, the filaments start to disassemble. Both models had shortened thin
filaments and wider Z discs, and most of the mice died within a week. Later, a heterozygous Neb-

KO line was studied, unexpectedly also revealing a slight reduction in maximal force production
in isolated muscle (Gineste et al. 2013). Many of the conditional Neb knock-out (Neb-cKO) mice,
representing some of the hallmark features of NM, survived to adulthood with very low levels of
nebulin (Li et al. 2015).
A model lacking the entire C-terminal SRC homology 3 (SH3) domain of nebulin (NebΔSH3) had
no visible phenotype in vivo, but in vitro displayed a slightly altered force-frequency relationship,
and the muscles were significantly more susceptible to eccentric contraction-induced damage
(Yamamoto et al. 2013). In the latest addition to the Neb mouse model collection, the NebΔ163-165
mouse, both the SH3 and the SRR (serine rich region) domains were deleted, resulting in a
moderate NM phenotype (Li et at. 2019).
The only murine model with a mutation found in human patients is the NebΔexon55 (Ottenheijm et
al. 2013). The model represented a very severe NM phenotype, with nemaline rods and severe
growth retardation, and typically the mice did not survive the first week of life. A follow-up study
revealed significant weakening of the diaphragm muscle in the NebΔexon55 mice, which may be the
cause of their early, postnatal death (Joureau et al. 2016).
2.1.3.2 ACTA1
Approximately 23% of NM cases are caused by mutations in the skeletal muscle α-actin gene
(ACTA1, MIM: 102610; Pelin and Wallgren-Pettersson 2019). Actin is the main component of
the thin filament, and has a very important role in muscle contraction, interacting with myosin
(Frontera and Ochala 2015). Pathogenic variants in ACTA1 are most commonly dominant
missense mutations (90%), and predominantly lead to severe NM by a dominant-negative effect.
Most of these mutations arise de novo. Autosomal recessive variants (10%), including splice site,
nonsense, frameshift and some missense mutations, result in null alleles (Laing et al. 2009; Pelin
and Wallgren-Pettersson 2019).
Several mouse models for ACTA1-NM have been studied (Supplementary Table 1), including a
knock-out model (Crawford et al. 2002), and two different missense lines, Acta1His40Tyr (Nguyen
et al. 2011) and tgACTA1Asp286Gly (Ravenscroft et al. 2011) representing known NM mutations.
Both the NP_001091.1:p.(His42Tyr) (previously, and as used in the mouse model name,
p.His40Tyr)

and the

NP_001091.1:p.(Asp288Gly) (previously p.Asp286Gly)

variants

strengthened the actin filament through intra-subunit interactions, thus changing the intrafilament distances and stiffening the filament, leading to disruption of the proper attachment of
myosin heads to actin (Chan et al. 2016; Fan et al. 2018). The effect seemed less damaging in the
presence of the p.(Asp288Gly) than the p.(His42Tyr) change, although it may have been a
reflection of differences in the mutant protein levels (Fan et al. 2018).
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2.1.3.3 TPM3 and TPM2
Tropomyosins form homo- or heterodimers aligning in a head-to-tail fashion, forming a long
filament on top of the actin filament. Actin filaments coated with tropomyosin show resistance
to bundling, severing, branching, and disassembly by actin-binding proteins (Colpan et al. 2013)
In the presence of calcium, tropomyosin moves to reveal the myosin binding sites of actin
(Frontera and Ochala 2015).
Mutations in the alpha- and beta-tropomyosin genes (TPM3, MIM: 191030 and TPM2, MIM:
190990, respectively) are a relatively rare cause of NM, accounting for less than 10% of cases
(Pelin and Wallgren-Pettersson 2019). Pathogenic variants in both genes are most commonly
dominant missense or in-frame deletions removing one amino acid. The mutations affect the
coiled-coil structure, and thus change the dimer-forming and actin-binding properties of the
proteins (Marttila et al. 2014b). Recessive variants most often lead to severe NM, and are more
common in TPM3 than in TPM2. Pathogenic variants in TPM2 usually lead to a milder NM
phenotype (Pelin and Wallgren-Pettersson 2019). In TPM3, a large homozygous deletion,
removing the promoter and the first two exons has been found causing a severe form of NM
(Kiiski et al. 2015).
The very first NM model was the tgTPM3Met9Arg mouse (Corbett et al. 2001), representing the first
NM mutation ever identified (Laing et al. 1995). The mice presented with a mild, late-onset
phenotype, with several hallmark features of NM, including nemaline bodies and type I fibre
predominance (Supplementary Table 1). Interestingly, endurance exercise seemed to alleviate
muscle weakness and reduce the number of nemaline bodies observed in the TPM3Met9Arg mouse
(Joya et al. 2004).
2.1.3.4 TNNT1 and TNNT3
The tropomyosin-troponin complex (TTC), responsible for the calcium sensitivity of the thin
filament, plays an important role in linking excitation to contraction in skeletal muscle (Frontera
and Ochala 2015). Each troponin complex is composed of one molecule each of the three
troponins: tropomyosin-binding troponin T (TnT), Ca2+-binding troponin C (TnC), and the actomyosin ATPase inhibitory subunit troponin I (TnI) (Wei and Jin 2016). The troponin T subunit
proteins are encoded by a multigene family and they occur in multiple isoforms. Troponin T,
binding the troponin complex to the tropomyosins, is the only subunit hitherto found mutated
in NM (Johnston et al. 2000; Sandaradura et al. 2018). Troponin T1, encoded by the TNNT1
gene (MIM: 191041), is the slow skeletal muscle troponin, whereas troponin T3, encoded by
TNNT3 (MIM: 600692) is the fast form.

Most of the pathogenic variants found in TNNT1 have been recessive, leading to a severe NM
phenotype with tremors in the first months of life, and contractures, followed by early death from
respiratory insufficiency (Johnston et al. 2000). In Amish patients with NM (NEM5; MIM:
605355) a homozygous nonsense mutation was found in the TNNT1 gene, resulting in a stop
codon in exon 11 (Johnston et al. 2000). The mutant protein was absent in the patient muscles
(Jin et al. 2003), and was later shown to be rapidly degraded at the protein level as a protective
mechanism by the muscle cells (Wang et al. 2005). The first dominant variant, a heterozygous
missense mutation in TNNT1, was recently described causing mild NM (Konersman et al. 2017).
The mutant protein was expressed, and was thought to act via a dominant-negative effect.
In mouse models of TNNT1-NM (Supplementary Table 1), slow troponin T was knocked down
(TNNT1-KD) or completely absent (TNNT1-KO) (Feng et al. 2009; Wei et al. 2014). All models
presented with characteristic atrophy and loss of type I fibres, and compensatory hypertrophic
growth of fast fibres. The defects resulted in impaired fatigue tolerance of the diaphragm muscle,
and hypotrophy of the diaphragm, potentially explaining the respiratory insufficiency in patients.
Surprisingly, complete loss of the slow troponin T did not affect the normal lifespan of the KO
model (Wei et al. 2014).
Hitherto only one NM-causing pathogenic variant, a homozygous splice-site mutation, has been
found in TNNT3 (Sandaradura et al. 2018). The mutation leads to deficiency of the fast troponin
T protein with secondary loss of the fast troponin I, causing a severe form of NM with distal
arthrogryposis (NM-DA), characterised by specific involvement of type II fibres.
2.1.3.5 CFL2
Cofilin 2 (CFL2, MIM: 601443) is an actin-modulating protein that is required for muscle
maintenance (Kremneva et al. 2014). It binds and depolymerises filamentous F-actin and inhibits
polymerisation of monomeric G-actin in a pH-dependent manner (Gillett et al. 1996). Deficiency
of cofilin 2 results in reduced depolymerisation of actin filaments and uncontrolled actin filament
growth in the sarcomeres (Agrawal et al. 2007; Kremneva et al. 2014). Loss of protein in the Cfl2KO mouse model (Supplementary Table 1) resulted in progressive disruption of sarcomeric
architecture and accumulation of F-actin, leading to severe muscle weakness and early lethality
(Agrawal et al. 2012). Pathogenic variants of CFL2 have been known since 2007 to be a rare cause
of NM (Agrawal et al. 2007). The pathogenic variants identified so far have been recessive
missense mutations (two families) or small deletions (one family), and all have been found in
consanguineous families of Middle Eastern origin (Agrawal et al. 2007; Ockeloen et al. 2012; Ong
et al. 2014). Unusual features included absence of facial weakness and foot drop, presence of
minicores, and features of myofibrillar myopathy.
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2.1.3.6 LMOD3
The first leiomodin 3 (LMOD3, LMOD3, MIM: 616112) mutations in NM were published in
2014 (Yuen et al. 2014). LMOD3 binds to actin along the A-band region of the thin filament,
with enriched localisation towards the pointed end (Yuen et al. 2014). It has a role in actin
nucleation, and loss of the protein resulted in shortening and disorganisation of the thin filaments
in the muscles of LMOD3-NM patients (Yuen et al. 2014). Loss of Lmod3 in the KO-mouse
models (Supplementary Table 1) led to severe muscle weakness and postnatal growth retardation
(Cenik et al. 2015; Tian et al. 2015).
Most of the mutations are recessive loss-of-function mutations (nonsense or frameshift), leading
to complete absence of the LMOD3 protein, causing severe, often lethal forms of NM (Abbott
et al. 2017; Yuen et al. 2014). Patients presented with perinatal fractures in some of the cases.
Ophthalmoplegia, an unusual feature in NM was described in 29% of the patients in the first
study (Yuen et al. 2014).
2.1.3.7 MYPN
Myopalladin (MYPN, MIM: 608517) has a role in recruiting proteins to the Z disc of the muscle
sarcomere in myofibrillogenesis, and tethering thin filaments to Z discs via its interaction with
nebulin and α-actinin (Bang et al. 2001). Myopalladin has a dual subcellular location, being also
present in the nucleus. All NM-causing MYPN variants published so far are recessive,
homozygous or compound heterozygous loss-of-function mutations, leading to no protein, or
very low levels of myopalladin, and resulting in a relatively mild NM, with slowly progressive
muscle weakness (Miyatake et al. 2017). Intranuclear rods, a feature previously associated only
with ACTA1 mutations, have been observed in some MYPN-NM patients (Miyatake et al. 2017).
Interestingly, dominant mutations in MYPN lead to cardiac phenotypes (Duboscq-Bidot et al.
2008).
2.1.3.8 KBTBD13, KLHL40 and KLHL41
The Kelch repeat- and BTB/POZ domain-containing protein 13, the Kelch-like protein 40 and
the Kelch-like protein 41 (KBTBD13, MIM: 613727, KLHL40, MIM: 615340 and KLHL41, MIM:
607701, respectively), belong to the Kelch protein superfamily, and are thought to be involved in
pathways of ubiquitination and protein degradation (Gupta and Beggs, 2014).
Pathogenic variants in KBTBD13 have been found in autosomal dominant NM with cores, and
characteristic slowness of movements (Sambuughin et al. 2010). KBTBD13 is involved in a
pathway leading to ubiquitination of proteins destined for degradation (Sambuughin et al. 2012),
but the exact function of the protein is still unknown.

LMOD3 and nebulin are the main binding partners of KLHL40 (Garg et al. 2014). Loss of
KLHL40 leads to a severe lethal form of NM associated with destabilisation of thin filament
proteins (Garg et al. 2014; Ravenscroft et al. 2013). In the Klhl40-KO mouse model
(Supplementary Table 1), deficiency of KLHL40 resulted in almost complete absence of Lmod3,
and a 50% reduction of nebulin quantity (Garg et al. 2014). According to the current model,
KLHL40 serves to increase nebulin and LMOD3 levels, and prevents degradation of LMOD3 by
the proteasome, by blocking its ubiquitination (Garg et al. 2014).
KLHL41 preferentially prevents aggregation and degradation of nebulin. Loss of KLHL41
activity in the Klhl41-KO mouse model (Supplementary Table 1) leads to nebulin aggregation,
and down-regulation of nebulin and other sarcomeric proteins, but only a slight decrease in
Lmod3 at the protein level, while RNA levels are not affected (Ramirez-Martinez et al. 2017).
2.1.4 Potential therapies for nemaline myopathy
So far, no effective treatment for NM patients has been developed, other than symptomatic
treatment by a multidisciplinary team, such as exercise and physiotherapy to maintain muscle
strength, joint mobility and independence in the activities of daily living, early scoliosis surgery
where necessary, and ventilatory monitoring and support (Wang et al. 2012).
Understanding the pathogenetic mechanisms leading to NM would offer potential molecular
intervention points in order to start developing effective treatment, even a cure for the disorder.
Unfortunately, the pathogenesis of NM is still largely unknown.
If the functional defect is known, animal models often offer suitable test beds for future therapies.
For example, as effective actin-myosin interaction has been found to be impaired in the
Acta1His40Tyr mouse model, promising results in restoring the force-generating capacity by
manipulating myosin expression have been subsequently obtained (Lindqvist et al. 2016). Actin
function was also restored in the early lethal Acta1-KO model by expressing cardiac actin (ACTC)
in skeletal muscle (Nowak et al. 2009).
Studying the molecular genetics and function of all the various genes involved in NM will bring
us closer to understanding the pathogenetic mechanisms leading to the disease. Knowing the
molecular genetics will also enable accuracy of genetic counselling. Patients can be informed of
their family mutation, recurrence risk and possibly also for their prognosis, and in severe cases
offered prenatal or preimplantation diagnosis (Wallgren-Pettersson et al. 2011).
We have focused our attention on studying nebulin structure, expression and function in order
to shed light on the pathogenetic mechanisms in NEB-NM.
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2.1.5 Related disorders caused by mutations in NEB
NM was long believed to be the only disorder caused by pathogenic variants in NEB. However,
it has, over the years, later become evident that the NEB-related myopathies constitute a clinically,
histologically and genetically heterogeneous group of muscle disorders.
In 2007 our group, in a collaborative paper, described a clinically mild distal myopathy in four
Finnish families, caused by two different homozygous missense variants (Wallgren-Pettersson et
al. 2007). This novel disease entity, distal nebulin myopathy (NEB-DM), presented with distal
weakness only, and nemaline bodies were absent or very scarce in the muscle biopsies.
Later a distal form of NM was identified in three families with compound heterozygous NEB
variants, presenting with childhood-onset distal weakness and nemaline bodies (Lehtokari et al.
2011). Distal NM has also been found caused by mutations in ACTA1 (Liewluck et al. 2017).
Pathogenic variants in NEB have also been found to be the cause of core-rod myopathy in three
families (Lehtokari et al. 2014; Romero et al. 2009). In core-rod myopathy, core structures can be
found in the muscle biopsies in addition to nemaline bodies. Of the NM-causing genes, core-rod
myopathy can also be caused by pathogenic variants in ACTA1 (Kaindl et al. 2004) and TPM2
(Marttila et al. 2014b). In one family, NEB variants have been identified to be the cause of a
childhood-onset distal myopathy with rods and cores (Scoto et al. 2013).
Pathogenic NEB variants were, in four families, identified as causing fetal akinesia/lethal multiple
pterygium syndrome (Abdalla et al. 2017; Lehtokari et al. 2014). A post mortem muscle sample
from on one of the fetuses showed nearly complete replacement of muscle with adipose tissue
(Lehtokari et al. 2014).
The only dominantly inherited pathogenic variant hitherto published in NEB, a large deletion,
has been found causing a distal nemaline/cap myopathy (Kiiski et al. 2019).

