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Abstract 

Amyotrophic lateral sclerosis (ALS) is a neuromuscular disease in which patients become 

gradually paralyzed and ultimately die from respiratory failure. While ALS is classified as a 

motor neuron disease, in recent years there has been increasing evidence of the involvement of 

additional cell types, including skeletal muscle. However, the role of skeletal muscle in the ALS 

disease process is largely unknown. To investigate, we differentiated ALS patient induced 

pluripotent stem cells (iPSCs) into skeletal myocytes for in vitro disease modeling. First, we 

used iPSCs from ALS patients with the C9ORF72 hexanucleotide repeat expansion, the most 

common gene mutation to cause ALS. We found that these iPSC-derived myocytes showed 

hallmark signs of the mutation including repeat RNA foci and dipeptide repeat proteins. The 

cells also had changes in mitochondrial gene expression and a susceptibility to oxidative stress. 

Next, we used RNA sequencing to compare gene expression across many ALS backgrounds 

including SOD1, TARDBP, and sporadic patients. We found that four genes (BET1L, DCX, 

GPC3, HNRNPK) were commonly down-regulated in ALS myocytes compared to controls and 

BET1L in particular was also decreased in a rat model of familial ALS (SOD1G93A transgenic). 

We found that the Bet1L protein was strongly expressed at the neuromuscular junction (NMJ) 

and decreased with disease progression in the SOD1G93A rats. Therefore, Bet1L may be a 

promising therapeutic target for ALS patients of many genetic backgrounds. Finally, we 

developed in vitro co-culture systems of iPSC-derived skeletal myocytes and motor neurons to 

study ALS NMJ pathology. We found that treating healthy motor neurons with conditioned 

media from ALS myocytes causes morphological changes and increased apoptosis. Together 

these results support the hypothesis that ALS skeletal muscle contains cellular pathology 

independent of denervation and may even play an active role in the disease process by 

influencing NMJ degeneration and motor neuron survival. 
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Chapter 1: Introduction 

1.1 Amyotrophic lateral sclerosis: disease background 

Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s disease, is a deadly 

neurodegenerative disease in which motor neuron cell death and skeletal muscle atrophy result 

in a gradual paralysis in patients1,2. ALS affects around 3 to 5 people for every 100,000. There 

are estimated to be about 800,000 people in the United States with the disease, which 

represents a significant economic and social burden1. ALS is a late onset disease, in which 

prevalence increases with age. The average age of onset is 58-602. The disease progresses 

very quickly, with patient death occurring on average 3-5 years from diagnosis. The cause of 

death is respiratory failure1. 

 

Clinically, the symptoms of ALS include muscle stiffness, spasticity, and fasciculations, leading 

to atrophy. There are two different types of disease onsets based on the motor neurons that 

initially become affected. In two-thirds of patients the lower limb motor neurons are affected, 

causing symptoms to first appear in the arms and legs. In the other one-third of patients, the 

bulbar motor neurons originating from the brain stem are affected, causing difficulty chewing, 

speaking, or swallowing1. Interestingly, about half of patients also experience cognitive or 

behavioral changes3, which has led many scientists and clinicians to consider ALS as part of a 

disease spectrum including frontotemporal dementia (FTD)4. Since no ALS-specific biomarkers 

are identified yet, the disease is typically diagnosed through exclusion of other motor neuron or 

muscle diseases. The main tools relied on for diagnosing a patient are physical examination and 

electromyography, or additional tests such as neuroimaging to rule out a differential 

diagnosis1,3,5. This process can often take about 12 months in which the patient’s symptoms 
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continue to worsen1. Therefore, there is a need for early biomarkers for definitive diagnosis tools 

so that treatment can begin earlier.  

 

There are currently only two FDA-approved drugs for treating ALS: Riluzole and Edaravone. 

Riluzole was approved in 1995 and reduces excitotoxicity by inhibiting glutamate release6. 

Riluzole can prolong survival for up to three months, but did not demonstrate any increase in the 

quality of life and is only effective in the first 6 months of treatment7. Edaravone was approved in 

2017 and shows a decreased loss of function after 6 months of treatment in a subset of 

patients. This drug is a free radical scavenger meant to reduce oxidative stress8. However, 

neither of these drugs are effective for all ALS patients. There are many drugs currently in 

clinical trials (an updated list can be found at: https://www.als.net/als-research/als-clinical-

trials/#). Besides Riluzole and Edaravone, doctors may take palliative measures to treat 

individual symptoms, such as muscle cramps3. It is important to understand the ALS disease 

process better in order to develop more effective therapeutic options as well as earlier 

diagnostic tools. 

1.2 The etiology of ALS 

Around 90% of ALS patients have no family history of ALS-related mutations and are 

considered sporadic. The other 10% of patients inherit a mutation, usually in an autosomal 

dominant manner. There are around 50 different genetic mutations that can cause familial ALS9.  

The four most common are SOD1, TARDBP (TDP-43), C9ORF72, and FUS. Together these 

genes affect 50 percent of the patient population3,10.  

 

SOD1 is the first gene found to have mutations causing ALS11. This gene encodes the protein 

Cu/Zn superoxide dismutase 1, which is an enzyme that catalyzes superoxide species into 

https://www.als.net/als-research/als-clinical-trials/
https://www.als.net/als-research/als-clinical-trials/
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oxygen and hydrogen peroxide. There are many different missense variants of the gene shown 

to be causative of ALS, with varying disease severity. For example, the A4V mutation is among 

the most severe with a shorter survival period, while the D90A mutation often progresses more 

slowly9,10. It is believed that SOD1 mutations confer a toxic gain of function by inducing oxidative 

stress, endoplasmic reticulum (ER) stress, and mitochondrial dysfunction9. 

 

TAR DNA-binding protein 43, known as TDP-43, is a DNA and RNA-binding protein involved in 

many aspects of RNA processing including splicing, transport, and translation12. It is primarily 

localized in the nucleus, but under conditions of cell stress, it has been shown to migrate to the 

cytoplasm as a component of stress granules. Excess TDP-43 in the cytoplasm results in 

formation of insoluble aggregates12. In 2006 two studies identified TDP-43 as a component of 

ubiquitin-positive inclusions in the motor neurons and glial cells of ALS and FTD patients13,14. 

Shortly after, it was discovered that mutations in its gene TARDBP are another genetic cause of 

ALS15-17. Mutations in TARDBP are thought to result in cellular toxicity either through a loss of 

function from TDP-43 depletion from the nucleus or a toxic gain of function through cytosolic 

aggregation12. 

 

Mutations in the gene FUS, or fused in sarcoma were first discovered to be causative for ALS in 

200918,19. Similar to TDP-43, FUS is an RNA-binding protein with roles in splicing and 

nucleocytoplasmic transport of mRNA19. It is primarily localized in the nucleus but forms 

cytosolic aggregates in sporadic and familial ALS patients20. The exact mechanism of FUS-

related toxicity in ALS is not entirely clear, but it appears to be more of a toxic gain of function 

from the cytosolic aggregation than a loss of function from depletion from the nucleus, as knock 

out animal models did not show any motor deficits21. Mutations in FUS are more commonly 

associated with an early onset of ALS9. 
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The C9ORF72 mutation, discovered in 2011, is the leading cause of both familial and sporadic 

ALS22,23. The mutation is a hexanucleotide repeat expansion in an intronic region of the 

C9ORF72 gene. While healthy individuals may have several repeats, patients that present with 

ALS can have hundreds to thousands of repeats24. There are several mechanisms for how the 

repeat expansion may cause cellular toxicity. The first is through a loss of function of the 

C9orf72 protein due to decreased transcription of the gene. The second is the formation of 

repeat RNA foci that bind and sequester RNA-binding proteins to cause downstream 

dysregulation of RNA processing. In the third mechanism, the repeat can be translated into 

dipeptide repeat (DPR) proteins which form toxic cytosolic aggregates. It remains uncertain 

which of these mechanisms is the driver of C9ORF72-related cellular toxicity or how they may 

have combined effects25. This mutation in the context of iPSC-derived skeletal myocytes will be 

studied in depth in Chapter 2.  

 

There are many ALS-causing mutations, and additional genetic modifiers that could contribute 

to a patient’s risk factor of getting the disease, or the severity of the disease9. In some cases, 

environmental factors are believed to play a role2. The causative genes have some overlapping 

functions, including RNA processing, proteostasis, mitochondrial function, and vesicle transport, 

which will be studied more in depth in Chapter 3. However, so far it is unclear if there is a 

specific mechanism that could be therapeutically targeted to treat all ALS patients. 

1.3 Degeneration of the neuromuscular junction (NMJ) and the role of skeletal muscle in 

the ALS disease process 

ALS is a disease that affects both upper motor neurons of the motor cortex and lower motor 

neurons of the brain stem and spinal cord1. Motor neuron degeneration is a primary feature of 

ALS and has been well characterized26. However, more recent studies have noted the 
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involvement of several additional cell types including astrocytes, microglia, immune cells, and 

skeletal muscle27-29. This indicates that ALS is a non-cell autonomous disease in which several 

cell types could be significant contributors to the pathology. Skeletal muscle in particular 

experiences pathological changes in both animal models and ALS patients29,30.  

1.3.1 Animal models to study ALS skeletal muscle and NMJ pathology 

Existing animal models to study ALS include Caenorhabditis elegans, Drosophila melanogaster, 

zebrafish, rodents, and non-human primates. The animal models contain mutations in the genes 

SOD1, TARDBP, FUS, and C9ORF72. While animal models of TARDBP, FUS, and C9ORF72 

mutations do exhibit motor deficits, these animal models have mainly been characterized in the 

context of motor neuron pathology and not skeletal muscle pathology31.  

