
VU Research Portal

Mechanisms leading to muscle weakness in Nemaline myopathy

Joureau, B.

2019

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Joureau, B. (2019). Mechanisms leading to muscle weakness in Nemaline myopathy. [PhD-Thesis - Research
and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/5f81bcfb-5aad-47d9-adbb-4de9d94948ee


CHAPTER 

Summary,
Discussion

&
Future 

perspectives

6





SUMMARY AND DISCUSSION

In this thesis, we studied mechanisms leading to muscular weakness 
in NM with the purpose of understanding its pathophysiology and 
development of a potential cure. This work could not have been 
performed without international collaborations which supplied 
us with muscle tissue from patients and animal models. 

Chapter 2  provides a general overview of the importance of the thin 
filament in the structure and force production of skeletal muscle. 
Thin filament length is regulated at 1.1 to 1.3µm. The length of 
the thin filament determines the overlap between thin and thick 
filaments of the sarcomere and, thereby, force generation1, 2.  We 
studied contractile function in patients’ biopsies screening eight 
to twelve genes (ACTA1 ,  NEB ,  TPM2/3 ,  KLHL40/41 ,  KBTBD13 
and TNNT1) implicated in NM. Force generation was reduced 
in muscle fibers from patients of all genotypes. However, only 
patients with mutations in NEB  and ACTA1  displayed length-
dependence of muscle weakness likely caused by a reduction of 
thin filament length. 

It is important to note that only a single patient was studied for 
KLHL40 ,  KLHL41  and TNNT1  related NM and we can therefore 
not exclude that other mutations in these genes have an effect on 
thin filament length. 

By interacting with nebulin, leiomodin-3 and/or actin, KLHL40 
and KLHL41  are likely involved in stabilizing thin filament 
proteins, modulating ubiquitination of thin filament proteins or 
stabilizing the sarcomere by being a chaperon protein3-5.  Recently, 
mutations in the LMOD3  gene have been reported to play a role in 
maintaining thin filament integrity6, thus, KLHL40  and KLHL41 
might also play an indirect role in regulating thin filament 
structure regulation through stabilizing LMOD3 .  Mutations in 
the TNNT1  gene are very rare. Reported cases were found in the 
Amish population7, a Palestinian family8 and some individual 
patients9, 10 and result in the production of aberrant sarcomeric 
troponin11. Together with tropomyosin, wild type troponin is 
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involved in masking and unmasking the actin binding sites for 
the myosin heads in a Ca2+ dependent manner. Thus, abnormal 
troponin is more likely to disturb the coupling between excitation 
and Ca2+ dependent regulation of muscle contraction than thin 
filament length regulation12. 

According to our results, TPM2/TPM3  and KBTBD13  mutations 
do not interfere with thin filament length. To date, KBTBD13 ’s 
role is unclear but recent studies revealed its involvement in the 
dysregulation of cellular protein ubiquitination11. Our data on 
TPM2/TPM3  NM patients are supported by previous structural 
studies in animal models13, 14 and in patients12.  In these patients, 
mutant protein is expressed and the contractile functions are 
impaired. The reduction of the force generation is due to changes 
in cross-bridge cycling kinetic and an alteration of the Ca2+-
sensitivity. Additionally, it appears that TPM2  and TPM3  patients, 
present either with a rise or a decline of Ca2+-sensitivity, likely 
due to mutation-specific effects12, 15, 16. 