2.2

NEBULIN

Nebulin is one of the largest proteins found in nature (Donner et al. 2004; Labeit and Kolmerer
1995). Mutations in NEB account for more than 50% of autosomal recessive NM, and it is, thus,
an important topic of investigation (Pelin and Wallgren-Pettersson 2019). Nebulin research has
been greatly hindered by the enormous size of the protein. Our research group has devoted
decades for studying the molecular genetics and function of the nebulous protein.

2.2.1 The nebulin protein
2.2.1.1 Structure of nebulin
Nebulin is a giant protein (600-900 kDa) with a very modular structure (Labeit and Kolmerer
1995). It has over 200 simple repeats of 32-35 amino acids back-to-back along the length of the
protein (Fig. 3: Nebulin structure and binding partners). In the central part of the protein, the
simple repeats are further organised into super repeats, each containing seven simple repeats. This
modular structure accounts for nearly 95% of the protein. In addition to these repetitive modules,
the N-terminus and C-terminus contain unique domains with specific functions.
2.2.1.2 Nebulin interactions
The simple repeats each contain a conserved actin-binding site (SDxxYK), giving the full-length
nebulin the potential to bind more than 200 actin monomers (Fig. 3a: Binding partners). The
super repeats each harbour a putative tropomyosin-binding site WLKGIGW (Fig. 3b: Superrepeat structure) (Labeit and Kolmerer 1995).
The N-terminal M1M2M3 domain has a binding site for the capping protein tropomodulin
(TMOD; McElhinny et al. 2001). However, in mature muscle, TMOD and the nebulin N
terminus do not co-localise (Castillo et al. 2009; Gokhin et al. 2010). Therefore, it is thought that
the interaction is transient, and that nebulin recruits the capping protein near the actin filament
end in myofilament assembly, or acts at a distance to modulate pointed-end capping by TMOD
(Gokhin et al. 2010).
The C-terminal SH3 domain interacts with multiple proteins with diverse functions (Chu et al.
2016). The SH3 domain anchors nebulin, and thus the thin filament, into the Z-disc structure
through interactions with titin (Ma and Wang 2002), myopalladin (Bang et al. 2001), α-actinin
(Nave et al. 1990), zyxin (Reinhard et al. 1995) and CapZ (Pappas et al. 2008). CapZ also has an
additional binding site at the linker repeats M160-163 at the periphery of the Z-disc structure,
crosslinking the thin filaments from adjacent sarcomeres (Pappas et al. 2008). The same region
connects nebulin to the intermyofibrillar network through its interaction with desmin (Bang et al.
2002).
Nebulin–N-WASP interaction at the Z disc promotes actin nucleation (Takano et al. 2010), and
Xin and XIRP2, the actin binding Xin repeat-containing proteins, interact with nebulin during
myofibril formation and remodelling (Eulitz et al. 2013). However, as the sarcomeric structure
was similar between the wild type and Neb-KO animals, nebulin is not essential for
myofibrillogenesis (Witt et al. 2006).
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Figure 3. Nebulin protein structure, binding partners and alternative isoforms (facing page)
A The nebulin protein has a highly modular structure, consisting of over 200 simple repeat modules (M).
The simple repeat modules in the central part of the protein are further organised into seven simple
repeats (R1-R7) containing super repeats, S1-S22. Tropomodulin (TMOD) and CapZ are the known thinfilament capping proteins, binding to nebulin at the pointed end and in the Z-disc associated regions,
respectively. The C-terminal SH3 domain interacts with several proteins in the Z disc. Desmin, binding to
nebulin at the periphery of the Z disc, links nebulin into the intermyofibrillar network. KLHL40 and
KLHL41 are known chaperone proteins binding to nebulin and LMOD3 along the filament. The exact
binding sites for these proteins are yet to be uncovered, although localisation of KLHL40 has been
detected along the A and I bands of the sarcomere. (Modified from Chu, Gregorio, and Pappas 2016)
B A nebulin super repeat consists of seven simple repeats (S1-S7), each binding to actin. Simple repeats
at a certain position are very similar between different super repeats. The putative tropomyosin-binding
site resides in the third simple repeat, i.e. R3, in all the super repeats.
C The nebulin super-repeat (SR) region spans most of the protein. Alternative splicing gives rise to the
additional super repeat S11b, which is either included or excluded, and super repeats S21a and S21b, with
one, but never both, included in the protein. The triplicate (TRI) region gives rise to three different super
repeats, and three additional, identical copies of the three. The most extensive alternative splicing occurs
in the Z-disc associated part of the protein, where the cassette exons, spliced independently of each other,
give rise to potentially 121 different isoforms. This region has been thought to contribute to the variation
in the Z-disc width. (Modified from III)

Finally, KLHL40 and KLHL41 bind to nebulin, stabilising the protein, and thus provide stability
for the thin filament (Garg et al. 2014). The exact binding sites are still under investigation, with
localisation confirmed along the thin filament, in both I and A bands for KLHL40 (Garg et al.
2014).
2.2.1.3 Nebulin function
Nebulin function is still largely unknown, primarily because of its large size limiting the number
of methods that can be used to study the protein. Recently, mouse models with various nebulin
deficiencies have shed some light on nebulin function.
Early reports suggested that nebulin would act as a ruler needed for the actin filaments to
assemble in early muscle development (For review, see Trinick 1994). However, Neb-KO mouse
models demonstrated that the actin filaments assembled in complete absence of nebulin (Bang et
al. 2006; Witt et al. 2006). As the filaments started to disassemble immediately when the muscle
started to contract, the role of nebulin was adjusted to having a stabilising effect on the filament
after it has assembled. It has later been shown that nebulin has a role in stiffening the filament
(Kawai et al. 2018; Kiss et al. 2018). Furthermore, nebulin has been shown to be moderately
elastic and, when extended, it can provide considerable compressive force, stabilising the thin
filaments during contraction (Yadavalli et al. 2009).
The Neb-KO models showed significantly shortened thin filaments, which suggested a role for
nebulin in specifying thin filament length (Bang et al. 2006; Witt et al. 2006). Later, however, it
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was demonstrated that the distance of the nebulin N terminus from the Z disc is relative constant
(∼0.95 µm), while the thin-filament pointed end resides at a variable distance, ranging from
∼1.00-1.40 µm (Castillo et al. 2009). Thus, according to the recent two-segment model by Gokhin
and Fowler, nebulin defines the minimum thin filament length, i.e. the proximal segment,
spanning ∼0.95 µm from the Z disc, while the distant segment corresponds to the nebulin-free
thin filament extension of variable lengths (Gokhin and Fowler 2013).
Nebulin has a role in regulating the Z-disc width (Witt et al. 2006). Wider and disorganised Z
discs have been observed in NM patients and several of the NM mouse models (Supplementary
Table 1). Integrity of the structure is needed for proper contractile function of the sarcomere.
Nebulin interacts with several proteins at its C-terminal SH3 domain (Chu et al. 2016). However,
deleting the SH3 domain in the NebΔSH3 mouse model does not have a striking effect on the
phenotype, and most of the interacting partners remain in place (Yamamoto et al. 2013). It is
possible that other proteins are able to compensate to a certain extent for the lack of SH3 domain,
in the highly structured network of the Z-disc proteins. However, in the NebΔSH3 mouse model,
the muscles are more susceptible to contraction-induced damage, suggesting that this interaction
domain is needed to support the structure in muscle contraction.
According to the current model, the nebulin C-terminal ends from adjacent sarcomeres are crosslinked by CapZ, interacting with the SH3 domain and the simple repeat modules M160-163 at
the periphery of the sarcomere (Pappas et al. 2008). Pappas and co-workers demonstrated that a
reduction of nebulin in skeletal myocytes decreased the assembly of CapZ, resulting in nonuniform organization of the Z-disc associated barbed ends of the actin filaments (Pappas et al.
2008).
It has also been suggested that nebulin has a role in Ca2+ handling of the sarcoplasmic reticulum
(Ottenheijm et al. 2008) and strengthening the acto-myosin interaction (Bang et al. 2009; Chandra
et al. 2009; Ochala et al. 2011; Ottenheijm and Granzier 2010).
2.2.2 The nebulin gene (NEB)
2.2.2.1 Structure of NEB
The nebulin gene, NEB, is located on chromosome 2, region 2q22 (Pelin et al. 1997). NEB
consists of 183 exons, spans 249 kb of genomic sequence and gives rise to an mRNA of up to 26
kb in size (Donner et al. 2004). The translation initiation codon resides in exon 3, and the stop
codon in the last exon, i.e. exon 183.
The central region of NEB harbours a segmentally duplicated region forming the TRI region,
where a set of eight exons is repeated three times (Donner et al. 2004). The TRI region consists
of exons 82-89, 90-97 and 98-105, spanning 8.2 kb of genomic sequence (Fig 4a: TRI, normal).

These segments are 99% identical, thus studying the TRI region poses a challenge. An increase
or decrease of one copy of the segment of eight exons is common, and considered benign, normal
variation, while the gain of two or more copies on one allele is considered pathogenic (Fig 4b:
TRI, pathogenic; Kiiski et al. 2016).

Figure 4. The triplicate region of NEB
A The triplicate (TRI) region of NEB consists of a segment of eight exons repeated three times. These
segments, consisting of exons 82-89, 90-97 and 98-105 are 99% identical, which has previously posed a
challenge for studying the TRI region in detail. According to current knowledge, the normal copy number
of the TRI segments is three copies per allele. Gains and losses of one copy have been observed in
healthy controls, and is, thus, considered normal variation.
B So far, a gain of two or more copies on an allele has not been detected in healthy controls. However, a
gain of two or more copies on an allele have been found segregating with NM in 4% of the families
studied, and are thus interpreted to be pathogenic.

2.2.2.2 Alternative splicing of NEB
Nebulin undergoes extensive alternative splicing, which has so far been reported to involve four
distinct regions (Fig. 3c; Pelin and Wallgren-Pettersson 2008). The first is a block of exons, exons
63-66, encoding an alternative (additional) super repeat, S11b, mid-way through the protein. This
group of exons is spliced as one block, i.e. including or excluding all four exons in the final
transcript. If exons 63-66 are included in the transcript, nebulin contains an additional super
repeat. The functional role of the addition of S11b is not known.
The TRI region has long been thought to undergo alternative splicing. In the first nebulin
sequences published (GenBank X83957), the TRI region was missing (Labeit and Kolmerer
1995), and transcripts missing the entire TRI region were later described (Donner et al. 2004).
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At the end of the super repeat region, two mutually exclusive exons, exons 143 and 144, encode
35 amino acids each that differ in both charge and hydrophobicity, and are part of S21 (Donner
et al. 2004).
A set of eleven exons, exons 167-177 close to the 3’ end of NEB, are spliced independently of
each other (Donner et al. 2004). These so-called cassette exons encode individual simple repeats
located in the Z disc of the sarcomere. It is thought that alternative splicing of these exons account
for size variation in the Z-disc associated region of nebulin (Witt et al. 2006). Buck and co-workers
demonstrated that during development the number of these alternative exons used increased, and
that it correlated with a significant increase in Z-disc width (Buck et al. 2010).
2.2.2.3 Expression of NEB
NEB is expressed ubiquitously in all skeletal muscles (Wang and Wright 1988). Small amounts of
nebulin RNA (in human, mouse and rat) and protein (rat) have also been found in heart
(Kazmierski et al. 2003). In the same study, RNA expression was also detected in the kidney, eye,
and otic canal of the Xenopus frog. These tissues contained actin filaments with defined lengths.
Furthermore, Joo and co-workers detected nebulin protein in heart, stomach, liver, and brain of
chicken embryos (Joo et al. 2004b), and in a human brain library at the RNA level (Joo et al.
2004a), but it was not studied at protein level. The nebulin protein was later detected in mouse
liver and aorta, and confirmed in mouse heart (Bang et al. 2006). However, the exact function of
nebulin in these tissues remains unclear.