 

Transgenic rodent models expressing mutant forms of the human SOD1 gene have been a 

primary tool used for studying the ALS disease progression in vivo, including disease 

mechanisms in skeletal muscle. Interestingly, the skeletal muscle of these rodent models 

experience pathological changes prior to symptom onset, including reduced muscle volume32, 

loss of motor units, a transition from fast-fatigable fiber types towards slower fiber types33,34, 

decreased proliferation of muscle satellite cells35, and changes of gene expression involved in 

signaling pathways for skeletal muscle maintenance and repair36. Aggregation of mutant SOD1 

protein is found in presymptomatic hindlimb muscles of SOD1G93A mice and increases over 

time37. Accordingly, endoplasmic reticulum (ER) stress appears in the gastrocnemius muscle of  

SOD1G93A mice at the presymptomatic stage and then increases over time38. Mitochondrial 

abnormalities have been observed in the flexor digitorum brevis muscles of presymptomatic 

SOD1G93A mice, including depolarization of the inner mitochondrial membrane39 and fewer 

mitochondrial fission and fusion events40. One study examined the proteome of SOD1G93A mice 
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hindlimb and forelimb muscle to identify metabolic changes and found that presymptomatic 

hindlimb muscles had a decrease in respiratory chain complex I and an increase in complex II, 

which can cause NADH/NAD+ imbalance and increased production of reactive oxygen species 

(ROS)41. Another study used a genetic sensor of oxidative stress to show that the antioxidant 

response began at a presymptomatic stage in the gastrocnemius muscle42. In all, the many 

changes that occur in presynaptic skeletal muscle of ALS mouse models support early 

involvement of skeletal muscle in the disease process. 

 

In addition to skeletal muscle pathology, degeneration of the neuromuscular junction (NMJ) also 

occurs prior to symptom onset and motor neuron cell death43,44. In a spatiotemporal study of 

SOD1G93A mice, NMJ denervation was first observed at 47 days of age, followed by loss of 

ventral root axons when symptoms appeared around day 80, and finally loss of motor neurons 

in the lumbar spinal cord around day 10045.  This has led to the “dying back” hypothesis of ALS, 

in which the disease process initially occurs in the periphery of the motor system such as the 

NMJ and then causes a retrograde degeneration of motor axons and cell bodies43-45. This 

hypothesis is also supported by a non-invasive imaging study that used MRI to monitor the 

progression of brain and skeletal muscle degeneration in SOD1G93A mice. While a loss of 

muscle volume was detected around 8 weeks, the earliest signs of degeneration in the 

brainstem appeared around 10 weeks. Symptom onset, which was determined by hanging wire 

test and gait changes, began around 12 weeks32. 

 

The NMJ is a synapse between a motor neuron and skeletal muscle. However, there are 

additional cell types present including perisynaptic Schwann cells and kranocytes46. Therefore, 

dissecting the role of individual cell types in NMJ degeneration is complicated. Interestingly, one 

study showed that muscle-specific overexpression of mutant forms of SOD1 in mice was 
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sufficient to cause NMJ denervation and motor neuron degeneration, resulting in an ALS 

phenotype47. In a separate study, transgenic mice with muscle-specific overexpression of 

SOD1G93A exhibited atrophy, mitochondrial dysfunction, and oxidative stress in the muscle, but 

did not identify motor neuron degeneration48. Even so, similar studies in which several mutant 

forms of SOD1 (G37R, G93A, G85R) were expressed exclusively in the motor neurons of mice 

did not result in motor neuron degeneration or a motor phenotype49,50. These studies suggest 

that the disease phenotype results from a combination of pathology in both motor neurons and 

skeletal muscle. 

 

Given its involvement early in the disease process, skeletal muscle pathology could be of 

interest for developing earlier biomarkers or diagnosis tools for ALS, or as a therapeutic target51. 

Therapies aimed only at preventing motor neuron cell death are not always effective. For 

example, one study crossed SOD1G93A transgenic mice with mice deficient in Bax, a pro-

apoptotic protein. Bax deletion rescued motor neuron cell death but could not prevent 

denervation. These results suggest that distal damage at the NMJ occurs independent of the 

motor neuron apoptotic pathway52. Additional therapeutic approaches have been aimed at the 

use of glial cell line-derived neurotrophic factor (GDNF) to promote motor neuron survival. One 

study prepared transgenic mice overexpressing both SOD1G93A and GDNF either in the skeletal 

muscle or in astrocytes. Mice with muscle-specific expression of GDNF had a delayed onset of 

disease, longer lifespan, increased motor neuron survival, and decreased denervation, while 

GDNF overexpression in astrocytes had minimal effects53. Similarly, ex vivo gene therapies to 

deliver GDNF into the spinal cord have since been explored. For example, neural progenitor 

cells genetically modified to secrete GDNF were transplanted into the lumbar spinal cord of 

SOD1G93A transgenic rats. Stem cell-based GDNF delivery was able to prevent motor neuron 

cell death. But it could not rescue motor function as NMJ denervation still occurred in the 
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hindlimb muscle innervated by the motor neurons of the lumbar spinal cord54. However, a 

second study used intramuscular transplantation of mesenchymal stem cells modified to secrete 

GDNF. In this case, intramuscular GDNF delivery via stem cells was able to delay disease 

progression and increase lifespan in SOD1G93A rats by both preserving NMJs and preventing 

motor neuron loss55. Based on these studies, it is possible that changes in ALS muscle 

secretion could influence distal axon degeneration and NMJ denervation. However, the exact 

mechanisms of skeletal muscle contribution to NMJ degeneration and motor neuron cell death 

in ALS has not yet been determined. The influence of muscle secreted factors on motor neuron 

survival and behavior will be discussed in more detail in Chapter 4. 

1.3.2 Skeletal muscle and NMJ pathology in human ALS patients 

While animal models are beneficial for studying early disease processes, there is also evidence 

in support of early muscle involvement and NMJ degeneration in human ALS patients. One 

case study featured a patient who had recently been diagnosed with sporadic ALS but died of 

unrelated causes. Autopsy tissues showed skeletal muscle atrophy and fiber type grouping but 

limited axonal degeneration and normal appearing spinal cord, corticospinal tract, and motor 

cortex45. Muscle satellite cells isolated from ALS patients in culture had an increase in 

senescence markers56 and were less able to differentiate into skeletal muscle, resulting in 

abnormal morphology56,57. This suggests that in human ALS patients there could be a 

decreased ability to maintain and repair skeletal muscle. Similar to animal models, 

morphological and functional changes in mitochondria were identified in the skeletal muscle of 

ALS patients58-63. More recently, aggregation of phosphorylated TDP-43 protein has been found 

in the skeletal muscle of familial and sporadic ALS patients. Furthermore, dipeptide repeat 

protein aggregation has been identified in the skeletal muscle of ALS patients with the 

C9ORF72 mutation64,65. 



9 
 

1.4 In vitro models of ALS using patient-derived induced pluripotent stem cells (iPSCs)  

Compared to the degree to which skeletal muscle pathology has been studied in mouse models, 

there is still a great deal unknown about early skeletal muscle pathology in human ALS patients. 

In the following chapters, the primary model system used to study skeletal muscle pathology is 

human induced pluripotent stem cells (iPSCs). iPSCs are derived from adult somatic cells that 

have been reprogrammed back to a pluripotent state by the forced expression of key 

pluripotency transcription factors66,67. The iPSCs can be differentiated into multiple cell types. 

iPSCs maintain the genetic makeup of the patient that they were derived from, including the 

disease-causing mutation. This makes them a valuable resource to study how a mutation 

affects a specific cell type. There have been many studies which have differentiated motor 

neurons from ALS patient iPSCs68, but only a few have examined ALS patient iPSC-derived 

skeletal myocytes. 

1.4.1 iPSC-derived motor neuron models of ALS pathology 

The first motor neurons to be derived from ALS patient iPSCs came from a patient with a L144F 

mutation in SOD169. Since then, several studies have created iPSCs from ALS patients with 

SOD1 mutations70-76. Motor neurons have also been differentiated and characterized from 

iPSCs of patients with mutations in TARDBP75,77-83, C9ORF7270,73,75,81,84-93, FUS70,74,76,79,82,94-100, 

and VCP101. 

 

The iPSC-derived motor neurons have several common pathological features. Motor neurons 

derived from C9ORF72 patient iPSCs have a susceptibility to excitotoxicity from excess 

glutamate90,102. Several studies found additional electrophysiological abnormalities such as an 

early hyperexcitability followed by hypoexcitability in SOD1, TARDBP, C9ORF72, and FUS 

models70,72,76,81,98. Similar to the limb muscles in ALS patients, motor neurons show 
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mitochondrial abnormalities and susceptibility to oxidative stress73,87,101. ER stress has also 

been noted in the motor neurons differentiated from iPSCs of patients with SOD1 and VCP 

mutations73,101. Often a contributor to ER stress, protein aggregation is common in several 

iPSC-derived motor neuron models. Motor neurons derived from patients with a SOD1 mutation 

contained neurofilament aggregation71 as well as aggregation of mutant SOD1 protein itself, but 

only when the proteasome was inhibited73. Several studies observed DPR proteins in C9-ALS 

patient iPSC-derived motor neurons85,87,93,102. Motor neurons derived from iPSCs of ALS 

patients with a FUS mutation showed cytoplasmic aggregation of FUS protein95,96,103 and 

several studies observed the recruitment of FUS into stress granules82,94. Mislocalization and 

aggregation of TDP-43 has been found in the cytosol of iPSC-derived motor neurons both with 

TARDBP mutations77-80,103 as well as other backgrounds including VCP101 and sporadic ALS103.  

 

Importantly, iPSC-derived motor neurons can be used for compound library screening to find 

possible ALS therapies. One particular study tested a library of 1,232 drug candidates on iPSC-

derived motor neurons with a background of sporadic ALS as well as FUS and TARDBP 

mutations.  A compound named ropinirole was identified that caused decreased protein 

aggregation, improved mitochondrial function, and reduced apoptosis for both familial and 

sporadic lines. Interestingly, researchers were able to cluster the sporadic lines into groups 

based on the severity of their in vitro phenotype and found correlations to the patients’ clinical 

disease progression rates103. This supports the use of iPSC-derived cells for pre-clinical drug 

testing. 

1.4.2 iPSC-derived skeletal muscle models of ALS pathology 

Motor neurons derived from iPSCs of ALS patients have allowed for significant progress in 

understanding ALS disease processes better. However, so far there have been limited studies 
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utilizing ALS patient iPSC-derived skeletal myocytes. The first study used doxycycline-inducible 

overexpression of myogenic regulatory factor MyoD to differentiate skeletal myocytes from 

iPSCs of ALS patients with FUS and TARDBP mutations. No differences in differentiation 

potential were found between control and ALS iPSC-derived myocytes, and all but one FUS line 

demonstrated intracellular calcium flux in response to acetylcholine. The TARDBP line had 

smaller calcium currents compared to the control, but in general no major disease phenotype 

was noted across lines104. 

