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Review

Sarcomere Dysfunction in Nemaline
Myopathy
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Abstract. Nemaline myopathy (NM) is among the most common non-dystrophic congenital myopathies (incidence 1:50.000).
Hallmark features of NM are skeletal muscle weakness and the presence of nemaline bodies in the muscle fiber. The clinical
phenotype of NM patients is quite diverse, ranging from neonatal death to normal lifespan with almost normal motor
function. As the respiratory muscles are involved as well, severely affected patients are ventilator-dependent. The mechanisms
underlying muscle weakness in NM are currently poorly understood. Therefore, no therapeutic treatment is available yet.

Eleven implicated genes have been identified: ten genes encode proteins that are either components of thin filament, or
are thought to contribute to stability or turnover of thin filament proteins. The thin filament is a major constituent of the
sarcomere, the smallest contractile unit in muscle. It is at this level of contraction – thin-thick filament interaction – where
muscle weakness originates in NM patients.

This review focusses on how sarcomeric gene mutations directly compromise sarcomere function in NM. Insight into
the contribution of sarcomeric dysfunction to muscle weakness in NM, across the genes involved, will direct towards the
development of targeted therapeutic strategies.
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INTRODUCTION

Nemaline myopathy (NM) is among the most com-
mon non-dystrophic congenital myopathies [1] (eg.
incidence 1:50.000 in Finland [2]). Hallmark fea-
tures of NM are skeletal muscle weakness and the
presence of nemaline bodies in the muscle fiber. The
clinical phenotype of NM patients is quite diverse,
ranging from neonatal death to normal lifespan with
almost normal motor function [3]. As the respira-
tory muscles are involved as well, severely affected
patients are ventilator-dependent [4]. NM is a pro-
gressive muscle disorder of which the mechanisms
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underlying weakness are currently poorly understood
[5]. Knowledge of the underlying mechanisms may
help determine treatment strategies.

The discovery of genes that are implicated in NM
was an impetus to unravel the pathophysiology of
muscle weakness in this debilitating disease. In 1995,
it was discovered that a mutation in the gene encoding
alpha-tropomyosin – a constituent of the sarcomeric
thin filament- results in NM [6]. Currently, eleven
implicated genes have been identified: ten genes
encode proteins that are either components of the
skeletal muscle thin filament (Fig. 1), including neb-
ulin (NEB), skeletal muscle alpha-actin1 (ACTA1),
beta-tropomyosin 2 (TPM2), alpha-tropomyosin 3
(TPM3), troponin T type 1 (TNNT1), cofilin-2
(CFL2), and leiomodin-3 (LMOD3), or are thought
to contribute to stability or turnover of thin fila-
ment proteins, such as kelch repeat and BTB (POZ)
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Domain Containing 13 (KBTBD13), kelch-like
family members 40 (KLHL40) and -41 (KLHL41) [3,
7–10]. The eleventh gene encodes myosin 18B, of
which the function is unknown [11]. The thin filament
is a major constituent of the sarcomere, the smallest
contractile unit in muscle. It is at this level of contrac-
tion – thin-thick filament interaction – where muscle
weakness originates in NM patients.

The sarcomere has four main structural compo-
nents: the Z-disks, the thick filament, the thin filament
and titin, a molecular spring that connects the three
previous components. In between the Z-disks are the
thick and the thin filament (Fig. 1). The thin fila-
ment is composed of an actin-based backbone that
is decorated with proteins that are involved in (1) the
regulation of thin filament length and in (2) the reg-
ulation of acto-myosin interaction. Actin monomers
contain binding sites for the thick filament, which
is mainly composed of myosin molecules. Myosin,
a molecular motor, has a high affinity for actin and
aims for interaction, i.e. cross-bridge formation. That

way, myosin heads pull on the thin filaments, moving
the Z-disks towards each other. Interaction between
actin and myosin is strictly regulated by various pro-
teins, of which the troponin complex, nebulin and
tropomyosin are the key players [12, 13]. In addi-
tion to their role in the regulation of contraction,
sarcomeric proteins are also involved in specifying
the length of the thin filament and the thick filament.
Note that thin-thick filament overlap is an important
determinant of force generation: it determines the
number of cross-bridges that can be formed. Thus,
considering the important role of the proteins that
they encode, mutations in sarcomere genes can have
a major impact on muscle function.