3

AIMS OF THE STUDY

This study aimed at elucidating the expression and function of the nebulin gene (NEB), and
nebulin protein in health and disease.
The specific objectives in each of the subprojects were:

I

To study the expression and alternative splicing of wild-type NEB at the mRNAlevel in different human leg muscles and brain.

II

To investigate the differences in the expression of the alternative isoforms S21a and
S21b at the protein level, using novel specific antibodies.

III

To study the wild-type nebulin/actin interaction in vitro using a complete panel of
nebulin super repeats, elucidating nebulin function, and forming a foundation for
assessing the effects of NEB mutations at the protein level.

IV

To characterise three novel murine Neb strains, to study the effects of different Neb
variants on muscle function, and to assess the models as potential test beds for
future therapies.

4

MATERIALS AND METHODS

In this chapter, materials and methods utilized in studies I, II, III and IV, and related unpublished
studies (U), are described. Roman numeral indicating the study in question is included in the title
of each section.

4.1

HUMAN MUSCLE AND BRAIN MATERIAL (I-II, U)

I, U: Human muscle tissues were obtained from patients who underwent leg amputation surgery
because of non-neuromuscular medical reasons at Tampere University Hospital. Ethical
permission for the study was given by the ethics committee of Tampere University Hospital, and
written informed consent was given by the patients.
Muscles included in the studies (I, U) were vastus medialis, vastus lateralis, sartorius, gracilis,
semimembranosus, biceps femoris, adductor magnus, vastus intermedialis, adductor longus, rectus femoris,
semitendinosus, flexor digitorum longus, extensor digitorum longus, tibialis posterior, tibialis anterior, fibularis
longus, extensor hallucis longus, gastrocnemius lateralis, gastrocnemius medialis, flexor hallucis longus, and soleus.
II: Fetal muscle was obtained from the MRC Centre for Neuromuscular Disease Biobank,
London. Adult muscle was obtained during routine surgery at RJAH Orthopaedic Hospital,
Oswestry (with informed consent and ethical approval). Use of donor muscle tissue was approved
by the UK NHS Review Body. Other human muscle samples were obtained from the MRC
Centre for Neuromuscular Disease Biobank, London.
I: Brain tissues were obtained post mortem from an adult human without any neurological
symptoms. The use of this anonymous sample was permitted by the head of the section of
HUSLAB, Division of Pathology, Meilahti Laboratories of Pathology, Helsinki University Central
Hospital. Commercial adult and fetal brain RNA was purchased from Clontech Laboratories, Inc.
(Mountain View, CA, USA).

4.2

MOUSE STRAINS (IV, U)

Mouse lines containing the NebY2303H or NebY935X variants were selected from a missense mutation
library derived from N-ethyl-N-nitrosourea (ENU) mutagenesis (Australian Phenomics Facility,
Canberra) on the basis of their potential pathogenicity. Heterozygous mice for each variant were
bred together to generate the compound heterozygous line NebY2303H(+/-),Y935X(+/-) (from here on
NebY2303H,Y935X). All lines were created and maintained on a C57BL/6J background.
Mice were housed in a pathogen-free facility at the Animal Resources Centre (Murdoch, Western
Australia) and were cared for adhering to guidelines set by the National Health and Medical

Research Council of Australia. Rooms were on a 15:9 hour light/dark cycle and mice had ad
libitum access to tap water and a regular diet (Speciality Feeds, Western Australia).
Experimentation was approved by the Animal Ethics Committees of the Animal Resources
Centre and The University of Western Australia.
Extensor digitorum longus, tibialis anterior, soleus, gastrocnemius, quadriceps femoris, diaphragm, and masseter
skeletal muscles were selected on the basis of their suitability for the studies, and their potential
involvement in NEB-NM.

4.3

MAMMALIAN CELL LINES (II, U)

II: Clonal human myoblast cell lines, immortalised by transduction with human telomerase
reverse transcriptase (hTERT) and cyclin-dependent kinase-4 (Cdk4)23, were provided by Dr V.
Mouly, Institut de Myologie, Paris. The myoblasts were cultured in skeletal muscle cell growth
medium (PromoCell GmbH, Heidelberg, Germany) containing supplement mix (PromoCell)
with 20% Fetal Bovine Serum (Gibco, Thermo Fisher Scientific). Differentiation was induced at
80% confluency by culturing in Dulbecco's Modified Eagle Medium (DMEM; Gibco, Thermo
Fisher Scientific) supplemented with insulin, transferrin and selenium (ITS-X; Gibco, Thermo
Fisher Scientific) and penicillin-streptomycin.
II, U: COS-1 cell line (ATCC, Manassas, VA, USA) was used in the transient transfections. The
cells were cultured in +37°C incubator with 5% CO2 using standard techniques. Serum and
antibiotic free DMEM (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) was used while
performing transient transfections with Metafectene ProTM transfection reagent (Biontex
Laboratories, Munich, Germany).

4.4

ANTIBODIES

4.4.1 Antibodies and probes (I-IV, U)
Primary antibodies used in this study are listed in Table 2. Commercial antibodies were acquired
from: Abcam (Cambridge, UK) Sigma-Aldrich (Merck, Darmstadt, Germany), Leica Biosystems
(Wetzlar, Germany), Developmental Studies Hybridoma Bank (DSHB; Iowa, IA, USA), Santa
Cruz Biotechnology (Santa Cruz, CA, USA), ProteinTech (Rosemont, IL, USA), and Thermo
Fisher Scientific.
Filamentous actin in histological specimens (IV) was visualised with fluorescein isothiocyanate
(P5282, Sigma-Aldrich; Merck) or tetramethylrhodamine-conjugated Phalloidin (P1951, SigmaAldrich; Merck). Alexa-594 conjugated Phalloidin (Invitrogen A12381, Molecular Probes,
Eugene, OR, USA) was used for single fibre measurements (IV).
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Table 2. Antibodies. The novel antibodies produced in publication II in blue.
Target

Clone/product

Host

Type

Producer/publ.

Appl.

Publ.

α-actinin

EA-53

ms

mAb

Abcam, Sigma-Aldrich

SF, IF

IV

Dystrofin

MANDYS1

ms

mAb

(Man et al. 1990)

WB

II

GAPDH

GAPDH-71.1

ms

mAb

Sigma-Aldrich G8795

DB

IV

GST

ab137840

rb

pAb

Abcam

WB

III, U

Myosin slow

NCL-MHCs

ms

mAb

Leica Biosystems

IF

II, IV

Myosin slow

WB-MHCs

ms

mAb

Leica Biosystems

IF

U

Myosin fast

NCL-MHCf

ms

mAb

Leica Biosystems

IF

II

Myosin fast

MY-32

rb

mAb

Sigma-Aldrich

SF

IV

Myosin fast

A4.74

ms

mAb

DSHB

IF

U

Myosin II

SC-75

ms

mAb

DSHB

IF

IV

Myosin IIA

SC-71

ms

mAb

DSHB

IF

IV

Myosin IIB

BF-F3

ms

mAb

DSHB

IF

IV

Neonatal myosin

NCL-MHCn

ms

mAb

Leica Biosystems

IF

II

Developmental
myosin

NCL-MHCd

ms

mAb

Leica Biosystems

IF

II

Nebulin C-term

SH3

rb

pAb

(Pelin et al. 1999)

IF

I

Nebulin N-term

H-300; sc-28286

rb

pAb

Santa Cruz
Biotechnology

IF

I

Nebulin N-term

19706-1-AP

rb

pAb

ProteinTech

DB

IV

Nebulin S21

NEB 8G3 B6C6

ms

mAb

II

WB, IF

II,U

Nebulin S21

NEB 9C4 B5E5

ms

mAb

II

WB, IF

II,U

Nebulin S21

NEB 10B7 G7C9

ms

mAb

II

WB, IF

II,U

Nebulin S21

NEB 9C4 B5E11

ms

mAb

II

WB, IF

II,U

Nebulin S21

NEB 8D2 B10A12

ms

mAb

II

WB, IF

II,U

Nebulin S21

NEB 6B5 D6D5

ms

mAb

II

WB, IF

II,U

Nebulin S21

NEB 7D5 B11D10

ms

mAb

II

WB, IF

II,U

Nebulin S21

NEB 9A11 B6C6

ms

mAb

II

WB, IF

II,U

Nebulin S21

NEB 8D2 B10F1

ms

mAb

II

WB, IF

II,U

Nebulin S21a

NEB-3F4

ms

mAb

II

WB, IF

II,U

Nebulin S21a

NEB-6E6

ms

mAb

II

WB, IF

II,U

Nebulin S21b

NEB-9H1

ms

mAb

II

WB, IF

II,U

Nesprin-2

MANNES2A

ms

mAb

(Randles et al. 2010)

WB

II

SERCA1

MA3-911

ms

mAb

Thermo Fisher
Scientific

IF

IV

TMOD4

R3577bl3c

rb

IgG

(Gokhin et al. 2010)

SF

IV

ms, mouse; rb, rabbit; mAb, monoclonal antibody; pAb, polyclonal antibody DB, dot blot; IF, immunofluorescence;
SF, single fibre IF; WB, western blot; U, unpublished

4.4.2 Production of monoclonal antibodies (II)
Specific monoclonal antibodies against alternative isoforms of nebulin super repeat 21 (S21a and
S21b) were obtained by immunising BALB/c mice with recombinant fragments of nebulin
encoded by exons 138–143 or 138-(143)144. Monoclonal antibody production was performed
and the hybridomas were screened (by ELISA, western blot and immunocytochemistry) as
previously described (Man and Morris 2010). The use of fragments larger than exons 143 or 144
alone was employed to increase their immunogenicity, since the amino-acid sequence of exon 143
is identical in man and mouse. The fragment for screening the hybridomas consisted of the
peptide translated from exon 143 or exon 144 alone.

4.5

RNA WORK

4.5.1 RNA extraction (I-IV, U)
RNA for the down-stream applications was obtained from muscle tissue, myoblasts or myotubes
using standard RNA extraction techniques.
I: Total RNA was extracted from the 21 different leg muscles by the TRIzol reagent method
according to the manufacturer’s instructions (Invitrogen). The quality of the RNA obtained was
checked with Bio-Analyzer using a nanoassay kit (RNA 6000; Agilent Technologies).
II-IV, U: RNeasy Plus Mini Kit (Qiagen, Germantown, MD USA) was used, following
manufacturer’s instructions.
4.5.2 Expression microarray (I)
Nebulin RNA expression and usage of alternative exons was studied in 21 leg muscles from 15
different individuals, and commercial adult and fetal brain samples, using a custom expression
array (Agilent Technologies, Waldbronn, Germany). The RNA samples were amplified with the
Ambion Amino Allyl Message Amplification Kit (#AM1753). The aRNA (amplified RNA) was
labeled using Cy3, Cy5 (GE Healthcare, Chicago, IL, USA), and Alexa 488 mono-Reactive Dye
Pack colors (Invitrogen).
4.5.3 Reverse transcription PCR (I-III)
Expression array results were validated, and inserts for cloning of plasmid constructs were
obtained using standard reverse transcription PCR (RT-PCR) protocols. The sequences were
confirmed by Sanger sequencing.
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4.5.4 Quantitative PCR (II, IV, U)
Relative quantitative PCR (qPCR) method was used to assess the relative transcript quantities of
II: the alternative exons 143 and 144 in human muscle tissue and cultured cells, and IV, U: the
missense mutant transcript in the Neb mice. The qPCR was performed using SYBR green
detection in II: an ABI 7500 Real Time PCR system (Applied Biosystems, Foster City, CA, USA)
with SYBR Select Master Mix (Applied Biosystems), and IV: a Rotor-Gene Q cycler (Qiagen)
using a Rotor-Gene SYBR Green PCR kit (Qiagen).
Quantitation of target transcripts relative to the two endogenous reference transcripts was
calculated by the ∆Ct method.

4.6

PROTEIN WORK

4.6.1 Cloning (I-III)
Plasmid constructs were required for I: sequencing transcripts obtained from NEB exons 167177, II: immunisation of mice in antibody production, screening of hybridomas and testing of
antibodies in cell culture, and III: constructing the nebulin super-repeat panel for protein
expression.
For plasmid constructs, RNA from healthy controls was used in RT-PCR. For A/T-cloning
purposes, a PCR protocol leaving A-overhangs was used, and the purified products were ligated
in T-vector (Invitrogen, Thermo Fisher Scientific). Technically challenging inserts (III) were
synthesised by GenScript (Piscataway, NJ, USA). Four super repeats were constructed for our
previous study (Marttila et al. 2014a).
Further cloning into an expression vector (II: pET32a; II, III: pGEX4T-1) was performed using
restriction sites present in both vectors.
4.6.2 Transformation (I-III)
One Shot Top10 or DH5a chemically competent E. coli strains (Invitrogen, Thermo Fisher
Scientific) were used in basic cloning and storing of the plasmid constructs (I-III), and
BL21(DE3) (Invitrogen, Thermo Fisher Scientific) was used for protein expression purposes (II,
III). Plasmid constructs were transformed into the bacteria using standard transformation
protocols with a heat shock at 42°C. The successful transformation of the desired plasmid was
confirmed by restriction analysis (I-III) or colony PCR (III), followed by Sanger sequencing.