 

Another research group used a small molecule-based differentiation protocol consisting of 

GSK3β and PI3K inhibitors and the growth factors BMP4 and FGF2 to derive skeletal myocytes 

from iPSCs of ALS patients with the C9ORF72 repeat expansion. Again, no changes in 

differentiation efficiency were noted in the ALS lines. The repeat RNA foci characteristic of the 

C9ORF72 mutation were found in the C9ORF72-ALS myocytes, however they did not find any 

loss of the C9orf72 protein and did not check for DPR proteins. They examined the cells for 

additional signs of pathology including TDP-43 mislocalization, nuclear envelope breakdown, 

and ubiquitin or p62 positive aggregation. They found that these pathological changes were not 

present105. Our study in Chapter 2 was the first to show DPR proteins in C9ORF72 skeletal 

myocytes as well as additional pathological changes including a susceptibility to oxidative stress 

and TDP-43 aggregation106. To date, these three studies are the only ones to use ALS patient 

iPSC-derived skeletal myocytes to model skeletal muscle pathology. There is still more to 

discover about the contribution of skeletal muscle to the ALS disease process.  

1.4.3 iPSC-derived models of NMJ pathology  

In addition to studying the pathology of motor neurons and skeletal muscle individually, iPSC-

derived cells can be differentiated into both cell types and grown together in a co-culture to 
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study the NMJ in vitro. Previous in vitro NMJ models commonly used animal tissue explants or 

primary cells107. However, the use of human pluripotent stem cell-derived motor neurons and 

skeletal myocytes has become of great interest to study human NMJ development, 

maintenance, and disease. There is also an application for these models to be used for drug 

testing and personalized medicine. In general, in vitro NMJ models of human iPSC-derived cells 

are still in need of optimization for reproducibility and high throughput. Appendix A reviews the 

current field of human iPSC-derived in vitro NMJ models and their applications. Chapter 4 

explores several variations of in vitro NMJ models for studying the contribution of ALS skeletal 

muscle to the degeneration of the NMJ and motor neuron cell death.  

1.5 Summary and objectives 

The primary hypothesis behind this thesis is that ALS skeletal muscle experiences pathological 

changes independent of motor neuron influence, and that skeletal muscle pathology could be 

contributing to NMJ degeneration and motor neuron cell death. The primary model system used 

is iPSC-derived culture, but some studies were conducted using a rat model of familial ALS 

(SOD1G93A transgenic rat). In Chapter 2, ALS patient iPSCs with the C9ORF72 repeat 

expansion were differentiated into skeletal myocytes and characterized for signs of C9ORF72-

specific pathology as well as common ALS features such as mitochondrial abnormalities and 

TDP-43 aggregation. In Chapter 3, RNA Sequencing was used to find common mechanisms 

present in skeletal myocytes derived from ALS-patient iPSCs of a variety of familial and 

sporadic backgrounds. This led to the identification of Bet1L, a protein of interest with a potential 

role in NMJ degeneration which was explored further using SOD1G93A transgenic rats. Finally, in 

Chapter 4, we explore the effects of ALS skeletal myocyte conditioned media on healthy motor 

neuron survival and morphology. Together, the results presented in these chapters support an 

active role of skeletal muscle in the ALS disease process. 
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Chapter 2: C9ORF72-related cellular pathology in skeletal myocytes derived from ALS-

patient induced pluripotent stem cells 
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2.1 Abstract 

Amyotrophic lateral sclerosis (ALS) is a late-onset neuromuscular disease with no cure and 

limited treatment options. Patients experience a gradual paralysis leading to death from 

respiratory complications on average only 2-5 years after diagnosis. There is increasing 

evidence that skeletal muscle is affected early in the disease process, yet the pathological 

processes occurring in the skeletal muscle of ALS patients are still mostly unknown. 

Specifically, the most common genetic cause of ALS, a hexanucleotide repeat expansion in the 

C9ORF72 gene, has yet to be fully characterized in the context of skeletal muscle. In this study, 

we used the protocol previously developed in our lab to differentiate skeletal myocytes from 

induced pluripotent stem cells (iPSCs) of C9ORF72 ALS (C9-ALS) patients in order to create an 

in vitro disease model of C9-ALS skeletal muscle pathology. Of the three C9ORF72 mutation 

hallmarks, we did not see any evidence of haploinsufficiency, but we did detect RNA foci and 

dipeptide repeat (DPR) proteins. Additional abnormalities included changes in the expression of 

mitochondrial genes and a susceptibility to oxidative stress, indicating that mitochondrial 

dysfunction may be a critical feature of C9-ALS skeletal muscle pathology. Finally, the C9-ALS 

myocytes had increased expression and aggregation of TDP-43. Together, these data show 

that skeletal muscle cells experience pathological changes due to the C9ORF72 mutation. Our 
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in vitro model could facilitate further study of cellular and molecular pathology in ALS skeletal 

muscle in order to discover new therapeutic targets against this devastating disease. 

2.2 Introduction 

Amyotrophic lateral sclerosis (ALS) is a deadly neuromuscular disease featuring motor neuron 

cell death and skeletal muscle atrophy and wasting leading to gradual loss of motor function1,2. 

The disease typically has a late onset of symptoms but a quick progression, with death from 

respiratory failure occurring on average 2 to 5 years after diagnosis. About 90% of ALS cases 

are considered sporadic, with only 10% accounted for by genetically inherited mutations. There 

are around 25 different mutations that have been implicated to cause either sporadic or familial 

ALS, or both1. Some of the most commonly studied mutations include SOD1, TARDBP, FUS, 

and more recently, C9ORF72. Together these four genes are responsible for greater than 50% 

of familial ALS cases3. Many of the proteins encoded by genes mutated in ALS patients are 

involved in protein homeostasis, RNA processing, and cytoskeletal organization1,4, as well as 

mitochondrial function5,6. Consequently the motor neurons of ALS patients have been shown to 

experience protein aggregation, mitochondrial dysfunction, oxidative stress, defective axonal 

transport, and excitotoxicity, ultimately leading to motor neuron degeneration7.  

 

The hexanucleotide GGGGCC repeat expansion in the open reading frame of Chromosome 9 

(C9ORF72) is the most common cause of familial ALS and is also found in many sporadic 

cases8,9. There are three proposed mechanisms for how the repeat expansion may result in 

cellular pathology. The first is a loss of function caused by haploinsufficiency of the C9ORF72 

gene resulting in a reduced level of C9orf72 protein expression. Second, a toxic gain of function 

is documented through repeat RNA foci that bind and sequester essential RNA-binding 

proteins10-12, causing dysregulation of RNA metabolism13. Finally, five different forms of 
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dipeptide repeat (DPR) proteins can be translated from the hexanucleotide repeat mRNA and 

form cytosolic aggregates14. In all, it seems that C9ORF72 ALS (C9-ALS) results in a 

combination of loss and gain of function, although the exact contributions remain unknown.  

 

While a large portion of ALS research has focused on motor neuron degeneration, recent 

observations support the idea that ALS pathology is not confined to motor neurons. In fact, 

several additional cell types have been shown to be involved in the ALS disease state, such as 

sensory neurons15, mast cells and neutrophils16, microglia, astrocytes, and T lymphocytes17. 

Furthermore, there has been increasing evidence that skeletal muscle is affected early in the 

ALS disease process, prior even to motor neuron cell death. Interestingly, motor neuron cell 

death occurs in a retrograde manner, beginning distally at the neuromuscular junction (NMJ) 

before spreading to the soma18-20. Therefore, understanding skeletal muscle pathology could 

help elucidate early disease processes occurring at the NMJ. Studies examining skeletal muscle 

in ALS mouse models have found changes at the presymptomatic stage including fiber-type 

transitions, changes in the levels of myogenic regulatory factors, and abnormal mitochondrial 

morphology and function2,21. Early symptomatic muscle samples from human ALS patients also 

show mitochondrial abnormalities and changes in fiber-types21. While protein aggregation is a 

major component to the neuropathology of ALS22-25, it has only recently begun to be 

investigated in ALS skeletal muscle. For example, TDP-43, an RNA and DNA-binding protein 

which is mutated in certain forms of familial ALS, is commonly found in cytosolic aggregates in 

ALS patient neurons regardless of genetic background25. TDP-43 aggregation was recently 

discovered to be present in ALS patient muscle biopsies as well, including some with the 

C9ORF72 mutation26. So far, a mechanistic link has not been established between TDP-43 

aggregation and the C9ORF72 mutation. 
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Induced pluripotent stem cells (iPSCs) represent an opportunity to model early skeletal muscle 

pathology in vitro. Recent advances in iPSC technology allow for the creation of patient-derived 

stem cells, which have become a valuable resource for preparing different types of cells 

including skeletal myocytes. Many variations of skeletal myocyte differentiation protocols have 

been developed27-29, and some have been used on ALS patient iPSCs30,31. However, the 

mechanisms by which ALS mutations cause skeletal muscle pathology have yet to be 

characterized. In the current study, C9ORF72 patient-derived (C9-ALS) iPSCs were 

differentiated into myogenic progenitors and skeletal myocytes using a transgene-free 

approach32,33 and then analyzed for signs of C9ORF72-linked pathology including 

haploinsufficiency, RNA foci, and DPR proteins. We did not find any loss of C9orf72 protein 

from haploinsufficiency, but we did find RNA foci and DPR protein aggregates. RNA sequencing 

found changes in the expression of genes related to mitochondrial function which was 

supported by an increased susceptibility to oxidative stress. The expression levels of other ALS-

related genes such as TARDBP and SIGMAR1 were changed in C9-ALS skeletal myocytes as 

well. Finally, aggregation of phosphorylated TDP-43 was found in C9-ALS skeletal myocytes. 

Together these results show the feasibility of iPSC-derived skeletal myocytes for in vitro disease 

modeling of ALS and support the hypothesis that skeletal muscle experiences cell autonomous 

pathology early in the ALS disease process. 