A key question in the NM field is: what are the
mechanisms underlying muscle weakness? Sarcom-
eric gene mutations result in altered gene expression
and protein levels, which can directly compromise
sarcomere function. Sarcomere dysfunction can lead
to secondary changes in the muscle’s ultrastructure
that further contribute to muscle weakness. Exam-

Fig. 1. Schematic of skeletal muscle, from the level of the whole muscle to the sarcomeric thin filament. Note that the schematic of the thin
filament illustrates the protein products of all thin filament genes implicated in nemaline myopathy.
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ples of changes in the ultrastructure of nemaline
myopathic muscle are: the presence of nemaline bod-
ies [14, 15], Z-disks that lose integrity (i.e. display
streaming and widening) [16], abnormal myofibril-
lar and mitochondrial organization and muscle fiber
atrophy [15]. This review focusses on how sarcomeric
gene mutations directly compromise sarcomere func-
tion. To investigate to what extent sarcomere function
is compromised and thus contributes to the observed
muscle weakness in NM, it is crucial to investigate
the contractile performance of nemaline myopathic
muscle. In 2001 the first NM mouse model was gen-
erated by transgene expression of Tpm3M9R [17],
which allowed the investigation of the effect of an
NM mutation on intact muscle function. Next, tech-
niques were developed to isolate individual muscle
fibers from frozen patient biopsies and study their
contractile function [18] (an overview of some of
these experimental techniques is shown in Fig. 2).
In addition, fish models have been engineered, that
phenocopy observations from mouse and human tis-
sue [19–21]. These studies revealed that sarcomere
dysfunction contributes to muscle weakness in NM,
and they provided insight into the mechanisms that
are responsible for the loss of function.

Here, we provide an overview of the current find-
ings pertaining to the key question postulated above.
Insight into the contribution of sarcomeric dysfunc-
tion to muscle weakness in NM, across the genes
involved, will direct towards the development of tar-
geted therapeutic strategies.

NEBULIN

The most frequently affected gene in NM is
NEB, encoding nebulin, a multifunctional giant (800
kDa) that was discovered in 1982 [22]. A sin-
gle nebulin molecule runs along the thin filament,
with its C-terminus anchoring in the Z-disk and
the N-terminus close to the thin filament capping
proteins tropomodulin and leiomodin [18, 23–25].
Nebulin has a highly modular structure that is orga-
nized in a super-repeat structure. The super-repeats,
consisting of 7 repeats, each span 43 nanometers.
Typically, with its 43 nanometers, one super-repeat
spans one regulatory unit: seven actin monomers,
one tropomyosin molecule and one troponin com-
plex [26, 27]. Hence, nebulin’s structure suggests a
close interaction between nebulin and these thin fila-
ment proteins. Therefore, a mutation in NEB can have
severe impact on sarcomeric function. To investigate

the role of nebulin in sarcomeric structure and
function, nebulin-deficient mouse models have been
generated [28–31]. These models reveal that muscle
that lacks nebulin displays severe muscle weakness,
both at the intact whole muscle level [28] – a level
of contraction that involves both calcium-handling
and sarcomeric performance - and in permeabilized
muscle fibers – here force generation is mainly
determined by the contractile performance of the sar-
comeric proteins [29].

Note that permeabilized muscle fibers are a large
collection of interconnected myofibrils. As the mag-
nitude of muscle weakness in permeabilized fibers
of nebulin-deficient mice is similar to both that
of permeabilized myofibrils from these mice [30]
and to that observed in intact whole mouse mus-
cle, it is suggested that sarcomeric weakness is the
main contributor to muscle weakness in NM patients
with nebulin deficiency. In addition, it indicates
that changes in calcium-handling in nebulin-deficient
muscle do not have a major role in the pathogenesis
of muscle weakness [32]. Over the past ten years,
nebulin’s role in various aspects of sarcomeric struc-
ture and function have been studied [33, 34], roles
which, if impaired, all can contribute to sarcomeric
weakness in nebulin-based NM. Here, we review the
pathomechanisms underlying nebulin-based sarcom-
eric dysfunction.