4.6.3 Bacterial protein expression (II, III)
Protein expression to obtain fragments for II: hybridoma screening or III: nebulin/actin-binding
studies, was induced from expression vector pGEX4-T1 by addition of isopropyl β-D-1thiogalactopyranoside (IPTG) at a 600-nm optical density (OD600) of 0.5–0.8. The proteins were
expressed in room temperature for 1.5 hours – o/n (depending of the qualities of each protein
fragment), and the cells were pelleted.
4.6.4 Protein extraction (II-IV, U)
II: Proteins from human muscle tissue were extracted in 50 mM Tris pH 6.8, 1%
ethylenediaminetetraacetic acid (EDTA), 10% SDS, 5% beta-mercaptoethanol, 10% glycerol with
protease inhibitors.
II, III: For nebulin/actin interaction experiments total protein was extracted from bacterial cell
pellets by sonication in phosphate-buffered saline (PBS) with Pierce Proteinase Inhibitor
(Thermo Fisher Scientific) 0.25 mg/ml lysozyme (Sigma-Aldrich), and 0.5% Triton-X 100 (SigmaAldrich). The desired glutathione S-transferase (GST)-fusion proteins were purified from the
soluble fraction using Protino glutathione agarose 4B beads (Macherey-Nagel, Düren, Germany).
Similar extraction protocol was applied in producing fragments for screening of hybridomas.
IV, U: To obtain nebulin for protein assays, the protein extraction from mouse tissue was
performed by homogenisation in lysis buffer (8 M urea, 125 mM Tris, 40% glycerol, 4% sodium
dodecyl sulphate (SDS), pH 8.8 and 1.5% protein inhibitor cocktail IV; Sigma-Aldrich).
4.6.5 Co-sedimentation assay (III)
The nebulin fragments produced for the nebulin/actin interaction experiments were eluted from
the beads o/n at +8°C in elution buffer (50 mM Tris–HCl, pH 8.0, and 10 mM glutathione;
Sigma-Aldrich or Acros Organics, Thermo Fisher Scientific), with Pierce Proteinase Inhibitor
(Thermo Fisher Scientific). Nebulin/actin interaction was assessed using nebulin fragments (at
the highest possible concentration) and polymerised actin from rabbit skeletal muscle
(Lyophilized Rabbit Muscle Actin; Cat. No. AKL99; Cytoskeleton, Denver, CO, USA) in a
commercial co-sedimentation assay, according to the manufacturer’s instructions (Actin-Binding
Protein Spin-Down Assay Biochem Kit; Cytoskeleton). Nebulin concentration was 0.22-6.93 µM
in the final reaction.
4.6.6 SDS-PAGE, western blot and dot blot (II-IV, U)
SDS-PAGE was performed with self-cast 4 to 12% gradient gels (II) or precast TGX gels (III;
Bio-Rad laboratories, Hercules, CA, USA). Proteins were visualised with Coomassie Brilliant Blue
(III; Bio-Rad) stain. Western blot method was performed with enhanced chemiluminescent
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(ECL) detection on West Pico or West Femto systems (II; Pierce, Thermo Fisher Scientific) or
fluorescent detection on an Odyssey Infrared Laser Imaging System (III; LI-COR). A dot blot
method was used to compare total nebulin protein levels in the Neb mice (IV). Detection was
performed with the ECL plus western blotting substrate kit (Thermo Fisher Scientific). For
antibodies used, see section 4.4.1 and Table 2.
4.6.7 Sequence alignment and in silico analyses (III, U)
MUltiple

Sequence

Comparison

by

Log-Expectation,

i.e.

MUSCLE

(http://www.ebi.ac.uk/Tools/msa/muscle/), was used to align and organise protein sequences
according to their similarity (III, U). WebLogo 3 (http://weblogo.threeplusone.com/) was used
to generate sequence logos in which the conserved amino acids are represented by letters of larger
size (III).

4.7

HISTOLOGY AND IMMUNOHISTOCHEMISTRY

4.7.1 Basic histological staining (IV, U)
Dissected mouse muscles were snap frozen in isopentane cooled with liquid nitrogen. Sections
of 8-10 µm were stained with haematoxylin and eosin (H&E), Gomori trichrome or for succinate
dehydrogenase (SDH) using standard histochemical techniques. From the Neb mice extensor
digitorum longus, tibialis anterior, soleus, gastrocnemius, quadriceps femoris, diaphragm, and masseter skeletal
muscles were studied.
4.7.2 Immunofluorescent staining (I, II, IV, U)
I: To visualise nebulin expression in brain, formalin-fixed, paraffin-embedded brain tissue
sections were mounted on positively charged glass slides, and immunostained using an avidinbiotin complex kit (VectaStain Elite ABC kit; Vector Laboratories).
For cultured cells (II), myofibres (II) and muscle sections (II, IV, U) direct or indirect
immunofluorescence (IF) staining was performed using standard techniques. For antibodies and
probes used, see section 4.4.1 and Table 2.
II: Immunolabelling was visualised using the X-cell Plus Polymer kit (A. Menarini Diagnostics,
Winnersh-Wokingham, UK) followed by 3, 3′ diaminobenzidine and peroxidase.
IV: Alexa Fluor conjugated secondary antibodies were used to visualise the labelling (Thermo
Fisher Scientific; Molecular Probes).

Nuclear counterstaining was done by hematoxylin QS nuclear counterstain (modified Mayer
formula; H-3404; Vector Laboratories, Burlingame, CA, USA), DAPI (diamidinophenylindole;
Vector Laboratories), or Hoechst (Sigma-Aldrich).
4.7.3 Fibre typing (II, IV, U)
IV: Fibre typing was conducted on merged images showing (1) MHCI with MHCIIA, and (2)
MHCIIA with MHCIIB (see immunofluorescent staining for methods). Fibres of each different
type were counted and the Feret’s diameter measured using ImageJ software (various versions;
US National Institute of Health, Bethesda, MD, USA). Similar protocols were used in II. For
antibodies used, see section 4.4.1 and Table 2.
U: Fibre typing was performed by myosin heavy chain double staining using the Ventana
BenchMark automated immunostainer (Ventana Medical Systems, Tucson, AZ, USA), as
described earlier (Raheem et al. 2010).
4.7.4 Sarcomeric distances (IV)
To assess the sarcomeric distances in the NebY2303H,Y935X mice, arrays of approximately nine
myofibres from the tibialis anterior muscle were prepared at RT, and used to measure thin and
thick filament lengths. For thin filament length measurements, the myofibres were treated with
Phalloidin, and for thick filament lengths with anti-fast myosin. For antibodies and probes used,
see section 4.4.1 and Table 2.

4.8

MICROSCOPY

4.8.1 Bright field and fluorescence microscopy (I, IV, U)
Stained samples were imaged using I, II, U: Zeiss Axioplan 2 microscope (Carl Zeiss
MicroImaging, Göttingen, Germany) with AxioCam HRc and AxioVision software, and IV, U:
Olympus IX71 inverted microscope (Shinjuku, Tokyo, Japan).
4.8.2 Confocal microscopy (II, IV, U)
II: Sequential confocal scans were performed with a Leica TCS SP5 spectral confocal microscope
(Leica Microsystems, Milton Keynes, UK).
IV: Single myofibre images were collected using a CellVoyagerTM (CV1000) Confocal Scanner
Box microscope (Yokogawa, Kanazawa, Japan).
U: Additional confocal microscopy was performed using LSM 880 confocal microscope (Carl
Zeiss MicroImaging).
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4.8.3 Electron microscopy (IV, U)
Thin sections of mouse muscle were cut on an ultratome (RMC Boeckeler, Tucson, AZ, USA)
and stained after drying on copper grids with saturated aqueous uranyl acetate and lead citrate
according to standard techniques. The images were captured using a GATAN Orius 11 megapixel
digital camera (Roper Technologies, Lakewood Ranch, Florida, USA) attached to a JEOL 1400
transmission electron microscope (Peabody, MA, USA).

4.9

IMAGE PROCESSING AND ANALYSIS (I-IV, U)

Image processing and analyses were performed using the Odyssey software (LI-COR Biosciences,
Lincoln, NE, USA), ImageJ software (various versions; US National Institute of Health), and
Adobe Photoshop (various versions; Adobe Systems Inc., San Jose, CA, USA). For myofibre
measurements, the CV100 software was used for image collection, and the myofibres were
analysed using Distributed Deconvolution (DDecon).

4.10 PHENOTYPIC ASSESSMENTS OF MOUSE STRAINS (IV, U)
The compound heterozygous NebY2303H,Y935X mice, and the heterozygous NebY2303H(+/-) and
NebY935X(+/-) mice were analysed against wild-type (WT) littermate controls of the same age and
sex. Bodyweight was measured at various time points. As the protocols for the in vivo phenotypic
tests were not included in the publication, they are described in more detail below.
4.10.1 Voluntary running wheel (U)
Mice were housed individually with access to voluntary low-profile wireless running wheels
(ENV-044, Med Associates Inc., Fairfax, VT, USA) for 6 consecutive days at 3 and 6 months of
age. A wireless USB Interface Hub (DIG-804, Med Associates) was used to collect wheel data
that were viewed and extracted using Wheel Manager (SOF-860, Med Associates). Four
parameters were calculated for daily performance, including: daily distance travelled, time spent
running, average speed, and maximum speed. Only data from days 4 to 6 were used to allow for
initial acclimatisation to the wheel.
4.10.2 Grip strength (U)
At 3 and 6 months of age, each mouse was lifted by its tail until its front paws were in line with
the bar of the grip strength meter (Bioseb, Vitrolles, France). Mice were then allowed to reach
out to the bar before being gently pulled away at a slow, constant speed. This allowed mice to
build up resistance until the grasp was finally broken, at which point the grip strength value (N)
was recorded. The test was repeated three times for each mouse. Measurements were discarded

if the mouse used only one paw, also used its hind paws, turned backwards during the pull, or left
the bar without resistance.
4.10.3 Rotarod (U)
The day before testing (or as close as possible), mice were acclimatised to the rotarod (Ugo Basile
47600, Schwenksville, PA, USA) by training for 2 min with slow rod rotation (4 rpm). Mice that
fell off during this period were replaced onto the rod until the full time had elapsed. To test
performance, mice were placed on the rotarod set at 4 rpm with speed of rotation gradually
increased to a maximum of 60 rpm over a period of 3 min. The latency (time to fall) and the
speed at this point were recorded. Mice that fell off within the first 10 s were re-tested after a rest
of at least 10 min. However, mice did not get re-tested if they performed a passive rotation (the
mouse held on and spun around the rod). When mice did not fall off the rotarod after 5 min, the
experiment was ceased. The test was repeated three times within the same session, with each
mouse given at least 5 min to rest between each test.
4.10.4 Hanging wire (U)
The hanging wire test was performed according to the TREAT-NMD Neuromuscular Network
standard operating procedure (DMD_M.2.1.004). Briefly, mice were allowed to hang
continuously for up to 180 s, with the number of reaches and falls recorded. The test was ceased
prior to 180 s if the falls score reached 10. Maximum duration of time between falls was also
recorded for the first three falls to allow for acclimatisation to the test.

4.11 MUSCLE PHYSIOLOGY
4.11.1 Ex vivo whole muscle physiology (IV, U)
Standard physiological properties of surgically excised extensor digitorum longus and soleus muscles
from 7-month-old male mice were assessed using an in vitro (ex vivo) muscle test system (model
1205A; Aurora Scientific Inc., Aurora, ON, Canada).
The twitch time-course was quantitated by measuring contraction time (time-to-peak), maximum
rate of force development (max dF/dt) and half-relaxation time. The force-stimulation frequency
relationship was established by exposing muscles to a series of stimulation frequencies. The
susceptibility of muscles to eccentric damage was determined by exposing muscles to five
sequential eccentric contractions, where muscles were stimulated maximally while being stretched.
To provide information about the stiffness of the muscle, the transient stretch-induced force
responses with stiffer muscle preparations producing higher transient force peaks.
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4.11.2 In vitro single fibre physiology (IV)
Permeabilised single myofibres from tibialis anterior muscle of the NebY2303H,Y935X mice (male, 6
months of age) were individually attached between connectors leading to a force transducer
(model 400A; Aurora Scientific) and a lever arm system (model 308B; Aurora Scientific), and
tested for their physiological properties.
Absolute maximal isometric force generation was calculated as the difference between the total
tension in the activating solution (pCa 4.50) and the resting tension measured for the same
myofibre in relaxing solution. Specific force was defined as absolute force divided by CSA.
Apparent rate constants of force redevelopment (ktr) and maximum unloaded shortening velocity
(V0) were measured using a mechanical slack-restretch manoeuver.

4.12 STATISTICAL ANALYSES (I-IV, U)
The quantitative data were statistically tested by analysis of variance (ANOVA), Unpaired MannWhitney, Unpaired t-test or Welch’s t-test, using GraphPad Prism software (various versions;
GraphPad Software Inc., San Diego, CA, USA), with p < 0.05 considered statistically significant.

5

RESULTS AND DISCUSSION

In order to elucidate the expression and function of nebulin, and the mechanisms by which NEB
mutations lead to NM, we have conducted extensive studies at the RNA level, with functional
protein domains, and finally using a novel animal model.

