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Introduction
Congenital myasthenic syndromes (CMS) are a group of rare, inherited disorders characterised by
compromised function of the neuromuscular junction (NMJ). Patients present with fatigable muscle
weakness that can affect the ocular, bulbar and skeletal muscles. We described mutations in a novel
causative gene, MYO9A, encoding for an unconventional myosin protein. Mutations were present in
three patients showing a severe neonatal phenotype with both respiratory and bulbar involvement
[1].
The aim of this project is to unravel the pathophysiology underlying CMS caused by mutations in
MYO9A. In this study, our combined functional and biochemical studies utilizing NSC34-cells as a
pre-synaptic in vitro system, have demonstrated a detrimental downstream-effect on vesicular
transport and in particular on protein secretion in the absence of MYO9A. As a result of this, we
observe a lack of agrin secretion (a protein crucial for NMJ development and functioning) which
could be rescued with application of an exogenous agrin fragment in vivo (in zebrafish), leading to
the identification of a protein of potential therapeutic impact for patients [2].
It was also found that cells lacking MYO9A show an impaired response to stress burden, as well as an
increased activation of protein clearance mechanisms in normal conditions, suggesting that protein
degradation pathways are affected by loss of MYO9A in vitro. Similarly, preliminary data suggested
that zebrafish depleted for Myo9aa/ab die at lower concentrations of protein degradation inhibitor
drugs, indicating a similar vulnerability to stress and impaired protein clearance pathways.
In this report, further evidence supporting the in vivo response to protein degradation drugs is
presented, including effects on movement and NMJ development in the zebrafish. In order to
support our hypothesis that many of the morphological phenotypes observed in the fish and cell
models are due to the action of MYO9A on the RhoA pathway, and thus the cytoskeleton, a RhoA
modulating drug was also used in an attempt to rescue the zebrafish condition. Finally, the patientderived induced neuronal progenitor cells were differentiated into neurons and various features
assessed for corroboration with the mechanistic information obtained using NSC-34 cells.

Protein degradation in Myo9aa/ab-depleted zebrafish
In previous experiments a vulnerability of Myo9aa/ab-depleted zebrafish to drugs that inhibit
protein degradation was identified. To examine this in more detail, zebrafish were treated with
varying concentrations of both MG132 (an inhibitor of the proteasome) and Chloroquine (blocks
autophagy), and the phenotype of the fish studied over 3 days. By the end of this period, it can be
observed that over 60% of the Myo9aa/ab knockdowns (KDs) are dead at the lowest dose of MG132
(10nM), whereas only around 20% of the controls have died (Figure 1A). The majority of the
remaining KD zebrafish also have a mild to severe phenotype (characterised by degree of tail
curvature), as opposed to the controls for which most are normal in appearance. As the drug
concentration rises, the Myo9aa/ab KDs are consistently more affected than the controls in terms of
gross morphology and survival rates, suggesting that blocking the breakdown of proteins via the
proteasome is less tolerated, potentially due to dysfunctional autophagy. When autophagic flux is
blocked with chloroquine, a similar series of events is observed (Figure 1B). At the lowest dose, the
Myo9aa/ab KD zebrafish are again the most affected, which continues at all doses given. This
suggests that zebrafish without MYO9A are more susceptible to interference with autophagic flux,
indicating that they may have a higher demand on protein clearance pathways, as implied by the

build-up of protein aggregates observed in vitro.

Figure 1: Myo9aa/ab-depleted zebrafish show increased vulnerability to protein clearance modulation. A. Phenotype of 3
day old zebrafish treated with MG132 (10nM to 2µM) from 7 hpf. B. Phenotype of 3 day old zebrafish treated with
Chloroquine (1µM to 100mM) from 7hpf.

To determine whether the presence of drugs affecting protein degradation exacerbate the
movement defects observed in Myo9aa/ab knockdown zebrafish, at 24 hours post fertilisation the
fish were recorded for one minute. At this time point the zebrafish perform spontaneous coiling
movements within the chorion and these can be counted to assess the development of this motor
behaviour and the development of the neuromuscular system [3]. Myo9aa/ab KD fish perform
around 20% less coiling movements per minute as compared to controls (Figure 2A). At a 10nM
concentration of MG132, there are approximately 40% less movements than controls. At the highest
dose of 2µM, the controls also show a reduction in the number of chorion movements performed,
but they still move more than the Myo9aa/ab KDs. In the presence of Chloroquine, KD zebrafish
perform around 30% less movements than controls at the lowest concentration (1µM). The trend
continues with both the controls and Myo9aa/ab KD fish showing reduced movements with
increased chloroquine, however, the KDs remain more affected (Figure 2B). Again this supports the

finding that lack of MYO9A causes a susceptibility to cellular stress via protein clearance impairment.

Figure 2: Affecting protein clearence pathways in Myo9aa/ab fish impaired movements. A. Chorion movements performed
in one minute at 24 hpf in MG132 treated and B. Chloroquine treated control and Myo9aa/ab KD fish.

In order to assess whether the defects in movement of the zebrafish are reflected at the level of the
NMJ, fish were also subject to immunofluorescence analysis. Neuromuscular junctions of 2 dpf
zebrafish were graded according to the severity of the disruption observed using confocal
microscopy. In control zebrafish treated with MG132, a large number of severely affected NMJs was
not observed until 2µM, with the majority of fish showing normal (except at 40nM) NMJs (Figure
3A). In the Myo9aa/ab KD fish, however, at 10nM already around half of the fish have severely
affected NMJs (Figure 3B), which supports the chorion movement findings shown in Figure 2. In the
presence of Chloroquine, the majority of control zebrafish at each concentration have NMJs with a
normal appearance (Figure 3C), whereas the Myo9aa/ab fish show disruption in over half at 1µM,
again linking in with the chorion movement data (Figure 3D). Conversely, at two of the highest
concentrations the controls and Myo9aa/ab KD fish have normal NMJs, which is due to most of the
fish at these concentrations having already died.