Thin filament length dysregulation

The amount of overlap between the thin and
the thick filament determines the number of cross-
bridges that can be formed. Accordingly, force
depends on sarcomere length, with increasing force as
the overlap between thick and thin filaments increases
(up to a sarcomere length of ∼2,6 �m, i.e. the ascend-
ing limb of the force-sarcomere length relation), and
with decreasing force at longer sarcomere lengths
as the overlap between thick and thin filaments
decreases (i.e., the descending limb). Hence, appro-
priate length of the thin filament is important for
muscle strength. The length of the thick filament is
conserved throughout species and muscle types at
1.6 �m. The length of the thin filament varies between
1.1 – 1.3 �m among muscles types and species, and
is regulated by various proteins of which nebulin is
one of the key players [35]. Nebulin-deficient mouse
muscle has shorter thin filaments [28, 29], which –
especially at a longer sarcomere length - results in
less overlap between the thick and thin filament, i.e.
a lower number of cross-bridges that can be formed.
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Fig. 2. Overview of experimental techniques employed on muscle fibers isolated from patients’ biopsies. A) Single muscle fibers are isolated
from a muscle biopsy and treated with Triton-X, a detergent that permeabilizes the membraneous structures and leaves the sarcomeres within
the muscle fibers intact. The permeabilized muscle fiber is mounted between a force transducer and a length motor, activated by exogenous
calcium, and the generated force is measured. B) By activating a muscle fiber at incremental sarcomere lengths, the sarcomere length-
dependence of force can be determined. The shape of the force-sarcomere length relation provides important information on the length of
thin and thick filaments; SLopt: sarcomere length at which maximal force is generated. For instance, in patients with nebulin deficiency SLopt
is shifted leftwards. C) By rapidly releasing and restretching the muscle fiber, while activated, the rate constant of force development is
determined (left panel shows the imposed change in fiber length; right panel the force response). This rate constant, Ktr , reflects the kinetics
of cross bridge attachment and detachment. D) By exposing the muscle fiber to incremental calcium solutions (pCa = the negative logarithm
of [Ca2+]), the calcium sensitivity of force is determined. A rightward shift of the force-pCa relation, i.e. a decreased pCa50, indicates a
reduced calcium sensitivity of force.

As a consequence, nebulin-deficient muscle has a
narrower functional length range and operates at a
shorter optimal length for force generation compared
to wildtype muscle [36]. This observation was con-
firmed in various nebulin-deficient mouse models,
including a model with the Neb�exon55 mutation [30],
a frequently found mutation in NM [37], and in a con-

ditional nebulin-deficient mouse model [31]. In line
with this observation in nebulin-deficient mouse mus-
cle, muscle fibers from NM patients with mutations in
NEB, leading to nebulin deficiency, have shorter thin
filament lengths and shorter optimal sarcomere length
for force generation (Fig. 2B, leftward shift of SLopt)
[18, 38]. It should be noted that some studies reported
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preserved force-sarcomere length relation in muscle
fibers from NM patient with nebulin mutations [38,
39], and it was speculated that the extent to which thin
filament length is affected in nebulin-NM is mutation-
specific and/or depends on the level of healthy nebulin
protein. As the muscle fibers from nebulin-based NM
patients with unaffected thin filament lengths did
display sarcomeric weakness, other mechanisms con-
tribute to muscle weakness. An important aspect of
sarcomere function that depends on nebulin is cross-
bridge cycling kinetics.

Altered cross-bridge cycling kinetics

At a given overlap between thick and thin fila-
ments, the amount of force that can be generated
depends on the force generated per cross-bridge
and the fraction of strongly attached cross-bridges.
Cross-bridge cycling kinetics (i.e. the rate of acto-
myosin attachment and detachment) determine both
the fraction of strongly bound cross-bridges and
the force per cross-bridge by modulating the time
span of strongly bound cross-bridges. The fraction
of strongly bound cross-bridges can be measured in
permeabilized muscle fibers. The rate of acto-myosin
detachment is proportional to the ATP consumption
of permeabilized muscle fibers during force gen-
eration (i.e. tension cost), as for myosin to detach
from actin one ATP molecule is required. Next, the
rate of force redevelopment (Ktr ) reflects both the
acto-myosin attachment and detachment rate. Hence,
changes in the attachment rate can be deduced when
Ktr (attachment rate + detachment rate) and tension
cost (detachment rate) are known. Studies in per-
meabilized nebulin-deficient mouse muscle revealed
that Ktr is reduced and tension cost is increased,
suggesting that the fraction of strongly bound cross-
bridges is lower in nebulin-deficient mouse muscle,
a reduction which contributes to the lower force gen-
erating capacity [31, 40–42]. The force generation
per strongly bound cross-bridge is estimated by mea-
suring the active stiffness of a permeabilized muscle
fiber. The unaffected active tension/active stiffness
ratio in nebulin-deficient mouse muscle suggests that
the force per cross-bridge is not altered in the absence
of nebulin [40, 41]. Studies in muscle fibers isolated
from biopsies of NM patients with mutations in NEB
provided similar results. Various studies revealed
reductions in Ktr [15, 39, 43, 44] and an increase
in tension cost [43, 44], indicating a lower fraction
of strongly bound cross-bridges. Next a study that
included one biopsy of an NM patient with nebulin

mutations, reported no changes in the force generated
per strongly bound cross-bridge. Hence, mutations in
NEB result in alterations in the cross-bridge cycling
kinetics, i.e. a lower number of strongly bound cross-
bridges. Thus, alterations in cross-bridge cycling
kinetics contribute to the observed lower maximal
active tension in muscle fibers of NM patients with
NEB mutations.