5.1

NEBULIN EXPRESSION (I, II, U)

Nebulin undergoes extensive alternative splicing at distinct regions of the transcript. It has
previously been thought that thousands of different isoforms are produced, and that their usage
would differ between various muscles. We studied the expression of the NEB transcripts in 21
leg muscles from 15 individuals using an expression array and RT-PCR, to elucidate the
differences between these muscles. Furthermore, we wanted to compare NEB expression in the
same muscles between individuals. We also included samples of adult and fetal brain as a
comparison to muscle.
5.1.1 Nebulin expression and usage of alternative isoforms (I)
As knowledge of the isoform diversity became available, nebulin isoforms were thought to be
expressed in a muscle specific manner, and the various isoforms were expected to have specific
functions. It was hypothesised that the expression pattern could explain the selective, muscle
specific weakness observed in NM patients. In contrast to this hypothesis, our expression studies
revealed no muscle-type specific isoforms. Furthermore, all the studied isoforms were present in
any given muscle at the mRNA level.
Exons 63-66
As expected according to previous studies, exons 63-66 were spliced together, and thus, either
included or excluded in the final transcript. In all the muscles studied, both isoforms were present
at the mRNA level. The additional block of exons gives rise to the alternative super repeat S11b,
and the amino acid sequence is close to identical to S11a (Fig. 5a Sequence comparison, S11a and
S11b). Addition of an entire super repeat adds seven actin-binding sites on the nebulin protein.
More importantly, it adds a perfectly positioned tropomyosin-binding site, and thus does not
disrupt the periodical binding of the TTC along the thin filament. The functional role of the
addition of S11b is not known, but as there is great sequence homology between S11a and S11b,
it may be a mechanism providing variation in the protein length. In a strictly organised structure
like the muscle sarcomere, adjustable size of the enormous structural proteins is required to
increase flexibility, as previously observed with titin, another multifunctional giant of the
sarcomere (For review, see Guo et al. 2010).
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Figure 5. Clustal W alignment of the alternative nebulin repeats
A S11a is a constitutive super repeat (SR), i.e. present in all of the nebulin isoforms. The amino acid
sequence encoded by exons 63-66 creates an additional super repeat, S11b, into a subset of isoforms. The
amino acid sequences are 93% identical, and 96% biochemically similar, according to the amino acid
properties. S11a and S11b reside in the central super-repeat region, mid-way through the thin filament.
B S21a and S21b are encoded by exons 138-145. Of these, the exons 143 and 144 are mutually exclusive,
i.e. only one of the exons is included in the nebulin transcript. The amino acid sequences of the two super
repeats differ significantly at the region translated from exon 143 and exon 144, constituting of amino
acids that differ in both charge and hydrophobicity. This gives rise to the known differences between
S21a and S21b (89% identical, 90% biochemically similar). Either S21a or S21b is always present in any
nebulin isoform, never both. The sarcomeric location is at the C-terminal end of the super-repeat region,
S22 being the last super repeat before the Z disc.
C Exons 167-177 are spliced independently of each other, and are translated into nearly identical
additional simple repeats near the nebulin C-terminal end. The C-terminal part of nebulin, including most
of these alternative simple repeats, resides in the Z disc of the muscle sarcomere. Amino acid sequences
are aligned in MUSCLE (Clustal W) and organized according the similarity of the sequence.

The triplicate region, exons 82-105
It was previously thought that the TRI region was alternatively spliced, and an isoform lacking
the entire TRI region was reported (Donner et al. 2004; Labeit and Kolmerer 1995). Indeed, using
primers binding outside the TRI region we were able to produce a PCR fragment of expected
size. However, closer examination of the break-points of this supposed alternative isoform
revealed the previous interpretation to be false. The fragment missing the TRI region was
obtained due to technical PCR and sequencing error, caused by the nearly identical sequences of
the triplicates. Thus, in contrast to the previous studies, we concluded that the TRI region should
not be considered alternatively spliced.
After a CNV array was later developed by our research group, especially to study this challenging
region in detail, it is now known that there is great genetic variation, which is not due to alternative
splicing in this region (Kiiski et al. 2016). Copy numbers of the triplicate blocks of eight exons
can vary from two to four on one allele, in a healthy individual. The great sequence homology
between the TRI segments and the repetitive sequence between the segments complicate finding
the exact break points. However, it is known that rearrangements and copy number aberrations
can be caused by repetitive sequences, as they are prone to errors in the homologous
recombination events.
Exons 143 and 144
An interesting region of alternative splicing consists of only two mutually exclusive exons, exon
143 and exon 144. These exons encode a 35 amino acid sequence in S21, giving rise to alternative
super repeats S21a and S21b, respectively (Fig. 5b: Sequence comparison, S21a and S21b). Unlike
the more identical alternative isoforms S11a and S11b, S21a and S21b differ in both charge and
hydrophobicity (Donner et al. 2004), suggesting functionally different roles between these
isoforms. All the 21 leg muscles studied expressed both transcripts, ruling out muscle specific
differences in the isoform usage and function in these muscles. This led us to investigate the
expression of the isoforms in more detail at the protein level, by developing specific antibodies
against the different epitopes in S21a and S21b (See section 5.1.3).
Exons 167-177
The most C-terminal region of alternative splicing contains 11 exons (ex 167-177), all spliced
independently of each other (Donner et al. 2004). Each of the alternative exons encode an
additional simple repeat in the Z-disc associated part of nebulin (Fig. 5c: Sequence comparison,
alternative simple repeats). Potentially 121 different splice isoforms are expressed from this region
(Pelin and Wallgren-Pettersson 2008). Amplification of exons 166-178 by RT-PCR in all the
muscles studied yielded a ladder of fragments on the agarose gel, corroborating previous findings.
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No clear differences were observed in the visualised pattern between different muscles, suggesting
that a variety of splice isoforms are expressed in all the muscles.
In the muscle sarcomere, this alternatively spliced region may have a role in providing variation
in the length of the Z-disc associated part of nebulin. This variability could possibly regulate Zdisc width. It has been shown with Neb-KO models that the Z discs are wider in the absence of
nebulin (Bang et al. 2006; Witt et al. 2006). It is known that differential splicing of the Z-repeats
of titin correlates with Z-disc width, possibly regulating the width via interaction with α-actinin
(Gautel et al. 1996; Young et al. 1998; Sorimachi et al. 1997). The slow muscle, with wider Z discs,
usually has six copies of the Z-repeats, whereas the fast muscle has four. Nebulin deficiency in
the Neb-KO model caused an isoform shift from the dominant four Z-repeats containing titin
isoform towards the six repeats containing isoform (Witt et al. 2006). The exact mechanisms by
which the expression of different nebulin isoforms is regulated or the Z-disc width is determined
remains to be elucidated. However, it is possible that the two ruler molecules, nebulin and titin,
act together in specifying the Z-disc width (Witt et al. 2006).
5.1.2 Expression in brain comparable to muscle expression (I)
Very few reports of extra-muscular expression of nebulin have been published, and the expression
levels have been significantly lower than in skeletal muscle (Kazmierski et al. 2003; Joo et al.
2004b; Joo et al. 2004a; Bang et al. 2006). Nebulin has also been detected in human brain library
(Joo et al. 2004a). However, a detailed characterization of nebulin expression at the mRNA and
protein level in human brain has not been reported previously.
Surprisingly, RNA expression levels close to those observed in the muscle samples were seen in
the adult brain samples, whereas expression appeared lower in the fetal brain. The expression in
adult brain was further confirmed at protein level by immunohistochemistry. Nebulin protein was
detected in the cytoplasm of neurons and subcortical endothelial cells of all the brain regions
studied, i.e. frontal cortex, hippocampus, basal ganglia, thalamus, and cerebellum. The staining
was mainly granular and cytoplasmic, with some vague axial cytoskeletal orientation in the apical
dendrite.
No brain specific isoforms were found, and the isoform diversity in adult brain at RNA level was
as high as in skeletal muscle. Fetal brain differed from both adult brain and skeletal muscle in
expressing only short nebulin isoforms, i.e. isoforms lacking the additional super repeat 11b
(exons 63-66), and most of the alternative cassette exons 167-177. This phenomenon was later
also observed in adult extra-ocular muscle (unpublished observation), which is a highly
specialised, fast muscle type, developmentally, biochemically, structurally, and functionally
different from typical skeletal muscle (For review on the extra-ocular muscles, see Lennerstrand
2007). As the cassette exons provide length variation in nebulin, and are thought to be involved

in the regulation of the Z-disc width, the results suggest that less variation of this nebulin region
is required in these tissues.
NM patients have no upper motor neuron involvement, and have often excellent cognitive
capacities (Wallgren-Pettersson 1989), suggesting that nebulin mutations do not affect brain
function. We hypothesise that nebulin may contribute to the regulation of actin filament dynamics
also in brain, but this remains to be demonstrated with further studies.
5.1.3 Expression and function of the alternative isoforms S21a and S21b (II, U)
The expression of S21a and S21b had been known to differ at the mRNA level (Donner et al.
2006), but the expression at the protein level had not been studied before. By producing specific
antibodies distinguishing these two super repeats from each other, we were able to investigate the
expression in more detail. This made S21a and S21b the first alternative nebulin isoforms studied
at the protein level in full length nebulin.
As previously shown at the mRNA level, both isoforms were present in any given muscle.
However, differences were detected at the myofibre level. Our combined IF and MyHC fibre
typing results indicated a loose relationship between the fast, glycolytic MyHC type IIX fibres and
the S21a (exon 143) expression (Fig. 6: S21a expression). The most intensely stained fibres were
most commonly type IIX, whereas some fibres were IIA or hybrid IIX/IIA. In an area of the
muscle section rich with fast, glycolytic (IIX) fibres, the correlation was clear. However, in a
slower area of the section, composed of mostly slow, type I fibres, and no type IIX fibres, the
few IIA fibres present did not stain with the S21a antibody, but less intense staining was observed
in type I fibres. This suggest an expression pattern that is not completely correlated to myofibre
type. Further studies are warranted to shed light on the regulation of the alternative isoform
expression at the myofibre level.
The alternative isoforms, S21a and S21b, may have a role in muscle development as the S21b
(exon 144) isoform was present in early myogenesis, while regulated expression of S21a (exon
143) appeared later during the muscle development. Of the S21a positive fibres, at least three
different intensities of staining were observed, whereas the S21b staining was more uniform. The
isoforms S21a and S21b differ in both charge and hydrophobicity (Donner et al. 2004), indicating
different functional roles.
Our research group has previously studied the mRNA expression of exons 127 and 128
(corresponding to human exons 143 and 144, respectively) in several different mouse muscles
using qPCR (Donner et al. 2006). The results suggested a developmental isoform switch from
exon 127 to 128 (from S21a to S21b, respectively), which is the opposite direction to what we
observed in the current study. However, the previous studies were performed on postnatal
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muscle, missing the early muscle development. Interestingly, the isoform switch appeared to
happen earlier in the muscles that were needed early for survival, such as masseter and diaphragm
(suckling and breathing, respectively). These muscles also have a high percentage of slow fibres
(masseter 100%), which, according to our studies would indicate a low S21a expression also. Taken
together, these results suggest distinct roles for these alternative isoforms in the muscle
development. Regulated expression of S21a appears after early myogenesis, and is toned down or
switched off in some of the matured muscles, especially the slow-twitch muscles, such as masseter
and diaphragm.
To conclude, in order to elucidate the differential nebulin isoform expression, the complete
muscle RNA may be less optimal as the starting material, as the differences may not be detected
at the whole muscle total RNA level. As we have demonstrated with the new specific S21a and
S21b antibodies, different myofibres may express different isoforms in different ratios. A
pathogenic variant in one of these isoforms, although it is still possible to express the other iso-

Figure 6. The strongest expression of the nebulin S21a isoform (exon 143) in the fast, glycolytic,
type IIX fibres
A The isoform S21a was detected using the newly developed antibody specific for this isoform (an
example of the expression in the flexor hallucis longus (FHL) muscle). The most intensely staining fibres
often correlated with the fast, glycolytic MyHC IIX fibres, while minor expression was also detected in
IIA and hybrid IIX/IIA fibres, i.e. the correlation was not perfect (FHL 1). In a muscle section area with
IIX fibres, none of the fibres staining with S21a antibody were slow, type I fibres.
B In a muscle section area without IIX fibres, the expression was weaker throughout, but the few fibres
staining with the S21a antibody were more likely the slow type I fibres than the few fast IIA fibres in the
image. These results suggest that the expression of the S21a isoform is not entirely fibre type specific.