2.3 Materials and Methods 

Human Pluripotent Stem Cells 

Patient-derived iPSC lines with C9ORF72 mutations were obtained from the Target ALS stem 

cell core at RUCDR Infinite Biologics (Target ALS IDs TALS9-9.3 and TALS9-9.5; they are 

referred as “C9-ALS 1” and “C9-ALS 2” in this study, respectively) (Piscataway Township, NJ, 

USA) and Cedars-Sinai iPSC stem cell core (four iPSC lines named 28i, 29i, 30i, 52i; “C9-ALS 
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3,4,5,6”) (Los Angeles, CA, USA). A human embryonic stem cell line WA09 (“ESC 1”) and 

human iPSC line IMR90 (“iPSC 1”) were obtained from WiCell (Madison, WI, USA) and iPSC 

line TD-A-47 (“iPSC 2”) was obtained from Cellular Dynamics International (Madison, WI, USA). 

Stem cell lines from Cedars-Sinai were cultured on a mouse embryonic fibroblast feeder layer34 

and lines from WiCell and Target ALS were cultured using a feeder-free protocol35,36. 

Differentiation of human iPSCs to myogenic progenitors and mature skeletal myocytes 

Human iPSCs were differentiated into myogenic progenitors and mature skeletal myocytes as 

previously described32,33. Briefly, iPSC colonies were dissociated using 2 mg/ml dispase (Life 

Technologies, Carlsbad, CA, USA) or 0.1% Collagenase (Life Technologies). The lifted cells 

were rinsed once in Stemline medium (S-3194, Sigma-Aldrich, St. Louis, MO, USA), then 

resuspended in an expansion medium consisting of a Stemline medium with 100 ng/ml human 

epidermal growth factor (Millipore, Billerica, MA, USA), 100 ng/ml recombinant human basic 

fibroblast growth factor (FGF-2, WiCell), 5 µg/ml heparin sulfate (Sigma-Aldrich), and 1% w/v 

penicillin/streptomycin/amphotericin B (PSA; Thermo Fisher Scientific, Waltham, MA, USA). 

Cells were grown in flasks coated with poly(2-hydroxyethyl methacrylate) (polyHEMA, Sigma-

Aldrich) and cultured as free-floating spherical aggregates termed EZ spheres 32,37. These 

spheres were passaged by mechanical chopping using a McIlwain tissue chopper (Mickle 

Laboratory Engineering, Surrey, UK) once a week for 6-12 weeks.  

 

For terminal differentiation into skeletal myocytes, spheres were dissociated using trypsin 

(TrypLE, Life Technologies) and plated onto coverslips pre-coated with poly-L-lysine (0.1 mg/ml, 

Sigma-Aldrich) and laminin (5 µg/ml, Sigma Aldrich) at a density of 200,000 cells per coverslip. 

Cells were differentiated into myocytes in a skeletal muscle differentiation medium consisting of 

DMEM/GlutaMAX (10566-016, Life Technologies), 2% B-27 serum free supplement (Life 

Technologies), and 1% PSA. Myocytes were cultured up to 12 weeks post-differentiation. 
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Immunocytochemistry and Image Quantification 

Cells were fixed with 4% paraformaldehyde (PFA; Electron Microscopy Sciences, Hatfield, PA, 

USA) in phosphate buffered saline (PBS) for Pax7, MyoD, and Myogenin stains, and ice-cold 

methanol for all others. Cells were permeabilized and blocked with 0.1% Triton X-100 (Sigma-

Aldrich) and 5% normal donkey serum (NDS, Jackson ImmunoResearch, West Grove, PA, 

USA) in PBS for 20 minutes at room temperature. Primary and secondary antibodies were 

added at the dilutions as described in Supplemental Table 1. Cell nuclei were labeled using 

Hoechst 33258 (0.5 µg/ml in PBS, Sigma-Aldrich). Coverslips were mounted on slides using a 

mounting medium (Fluoromount-G; SouthernBiotech, Birmingham, AL, USA). Stains were 

imaged using a Nikon Eclipse 80i fluorescent microscope (Nikon, Tokyo, Japan) with a DS-

QilMC CCD camera (Nikon) or Leica TCS SP8 confocal microscope (Leica, St. Galen, 

Switzerland).  

 

For each plating of differentiated myocytes, cells were stained for Pax7 and myosin heavy chain 

(MHC) on Day 14 of terminal differentiation. Each coverslip was imaged at six randomly 

selected fields of view at 20x magnification. From each image, the total number of nuclei and 

the number of nuclei positive for Pax7 (Pax7+) or within MHC-positive (MHC+) myocytes were 

counted. Pax7 expression levels were calculated as the average percentage of nuclei 

expressing Pax7, and MHC expression levels were calculated as the average percentage of 

nuclei within MHC+ myocytes for each field of view. The fiber width of at least three myocytes 

per image were also measured, and the fusion index was calculated as the number of nuclei 

contained within MHC+ myocytes divided by the total number of myocytes. The values graphed 

are the average of at least three separate trials per line, with 6 fields of view per trial. For the 

quantification of poly-GR, TDP-43, and pTDP-43 expression, each set of 6 images were 
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analyzed for the percentage of positive pixels using the “Color Pixel Counter” plugin on NIH 

Image J software.  

Western Blot 

Cells were lysed in radioimmunoprecipitation assay buffer (RIPA buffer; EMD Millipore, 

Burlington, MA, USA) with a protease inhibitor cocktail (Thermo Fisher Scientific) and 5 mM 

ethylenediaminetetraacetic acid (EDTA; Thermo Fisher Scientific). Protein concentrations were 

determined using the DC Protein Assay kit (Bio-Rad, Hercules, CA, USA). Proteins (20 μg per 

lane) were run on a polyacrylamide gel and transferred onto a PVDF membrane (EMD 

Millipore). The membrane was immunoblotted with anti-C9orf72 antibody (22637-1-AP, 1:500, 

ProteinTech Group, Inc, Rosemont, IL, USA) followed by secondary antibody conjugated with 

horseradish peroxidase (anti-rabbit IgG HRP; Promega, Madison, WI, USA). Enhanced 

chemiluminescence substrate (Pierce Biotechnology, Waltham, MA, USA) was used to detect 

HRP on the immunoblot for chemiluminescence imaging. Densitometry values of protein bands 

were analyzed by NIH Image J software. 

Skeletal Muscle Video Capture 

Skeletal muscle contractions were recorded using a Nikon Eclipse TS 100 inverted microscope 

and QImaging camera with Q Capture Pro Software (QImaging, Surrey, BC, Canada). Videos 

were recorded as avi files at 10x magnification, with 400 frames at 20 frames per second. 

Contractions were either spontaneous or stimulated with 10 mM caffeine (Sigma-Aldrich).  

RNA Fluorescence in situ Hybridization (RNA FISH) 

RNA FISH was conducted using a Cy3 tagged (GGGGCC)4 probe (Integrated DNA 

Technologies, Coralville, Iowa, USA) according to previously established protocols38,39. Cells 

were fixed with 4% PFA for 10 minutes and rinsed with PBS. Pre-chilled 70% ethanol was 
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added to the cells and they were stored overnight at 4˚C. Cells were rehydrated in 40% 

formamide (Sigma-Aldrich) and 2x saline-sodium citrate buffer (SSC; Promega) for 10 minutes 

at room temperature. Cells were then prehybridized for 15 minutes at 37˚C in a humidified 

chamber in 40% formamide, 2x SSC, 10% dextran sulfate (EMD Millipore), 1 mg/ml yeast tRNA 

(Life Technologies), and 1 mg/ml salmon sperm DNA (Life Technologies). During this time the 

probe was denatured for 10 minutes at 100 ˚C then put on ice for 10 minutes before being 

added to cold hybridization buffer and added to cells. The cells were hybridized for 2 hours at 55 

˚C in a humidified chamber then washed three times in 40% formamide and 1x SSC for 15 

minutes at 55˚C in a humidified chamber. Then cells were washed two times for 15 minutes at 

room temperature in 1x SSC. After being rinsed with PBS once, cells were then stained for 

myosin heavy chain, as described above. Slides were imaged at 100x magnification and for 

each image the number of RNA foci present in myocyte nuclei and cytoplasm was counted and 

compared. The average number of foci within each nucleus was also calculated. 

Electron Microscopy 

Cells were fixed with 2% PFA and 2.5% glutaraldehyde (Electron Microscopy Sciences, Inc., 

Hatfield, PA, USA) in 0.1M cacodylate buffer (Electron Microscopy Sciences, Inc.) overnight, 

followed by 1% osmium tetroxide for 1 hour. Samples were then dehydrated with an ethanol 

gradient, embedded in Durcapan (Sigma-Aldrich), sectioned at 60 nm thickness, and stained 

with lead citrate and uranium acetate. Samples were imaged using a Philips CM120 

transmission electron microscope (Eimdhoven, The Netherlands). 

Cell Susceptibility Assay Against Oxidative Stress 

Susceptibility to exogenous oxidative stress was measured as described previously40. Briefly, 

myogenic progenitors were plated down onto poly-L-lysine and laminin-coated coverslips and 

cultured in terminal differentiation medium in 24-well plates. After 24 hours, the medium was 
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removed and replaced by 100 μM hydrogen peroxide (H2O2) in PBS for 30 minutes then rinsed 

with PBS and replaced with fresh terminal differentiation media. Cells were imaged at this point 

in order to observe any immediate effects on cellular morphology. After 24 hours, the 

conditioned media was collected and lactate dehydrogenase (LDH) release was measured 

using the CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega) and ChroMate 

spectrophotometer (Awareness Technology Inc, Palm City, FL, USA) with wavelength set to 492 

nm.  

RNA Sequencing (RNA-Seq) 

Total RNA was isolated from both myogenic progenitors and Day 14 terminally differentiated 

skeletal myocytes using Direct-zol RNA Kit (Zymo Research, Irvine, CA, USA) according to the 

manufacturer’s instructions. RNA-Seq libraries were constructed from 500 ng of total RNA using 

KAPA RNA HyperPrep Kits with RiboErase (KAPA Biosystems, Wilmington, MA, USA) 

according to the manufacturer’s instructions. Completed libraries were quantified using D1000 

ScreenTape system (Agilent Technologies, Santa Clara, CA, USA) and were sequenced using 

Hiseq 4000 (Illumina, San Diego, CA, USA). 