Lower calcium-sensitivity of force generation

Daily life activities such as walking and bik-
ing typically are performed at sub-maximal levels
of activation. When permeabilized muscle fibers
of nebulin-deficient mouse tissue are exposed to
incremental calcium levels, lower forces (relative to
maximum force) are generated compared to wildtype
muscle fibers [30, 31, 40, 42]. Thus, more calcium is
needed to generate a given level of force, meaning
that nebulin-deficient mouse muscle is less sensitive
to calcium (see also Fig. 2D). These observations
are also reported in multiple studies on permeabi-
lized muscle fibers that were isolated from biopsies
of NM patients with mutations in NEB [43, 45, 46].
A study on one patient’s biopsy reported no change
in the calcium-sensitivity of force [39]. Note that this
patient had normal nebulin levels whereas the patients
reported in the other studies had nebulin levels that
were less than 25% of normal levels. The molecular
mechanisms underlying nebulin’s effect on the cal-
cium sensitivity of force likely include its interaction
with tropomyosin and actin, which is important for
proper muscle function [47]. Thus, nebulin plays an
important role in the regulation of calcium-sensitivity
of force. Both the location of the mutation in NEB and
the nebulin protein level determine the magnitude
and/or the direction of the effect on the calcium-
sensitivity of force.

In conclusion, sarcomeric weakness contributes to
muscle weakness in nebulin-based NM; the extent of
the contribution depends on the specific mutation and
nebulin protein level.

SKELETAL MUSCLE ALPHA-ACTIN1

Skeletal muscle alpha actin-1 (actin) is a molecule
of 42 kD. Actin monomers polymerize to filamen-
tous actin, the backbone of the thin filament – note
that actin is Greek for ‘ray’. Actin possesses binding
spots for myosin heads to enable cross-bridge forma-
tion. The generation of two mouse models improved
the understanding of the sarcomeric basis of weak-
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ness in actin-based NM [48, 49]. Both mouse models
harbor a mutation that resembles a mutation found in
severely affected NM patients: (1) Acta1H40Y and (2)
Acta1D286G . Treadmill studies reveal that t Acta1H40Y

mice exhibit significant deficits in the average dis-
tance daily travelled, the average speed and the max-
imal speed compared to wildtype mice [49]. Fore-arm
grip strength was reduced in Acta1H40Y mice [48, 50].
In vivo force measurements confirmed a decrease in
the absolute and the specific force production – i.e.
the absolute force production normalized to the cross-
sectional area of the muscle - in the gastrocnemius
muscle of Acta1H40Y mice. In addition, t Acta1H40Y

mouse muscle had an increased energy cost, which
was assumed to be either related to disturbed mito-
chondrial function or sarcomeric dysfunction [51].

To further investigate the origin of muscle weak-
ness, intact muscles were isolated and activated in
vitro by field stimulation. The oxidative soleus mus-
cle and the glycolytic extensor digitorum longus
(EDL) muscle of Acta1H40Y mice show large force
deficits both in the maximal absolute and the max-
imal specific force production [48]. No changes
in excitation-contraction coupling were observed in
Acta1H40Y mice, thus the force deficit is sarcomere-
based [52].

Similar studies were performed in Acta1D286G

mice. Reduced maximal specific force in permeabi-
lized muscle fibers of Acta1D286G mice indicate that
sarcomere dysfunction contributes to muscle weak-
ness in these animals [49]. But the magnitude of
sarcomere dysfunction was less than in Acta1H40Y

mice and its effect on in vivo muscle strength and
exercise capacity was less pronounced [49, 51].

Altered cross-bridge cycling kinetics

The observed sarcomeric weakness at saturating
calcium levels can either arise from a lower number of
strongly bound cross-bridges and/or from a depressed
force generation per individual cross-bridge. As stud-
ies on permeabilized muscle fibers of both Acta1H40Y

and Acta1D286G mice revealed that the strain of per
myosin head was not affected, it was hypothesized
that a lower number of strongly bound cross-bridges
is responsible for sarcomere dysfunction in both
mouse models [53, 54]. In line with findings of per-
meabilized nebulin-deficient muscle fibers of NM
patients and mice, it is speculated that the acto-
myosin attachment rate is reduced in permeabilized
muscle fibers of both Acta1H40Y and Acta1D286G

mice, and that the detachment rate is increased (note

that an increased detachment rate is supported by
the increased tension cost that was found in vivo).
A decreased acto-myosin attachment rate combined
with an increased detachment rate result in a shorter
time span for the myosin head to generate a forceful
power stroke, thereby depressing maximal contractile
performance.