form, leads to NM with unusual features (Lehtokari et al. 2014). These results support the
assumption that both isoforms are needed for proper muscle development and function.
5.1.4 Current isoform count and relevance for nemaline myopathy
A previous theoretical estimate of the nebulin isoform count, including the TRI region, was 3322
different isoforms (Pelin and Wallgren-Pettersson 2008). According to the current knowledge
provided by our expression studies, the nebulin isoform count can now be adjusted to 2 (exons
63-66) x 2 (exons 143-144) x 121 (exons 167-177) = 484 different isoforms. The alternative
isoforms are ubiquitously expressed throughout different muscles, and are potentially used to
adjust nebulin length and function to the requirements of the given myofibre. Thus, nebulin may
contribute to the length of the thin filament or width of the Z disc accordingly.
All alternative splicing of NEB takes place in the region encoding the simple repeats, and some
of these reside in the super-repeat region. We are currently investigating a potential new
interacting partners possibly binding selectively to S21b (encoded by exon 144), but not S21a
(encoded by exon 143). It remains to be elucidated whether a similar selective interaction involves
only one, but not the other, of the isoforms S11a and S11b. Exons 167-177 produce individual
simple-repeat modules after the super-repeat region, in the part of nebulin that resides in the Z
disc. The corresponding region (the simple-repeat modules after the super-repeat region) binds
to actin and desmin (Bang et al. 2002), but no further interaction partners have been identified.
In order to reveal the significance of the alternatively spliced NEB regions, we have previously
sought for genotype-phenotype correlations in patients with pathogenic variants in these exons.
Unfortunately, no clear correlation was detected, as the number of pathogenic variants residing
in the alternative exons was not sufficient to draw conclusions (Lehtokari et al. 2014).
Furthermore, the compound heterozygous NEB mutation genotype in most patients further
complicated the picture. Patients with truncating variants in alternative exons are expected to
preferentially express isoforms lacking these exons, in addition to expressing nebulin from the
other allele. However, it could be speculated that in case a disruptive (loss-of-function) variant
resides in one of the alternative exons, it may lead to milder defects if a certain quantity of wildtype transcripts is also present as a result of alternative splicing. Especially lacking one of the
cassette exons 167-177, that are currently thought to act mainly in adjusting nebulin length, may
be tolerated to some extent. The combination of two loss-of-function mutations in constitutive
exons 5’ of exon 180 has not been seen, suggesting that complete loss of nebulin is incompatible
with human life. Indeed, of the 67 different frameshift mutations identified in NEB to date, 29
reside in alternative exons, and 27 of them in exons 167–177 (Lehtokari et al. 2014), which is a
considerable proportion of all mutations.
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The mutually exclusive exons 143 and 144 result in two seemingly different isoforms of super
repeat 21, and are thus both considered important for nebulin function, although the exact
function remains to be elucidated. Mutations in these exons have been found in NM with unusual
features. A patient with a combination of a nonsense mutation in exon 143 and a frameshift
mutation in exon 58, presented with ophthalmoplegia, which is a very uncommon feature in NM
(Lehtokari et al. 2014). However, ophthalmoplegia has been seen in NM patients with KLHL40
and LMOD3 mutations (Ravenscroft et al. 2013; Yuen et al. 2014). It is also a commonly seen in
core-rod myopathy, especially when associated with recessive mutations in RYR1, defects of
which are known to influence Ca2+ homeostasis (Sewry and Wallgren-Pettersson 2017). A
homozygous nonsense mutation in exon 144 was identified in a patient with an unusual form of
NM, with dystrophic histological features and preserved neck flexor function, but no
ophthalmoplegia. In both families, the patients had difficulty waking up from anaesthesia, which
is also a rarely occurring phenomenon in NM (Lehtokari et al. 2014). The differences in the
features observed may at least partially be explained by the differential expression of these
alternative exons in muscle development, and/or their preferential expression in different
myofibre types. Further studies are required to fully understand the significance of these
functionally and developmentally interesting isoforms.
In conclusion, according to our studies, NEB expression and usage of alternative isoforms is
relatively uniform at the RNA level, between different leg muscles, and several isoforms were
present in all the muscles studied. As no isoforms specific for certain muscles were identified,
some other mechanism must explain the selective muscle involvement observed in NM,
unexplained selectivity being a feature of many other muscle disorders as well. However, the
current study does not rule out possible differential expression in functionally distinct parts of
the muscle. Further studies are also required to investigate, for example, differences between
various fibre types. More detailed quantitative studies could reveal differences in the expression
levels of the various nebulin isoforms. Furthermore, as regulation of nebulin may occur at
multiple stages of the RNA or protein expression, protein studies may reveal another level in the
isoform diversity, as is the case with exons 143 and 144 (or isoforms S21a and S21b, respectively).
Protein studies are also warranted in order to investigate the potential alternative nebulin
interactions resulting from alternative isoform usage.

5.2

NEBULIN INTERACTIONS (III)

The nebulin protein structure is highly modular, consisting of over 200 actin-binding simple
repeats. Most simple repeats are further organised into seven-module-containing super repeats.
The size and poor solubility of the protein has made studies at the protein level challenging, and
thus, much about its function and interactions is yet to be uncovered. We overcame these

problems by constructing a super-repeat panel, covering the entire nebulin super-repeat region,
enabling studying interactions by comparing the binding properties at the super-repeat level.
5.2.1 Stronger actin binding towards the ends of super-repeat region
As the full-length nebulin would be nearly impossible to use in in vitro interaction studies, the
super-repeat panel has proven a very useful tool. Studying nebulin fragments allowed us to
compare the properties of the seemingly similar super repeats.
It has previously been reported that different simple repeats within a super repeat differ in their
actin-binding properties (Pfuhl et al. 1996; Root and Wang 2001). Furthermore, as the binding is
thought to be co-operational, the effect of any single simple repeat on the overall actin binding
may be small. The simple repeats at a certain position (one to seven, R1-R7) of a super repeat are
more similar with the simple repeats at the same position in any other super repeat, than any
simple repeats within the same super repeat (Pfuhl et al. 1996). Thus, comparing the binding
properties between the entire super repeats, all consisting of the same simple repeats, R1-R7, may
yield a more informative result, than using simple repeats or longer fragments.
Previous binding studies have struggled with the poor solubility of the larger nebulin fragments
(Jin and Wang 1991; Zhang et al. 1998). Although the smaller super-repeat fragments used in our
studies were also partially insoluble, all of the super repeats, except S21a and S21b, could be tested
for their actin-binding ability. Striking differences in the actin-binding strength were found, the
first four super repeats (S1-S4) and the last super repeat (S22) binding to actin strongly, while the
entire central super-repeat region bound actin weakly. The stronger actin binding towards both
ends of the super-repeat region could be an indication of stronger support required at these
locations by the actin filament.
The weaker actin binding, covering most of the filament, suggests that nebulin, in addition to
tropomyosin, may have a dynamic role along the length of the filament. It could be speculated
that tropomyosin, being responsible for revealing the myosin-binding sites on actin, must not be
bound to actin too strongly, enabling the movement along the filament. Nebulin has been
suggested to act in a similar way to tropomyosin, or possibly in concert with the tropomyosin
filament, in stabilising the actin filament and in ameliorating the acto-myosin interaction (Kiss et
al. 2018).
Our in silico analyses revealed differences in the sequences of the putative tropomyosin-binding
sites between the super repeats in the central nebulin, and the super repeats close to the pointed
end of the thin filament. This led us to hypothesise that differences in the tropomyosin or TTC
interaction with nebulin may also vary along the filament. We are currently using the super-repeat
panel in investigating the interactions between nebulin super repeats and tropomyosin/TTC, to
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illustrate whether the differences in the amino acid sequence of the tropomyosin-binding site
would have an effect on the strength of the interaction along the thin filament.
5.2.2 Altered nebulin interactions as a potential pathogenetic mechanism
An obvious consequence of any mutation is that it may affect protein interactions. Nebulin
mutations may affect the binding to actin, or other protein interactions needed for proper muscle
function. However, predicting the effect of any individual variant may be difficult, especially in
the case of missense variants. It has been proposed that variants affecting the conserved actin- or
tropomyosin-binding sites should be considered pathogenic (Lehtokari et al. 2014). However,
functional testing should be used to confirm the pathogenicity. As our actin-binding studies
demonstrated, the super repeats may have different binding properties, and thus, identical
mutations may have different effects depending on their location along the thin filament.
Fan et al. showed that in the presence of p.(Asp288Gly) or p.(His42Tyr) missense changes, in the
ACTA1 mouse models, the individual actin monomers became situated closer to each other (Fan
et al. 2018). It is clear that a conformational change in any protein in a highly organised structure,
such as the sarcomere, may cause changes in the positioning of the binding sites, thus disrupting
protein interactions. It is possible that also in nebulin a change in the conformation could affect
all the subsequent binding sites, leading to disrupted interactions along the length of the filament.
This may, in turn, cause instability of the filaments, which was also seen in the ACTA1 mice (Fan
et al. 2018). Furthermore, the missense change p.(Asp288Gly) in the ACTA1 mouse model clearly
stiffened the filament, which could also lead to impaired muscle function.

5.3

NOVEL MURINE MODELS OF NEB-NM (IV, U)

Mutations in NEB are the most common cause of autosomal recessive NM, and a rare cause of
distal nemaline myopathy (DNM) and distal nebulin myopathy (NEB-DM). Despite this
knowledge, the exact pathogenetic mechanisms by which such mutations lead to muscle disease
phenotypes remain unclear. The most effective way of investigating the effects of different genetic
variants is to study them in an animal model.
Many of the NEB-NM mouse models published so far have either no obvious phenotype or the
phenotype is very severe (Supplementary Table 1). Only one of the models described hitherto
carries a Neb mutation found in NEB-NM patients, i.e. deletion of exon 55. We have characterised
mouse models with a missense (NebY2303H), a nonsense (NebY935X), and a compound heterozygous
(NebY2303H,Y935X) genotype carrying both variants, respectively. These mouse strains will be a rich
source of information in studying the effects of these Neb mutations in skeletal muscle in vivo and
in vitro.

5.3.1 Compound heterozygous Neb mutations result in an NM phenotype
Most NEB-NM patients have a compound heterozygous phenotype. However, no compound
heterozygous mouse models have been published so far. In order to investigate the effects of a
combination of a nonsense and a missense mutation, we produced a compound heterozygous
mouse model NebY2303H,Y935X (Supplementary Table 1). The mice carrying the mutations were
selected from a mutagenesis library based on the potential pathogenicity of the variants.
The resulting NebY2303H,Y935X mice had a striking skeletal muscle phenotype, including nemaline
bodies, which is a hallmark feature of NM muscle. The nemaline bodies were most commonly
found in MyHC type IIB myofibres. These fast, glycolytic myofibres are not present in human
muscle, as there is no MyHC IIB expression in human. In addition to nemaline bodies, cores were
found in a subset of muscles (TA and masseter). Cores have been associated with pathogenic
NEB variants, but in this case the disorder is named core-rod myopathy (Sewry and WallgrenPettersson 2017), emphasising the overlap between the pathological features in the congenital
myopathies.
Type I fibre predominance is common in NEB-NM patients. Fibre-type switching to slower
phenotypes has also been seen in many NM mouse models, such as the Neb-cKO model (Li et
al. 2015). It has been thought to result from a defect in muscle development, a conversion from
type II to type I fibres, or a combination of the two (Miike et al. 1986; Volpe et al. 1982). However,
the exact mechanisms for this have not been revealed. Type I fibre predominance, however, is
not universal, and predominance of fast fibres is sometimes observed (Sewry and WallgrenPettersson 2017). Abnormal size variation of fibres is also common. The NebY2303H,Y935X mice had
a significantly reduced size of fast fibres in extensor digitorum longus, and of both slow and fast fibres
in soleus. Significant type I fibre predominance was not observed, although the result was trending
towards significance. Our unpublished observations indicate a shift towards slower fibre types
over time. However, confirmation of the result with a larger sample size is on-going.
5.3.2 Heterozygous carriers of nonsense mutation develop a histological phenotype
The nonsense variant NP_035019.1:p.(Tyr935*) in homozygous form leads to a lethal phenotype,
as the NebY935X(+/+) mice were born well below expected Mendelian ratios, and of the small
number of mice born, all died within five days. However, unexpectedly, heterozygous carriers of
the nonsense variant presented with a histological phenotype, including nemaline bodies and
cores. So far, only one dominantly inherited mutation in NEB has been published, causing a
distal/cap NM (Kiiski et al. 2019). This was a large deletion, resulting in a smaller mutant nebulin
being expressed, having a dominant-negative effect. The p.(Tyr935*) variant resides in S3, which
is in close to the N-terminus of nebulin, and, thus, would not be expected to escape nonsensemediated decay (NMD; For review, see Popp and Maquat 2013). Indeed, our studies at the RNA
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and protein levels suggested that, in all probability, no mutant protein is expressed in the
NebY935X(+/-) mice.
The mutant RNA in the NebY935X(+/-) mice appeared to be removed by NMD. However, the total
protein level appeared to remain comparable with the wild-type littermates, suggesting a
successful compensation by the wild-type allele (See section 5.3.4). The NebY935X(+/-) model
should, thus, resemble the heterozygous Neb-KO model phenotypically (Supplementary Table 1;
Gineste et al. 2013). However, no histological phenotype was observed in the het-KO mice.
The het-KO mice appeared normal, although a shift towards a slower phenotype proteomically
and a mild force deficit were detected in vitro (Gineste et al. 2013). The main difference between
the NebY935X(+/-) and Neb-KO strains is that the wild-type RNA in NebY935X(+/-) is expressed at 50%
of normal total RNA quantity, whereas in the het-KO the RNA expression was reduced only by
14%. This suggests that the NebY935X(+/-) mice are unable to compensate in the same way at the
RNA level. The heterozygous NebΔexon55 model had no obvious phenotype, although transcription
occurred from both alleles (Ottenheijm et al. 2013). The RNA or protein levels of the hetNebΔexon55 mice were not reported in the paper, but the mutant mRNA, carrying an in-frame
deletion, not a nonsense variant, should not undergo NMD. These results indicate that NMD of
one of the RNAs may result in currently unknown regulatory effects, leading to mild changes in
sarcomeric function, and nemaline bodies in the NebY935X(+/-) mice, although the protein level
remains unaffected. It must be noted, however, that we cannot completely rule out the possibility
that a small fraction of the nonsense RNA could escape NMD, leading to a smaller mutant protein
being expressed in the NebY935X(+/-) mice, resulting in the observed phenotype.
The histological phenotype in the NebY935X(+/-) mice did not seem to correlate with muscle
weakness, as no force deficit was detected in the in vivo or ex vivo functional assessments.
Interestingly, resistance to eccentric contraction-induced damage was improved compared with
the wild-type littermates (See section 5.3.9 and Fig. 8). This may also be a consequence of
compensatory effects resulting from the possible defects mentioned above, but the exact
mechanisms remain to be uncovered.
5.3.3 No clear phenotype observed in the homozygous missense mouse
Homozygous missense mutations in or close to actin-binding sites in NEB have been shown to
cause clinically mild NEB-DM instead of NM (Wallgren-Pettersson et al. 2007). Apart from
having a more localised pattern of weakness, NEB-DM patients also have few if any nemaline
bodies in their muscle fibres. The same missense variants in compound heterozygous state
together with more disruptive variants are known to cause NM. This correlates with the clear
differences observed in the phenotypes of the homozygous missense NebY2303H(+/+) and the
compound heterozygous NebY2303H,Y935X mice (Supplementary Table 1).