 

After pre-filtering the raw data by removing sequence adapters and low-quality reads, paired-

end 100 bp sequences were aligned to assemble the human genome (hg38) by HISAT2 

software in a Galaxy browser (www.galaxy.psu.edu). Transcripts assembly, abundance and 

evaluation of differential expression were accomplished using the Cufflinks and DEseq software 

in a DEBrowser. Genes exhibiting a fold change ≥± 1.5 and FDR < 0.05 were considered 

differentially expressed in the cells derived from C9-ALS patients compared to two control cells 

(H9 and IMR90). Gene ontology and protein-protein interactions were analyzed by Metascape 

and STRING software, respectively. 
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Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR) 

Total RNA was isolated from cells using Direct-zol RNA Kit (Zymo Research) according to the 

manufacturer’s instructions. First-strand cDNA was synthesized from 1 μg of total RNA using 

ReverTra Ace qPCR RT Master Mix with gDNA Remover (TOYOBO, Osaka, Japan). 

qPCR was performed with FastStart Essential DNA Green Master (Roche, Basel, Switzerland) 

using Light Cycler 96 (Roche). Primer sequences can be found in Supplemental Table 2. PCR 

was performed with the following thermocycling conditions: denaturation at 95°C for 10 min and 

45 cycles of denaturation at 95°C for 10 sec, annealing at 58 °C for 10 sec and elongation at 

72°C for 10 sec. Data were normalized to the expression of ACTB. 

Statistical Analysis 

Graphpad Prism software (La Jolla, CA, USA) was used to perform statistical analyses. Graphs 

were presented as means ± s.e.m. from at least three trials. One-way ANOVA was used to 

compare data points across cell lines. Differences were considered significant when p<0.05. A 

statistically significant one-way ANOVA was followed up with Tukey’s post hoc test for multiple 

comparisons. When control and C9-ALS lines were grouped as an average, unpaired Student’s 

t-test was used to test for significance. 

2.4 Results 

2.4.1 C9-ALS iPSCs could be successfully differentiated into mature skeletal myocytes 

We first confirmed whether C9-ALS iPSCs can form mature skeletal myocytes using our culture 

method for skeletal muscle differentiation.  iPSCs were differentiated using a transgene-free 

protocol as described previously in our recent publications32,33 (Fig. 1A). Patient-derived iPSCs 
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were grown in suspension with a high concentration of epidermal growth factor (EGF) and basic 

fibroblast growth factor (FGF-2) to form myogenic progenitor cells as spherical aggregates. 

These myogenic progenitors were then dissociated and plated down for terminal differentiation. 

After two weeks cells were fixed and stained for a myogenic progenitor marker Pax7, a 

myoblast marker MyoD, committed myocyte marker Myogenin (MyoG), and a differentiated 

myocyte marker myosin heavy chain (MHC)41  (Fig. 1B). These data demonstrate that C9-ALS 

iPSCs can successfully differentiate into skeletal myocytes.  

 

To compare the ability of each line to differentiate into mature multinucleated skeletal myocytes, 

we quantified the number of Pax7-positive and MHC-positive nuclei as well as the average fiber 

width and fusion index. Although there were variations in the data from individual cell lines for 

each characterization (Supplemental Fig. 1), we did not see an overall significant difference in 

the number of Pax7-positive cells (Fig. 1C), the fiber width (Fig. 1D), or the fusion index (Fig. 

1E) when comparing the average of control and C9-ALS lines. Interestingly, the C9-ALS lines 

when grouped together had a significantly higher amount of MHC-positive cells than control 

lines (Fig. 1C). Together, these results support that the C9ORF72 mutation does not negatively 

impact myogenesis. Our previous work has shown that long-term culture promotes further 

maturation of myocytes differentiated using our protocol, including spontaneous contractions 

and organized sarcomere structure33. Accordingly, spontaneous contractions could be observed 

starting around 4 weeks of differentiation, and contractions could be stimulated by adding 

caffeine to the culture media. In both cases, the control cells appeared to have more 

coordinated contractions (Movie S1 and S3) while the C9-ALS myocytes had individual fibers 

contracting randomly (Movie S2 and S4).  After 6 weeks of terminal differentiation, myocytes 

show organized sarcomere structures as indicated from immunostaining for titin (Fig. 1F) as 

well as electron microscopy (Fig. 1G). In all, C9-ALS iPSC lines were able to terminally 
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differentiate into skeletal myocytes with a maturation level similar to healthy controls. Further, 

our data indicate that the C9ORF72 mutation does not hinder myogenesis but may affect 

contraction dynamics. 

2.4.2 C9-ALS skeletal myocytes do not experience decreased C9orf72 protein expression 

due to haploinsufficiency 

Next, we asked whether C9-ALS iPSC-derived skeletal myocytes exhibited the hallmark signs of 

cellular pathology associated with the C9ORF72 mutation, including haploinsufficiency, RNA 

foci, and DPR proteins42. First, we determined if C9-ALS myocytes had decreased C9orf72 

protein expression as a result of possible haploinsufficiency caused by the repeat expansion. To 

test this, we performed immunocytochemistry and western blot for the C9orf72 protein. 

Immunocytochemistry showed similar expression levels of the C9orf72 protein in C9-ALS and 

control myocytes (Fig. 2A). This result was confirmed using three anti-C9orf72 antibody clones 

from different recourses in each cell line (Supplemental Fig. 2). Western blot results also 

showed comparable C9orf72 protein expression between lines (Fig. 2B). Together, these 

results suggest that haploinsufficiency is not a major pathogenic mechanism in C9-ALS muscle, 

as C9orf72 protein seems to have similar expression in both healthy and C9-ALS myocytes. We 

did find an interesting localization of the C9orf72 protein on the periphery of the myocytes (Fig. 

2A) which should be investigated further with regards to the function of the C9orf72 protein in 

skeletal muscle cells, which is currently not well defined. 

2.4.3 C9-ALS skeletal myocytes contain RNA foci and aggregates of the DPR protein 

poly-GR 

Another possible effect of the C9ORF72 repeat expansion on cellular pathology is the presence 

of repeat RNA foci. When the C9ORF72 gene is transcribed to RNA, it adopts a secondary 
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structure to form RNA foci, which have been shown in other cell types to bind and sequester 

RNA-binding proteins10-12. In order to check if these foci are present in skeletal myocytes, we 

used RNA fluorescence in situ hybridization (RNA FISH) to detect GGGGCC repeating RNA 

foci. Foci were found in both the nuclei and cytoplasm of C9-ALS myocytes but not in controls 

(Fig. 2C). There were significantly more foci in the nuclei (2.95 ± 0.82 foci per image; n = 60 

images) than the cytoplasm (1.27 ± 0.20 foci per image; n = 60 images, p<0.05). Interestingly, 

some nuclei contain several foci while another nucleus of the same myotube may contain none 

(Fig. 2C). For nuclei containing RNA foci (n = 52 nuclei), the average number of foci per nuclei 

was 3.42, with a mode of 1 and maximum of 37. 

 

The third hallmark of the C9ORF72 repeat expansion is the aggregation of dipeptide repeat 

(DPR) proteins. The repeat expansion can undergo repeat-associated non-ATG (RAN) 

translation in the sense and antisense direction, allowing for 5 possible DPR species depending 

on where the translation begins14. In order to test if skeletal myocytes contain DPR aggregates, 

we did immunostaining for the DPR proteins poly-GR, poly-GP, and poly-GA. Several antibodies 

against poly-GR, poly-GA, and poly-GP were tested (Supplemental Table 1). While all 

antibodies showed a speckled positive signal at the nuclei with occasional cytoplasmic positive 

signals (Supplemental Fig. 3), only poly-GR was consistently stronger in C9-ALS lines than 

controls, and seemed to increase over time (Fig. 2D, Supplemental Fig. 4).  

2.4.4 RNA sequencing reveals changes in genes that regulate mitochondrial function 

To reveal the gene expression profile of C9-ALS muscle cells, we performed transcriptome 

analysis (RNA-Seq) of myogenic progenitors and Day 14 differentiated myocytes derived from 

two lines of C9-ALS iPSCs (C9-ALS 1 and C9-ALS 2) compared to an embryonic stem cell and 

iPSC control (ESC 1 and iPSC 1). Clustering analysis revealed that C9-ALS cells showed very 
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similar patterns of gene expression compared to control cells in both stages (Pearson 

correlation coefficient > 0.98) (Fig. 3A). Although the overall pattern of gene expression was 

similar between C9-ALS and control lines, a specific set of genes was differentially expressed. 

Detailed analysis revealed that 69 and 101 genes were up- and down-regulated, respectively, in 

C9-ALS progenitor cells. In addition, 16 and 54 genes were up- and down-regulated, 

respectively, in C9-ALS differentiated myocytes (Fig. 3B). Next, we identified specific roles of 

the genes differentially expressed between C9-ALS and control cells by gene ontology 

enrichment analysis. We found that these genes were involved in various biological functions. 

For instance, there were responsible genes for anterior/posterior pattern specification and 

protein targeting to membrane in the gene list of myogenic progenitor samples. In C9-ALS 

differentiated myocytes, some genes related to axis elongation were up-regulated. On the other 

hand, the expression of genes for lateral mesoderm development was decreased (Fig. 3C).  