Surprisingly, similar studies in permeabilized mus-
cle fibers from patients with a different mutation
in actin, i.e. ACTA1P352S revealed that sarcomere
function is increased compared to muscle fibers of
healthy subjects. The origin of this force increase
is that this specific mutation on actin enhances
the strain of individual cross-bridges [52]. Note
that this patient displays muscle weakness, which
was speculated to be caused by atrophy and/or
changes in excitation-contraction coupling. Simi-
larly, a case report describes an NM patient harboring
an ACTAL328A mutation but with a hypertonic
phenotype. Although speculative, this specific muta-
tion induces a conformational charge change in
actin, thereby favoring the acto-myosin equilibrium
towards the ‘on’ state [55]. Hence, changes in cross-
bridge cycling kinetics caused by ACTA1 mutations
can cause either a loss or a gain of function.

Thin filament length dysregulation

To date, one study investigated the force-sarcomere
length relationship in muscle fibers of NM patients
with various mutations in the ACTA1 gene [38]. This
study reported sarcomeric weakness in muscle fibers
of all 14 actin-based NM patients that were studied, a
weakness which in 10 patients was partly explained
by shorter thin filament lengths. Thus, thin filament
length dysregulation is a cause of muscle weakness
in actin-based NM, but the extent of the contribution
is mutation-specific. Note that the lack of a dis-
tinct genotype-phenotype correlation in actin-based
myopathies has been reported previously [56].

ALPHA- AND BETA-TROPOMYOSIN

Tropomyosin rotates along the axis of the
actin backbone, thereby controlling the availabil-
ity of myosin binding sites on actin – note that
‘tropomyosin’ in Greek means: that which is turned
in muscle. Mutations in the TPM2 and -3 genes, both
encoding skeletal muscle tropomyosins, can result in
congenital myopathies, such as nemaline myopathy,
core-rod myopathies, cap disease, congenital fiber-
type disproportion and distal arthrogryposes. Three
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states of tropomyosin are described, corresponding to
the position of tropomyosin along the thin filament.
These states depend on the presence of cytosolic cal-
cium. In the blocked state no calcium is present and
tropomyosin sterically blocks myosin heads bind-
ing to actin. In the closed state, calcium has entered
the cytosol and has bound to the troponin com-
plex. As a consequence, tropomyosin unlocks and
partially unblocks the binding of myosin to actin.
In the open state, tropomyosin shifts further away
through initial binding of myosin thereby exposing
adjacent binding sites on actin to enable cross-bridge
formation. This way, the thin filament is coopera-
tively activated by cross-bridge-induced cross-bridge
formation [12, 57]. To induce muscle relaxation, cal-
cium is pumped back into the sarcoplasmic reticulum,
which requires ATP. As tropomyosin is an important
player in directing the acto-myosin concert, muta-
tions in tropomyosin can significantly impact muscle
contractility.

Altered cross-bridge cycling kinetics

Studies on permeabilized muscle fibers from
patients harboring mutations in TPM3 reported lower
maximal active tension and slower cross-bridge
cycling kinetics [58–62]. In addition, tension cost was
increased in these muscle fibers [60]. Slower cross-
bridge cycling kinetics (lower Ktr ) combined with
an increase in tension cost, indicate a decreased acto-
myosin attachment rate and an increased acto-myosin
detachment rate. In line with this, X-ray diffraction
studies on a muscle biopsy of a patient harbor-
ing the beta-tropomyosinR133W showed that during
activation, beta-tropomyosin movement is limited,
reducing acto-myosin interaction [63]. Thus, a lower
number of strongly bound cross-bridges contributes
to sarcomeric muscle weakness in patients with muta-
tions in alpha- and beta-tropomyosin.

Thin filament length regulation

No changes in thin filament length have been
reported thus far: an in vivo study on the first NM
mouse model [17] – a mouse carrying the Tpm3M9R

mutation -, found no changes in the force-muscle
length relation [64], findings which were confirmed in
permeabilized muscle fibers from this mouse model
[65]. Two studies on biopsies of patients with muta-
tions in TPM3 and TPM2, revealed no changes in
thin filament length and in the force-sarcomere length
relation [38, 60]. Thus, changes in thin filament

length are unlikely to contribute to muscle weakness
in tropomyosin-based myopathies.

Changes in the calcium-sensitivity of force
generation

Whereas in muscle fibers from patients with
mutations in NEB only reductions in the calcium-
sensitivity of force generation have been observed, in
muscle fibers from patients with mutations in TPM2
and TPM3 both increased and decreased calcium-
sensitivity of force generation have been reported
[59–62, 66, 67]. The increased calcium-sensitivity
of force generation provides a mechanical basis for
the muscle stiffness that some patients experience
[62, 67, 68]. In vitro motility assays and biochemi-
cal assays confirm the existence of mutation-specific
effects on the direction of the calcium-sensitivity of
force generation. In brief, mutation-specific effects
that favor the open state of tropomyosin by desta-
bilizing the blocked state result in an increase in
the calcium-sensitivity of force generation, and those
effects that impede tropomyosin movement decrease
the calcium-sensitivity of force [69–72].