As expected, the homozygous missense line NebY2303H(+/+), genetically representing NEB-DM in
humans, had no nemaline bodies in any of the muscles studied. Quadriceps muscle appeared to
have fewer mitochondria than in the heterozygous NebY2303H(+/-), although this was not further
quantified. The expression of RNA and protein were at normal levels. All the protein expressed
carried the missense change NP_035019.1:p.(Tyr2303His), changing the 100% conserved
tyrosine (Y) to histidine (H) in one of the canonical actin-binding sites of S5. However, during
the timeframe of our studies, no clear disease phenotype was observed in vivo or ex vivo. All the
mice in this study were sacrificed by 12 months, which corresponds to approximately 40 years in
humans (Dutta and Sengupta 2016).
Further studies are needed to complete the picture, and to confirm or exclude the possibility of
an underlying DM, or a myopathy developing in the mice later in life. It must be noted that the
mouse may not be an optimal model animal for a considerably mild myopathy, as the defects may
not translate well to the in vivo phenotype (See section 5.3.5). In vitro studies, however, with higher
specificity and a more controlled environment could eventually reveal even a potentially mild
phenotype.
5.3.4 Nebulin protein levels remain comparable between strains
NM patients with two loss-of-function mutations in constitutional exons 5’ of exon 180 have not
been identified, suggesting that a complete loss of nebulin is not compatible with human life
(Lehtokari et al. 2014). The NebY935X(+/+) mice, with two loss-of-function alleles, are expected to
have complete loss of the nebulin protein, and, indeed, the phenotype appeared to be lethal. This
is also in line with previous studies using the Neb-KO models (Bang et al. 2006; Witt et al. 2006).
However, about half of the conditional Neb-KO (Neb-cKO) mice survive to adulthood with very
low levels of nebulin (4.8% at 5 weeks, 2.2% at 6 months; Li et al. 2015).
A lower abundance of nebulin protein has also been associated with the in-frame deletion of exon
55 in NM patients, and in the NebΔexon55 mouse model (Ottenheijm et al. 2013, 2009).
Furthermore, lower nebulin levels have been observed in the muscles of NM patients with
frameshift and splice-site mutations in NEB (Lawlor et al. 2011; Ochala et al. 2011). A muscle
specific expression pattern of nebulin was observed in the NebΔ163-166 mouse model (Li et al. 2019).
The low nebulin level has been suggested to potentially play a role in NM pathogenesis.
Although, according to our qPCR studies, the RNA levels in the NebY2303H,Y935X and NebY935X(+/-)
mice were significantly lower than in the wild-type mice (reduced by approximately 50%), the
protein levels appeared to remain comparable with the wild type across the mouse strains studied.
The sarcomere structure is dynamic, and the structural proteins undergo dynamic turnover, i.e.
the proteins are replaced every so often. In the Neb-cKO model, nebulin is removed, but not
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replaced, as the expression of nebulin is blocked from birth (Li et al. 2015). This leads to a severe
NM phenotype, with very low levels of nebulin.
Many proteins, such as KLHL40 and KLHL41, affect nebulin stability (Garg et al. 2014; RamirezMartinez et al. 2017). If the stabilising proteins are defective or absent, nebulin becomes unstable,
and more vulnerable for proteolysis. Furthermore, some of these proteins regulate multiple
proteins. In the Neb-cKO model the KLHL40 level was elevated (Li et al. 2015), whereas in the
NebΔ163-166 mice KLHL41 was increased (Li et al. 2019). Moreover, loss of KLHL40 or KLHL41
leads to decreased nebulin and Lmod3 levels in the KO mice (Garg et al. 2014; Ramirez-Martinez
et al. 2017). KLHL40 blocks Lmod3 degradation by inhibiting its ubiquitination (Garg et al. 2014).
KLHL41-related regulation also took place at the protein level (Ramirez-Martinez et al. 2017). In
the absence of KLHL41, 389 sarcomeric proteins were found up- or down-regulated, while the
RNA levels remained unchanged. The most down regulated proteins were associated in
‘sarcomere organisation’ and ‘regulation of muscle contraction’ according to a Database for
Annotation, Visualization and Integrated Discovery (DAVID) analysis. These, interestingly,
included, for example, the NM-related proteins β-tropomyosin and slow troponin T. KLHL41
was the most down-regulated protein, followed by nebulin.
The altered levels of these proteins, regulating the major players in the sarcomeric function, may
result in secondary consequences on the regulation of other sarcomeric proteins. As the role of
the proteins associated with protein turnover and stability is further elucidated, the defects in their
function, may reveal another level of pathogenetic mechanisms in NM.
Taken together, the differences in nebulin levels across NM patients and mouse models indicate
another main mechanism in the pathogenesis, i.e. the lower protein level may also contribute to
the cascade of events leading to NM. However, a reduction in nebulin protein level is not
necessarily always associated with the NM phenotype.
5.3.5 More pronounced force deficit in NebY2303H,Y935X detected at single-fibre level
Muscle defects in mice often result in no abnormal phenotype or less severe clinical phenotypes
than in humans. For example, the mdx mouse model of Duchenne muscular dystrophy, a very
severe disorder in humans, displays relatively mild muscle pathology and weakness in comparison
with humans (Dangain and Vrbova 1984). Mild muscle weakness has also been observed in the
MHCIIB-KO mouse (Acakpo-Satchivi et al. 1997), the type VI collagen deficient model of
Bethlem myopathy (Bonaldo et al. 1998), and a mouse model of myotonic dystrophy (Jansen et
al. 1996). Several factors may contribute to this, e.g. differences in body mass between human
and mouse, or bipedal versus quadrupedal movement.

A thorough investigation of the in vivo phenotype revealed only minor differences between the
mouse strains studied. Indeed, most of the results in the exercise tests remained comparable with
the wild type, and large sample sizes were required to reach the occasional significance (Fig. 7a:
Grip strength). Overall the results of the exercise performance were too mild and variable to be
used as a reliable measure of the disease phenotype.
A downside to producing a milder phenotype in a mouse model is that the in vivo performance
may not be affected, or is barely affected. However, the force deficit can still be revealed by in
vitro measurements, suggesting that the NM-related muscle weakness may be milder in vivo than
in vitro. This has also been observed in other models (Supplementary Table 1). For example, in
the ACTA1Asp286Gly mice the specific force was reduced by 15% in vivo, but 40-45% in vitro (Gineste
et al. 2013). This may be due to the resilient nature of mice, or other factors that differ between
mice and humans. In the TPM3Met9Arg mouse model, the results recorded from the same strain

Figure 7. In vivo, ex vivo and in vitro performance tests confirmed the NebY2303H,Y935X mice were
the weakest amongst the strains
A The in vivo performance was assessed using multiple tests measuring grip strength (figure: female grip
strength, 6 months), voluntary running, as well as performance on the Rotarod and hanging wire. Most of
the animals of all the mutant strains performed at a level comparable with the wild-type littermates.
However, with a large enough sample size, significant differences were also occasionally obtained
between the NebY2303H,Y935X mice and the littermates. Although significant differences in the exercise
performance between the strains were detected, the differences were not dramatic, and there was
considerable variation within the strains. However, the overall results suggested that the strain with the
weakest performance was the compound heterozygous NebY2303H,Y935X. Unpaired Mann-Whitney, *p <
0.05; **p < 0.005
B The ex vivo whole muscle functional analysis of the extensor digitorum longus (EDL) hind-limb muscle
(male, 7-8 months) showed no significant deficits in force production (figure). However, differences in
normalised force in NebY2303H,Y935X muscle were detected at low stimulation frequencies (not shown).
Unpaired t-test.
C In the in vitro single-fibre physiology measurements (tibialis anterior, TA, male, 6 months) the
NebY2303H,Y935X mice had lower mean specific force compared with the wild-type mice. Welch’s T-test, *p
< 0.05.
Taken together, these results indicate a possible compensatory effect at the whole-animal and the wholemuscle levels, whereas the defect in the force production can be detected at single-fibre level.
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were also strikingly discordant in vivo and in vitro (Gineste et al. 2014). While the in vitro force
production was decreased, increased contractile muscle function was observed in vivo. This was
thought to be related to compensatory mechanisms at the whole animal level. Furthermore, it
should be noted that the effects may be muscle specific (Gineste et al. 2014). Taken together,
these observations clearly point out that in vitro alterations do not necessarily translate into similar
changes in vivo, especially in a mouse model.
If the muscle weakness is not detectable, looking at a single animal, a more detailed test system
must be applied in order to reveal the underlying weakness (Fig. 7). Even with the controlled
environment of the whole-muscle ex vivo experiments, the force deficit of the NebY2303H,Y935X
muscles was not obvious. Specific force, a measure that was clearly affected in the single-fibre
experiments, was unaffected at the whole-muscle level (Fig. 7b-c: Specific force comparison).
Studies at the single-fibre level, allow for more detailed assessment of the force developed by the
myofilaments in each fibre. Whole-muscle force production depends on numerous factors, e.g.
single-fibre force production (excitation-contraction coupling and myofilaments) and muscle
architecture (e.g. pennation angle and the quantity of non-contractile material). As no differences
were detected at the whole muscle level in the force production between the strains, it is likely
that calcium concentration or muscle architecture are compensating for the force deficit at the
myofilament level.
5.3.6 Longer thick filaments and altered cross-bridge kinetics in NebY2303H,Y935X
Shortened thin filaments has been thought to be one of the factors contributing to the force
deficit observed in NM (Li et al. 2015). This phenomenon has been observed mostly in the NEBNM models (Bang et al. 2006; Witt et al. 2006; Li et al. 2015; Ottenheijm et al. 2013), and it has
been reported in some, but not all NEB-NM patients (de Winter et al. 2016). As shorter thin
filaments result in less overlap between thin and thick filaments, the force-generating capacity of
the myofibril may be reduced. However, this effect is likely to be mutation specific, and dependent
on the quantity of normal nebulin in the sarcomere (de Winter et al. 2016). As muscle weakness
has also been observed in NEB-NM patients with normal thin filament lengths, other
mechanisms must exist.
Interestingly, in the NebY2303H,Y935X mice, the thin filaments were of normal length, but instead the
mice had longer thick filaments. This phenomenon has not been reported previously, but it may
be due to a compensatory mechanism in response to impaired myosin function.
Altered myosin cross-bridge kinetics has frequently been found underlying the force depression
in NM models (Supplementary Table 1). Force generated per cross-bridge, and the number of
strongly bound cross-bridges both contribute to the force generated at a given overlap between
the filaments (de Winter and Ottenheijm 2017). Cross-bridge cycling kinetics (i.e. the rate of