Several studies indicate the nebulin is involved in thin filament 
length regulation resulting in optimal overlap between thick - thin 
filaments. However, mutations in NEB  were also found to directly 
affect activation of the thin filament and regulation of cross-
bridge cycling kinetic17-19.  In this work, I present data on thin 
filament length in a large number of patients with NEB  mutations. 
I consistently found shortened thin filaments that contribute to 
lower force generation, suggesting this represents an important 
cause of disease in this patient group. To date, it is not yet known 
whether a short thin filament length is problematic in vivo  or 
if the muscle is responding to shorter thin filament lengths by 
adding more sarcomeres in series (resulting in a shorter and more 
optimal working length of the sarcomere). To answer this, we used 
a conditional nebulin knock-out mouse model (cNeb−/−) which 
recapitulates all the features of NM patients: shorter thin filament 
length and, consequently, a reduced optimal sarcomere length for 
optimal force production20. This model allowed us to use mature 
mice while a complete Neb  knock-out results in severe muscle 
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weakness and a maximum lifespan of 1 week19. We found that in 
this mouse model the muscle indeed compensated by increasing 
the number of sarcomeres in series, which resulted in the optimal 
muscle length for force generation in intact muscle and was 
comparable to control mice. Thus, the addition of sarcomeres in 
series allowed the muscles to operate at a shorter sarcomere length 
and indicated the development of a compensatory mechanism in 
the muscle. Whether this compensatory mechanism is presented 
in humans is unknown and challenging to study21, 22.  However, 
it might be a potential therapeutic target as the development 
of a compound which would change optimal muscle length by 
adding more sarcomere in series in NM patients with shorter thin 
filament, would ameliorate their muscle strength. 

The results in the ACTA1  cohort were similar to the NEB  cohort: 
whether thin filament length is affected in each patient depends on 
which mutation is present in ACTA1 .  Thus, thin filament length 
abnormalities only cause muscle weakness in a subset of patients 
and further studies should be performed to explore additional 
molecular mechanism of weakness in this patient group (e.g. 
others mechanisms or binding strength of actin monomers)

Therefore, the aim of chapter 3  was to gain further insight into 
the mechanisms underlying contractile weakness in ACTA1-NM 
patients. Mutations in ACTA1  are responsible for more than 
25% of NM cases but up to 50% of the most severe cases. More 
than 200 mutations are known to affect ACTA1  and represent 
a large spectrum of phenotypes in patients23.  It is still  unclear 
how mutations contribute to contractile weakness. We employed 
measurement at two levels of organization, fibers and myofibrils, 
to elucidate whether sarcomere dysfunction contributes to 
weakness in ACTA1-NM patients. Our findings revealed that the 
impaired contractility of sarcomeres contributed to ACTA1-NM  
muscle weakness and the Ca2+-sensitivity of force is variable 
between patients. This confirm that each actin mutation causes 
a distinct molecular phenotype24-26.  Sarcomere dysfunction has 
previously been described in NM caused by mutations in TPM3, 
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TPM2 ,  NEB  and LMOD3  patients6, 12, 16, 27-31,  however, ACTA1-NM  
patients had not been investigated prior to this study. As in chapter 2,  
our data suggested that each mutation in ACTA1-NM causes a 
specific phenotype, making the development of a potential cure 
more complicated. 

The results of chapter 2 and 3 suggest that the potential treatment 
strategy for NM patients should be gene- or even mutation-
specific. Treating skeletal muscle weakness is extremely 
challenging due to the sheer mass of skeletal muscle present in the 
human body. However, a number of studies have highlighted that 
morbidity and mortality in NM patients is often associated with 
respiratory insufficiency32-35.  The diaphragm is the main muscle 
of inspiration36 ,  and inspiratory muscles weakness is considered 
the main contributor of respiratory failure32.  Thus, dysfunctional 
diaphragm might be involved in the pathophysiology of respiratory 
muscle weakness in NM patients. Clinically, it is generally 
postulate that the diaphragm is severely affected in NM, but to 
date no contractile data was available to prove this hypothesis. 