Figure 3: NMJ phenotypes in zebrafish treated with MG132 and Chloroquine. A. Proportion of control and B. Myo9aa/ab KD
fish with normal, moderate or severely affected NMJs in response to increasing concentrations of MG132 at 2 dpf. C.

Proportion of control and D. Myo9aa/ab KD fish with normal, moderate or severely affected NMJs in response to increasing
concentrations of Chloroquine at 2 dpf.

Rescue of CMS phenotype in fasudil treated zebrafish
In MYO9A KD NSC-34 cells, the cellular phenotype could largely be rescued by the application of a
Rho Kinase inhibitor, which acts downstream of the MYO9A target; RhoA. This reverses the effect of
MYO9A loss of regulation on the RhoA pathway. Fasudil is another Rho Kinase inhibitor which has
been clinically approved [4], therefore it was trialled in the zebrafish to determine whether any of
the movement defects could be similarly rescued.
A range of concentrations of Fasudil were tested for an effect on chorion movements in Myo9aa/abdepleted fish, from 1nM to 100µM. Movement of treated fish was improved at 1nM, however, this
remained variable for the lower concentrations (Figure 4A). At 10µM a large improvement in the
chorion movements of the KD fish was achieved, thus demonstrating that the movement defect can
at least partially be rescued by blocking the RhoA pathway. This concentration was then trialled on
control and Myo9aa/ab KD fish to determine the effect it would have on survival, which
demonstrated that application of 10µM Fasudil is able to improve the survival of the KDs by around
30% (Figure 4B).

Figure 4: Fasudil improves survival and movement in Myo9aa/ab KD zebrafish. A. Chorion movements performed per
minute at 24 hpf in control and Myo9aa/ab KD fish in response to increasing concentrations of Fasudil. B. Survival rates of
zebrafish treated with 10µM Fasudil over 2 days.

Patient-derived induced neuronal progenitor cells
Cytoskeletal and neurite outgrowth defects were shown early in the project using a MYO9Adepleted NSC-34 cell model, including an increase in the length and branching of neurites in
knockout cells. To determine whether similar increases in neurite extension is observed in patient
cells, the converted INPCs were used. INPCs presented in my last report were differentiated into
neurons and subject to a scratch assay, in which a small line of cells is scraped away and the area
imaged. Over the following days the area is reimaged to allow assessment of neurite extension into
the cleared patch. This test revealed a significant increase in the extension of neurites from MYO9A
patient neurons, as compared to a control subject (P<0.001, unpaired t-test, Figure 5A). These
results support the earlier findings using the immortal cells line, suggesting the knockout model was
appropriate for modelling this phenotype. The impact of loss of MYO9A on the cytoskeleton was also
shown to affect vesicle recycling and endo/exocytosis in the nerve cell model, thus this was also
tested in the patient cells. This was performed using an FM-dye, which becomes brightly fluorescent
when incorporated into the membrane of endocytosing vesicles. This similarly revealed an inability
of MYO9A patient neurons to exocytose the dye upon uptake, corroborating with past results and
indicating an impairment in the vesicle transport or release mechanisms (Figure 5B).

Figure 5: Patient cells exhibit increased neurite extension and an impairment of exocytosis. A. Control and MYO9A patient
differentiated INPCs were subject to a scratch assay and imaged 3 days after. Length of emerging neurites were measured.
**** = p<0.001, Unpaired t-test. B. FM-dye treated cells were imaged over 35 minutes to assess dye uptake and release
which show endocytosis and exocytosis respectively.

Future Directions
In this study, impairment of protein clearance mechanisms and a vulnerability of Myo9aa/abdepleted zebrafish to increased cellular stress burden was demonstrated, supporting earlier in vitro
and preliminary in vivo results. Furthermore, the role of MYO9A in affecting zebrafish survival and
early developmental movement was revealed to be partially attributable to its action on the RhoA
pathway, through the rescue of these features using Fasudil, which inhibits a downstream target of
RhoA. Finally, our in vitro studies using NSC-34 cells to demonstrate the affection of neurite
extension and vesicle release mechanisms was supported by experiments in patient INPCs converted
into neuronal cells.
In the final months of my PhD I will be visiting the laboratory of Professor Paul Brehm, as detailed in
my last report. This will be to learn electrophysiology techniques that will be applied to the zebrafish
model in a remaining set of experiments to complete my thesis. Following my third year review in
October, it was determined that I am on track to finish in time and will begin to write up my thesis in
the new year.

References
1.

O'Connor, E., et al., Identification of mutations in the MYO9A gene in patients with
congenital myasthenic syndrome. Brain, 2016. 139: p. 2143-2153.

2.

O'Connor, E., et al., MYO9A deficiency in motor neurons is associated with reduced
neuromuscular agrin secretion. Human Molecular Genetics, 2018. 27(8): p. 1434-1446.

3.

Saint-Amant, L., et al., Time course of the development of motor behaviours in the
zebrafish embryo. J Neurobiol. 1998. 37(4):622-32.
Shibuya, M., et al., Effects of fasudil in acute ischemic stroke: results of a prospective
placebo-controlled double-blind trial. J Neurol Sci. 2005. 15;238(1-2):31-9.

4.