Thus, sarcomeric dysfunction contributes to the
muscles weakness in NM patients that harbor muta-
tions in TPM2 and TPM3. The diversity in clinical
phenotypes - hypotonic versus hypertonic - is at
least partly explained by mutation-specific effects on
tropomyosin movement on the thin filament.

TROPONIN

The troponin complex is composed of three tro-
ponin subunits: troponin-C (TnC), troponin-I (TnI)
and troponin-T (TnT). These subunits interact with
each other and have specific tasks: TnC binds cal-
cium, TnI is primarily responsible for maintaining
tropomyosin in the blocked state and TnT modu-
lates the closed and open state of tropomyosin [12].
To date, mutations in TNNT1 (encoding slow skele-
tal TnT) have been implicated in NM [73–77] and
TNNT3 mutations (fast skeletal TnT) and TNNI2 (fast
skeletal TnI) in distal arthrogryposis [78–82]. NM
patients with TNNT1 mutations have severe muscle
weakness. Intact whole muscle of slow-skeletal TnT-
deficient mice are less tolerant to fatigue [83]. This
is mainly due to a fiber-type shift towards fast gly-
colytic fibers. Intrinsic changes in contractile protein
function in slow-skeletal muscle fibers of these mice
have not been reported. One study has investigated the
contractile function of permeabilized muscle fibers
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of a NM patient with a TNNT1 mutation [38]. This
study revealed sarcomeric weakness in TNNT1-NM
muscle fibers, weakness which was not caused by
changes in thin filament length. Thus, other mecha-
nisms are at play, such as a reduced ability to bind to
tropomyosin [84].

KELCH PROTEINS: KBTBD13, KLHL40
AND KLHL41

Recently, a new class of genes was discovered to
be implicated in NM: genes from the kelch family
encoding kelch-like family members 40 (KLHL40)
and -41 and kelch repeat and BTB (POZ) Domain
Containing 13 (KBTBD13) [7–9]. Their protein prod-
ucts interact with the Cullin E3 ubiquitin-ligase, a
core component of the ubiquitin-proteasome path-
way [85]. This pathway is involved in the regulation
of protein turnover. Kelch proteins might function
as a substrate adaptor for specific (sarcomeric) pro-
teins to form a functional complex with the Cullin
E3 ubiquitin-ligase. KLHL40 binds to the thin fila-
ment proteins nebulin and leiomodin-3 and to Cullin
E3, thereby stabilizing them [86, 87]. KLHL41 also
interacts with nebulin and Cullin E3 [9]. Although
conclusive evidence is lacking, it is presumed that
also KLHL41 plays a role in stabilizing nebulin
by forming a functional ubiquitin-complex through
interaction with Cullin E3 [9]. For KBTBD13, the
specific target proteins for Cullin E3 interaction are
not known yet. Insight into the contribution of sar-
comeric weakness to muscle weakness in patients
harboring kelch mutations has just started to evolve.
Here, we summarize the current knowledge on sar-
comeric weakness caused by mutations in these
genes.

Two Klhl40-deficient mouse models have been
generated [86, 88]. Maximal active tension was
severely reduced at the whole intact muscle level.
The ultrastructure of Khlh40-deficient muscle is
compromised, without changes in thin filament
length. Similar findings were observed in perme-
abilized muscle fibers from an NM patient with a
mutation in KLHL40 [38]. Thus, other sarcomeric
changes account for the weakness. A Klhl41-deficient
zebrafish revealed impaired motor function accom-
panied by sarcomeric misalignment [9]. In line with
these findings, contractile studies on human mus-
cle fibers from a patient harboring a mutation in
KLHL40 revealed contractile weakness and sarcom-
eric disorganization. However, thin filament length

regulation was not affected in this patient [38]. Note
that caution should be warranted interpreting the
results on thin filament length assessment, as only
one biopsy for both gene cohorts was studied. For
KBTBD13 no animal models have been published yet.
Muscle weakness in NM patients with mutations in
KBTBD13 [89] is at least partly caused by decreased
contractility of sarcomeres without changes in thin
filament length [38].