 

Particularly in these gene profiles, specific genes categorized as mitochondrial organization 

showed differential expression in C9-ALS cells (Fig. 4A, 4C). RHOU, or Ras Homolog Family 

Member U, was significantly increased while TIMM9 (Translocase of Inner Mitochondrial 

Membrane 9) and ATP5A1 (ATP Synthase F1 Subunit Alpha) were significantly decreased in 

C9-ALS myogenic progenitors (Fig. 4A), and NDUFB11 (NADH:ubiquinone Oxidoreductase 

Subunit B11) was significantly decreased in C9-ALS myocytes (Fig. 4C). We used qPCR to 

confirm the expression levels for each of these genes (Fig. 4B, 4D). Next, we analyzed the 

functional network of the three down-regulated genes (TIMM9, ATP5A1, and NDUFB11) in C9-

ALS cells using STRING software (Fig. 4E). TIMM proteins are located in the inner 

mitochondria membrane and play an essential role in import of cytosolic proteins43. Since 

TIMM9 interacts with other TIMM family members such as TIMM22 and TIMM23, the decrease 

of TIMM9 expression in C9-ALS myocytes may cause the inactivation of protein import by the 
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TIMM complex. On the other hand, ATP5A1 and NDUFB11 commonly have functional 

interactions with mitochondrial metabolic factors such as MT-CO2 (Mitochondrially encoded 

cytochrome c oxidase II), MT-CYB (Mitochondrially encoded cytochrome b), MT-ND1 

(Mitochondrially encoded NADH dehydrogenase 1) and MT-ND4 (Mitochondrially encoded 

NADH dehydrogenase 4), suggesting a possible involvement of these molecules in 

dysregulation of mitochondrial function in C9-ALS cells. 

2.4.5 C9-ALS patient iPSC-derived myogenic progenitors display an increased 

susceptibility to oxidative stress 

RNA-Seq results indicate that differential expression of the above-mentioned genes may be 

implicated in C9-ALS-linked cellular pathology such as mitochondrial dysfunction. Mitochondria 

are a major producer of reactive oxygen species and are involved in the regulation of oxidative 

stress which is a common factor in many neurodegenerative diseases44,45. To test if the 

C9ORF72 mutation leads to oxidative stress in skeletal myocytes, C9-ALS myogenic 

progenitors were plated on coverslips and then treated with hydrogen peroxide (H2O2) for 30 

minutes (Fig. 4F, 4G). The cells were returned to the terminal differentiation medium and 

imaged for morphological changes. The myogenic progenitors of both the control lines and C9-

ALS lines retracted their processes and became more balled up. However, this phenotype 

seemed more severe in the C9-ALS cells (Fig. 4G). After 24 hours the conditioned medium was 

collected and used to quantify the amount of cytotoxicity by measuring the amount of lactate 

dehydrogenase (LDH) release (Fig. 4F). The C9-ALS myogenic progenitors had a significantly 

higher amount of LDH release than controls, indicating an inherent susceptibility to oxidative 

stress. The susceptibility to oxidative stress of the C9-ALS lines was also compared to 

additional ALS patient iPSC lines including FUS, SOD1-N193K, SOD1-A4V, and a sporadic line 

(Supplemental Fig. 5). Together with the RNA-Seq results, the increased cytotoxicity in 
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response to exogenous oxidative stress may be caused by the inherent mitochondrial 

abnormalities resulting in a reduced ability to survive oxidative stress. 

2.4.6 C9-ALS myocytes have changes in the expression level of ALS-causing genes and 

aggregation of TDP-43 

An additional interesting finding from RNA-Seq that was confirmed using RT-qPCR was the 

differential gene expression of ALS-related genes, such as SIGMAR1 and TARDBP (Fig. 5A). 

SIGMAR1 encodes Sigma-1 receptor, an endoplasmic reticulum chaperone protein localized to 

the mitochondria-associated ER membrane46. Mutations in SIGMAR1 have been linked to early 

onset ALS47. RT-qPCR confirmed RNA-Seq results that SIGMAR1 expression is downregulated 

in C9-ALS skeletal myocytes. Conversely, TARDBP expression was upregulated. TARDBP 

encodes TDP-43, a DNA and RNA-binding protein that regulates mRNA metabolism and 

processing. In ALS patients, TDP-43 moves from its primary location in the nucleus to the 

cytoplasm where it undergoes modifications such as truncation or phosphorylation and forms 

cytosolic aggregates25. This has been well characterized in neurons, but only recently detected 

in ALS patient skeletal muscle26. Since TDP-43 mislocalization and aggregation is a common 

feature of ALS regardless of genetic background, we wanted to see if C9-ALS skeletal myocytes 

show signs of TDP-43 pathology. Immunocytochemistry for full-length TDP-43 found a stronger 

signal of nuclear TDP-43 in C9-ALS lines compared to controls at both 3 weeks and 6 weeks of 

terminal differentiation (Fig. 5B, Supplemental Fig. 6) which supports the changes in gene 

expression levels detected using RNA-Seq and RT-qPCR. Additionally, one line (C9-ALS 2) 

consistently showed nuclear aggregates of TDP-43 (Fig. 5C), while other C9-ALS lines 

occasionally but not always exhibited this phenomenon (data not shown).  We also detected an 

increase in phosphorylated TDP-43 expression in the C9-ALS cells. Aggregates of 

phosphorylated TDP-43 were present in the cytoplasm, particularly in the area adjacent to the 
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nuclei (Fig. 5D). This aggregation was time-dependent, with some noticeable aggregation at the 

3-week time point but much more prominent aggregates at the 6-week time point. These results 

indicate that C9-ALS skeletal myocytes are affected by TDP-43 related pathology. 

2.5 Discussion 

Evidence suggests that ALS skeletal muscle experiences pathological changes early in the 

disease process, prior to motor neuron degeneration and symptom onset2,18,20,21. Therefore, 

studying the pathological mechanisms that are occurring in skeletal muscle could help to 

discover early detection methods or new therapeutic options. ALS patient iPSCs provide a 

model of patient-specific skeletal muscle abnormality. So far there have been very few studies 

that have utilized iPSCs for the study of ALS skeletal muscle. One used MyoD induction to 

differentiate skeletal myocytes from iPSCs of patients with FUS and TARDBP mutations and 

found some physiological deficits30. Another used a small molecule-based protocol to 

differentiate C9ORF72 patient iPSCs into skeletal myocytes and found RNA foci but no signs of 

TDP-43 pathology or any additional defects31. Our study builds on this basis of C9-ALS skeletal 

myocyte pathology by showing signs of DPR protein expression, changes in genes involved in 

mitochondrial function, a susceptibility to oxidative stress, and evidence of TDP-43 

proteinopathy. It is difficult to pinpoint why our iPSC-derived skeletal myocytes showed more 

pathological abnormalities than the previous study. It could be due to many variables including 

differentiation protocol, time points, or patient backgrounds. 

 

In the current study, we first confirmed that C9-ALS patient iPSCs can differentiate into 

myogenic progenitors and mature functional skeletal myocytes using our transgene-free 

differentiation protocol32. We found that these cells differentiated and matured similarly to 

control lines, which suggests that the C9ORF72 mutation does not negatively affect skeletal 
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muscle differentiation or development. However, we did find that the C9-ALS myocytes 

contracted in a less coordinated manner than control cells.  

 

These differentiated myocytes were used to study the three hallmarks of C9-ALS: 

haploinsufficiency, repeat RNA foci, and DPR proteins. In the literature there has been 

conflicting studies regarding whether haploinsufficiency occurs in ALS patients. Interestingly, 

animal models containing a knock out the C9orf72 protein do not experience motor 

dysfunction48-50, suggesting that a loss of function due to haploinsufficiency would not be a main 

pathogenic mechanism in C9-ALS patients. However, a recent study found that C9ORF72 

haploinsufficiency causes decreased endosomal trafficking and lysosomal function which leads 

to excitotoxicity and a buildup of toxic DPR proteins in an iPSC-derived motor neuron cell 

model51.  

 

It is unknown whether C9-ALS skeletal muscle cells experience haploinsufficiency. One case 

study did find a loss of C9orf72 protein expression in a patient autopsy muscle sample52. The 

previous study using C9-ALS patient iPSC-derived skeletal myocytes found no change in mRNA 

expression of the three C9orf72 protein variants compared to controls31. Corresponding to their 

results, we did not find any obvious evidence of haploinsufficiency in our patient iPSC-derived 

skeletal myocytes, as expression levels of the C9orf72 protein were comparable to control lines 

when measured using immunocytochemistry and western blot. The biological function of the 

C9orf72 protein in skeletal muscle is currently unknown. The C9orf72 protein has been 

structurally linked to DENN proteins which regulate membrane vesicle trafficking53,54 and several 

papers support a role of the C9orf72 protein in vesicle trafficking and lysosomal function51,55-60. 

Based on those studies and the peripheral localization of the C9orf72 protein in our patient 

iPSC-derived skeletal myocytes, future studies on the function of the C9orf72 protein in skeletal 
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muscle should investigate deficits in vesicle trafficking and if the protein interacts with receptors 

on the surface of skeletal muscle. 

 

Although haploinsufficiency was not identified in our patient iPSC-derived myocytes, we were 

able to detect repeat RNA foci in both the cytoplasm and nuclei. It remains to be seen whether 

skeletal muscle experiences downstream pathology as a result of the RNA foci such as 

sequestration of RNA-binding proteins and splicing irregularities, as has been found in motor 

neuron models10-13. We were also able to detect the DPR protein poly-GR in the skeletal 

myocytes. To our knowledge no other studies have detected DPR proteins in human skeletal 

muscle. However, a study of C. elegans overexpressing (PR)50 or (GR)50 found nuclear 

localization of these proteins in the skeletal muscle61, which is in agreement with the localization 

that we found in the iPSC-derived skeletal myocytes.  Our findings of RNA foci and DPR protein 

aggregates but no haploinsufficiency suggest that skeletal myocytes may be affected by the 

C9ORF72 mutation through a toxic gain of function (protein aggregation and RNA toxicity) 

rather than a loss of function (haploinsufficiency). It is possible that these toxic gain of function 

mechanisms may be interlinked. For example, a recent study using a mouse model of poly-PR 

toxicity found that poly-PR interferes with heterochromatin structural organization, resulting in 

RNA toxicity due to increased repetitive elements and accumulation of double-stranded RNA62. 

Downstream effects of RNA foci and DPR aggregation are yet to be determined in the context of 

skeletal muscle. 