Therefore, in chapter 4  we investigated the contractility of 
diaphragm muscle fibers and compared it to the contractility of 
peripheral muscles such as soleus, EDL or gastrocnemius muscles. 
As the in vivo  harvest of diaphragm muscle biopsies from patients 
are generally not available and obtaining them for the purpose 
of this study presents technical and ethical limitations, we 
instead used a mouse model lacking exon 55 of Neb, NebΔExon55. 
This mutation is common and recapitulates the main features 
in NM patients19.  Diaphragm muscle fibers of NebΔExon55  mice 
showed severe contractile weakness which was more pronounced 
than weakness observed in one of three peripheral muscles, the 
soleus. The other peripheral skeletal muscles tested exhibited 
a magnitude of weakness comparable to that observed in the 
diaphragm, suggesting the diaphragm was not more affected than 
the limb muscles. Our results were not in line with a previous 
study in NM patients37,  where the presence of nemaline rods in 
diaphragm was predominant compared to peripheral muscles 
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and therefore contributed to a more pronounced weakness in 
this muscle. Nevertheless, the number of rods does not correlate 
with the severity of the disease34, 38, 39.  One could argue that this 
difference might be the mouse model itself where the diaphragm 
pathophysiology does not have the same characteristic as the 
pathological presentation observed in patients. Indeed, despite that 
NebΔExon55 model recapitulating NM features quite well,  NebΔExon55 
mice die within a week after birth19, 40.  These mice have severe 
diaphragm weakness supporting respiratory failure as a dominant 
cause of death, however, death from insufficient food intake due 
to general muscle weakness cannot be excluded. Recently, a new 
conditional mouse model has been developed, cNeb−/−20.  This model 
survives to adulthood with a very low expression levels of nebulin 
and has weight and diaphragm fiber-type composition comparable 
to mice with normal nebulin expression20. Furthermore, it is 
noteworthy that the specific force of intact diaphragm muscle 
in 6-month-old mice is reduced by 55% (preliminary data) and 
thus, respiratory weakness is shared between the cNeb−/− mouse 
model and NM patients. The proven weakness of the diaphragm 
and its role in the development of respiratory failure in NM 
make the inspiratory muscles an important therapeutic target for 
physiotherapist training41 or pharmaceutical compounds, such as, 
levosimendan. 

Levosimendan is a calcium sensitizer known to improve diaphragm 
contractility in healthy subjects42,  by improving neuromechanical 
efficiency and by reducing the development of fatigue or by 
improving calcium sensitivity in diaphragm muscle fibers in 
COPD patients43.  Recent studies revealed that NM patients29, 30, 44 
with NEB  mutations or Neb-NM mouse models19, 20 present with 
lower calcium sensitivity of force generation. However, the effect 
of levosimendan on NM patients has not been investigated to date.

Thus, in chapter 5  we focused on testing the ability of levosimendan 
to improve the calcium sensitivity of force generation in NEB-NM  
patients. Levosimendan was first developed, to increase calcium 
sensitivity in cardiac muscle45, 46.  It binds to slow skeletal/cardiac 
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troponin C, encoded by the TNNC1  gene, and stabilizes the 
conformation of the troponin complex46. Slow skeletal/cardiac 
troponin is also the dominant troponin C isoform in slow-
twitch skeletal muscle fibers, mainly represented in NM muscles 
patients. Therefore, we hypothesized that levosimendan could 
also be used to improve the calcium sensitivity of slow-twitch 
muscle fibers of NM patients. Surprisingly, our findings revealed 
no effect of levosimendan on submaximal force in control subjects 
and NEB-NM patients. However, on human cardiomyocytes, we 
observed a significant increase in the calcium sensitivity of force 
after exposure to levosimendan, as previously establish45, 47, 48. 
Unfortunately, we cannot present a conceivable reason for the 
difference between our findings and those from previous studies 
that did show a response of slow-twitch fibers to levosimendan43,49. 
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FUTURE PERSPECTIVES 

To date, there is no cure for NM disease and the heterogeneity of 
mutations in multiple genes and variable phenotypes presented by 
patients suggests the development of a single drug is unlikely to 
benefit all NM patients. However, many therapeutic approaches 
are explored today. Whether in mouse models19, 50 or in patients16,51, 
calcium sensitivity is commonly affected in NM. Several studies 
demonstrated that fast troponin activators improved the calcium 
sensitivity of skeletal muscle fibers19, 50, 51.  More importantly, these 
pharmaceutical agents improve the muscle force at submaximal 
calcium level19, 50, 51,  which is the force required for typical 
physiological activities such as breathing or walking. However, 
these compounds are specific for the fast troponin complex 
expressed only in fast-twitch muscle fibers, while the NM patients 
often present with a predominance of slow-twitch muscle fibers 
(confirmed in the chapter 3). A slow-twitch muscle specific 
compound may be required to improve the muscle function of 
these patients. However, cardiac side effects may be observed with 
a slow specific compound due to the similarity of troponin in 
cardiac and slow-twitch muscle fibers. It would be interesting to 
explore the in vivo  effects of slow-twitch specific Ca2+-sensitizers 
to determine their potential effects on the heart. As revealed in 
chapter 5, the slow troponin activator, Levosimendan, does not 
appear to work on NM patients’ biopsies. Nevertheless, other 
compounds of this family are currently in clinical trial52, 53 and it 
would be favorable to further study their therapeutic potential in 
NM. 