COFILIN-2

In 2007, CFL2, the gene encoding cofilin-2 was
first implicated in NM [90]. A homozygous missense
mutation was identified in two affected siblings in a
large family of Middle Eastern origin. In 2012 [91],
a second family of Middle Eastern origin with NM
and a CFL2 mutation was identified. CFL2 encodes
a skeletal muscle–specific isoform of cofilin, which
localizes to the thin filaments. Cofilin-2 has been
postulated to be essential for the regulation of the
dynamics of actin polymerization. The mechanisms
underlying muscle weakness in patients with CFL2
mutations are unknown. Studies on Cfl2-deficient
mice show that sarcomeric ultrastructure and thin
filament length is preserved at birth. However, post-
natally, sarcomeric structure was severely disrupted,
a process that originated from the Z-line and was
accompanied by actin aggregation and lack of actin
depolymerization activity [92]. In addition, sarcom-
eric integrity worsened by reduced interlinking of
adjacent myofibrils [93]. Thus, the identified CFL2-
mutations in NM patients might reduce the protein
levels of cofilin-2, resulting in reduced depolymer-
ization of actin filaments. This will have significant
impact on muscle fiber contractility and induce thin
filament breakdown. Indeed, muscle fibers of patients
with CFL2 mutations display aggregates of thin fila-
ments. Unfortunately, so far no studies have reported
the effects of mutations in CFL2 on muscle fiber
contractility.

LEIOMODIN-3

Recently, mutations in LMOD3 were identified as
a new cause of NM: affected children have severe
weakness at birth, requiring mechanical ventilation
and tube feeding to survive and usually die soon
after birth. LMOD3 encodes leiomodin-3, a pro-
tein expressed in cardiac and skeletal muscle, and
whose function is unknown. Mutations in LMOD3
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most often result in absence of leiomodin-3 from
patient muscle, which is associated with myofiber
atrophy and replacement of muscle tissue with con-
nective tissue. Loss of leiomodin-3 in patient muscle
resulted in shortening and disorganization of thin fil-
aments, and in weakness that is more pronounced at
longer muscle fiber lengths [10]. Functional effects
of loss of leiomodin-3 on myosin-actin interactions
are unknown yet. Two leiomodin-3-defiecient mouse
models are available to further investigate [87, 94]
sarcomeric function in the absence of leiomodin-3.

DISCUSSION

NM is a debilitating muscle disease, for which cur-
rently no treatment exists. This paper’s aim was to
review the current knowledge on sarcomeric weak-
ness in NM. Below, we summarize our findings
and propose therapeutic strategies that target the
sarcomere.

Genotype-phenotype correlations in NM?

NM is a disease that affects the skeletal muscle
thin filament, either by changes in its length and/or
its interaction with the thick filament. The nature of
the sarcomeric dysfunction depends on the impli-
cated gene. For instance, contribution of thin filament
length dysregulation to muscle weakness occurs in
muscle harboring mutations in NEB, ACTA1 and
LMOD3, but not in the other implicated genes [10,
18, 38]. Muscle of patients with NEB mutations have
slower cross-bridge cycling kinetics, whereas muscle
of patients with TPM2 mutations can display faster
cross-bridge cycling kinetics. Furthermore, muscle
of NM patients with mutations in ACTA1 and TPM3
have faster or slower cross-bridge cycling kinetics
depending on the location of the mutation. Similar
unequivocal observations were reported regarding the
calcium-sensitivity of force generation: mutations in
TPM3 can both increase and decrease the calcium-
sensitivity of force generation have been reported
[60–62, 67]. Thus, the concept arises that sarcom-
eric weakness contributes to muscle weakness in NM
and that the nature of the contribution depends on the
specific gene as well as the specific mutation, and the
resulting effect at the protein level.

The sarcomere as a therapeutic target

The establishment of sarcomeric weakness as an
important contributor to muscle weakness in NM

provided an impetus to test the ability of drugs that
target the sarcomere to augment muscle force in
NM. Troponin activators slow the dissociation of cal-
cium from the troponin complex, thereby increasing
the calcium-sensitivity of force generation. Studies
on nebulin-deficient muscle fibers of NM patients
and mice show that a fast skeletal troponin activator
increases muscle force at submaximal calcium lev-
els [30, 42, 45]. This finding is of clinical relevance,
as these submaximal calcium levels reflect physio-
logical activity levels: i.e. levels at which daily life
activities such as breathing and walking occur. It is
hypothesized that administration of a fast skeletal tro-
ponin activator will lower fatigue during daily life
activities and thus contribute to the quality of life
in NM patients with NEB mutations. Recent studies
in healthy controls reveal that a fast skeletal tro-
ponin activator amplifies the force response of the
sarcomere in vivo [95]. Furthermore, positive effects
on respiratory function are reported in patients with
amyotrophic lateral sclerosis and myasthenia gravis
during administration of a fast skeletal troponin acti-
vator [96, 97]. As skeletal muscle is composed of
both slow and fast fibers, targeting both fast and slow
skeletal muscle fibers should benefit NM patients.
Unfortunately, no gain of function was observed
with Levosimendan – a clinically-approved slow tro-
ponin activator- in muscle fibers of NM patients
with mutations in NEB [46]. Besides Levosimen-
dan, other slow troponin activators are available for
pre-clinical and clinical use [98]. Therefore, future
studies should investigate whether these slow tro-
ponin activators have the potential to augment muscle
force in NM.