 

We next used RNA sequencing to determine whether C9-ALS myocytes have any changes in 

gene expression that may also be affecting the disease state. RNA-Seq results found changes 

in the expression levels of several genes related to mitochondrial function, including RHOU, 

TIMM9, and ATP5A1. These gene expression changes were further confirmed using qPCR. 
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Together these results suggest that C9-ALS skeletal myocytes may have defects in 

mitochondrial function. This is supported by a recent study using an inducible mouse model 

expressing poly(GR)80 which found that poly-GR binds to the mitochondrial subunit ATP5A1 and 

enhances its degradation, resulting in mitochondrial dysfunction63. Mitochondrial dysfunction 

can lead to over-production of reactive oxygen species causing oxidative stress, a common 

feature of neurodegenerative diseases64.  Skeletal muscle has been found to experience 

oxidative stress prior to motor impairment in a mouse model of ALS65. Our results show that C9-

ALS lines have an increased susceptibility to exogenous oxidative stress at the progenitor 

stage, possibly implying an inherent susceptibility to oxidative stress in the skeletal muscle of 

ALS patients. This is consistent with a study that found decreased mitochondrial function and 

increased levels of reactive oxygen species in iPSC-derived motor neurons66. Together these 

findings suggest that oxidative stress could be a systemic occurrence in C9-ALS patients. 

 

Interestingly, RNA-Seq results also found that expression levels were changed for two familial 

ALS-related genes, TARDBP and SIGMAR1. To further expand on our results from RNA 

sequencing and qPCR that TARDBP expression levels were increased, we stained C9-ALS 

skeletal myocytes for full length TDP-43 and phosphorylated TDP-43. We found an increase in 

full-length TDP-43 in the nuclei of C9-ALS myocytes, as well as aggregates of phosphorylated 

TDP-43 expression in the cytoplasm of C9-ALS cells. We also occasionally noted intranuclear 

aggregates of TDP-43 in the C9-ALS lines. So far, very little is known about the role of TDP-43 

in skeletal muscle physiology or pathology. TDP-43 has been shown to have a role in synaptic 

function67 and to interact with cytoskeletal components as well as the nuclear pore complex and 

nucleocytoplasmic transport proteins in neurons68,69. Overexpression or knockout of TDP-43 in 

mice results in changes in fat deposition and glucose homeostasis70. Interestingly, TDP-43 has 

been found to aggregate in the skeletal muscle of patients with non-ALS myopathies71,72. More 
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recently TDP-43 aggregation has also been identified in the skeletal muscle of ALS patients and 

animal models26,73. However, the link between TDP-43 pathology and the C9ORF72 mutation 

has not yet been characterized. 

 

The C9ORF72 repeat expansion can result in ALS, frontotemporal dementia (FTD), or a 

combination of psychiatric and motor symptoms74. Therefore, future studies similar to this one 

could investigate differences between C9ORF72 iPSC-derived skeletal myocytes from patients 

with FTD, ALS, or with symptoms of both.  Then we can possibly determine what causes the 

skeletal muscle to be specifically affected in one patient but not another. For the purpose of our 

current study, we focused on C9-ALS patient iPSC-derived skeletal myocytes for in vitro 

disease modeling of early skeletal muscle pathology. C9-ALS lines differentiated into skeletal 

myocytes just as well as healthy control cell lines and showed signs of C9-ALS pathology as 

early as three weeks post-differentiation. This raises an interesting point that skeletal muscle 

could be experiencing pathology much earlier in the disease process than was previously 

assumed. While there is a need to confirm these signs of pathology in ALS patient muscle 

tissue, the present study supports that skeletal muscle experiences cell autonomous pathology 

in ALS patients. Cross-talk between skeletal muscle and an adjacent motor neuron is a critical 

component of NMJ formation during development, and a continued part of NMJ maintenance75. 

By understanding the pathological processes that are occurring in skeletal muscle at the 

presymptomatic stage, there is hope to better understand how skeletal muscle may contribute to 

NMJ degeneration and subsequent disease processes. 
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2.7 Figures 

 

Fig. 1. C9-ALS patient iPSCs are able to differentiate into mature skeletal myocytes.  (A) 

The differentiation process from iPSCs to myogenic progenitors, and then to mature skeletal 

myocytes using a transgene-free, sphere-based approach. (B) Representative images of 

muscle markers Pax7, MyoD, myogenin (MyoG), and myosin heavy chain (MHC) on Day 14 of 

terminal differentiation. (C) Percentage of cells positive for Pax7 or MHC at the Day 14 time 

point.  (D) Average fiber width of skeletal myocytes at the Day 14 time point. (E) The fusion 
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index of Day 14 skeletal myocytes. Error bars represent s.e.m. of values from at least three 

replicate experiments of at least two cell lines. **P<0.01, as determined by unpaired Student’s t-

test. (F-G) Sarcomere formation at the 6 week time point as shown by titin stain (D) and electron 

microscopy (E).  

 

Fig. 2. C9-ALS skeletal myocytes do not have a loss of C9orf72 protein but do contain 

RNA foci and DPR protein aggregation. (A) Representative images of immunostaining for 

C9orf72 protein expression in control and C9-ALS myocytes at the 6-week time point. (B) 

Western blot for C9orf72 protein expression and quantification confirms comparable expression 

between C9-ALS and control lines, indicating a lack of haploinsufficiency. Not significant 

through one-way ANOVA.  (C) Fluorescence in situ hybridization (FISH) for GGGGCC repeating 

RNA foci shows RNA foci in both the nuclei and cytoplasm of C9-ALS myocytes but not 
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controls. (D) Staining for the DPR protein poly-GR shows primarily nuclear localization that 

increases over time. 

 

Fig. 3. Transcriptional characterization of myogenic progenitors and Day 14 skeletal 

myocytes derived from C9-ALS iPS cells. (A) Cluster analysis of gene expression of C9-ALS 

cells. The ordinates represent the Pearson's correlation coefficient value. (B) Differential gene 

expression between C9-ALS and control cells visualized by MA plot. Genes that were 

differentially expressed between groups are indicated in red and green (FDR ≤ 0.05, fold 

change ≥1.5). (C) Gene ontology and pathway analysis of differentially expressed genes in C9-

ALS progenitors and myocytes.  
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Fig. 4. C9-ALS progenitors and skeletal myocytes show signs of mitochondrial 

dysfunction and susceptibility to oxidative stress. (A, C) Scatterplot of gene expression 

comparing C9-ALS and control cells. Only genes categorized as mitochondrial organization by 

gene ontology were visualized. Genes that were differentially expressed between groups are 
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indicated in red and green (FDR ≤ 0.05, fold change ≥1.5). (B, D) qPCR confirmed differential 

expression of genes related to mitochondrial function. Error bars represent s.e.m. from 3 

technical replicates. P<0.05, * significantly different from one control, ** significantly different 

from both controls as determined by one-way ANOVA followed by Tukey’s post hoc multiple 

comparisons test. (E) Association networks of up- or down-regulated genes in C9-ALS cells 

using STRING software. Lines indicate protein-protein associations which are meant to be 

specific and meaningful. (F) Percent toxicity as measured by LDH release from myogenic 

progenitors treated with hydrogen peroxide. Error bars represent s.e.m. from 3 technical 

replicates. a: significant compared to all four controls; b: significant compared to all controls 

except iPSC 3. Considered significant if P<0.05 as determined by one-way ANOVA followed by 

Tukey’s post hoc multiple comparisons test. Average: **P<0.01, unpaired Student’s t-test. (G) 

Live imaging of myogenic progenitors immediately following the 30-minute incubation with 

hydrogen peroxide, showing more severe morphological changes in C9-ALS cells. 
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Fig. 5. C9-ALS skeletal myocytes have changes in expression of familial ALS genes and 

TDP-43 aggregation. (A) qPCR confirms changes in the expression level of ALS-causing 

genes SIGMAR1 and TARDBP. Error bars represent s.e.m. from 3 technical replicates. P<0.05, 

* significantly different from one control, ** significantly different from both controls as 
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determined by one-way ANOVA followed by Tukey’s post hoc multiple comparisons test. (B) 

TDP-43 immunostaining at 3 weeks and 6 weeks post-terminal differentiation shows increased 

expression in C9-ALS myocytes. (C) Intranuclear aggregates of TDP-43 in one of the C9-ALS 

lines. (D) Representative images of phosphorylated TDP-43 aggregates which appear to 

increase over time, as supported by pixel analysis from a representative trial. Error bars 

represent s.e.m. from 6 analyzed images. ** P<0.01 as determined by one-way ANOVA 

followed by Tukey’s post hoc multiple comparisons test. 

2.8 Supplemental Information 

    

Supplemental Fig. 1. Data from individual cell lines that were used to find the averaged values 

in Fig. 1C-E. Error bars represent s.e.m. from at least six fields of view. One-way ANOVA and 

Tukey’s multiple comparisons post-hoc test were used to determine statistical significance. 

MHC: *P<0.05; **P<0.01 compared to both control lines. Fiber Width: ##P<0.01 compared to 

iPSC 2 only. Fusion Index: ##P<0.01 compared to iPSC 2 only; *P<0.05 compared to iPSC 1 

only. 
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Supplemental Fig. 2. Representative images for comparison of three different anti-C9orf72 

antibodies (shown in red): Santa Cruz Sc-138763, Proteintech 22637-1-AP, and Genetex 

GTX119776. MHC is shown in green, Hoechst in blue. 
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Supplemental Fig. 3. Representative images for comparison of the six different antibodies 

against DPR proteins (details listed in Supplemental Table 1). Myosin heavy chain is stained in 

green; each DPR antibody in red, and blue is Hoechst. 
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Supplemental Fig. 4. Quantification of poly-GR expression at the 3-week time point for one 

representative set of immunostaining. Six images were taken for each line and ImageJ plug in 

Color Pixel Counter was used to generate the percentage of positive pixels in each image. The 

data was statistically analyzed by one-way ANOVA with Tukey’s multiple comparisons post-hoc 

test. *P<0.05 vs. iPSC1). 

 

Supplemental Fig. 5. The toxicity study from Fig. 4F was conducted on several additional ALS 

patient iPSC lines, including two SOD1 lines: “SOD1-ALS 1” (N193K mutation, from NIH/NINDS 

repository) and “SOD1-ALS 2” (A4V mutation, from Target ALS ID TALSSOD1A4V-39.7), one 

FUS line (from NIH/NINDS repository), and one sporadic line (Target ALS ID TALSSPO21.21). 