attachment and detachment) determine both of these quantifiers by modulating the time spent in
the strongly bound state. Chandra and co-workers found that nebulin does not affect the force
produced per individual cross-bridge in the Neb-KO mouse model (Chandra et al. 2009). Our
results corroborate this, as decreased time spent by individual myosin molecules in a strongly
attached force-producing conformation was observed in the NebY2303H,Y935X mice.
As myosin function is often perturbed in the mouse models of NM, it has been proposed as a
potential intervention point. This has already been tested as a target of therapy in the Acta1His40Tyr
mouse model, in which the lower number of strongly bound cross-bridges (as in the
NebY2303H,Y935X) was underlying the force depression (Lindqvist et al. 2016). The study
demonstrated that if a more efficient myosin function is achieved, the overall force-generating
capacity of the defective muscle could be improved. As in the NebY2303H,Y935X muscle the myosin
interaction was found to be less efficient, as a result of a significantly reduced rate of myosin
attachment, enhancing myosin function should be considered an applicable therapy option.
5.3.7 Reduced calcium sensitivity and thin filament activation
The extensor digitorum longus and soleus muscles of the NebY2303H,Y935X mice displayed significant
rightward shifts of their force-frequency relationships at lower stimulation frequencies, which is
indicative of reduced Ca2+ sensitivity. Alteration in Ca2+ sensitivity has been reported in NM
patients with NEB or TPM mutations (de Winter and Ottenheijm 2017), and in the
ACTA1Asp286Gly model (Ravenscroft et al. 2011), but not in the Acta1His40Tyr mouse (Gineste et al.
2013). Furthermore, changes in Ca2+ homeostasis have been reported in the NebΔexon55 mice
(Ottenheijm et al. 2013) and in the Neb-KO mice, where sarcolipin, an inhibitor of SERCA
(sarcoplasmic reticulum Ca2+-ATPase), was significantly upregulated (Witt et al. 2006).
Binding of Ca2+ to the tropomyosin-troponin complex results in a conformation change in
tropomyosin, revealing the binding sites for myosin on the actin filament. As reduced Ca2+
sensitivity has frequently been observed in association with nebulin defects, it leads to an
interesting possibility that nebulin would act in concert with tropomyosin, in promoting the
transitions between the permissive and non-permissive states (Chandra et al. 2009). TPM
mutations have also been found to affect Ca2+ sensitivity, however, it can be either reduced of
increased (de Winter and Ottenheijm 2017). Mutations promoting the open (permissive) state, by
destabilising the blocked (non-permissive) state, increase Ca2+ sensitivity, whereas mutations
affecting the movement of tropomyosin decrease the sensitivity.
Taken together, our results support the role of nebulin in mediating the Ca2+ sensitivity of the
thin filament during muscle contraction. The molecular mechanism leading to reduced Ca2+
sensitivity and thin filament activation in muscles with nebulin defects, likely involve its
interactions with tropomyosin and/or actin.
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5.3.8 Nebulin has a role in stiffening the thin filament
The missense variant NP_035019.1:p.(Tyr2303His) in the NebY2303H,Y935X mice changes an amino
acid in the conserved actin-binding site SDxxYK, in S5, which, according to our actin-binding
studies (III) binds actin weakly. The affected tyrosine (Y) residue is perfectly conserved, not only
across all the actin-binding sites in nebulin, but also across species, highlighting its importance.
The whole muscle ex vivo experiments revealed that the extensor digitorum longus muscle of the
NebY2303H,Y935X mice was significantly stiffer than the extensor digitorum longus of the other mutant
mice or the wild-type controls.
Nebulin has been shown to have a role in stiffening the thin filament (Kawai et al. 2018; Kiss et
al. 2018). Moreover, our actin-binding studies demonstrated that both ends of the nebulin superrepeat region bind actin strongly, while the entire central region of the protein binds weakly to
actin (III). This could potentially act as the stiffening mechanism, as nebulin would be tightly
bound around actin towards the ends of the filament. The thin filament must endure strong
pulling forces during the muscle contraction, and thus, a supporting structure is needed. In
complete absence of nebulin, the thin filaments do assemble, but as soon as the muscle starts
contracting, the filaments start disassembling (Bang et al. 2006; Witt et al. 2006). However, the
filament also has to be flexible, allowing for the dynamic processes during muscle contraction to
take place.
It is likely that identical nebulin variants at different locations along the filament result in different
outcomes, according to the functional properties of the location in question. For example,
mutations affecting the binding motifs with weak or strong binding abilities may have opposite
effects. The missense change p.(Tyr2303His) could potentially make actin binding stronger, which
could have an effect on the dynamic nature of the thin filament, resulting in the increased stiffness
observed in the extensor digitorum longus muscle of the NebY2303H,Y935X mice. Further studies are
needed, however, to elucidate the exact mechanism by which stiffness is increased.
5.3.9 Contraction-induced damage in NebY2303H,Y935X while NebY935X is more resilient
Eccentric contraction-induced damage is a feature often encountered in dystrophic muscle
(Lovering and De Deyne 2004). Of the NM models studied, the NebΔSH3 model, with the Cterminal SH3 domain deleted, was the only one with muscles susceptible to eccentric damage
(Yamamoto et al. 2013). The NebY2303H,Y935X mice were significantly more susceptible to eccentric
damage compared with wild type (Fig. 8: Eccentric damage). Both mutations in the NebY2303H,Y935X
reside far from the SH3 domain, hence the phenomenon is not likely to be location dependent.
As previously hypothesised, the missense mutation may have a stiffening effect, residing in a
weaker actin-binding super repeat, potentially changing the interaction with actin, and making the

fibre more vulnerable. However, extensor digitorum longus of the homozygous NebY2303H(+/+) line was
indistinguishable from the wild type.
Interestingly, the heterozygous nonsense NebY935X(+/-) mice resisted the damage significantly better
than the wild type. This suggests a possible compensatory mechanism in the heterozygous carrier,
possibly due to the wild-type allele being expressed in the NebY935X(+/-) mice at close to normal
levels. The exact mechanism leading to this difference between the strains remains to be
elucidated.

Figure 8. Eccentric contraction-induced damage in NebY2303H,Y935X, while NebY935X is spared
The in vitro (ex vivo) whole muscle functional measurements (male, 7-8 months) revealed susceptibility to
eccentric contraction-induced damage in the extensor digitorum longus muscle of the NebY2303H,Y935X mice,
while the homozygous missense, NebY2303H(+/+), mice remained comparable with the wild-type littermates.
Interestingly, the NebY935X mice seemed to be able to resist the eccentric contraction-induced damage
better than the wild-type mice. n=7, Two-way ANOVA, *p < 0.05; **p < 0.005; *** p < 0.0005

5.3.10 Mislocalisation of Tmod4 is a novel feature in NEB-NM models
In skeletal muscle, a combination of Tmod1 and Tmod4 caps the thin filament pointed ends, and
the proteins localise predominantly at the pointed ends, with minor localisation at the Z-disc
flanking location (Gokhin et al. 2010). Surprisingly, the localisation of Tmod4 was altered in the
thin filament of the NebY2303H,Y935X mice. Rather than localising predominantly at the pointed end,
Tmod4 is equally distributed at the pointed end and the Z-disc flanking locations. It is known
that a small proportion of Tmod4 interacts with the T-tubule/sarcoplasmic reticulum (SR)
compartment near the Z-disc (Gokhin and Fowler 2011), but the reason for this change in the
NebY2303H,Y935X mice is not known.
It has previously been shown that TMOD4 is dramatically reduced in NM patients with mutations
in LMOD3 (Yuen et al. 2014). No clear interaction between TMOD4 and LMOD3 has thus far
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been confirmed, but these interactions may be transient or weak (Gokhin et al. 2015). In the NebKO mice the myofibrillar targeting of Tmod1 was altered, as the filament capping protein was
clearly translocated closer to Z disc, while the expression levels were not altered (Witt et al. 2006).
Although the exact reason for the mislocalisation of Tmod4 in NebY2303H,Y935X mice remains to be
elucidated, this finding supports the suggested role for nebulin in the targeting of thin filament
capping proteins.
5.3.11 Aberrant mitochondria – cause or consequence?
Pleomorphic mitochondria are a known feature of mouse muscle. However, according to two
individual electron microscopist reports (unpublished observation), mitochondria in
NebY2303H,Y935X seemed aberrant in both size and quantity. Furthermore, apparently fewer
mitochondria were observed in the homozygous missense NebY2303H(+/+).
Association between NM and mitochondrial abnormalities has been an emerging topic of recent
discussion, although it is yet to be confirmed. It has been hypothesised that it may serve as a
marker of the state of the disease. The increase in mitochondrial size and quantity may serve a
compensatory mechanism in a myopathic muscle, as the defective actin-myosin interaction may
lead to increased energy consumption.
Aberrant mitochondria have been observed in many of the NM mouse models (Supplementary
Table 1). In the Acta1His40Tyr the force production was greatly reduced, and the energy cost of the
contraction was significantly higher (Gineste et al. 2013b). It was even speculated that the higher
energy cost observed might be related to an impaired mitochondrial function, as the
subsarcolemmal mitochondria were abnormally large. In another paper investigating the
properties of the ACTA1Asp286Gly model, they suggested that ATP would be needed to remove
excess Ca2+ out of the cytosol, in order to avoid a large dysregulation of Ca2+ homeostasis
(Gineste et al. 2013a). In the NebY2303H,Y935X muscle, the time spent by each myosin molecule in a
strongly bound force-producing conformation is reduced, limiting the fraction of active myosin
cross-bridges. The deficit in myosin function could lead to increased energy consumption, and
thus, increase in size and quantity of mitochondria.
Future studies are warranted in order to improve our understanding of the link between NM and
muscle energetics. Furthermore, it remains to be established whether mitochondrial abnormalities
are, indeed, relevant features in the NM muscle.
5.3.12 Significance for NM and summary of pathogenetic mechanisms
Our novel murine models fit well into the current NM mouse model collection. More importantly,
we have developed the first mouse model of NEB-NM with a compound heterozygous genotype.

Altered protein interactions are well established pathogenetic mechanisms in muscle disorders.
Our findings have further supported the role of nebulin in stabilising and stiffening the thin
filament, and in the targeting of thin filament proteins, such as Tmod4. We hypothesise that NEB
mutations may act in a location-dependent manner along the nebulin protein. Moreover, the
effects of the mutations may be muscle- or myofibre-type specific.
Our results corroborate the role of nebulin in mediating Ca2+ sensitivity and thin filament
activation, and the potential further regulation of acto-myosin interaction. Nebulin defects
decrease the number of strongly attached myosin heads, instead of affecting the force/crossbridge. This has previously been reported also in association to Acta1 and TPM mutations (de
Winter and Ottenheijm 2017). It could be speculated that nebulin acts in concert with other
proteins, most likely with tropomyosin and actin, in facilitating the acto-myosin interaction and
cross-bridge kinetics.
Although the thin filaments in the NebY2303H,Y935X mice were of normal length, thick filament
length was increased. The reason for this finding remains to be elucidated, but it may act as a
compensatory mechanism to the sarcomeric dysfunction. As altered force-generating capacity has
also been detected in patients with normal thin filament length (de Winter et al. 2016), some
additional factors likely account for the weakness in NM.
Nebulin protein levels were not found to be decreased in the novel mice studied. As lower levels
of nebulin have been seen in some, but not all, of the NM patients and mice (Lawlor et al. 2011;
Ochala et al. 2011; Ottenheijm et al. 2013, 2009) it can be concluded that other factors are
required for the pathogenesis. However, it cannot be ruled out that in some cases, the nebulin
quantity may affect the sequence of events leading to NM pathogenesis.
NM is a genetically and clinically heterogeneous group of disorders. Taking into account the
current knowledge of the expression and function of the causative genes, genotype-phenotype
correlations are not easy to find. Although many aspects of the mechanisms leading to NM still
remain to be uncovered, we are beginning to understand the complex interactions between the
NM-associated proteins in the skeletal muscle sarcomere. Mutations in several different genes
lead to similar effects on muscle structure and function, resulting in NM, while some defects are
clearly dependent on the individual causative genes (Fig. 9: Pathogenetic mechanisms). However,
various defects may lead to similar outcomes with regard to the force-generating capacity of the
skeletal muscle, thus leading to the weakness observed in NM muscle.
In conclusion, nebulin is an integral structural protein of the skeletal muscle sarcomere, and recent
studies have highlighted its importance in the regulation of sarcomeric functions, such as actomyosin interaction during muscle contraction. As we gain more insight into nebulin function, we
are beginning to understand the pathogenetic mechanisms leading to NEB-NM. Knowledge of
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disease pathogenesis is needed for the interpretation of NEB mutations and for finding potential
future points and modalities of intervention.

Figure 9. Summary of the potential pathogenetic mechanisms in NM muscle
Defects in different NM-related proteins lead to similar effects at the sarcomere level. The effect is often
mutation specific, and may only affect certain muscles or fibre types. Several of the effects, such as
decreased thin filament length, perturbed cross-bridge cycling kinetics (or acto-myosin interaction), and
altered calcium sensitivity have been shown to result in muscle weakness in NM patients and mice. In
addition to the mechanisms listed in the figure, decrease in nebulin protein levels has been observed in
NM muscle. Complete loss of myopalladin leads to a relatively mild NM phenotype, whereas loss of
nebulin, actin, tropomyosin, troponin T, cofilin 2, KLHL40, KLHL41, and often LMOD3, is not
compatible with human life, and thus, leads to early death.
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CONCLUSIONS AND FUTURE WORK
“Vague and nebulous is the beginning of all things, but not their end.”
- Khalil Gibran

This thesis delineated the molecular biology of nebulin, one of the largest proteins known. The
aim was to elucidate nebulin expression and function, and provide insight into the pathogenetic
mechanisms leading to nemaline myopathy, one of the most common congenital myopathies.
Although the picture remains far from complete, the results acquired expand current knowledge
of nebulin biology on several frontiers, and form a solid basis for future research. Such knowledge
is needed to understand the sequence of events leading to NM, and to evaluate potential therapies.
Nebulin isoform diversity was previously considered a potential mechanism accounting for the
selective muscle weakness observed in NM patients. We found, however, that all nebulin isoforms
are ubiquitously expressed at mRNA level, throughout the different skeletal muscles studied,
hence indicating another mechanism, or level of regulation, underlying the distribution of
weakness. Furthermore, the isoform diversity between different skeletal muscles may be much
greater at the protein level, or the relative quantities of different isoforms may vary between
muscles or myofibres. As our studies on alternative S21 isoforms indicated, differences in isoform
usage may arise on more detailed investigation at the myofibre level. Myofibre composition varies
between muscles, hence providing a potential explanation for the variability in weakness. Further
studies are needed to more widely investigate the nebulin isoform usage in various myofibre types,
and during myogenesis.
Nebulin interactions along the length of the protein have been poorly understood because of the
technical challenges set by the enormous size of the protein. Our complete panel of nebulin super
repeats, covering most of the protein, enabled us to investigate the binding properties of these
smaller nebulin fragments in vitro. Although the interactions in vivo are more complex than those
studied in vitro, we have gained valuable results that can be utilised in future studies investigating
full-length nebulin. Knowledge of differences in actin-binding intensities between super repeats
can also be utilised in assessing the potential pathogenicity of mutations in a location-dependent
manner. The super-repeat panel will also provide a useful tool for investigating further protein
interactions, and for functional testing of potentially pathogenic variants.
The most widely used model organism of NM is the mouse. By studying the effects of different
nebulin defects in mice, and comparing with those in NM patients, we have gained a plethora of
data shedding light on nebulin function in health and disease. Our novel mouse models are
important additions to the NEB-NM mouse model collection. These mouse models have turned
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out to be useful in deciphering the pathogenetic mechanisms of NEB-NM, and will be suitable
for the assessment of potential therapeutic approaches.
To date, mutations in twelve different genes have been shown to result in NM. Investigating the
mechanisms by which mutations in these different genes lead to the same muscle disorder may
provide insight into both the common and the partly separate pathways of pathogenesis. By
investigating the differences and similarities between the NEB models, and between the models
of NM caused by mutations in other genes, we can achieve a more complete understanding of
the pathogenetic mechanisms underlying the disorder.
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