Next to troponin, also myosin is a candidate to aug-
ment muscle force in NM. A recent study revealed
that increasing the expression of the MYL4 gene in a
NM mouse model harboring the ActaH40Y mutation
induced the expression of MyLC1a/emb, an embry-
onic myosin light chain isoform [99]. This isoform
increases the force-generating capacity of myosin.
Induction of MYL4 was achieved by transgene deliv-
ery. Increased expression of MyLC1a/emb increased
maximal force generation in permeabilized muscle
fibers.

A drug called omecamtiv mecarbil directly tar-
gets myosin function and increases force production
[100]. This drug augments the activity of the myosin
motor by inducing a faster rate of weakly to strongly
bound cross-bridges. As slow skeletal myosin iso-
forms are analogous to cardiac muscle isoforms,
modulating myosin motor activity by omecamtiv
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Fig. 3. Schematic overview of the mechanisms by which mutations in the genes implicated in nemaline myopathy cause muscle weakness.
Only mechanisms involving sarcomere contractility are shown.

mecarbil has potential to increase sarcomeric perfor-
mance in skeletal muscle as well.

A novel therapeutic target is modulating the struc-
tural organization of sarcomeres. Conditional nebulin
knock-out mice compensate for shorter thin filament
lengths by increasing the number of sarcomeres in
series [38]. As a result, the optimal muscle length
for force generation in intact muscle was comparable
to wild-type mice. Thus, the addition of sarcom-
eres in series allowed the muscles to operate at a
shorter sarcomere length, a length closer to their
optimal sarcomere length. Adapting the number of
sarcomeres in series to compensate for changes in
thin filament length constitutes a novel control mech-
anism in muscle. Whether this control mechanism is
also at play in human diseased muscle is unknown,
but the elucidation of this control mechanism might
have implications for treatment strategies. In rodents,
active stretching of muscle stimulates the addition of
sarcomeres in series [101]. Thus, active stretching of
muscles of patients with shorter thin filament lengths
might be an interesting direction to explore to stimu-
late the addition of sarcomeres in series and alleviate
muscle weakness.

Finally, an interesting approach to restore sar-
comeric performance caused by reduced sarcomeric
protein levels is to express the cardiac isoform of
the implicated protein in skeletal muscle. Nowak
and colleagues succeeded to express cardiac actin

in postnatal skeletal muscle of Acta1-deficient
mice, which resulted in restoration of grip strength
and locomotor activity [102]. Note that Acta1-
deficient mice normally die by day 9 after birth.
Expressing cardiac actin also improved life span
in the Acta1D286G mice [103]. However, in the
Acta1H40Y mouse model, expression of cardiac
actin in postnatal skeletal muscle did not improve
survival. Thus, this therapeutic approach is promis-
ing, at least for specific mutations in the ACTA1
gene.

In addition to strategies that target the sarcomeres,
strategies aimed at targeting other muscle struc-
tures might restore muscle strength in NM. Positive
effects on muscle strength and endurance have been
reported upon dietary L-tyrosine supplementation in
an NM mouse model and in patients [104, 105].
Although promising, the mechanism responsible for
the improvement in muscle performance upon L-
tyrosine supplementation is not known yet. Second,
a recent study in NM mice revealed that adminis-
tration of an inhibitor of myostatin signaling – note
that myostatin is a suppressor of muscle hypertrophy
– resulted in improved muscle size and a prolonged
lifespan [50]. Third, as NM is a genetic disease, strate-
gies aimed at delivery of the cDNA of NM genes that
might be amenable to viral delivery, or those that aim
at correcting the mutations themselves are of high
interest for the NM field [106, 107]. However, these
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techniques require further optimization before safety
and efficacy is guaranteed for clinical use.

In conclusion, this review focused on the vari-
ous aspects of sarcomeric weakness that contribute
to muscle weakness in NM. Mechanisms that can
contribute to muscle weakness are changes in thin
filament length, in cross-bridge cycling kinetics and
in the calcium-sensitivity of force generation (see
Fig. 3). The magnitude and direction of these changes
depend on the specific mutation and on the healthy
protein level. As the sarcomere is primarily involved
in the pathomechanisms underlying NM muscle
weakness, it is an interesting therapeutic target to
combat this weakness. Promising therapeutic tar-
gets to augment muscle strength in NM are troponin
activation, myosin modulation, the addition of sar-
comeres in series and expressing cardiac proteins in
postnatal skeletal muscle.
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