Multiple investigations focused on the restoration of impaired 
cross-bridge cycling kinetics. In an ACTA1  mouse model, the 
MYL4  gene (encoding an embryonic myosin light heavy chain) was 
overexpressed54. In result, the transgenic muscle fibers presented 
an increased force generation likely due to an increase in force 
produced per individual cross-bridge. Recently, omecamtiv 
mecarbil,  a cardiac myosin activator, was demonstrated to 
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improve the cardiac function in heart failure patients55, 56.  The 
cardiac myosin heavy chain is very similar to the slow myosin 
heavy chain and both proteins are expressed from the same gene. 
Due to this similarity, omecamtiv mecarbil might act on the slow-
twitch muscle fibers and thus, correct cross binding deficiency57. 
Although these new treatment strategies need to be further 
optimized, they hold promise as new potential treatments for NM 
presenting with impaired myosin binding such as NEB ,  TPM3 , 
TPM2 ,  CFL2  and TNNT1  related NM. 

Another potential treatment for a subset of NM patients with 
recessive ACTA1  mutations resulting in complete absence of 
skeletal actin is the upregulation of endogenous cardiac alpha-
actin expression from the ACTC  gene. ACTC  is 99% identical to 
skeletal muscle alpha-actin58 and it is known that interaction of 
ACTC  and ACTA1  with myosin are indistinguishable59.  ACTC  has 
been expressed in several ACTA1  mouse models and the results 
demonstrate the overexpression of cardiac alpha-actin gave 
promising therapeutic perspectives for some ACTA1  mutations60-62. 

In chapter 2, we highlighted that the conditional mouse model, 
cNeb−/−,  compensated for the reduced thin filament length by 
increasing the number of sarcomere in series. Thus, the addition 
of sarcomeres in series allowed the muscles to operate at a shorter 
sarcomere length, a length closer to their optimal sarcomere 
length. The development of microendoscopy techniques would be 
a precious tool21, 22 to elucidate whether this mechanism is present 
in human muscles and whether it would be a potential target for 
future treatments. 

Finally, the most promising remedy would be a gene therapy 
targeting each mutation which will be most likely accessible in 
the future, but unfortunately this option is still  far off even if the 
first studies are encouraging63-65.

It should be noted that the promising treatments described above, 
such as myosin and fast/slow troponin activators would not be 
efficient if the muscle trophicity is not restored. Therapies may 
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be unsuccessful due to maladaptive compensation of the muscle 
resulting in a switch in fiber types. Positive effects on muscle 
strength and endurance have been reported when the patients 
or NM mouse models were practicing physical activity66-69 or 
ingesting L-tyrosine dietary supplementations70-72.  Recently, the 
induction of a hypertrophic agent, a myostatin inhibitor, provided 
substantial improvement of in a NM mouse model by improving 
muscle fiber size. However, their benefits on muscle strength of 
NM patients require additional studies as results showed mutation 
specific differences 73, 74. 

CONCLUSION

In conclusion, this thesis highlights a number of mechanisms 
leading to muscles weakness in NM patients and NM animal 
models including thin filament length dysregulation, abnormal 
calcium sensitivity and altered cross-bridge cycling kinetic. We 
showed that the cause of muscle weakness is largely dependent 
on which gene is affected and on the specific mutation present in 
the patient. The existence of multiple disease-causing genes and 
the large variety of mutations involved in NM do not allow the 
development of a unique treatment, but require mutation-specific 
therapies. 
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