One-way ANOVA with Tukey’s multiple comparisons post-hoc test was performed to identify 

statistical significance (P<0.05). a: P<0.05 compared to all four controls; b: significant compared 

to all controls except iPSC 3; c: significant only compared to iPSC 1 control. 
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Supplemental Fig. 6. Quantification of TDP-43 expression at the 3-week time point for one 

representative set of immunostaining. Six images were taken for each cell line and Image J 

plugin Color Pixel Counter was used to generate the percentage of positive pixels in each 

image. One-way ANOVA followed by Tukey’s multiple comparisons post-hoc test was used for 

statistical evaluation. *P<0.05 and **P<0.01 vs. iPSC1. 

 

Supplemental Movies 

Movie 1. Control line “iPSC 1” spontaneously contracting at Day 40 of terminal differentiation. 

Movie 2. C9-ALS line “C9-ALS 1” spontaneously contracting at Day 40 of terminal 

differentiation. 

Movie 3. Control line “iPSC 1” contractions stimulated by 10 mM caffeine at Day 28 of terminal 

differentiation. 

Movie 4. C9-ALS line “C9-ALS 1” contractions stimulated by 10 mM caffeine at Day 28 of 

terminal differentiation. 
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Supplemental Tables 

 

Supplemental Table 1. Catalog numbers and dilution information for the antibodies used for 

immunocytochemistry on the skeletal myocytes. 

Gene Catalog # Vendor Host Species Dilution 

Pax7  Developmental 
Studies Hybridoma 
Bank (DSHB) 

Mouse 1:40 

MyoD 554130 BD Biosciences Mouse 1:40 

MyoG  F5D DSHB Mouse 1:40 

MHC MF-20-c DSHB Mouse 1:40 

MHC, conjugated to 
Alexa Fluor 488 

53-6503-80 eBioscience Mouse 1:500 

Titin 9 D10-c DSHB Mouse 1:40 

C9-RANT  

(pooled GA, GP, 

GR) 

NBP2-25018 Novus Bio Rabbit 1:2000 

Poly-GA DPR MABN889 Millipore Mouse 1:500 

Poly-GR DPR MABN778 Millipore Rat 1:2000 

Poly-GR DPR 23978-1-AP ProteinTech Rabbit 1:500 

Poly-GR DPR ABN1361 Millipore Rabbit 1:5000 

Poly-GP DPR TALS 

828.179 

Target ALS Mouse 1:500 

C9orf72 Sc-138763 Santa Cruz Rabbit 1:500 

C9orf72 22637-1-AP Proteintech Rabbit 1:100 

C9orf72 GTX119776 GeneTex Rabbit 1:1000 

TDP-43 10782-2-AP ProteinTech Rabbit 1:2000 
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pTDP-43 66318-1-Ig ProteinTech Mouse 1:500 

Anti-mouse IgG 
conjugated with 
Alexa Fluor 488 

A21202 Thermo Fisher Donkey 1:1000 

Anti-mouse IgG 
conjugated with Cy3 

715-165-150 Jackson 
ImmunoResearch 

Donkey 1:1000 

Anti-rat IgG 
conjugated with Cy3 

712-165-153 Jackson 
ImmunoResearch 

Donkey 1:1000 

Anti-rabbit IgG 
conjugated with Cy3 

711-165-152 Jackson 
ImmunoResearch 

Donkey 1:1000 

 

 

Supplemental Table 2. Primer List for RT-qPCR. 

Gene name Forward sequence Reverse sequence 

TARDBP AAATGGTACTCGGGGACCTC GAGGCAGAATTGCTTGAACC 

HNRNPK CGGGAGCTTCGATCAAAAT TCCAGAATACTGCTTCACACTG 

GPC3 TGGACAAGAACTCGTGGAGA AGGAAAAAGTGTGCCTGGTG 

DCX ATGAAGGGAAACCCATCAGC TACAGGTCCGTCTTGGTCGT 

BET1L AAGTCACCAGGCTCAAATCGC GAGGAATCCCAGCAAGATCA 

RPS3 CTGAAAAGGTGGCCACTAGA CCCACTCTCCATGATGAACC 

SIGMAR1 GTCCGAGGGAGACGGTAGTA GAAGTCCTGGGTGCTGAAGA 

RHOU CTGCCTTCGACAACTTCTCC AGAGGCCTCAGCTTGTCAAA 

TIMM9 TAGGGACGTGGGATTAGGTG GTCCCCAGAAATTCCTTAAAC 

ATP5A1 TCGTGTAGTTGATGCCCTTG TCGTGTAGTTGATGCCCTTG 

NDUFB11 TGGGATGGGATGAAAGAGTG GGGTCGAAGCAGTTGGATT 

ACTB CCAACCGCGAGAAGATGA CCAGAGGCGTACAGGGATAG 



60 
 

Chapter 3: Decreased expression of Bet1L at the neuromuscular junction as a common 

feature of familial and sporadic amyotrophic lateral sclerosis 

Manuscript in preparation to be submitted to Experimental Neurology 

Authors: Eileen M Lynch, Samantha Robertson, Claire FitzGibbons, Megan Reilly, Colton 

Switalski, Masatoshi Suzuki 

3.1 Abstract 

Amyotrophic lateral sclerosis (ALS) is a fatal neuromuscular disease in which patients become 

gradually paralyzed due to loss of motor function. There are many mutations causative for ALS, 

and additional mutations that may increase risk of developing the disease. Around 10% of ALS 

patients have genetically inherited mutations, but the majority of ALS patients are considered 

sporadic. The varied disease background has made it difficult to pinpoint an early converging 

pathological mechanism that could be targeted therapeutically. There are only two FDA-

approved drugs for treating ALS, but they are only effective for a subset of patients and 

ultimately cannot prevent the disease from progressing. Therefore, there is a need for a 

common therapy that is effective for all ALS patients. Although there is evidence of the disease 

beginning in the periphery at the neuromuscular junction (NMJ), the specific processes involved 

in skeletal muscle and at the NMJ are still largely unknown. To study common disease 

mechanisms in ALS skeletal muscle, we RNA sequenced skeletal myocytes differentiated from 

familial and sporadic ALS patient induced pluripotent stem cells (iPSCs). Compared to healthy 

control lines, the myocytes from all ALS lines had downregulation of four genes: BET1L, DCX, 

GPC3, and HNRNPK. The expression levels of these four genes were measured in hind limb 

muscle samples from SOD1G93A transgenic rats. However, only BET1L was commonly 

downregulated. The Bet1L protein appeared to be localized to the basal lamina of the NMJ and 

was decreased over time in the SOD1G93A rats. Importantly, the expression levels began to 
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decrease early in the disease process and prior to loss of innervation. Therefore, BET1L could 

be a novel therapeutic target for treating familial and sporadic ALS.  

3.2 Introduction 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease with a widely variable 

disease background. Around 90 percent of cases are considered sporadic and 10 percent are 

familial, or genetically inherited. Familial ALS is caused by over twenty different mutations1,2. 

Despite the variability in genetic background, all ALS patients face a gradual paralysis leading to 

death on average 3-5 years following diagnosis2. At the cellular level, the disease is 

characterized by degeneration of the neuromuscular junction (NMJ) and motor neuron cell 

death. However, the mechanisms by which each of the ALS-causing mutations result in this 

phenotype is not completely understood. There are some common mechanisms such as protein 

aggregation, mitochondrial dysfunction, disrupted axonal transport, and defects in RNA 

processing2. However, the specific timeline of when these changes occur, and which 

mechanisms are causative or just a downstream effect of others has yet to be elucidated. There 

are currently only two FDA-approved drugs that can delay the disease process for some but not 

all patients, and only on the span of a few months3,4. Therefore, it is critical to understand 

common disease processes better in order to find either biomarkers for earlier detection or 

therapeutic options to prolong the patient’s lifespan and quality of life.  

 

ALS is commonly classified as a motor neuron disease. However, in recent years there has 

been increasing evidence that ALS is a non-cell autonomous disease, with involvement of glial 

cells5, the immune system6, and skeletal muscle7. Degeneration of the NMJ occurs early in the 

disease process, leading to the hypothesis that the disease actually begins in the periphery, 

causing motor neuron cell death in a retrograde manner8. Therefore, the NMJ is of interest as a 
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therapeutic target. In order to develop a therapy that can benefit all ALS patients, the 

pathological mechanisms occurring at the NMJ and in ALS skeletal muscle should be more 

closely studied.  

 

To examine common mechanisms in ALS patient skeletal muscle, we started with induced 

pluripotent stem cells (iPSCs) from ALS patients of a variety of genetic (C9ORF72, TARDBP, 

SOD1) and sporadic backgrounds. We differentiated the iPSCs into skeletal myocytes and used 

RNA sequencing to detect common changes in gene expression. Compared to healthy control 

lines, all ALS lines had downregulation of the four genes BET1L, DCX, GPC3, and HNRNPK. 

We then characterized expression of those genes and their respective proteins in our iPSC-

derived skeletal myocyte cultures as well as a SOD1G93A rat model of ALS. Of the four genes, 

only BET1L was downregulated in the ALS rats. Bet1L protein was localized to the NMJ and 

appeared to be expressed in the basal lamina between the myofiber and motor neuron axon, as 

indicated by overlap with collagen IV staining. We hypothesize that Bet1L may be a muscle-

secreted component of the basal lamina. Expression of Bet1L was decreased at the NMJs of 

symptomatic and end point SOD1G93A rats. Importantly, decreased expression of Bet1L was 

noted before axonal degeneration, indicating that loss of Bet1L could be causative of NMJ 

degeneration, rather than an effect. Together, these results suggest that Bet1L could be a 

promising therapeutic target for ALS patients of varying genetic backgrounds. 

3.3 Materials and Methods 

Human pluripotent stem cells 

Human pluripotent stem cells were acquired from several sources. The ALS lines used (“C9-1”, 

“C9-2”, “SOD1”, “TDP-43”, “Sporadic-1”, “Sporadic-2”) were received from Target ALS stem cell 

core at RUCDR Infinite Biologics (NINDS IDs NDS00239 (clone 3), NDS00239 (clone 5), 
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NDS00248, NDS00245, NDS00243, NDS00244, respectively)(Piscataway Township, NY, USA). 

Control lines (H9, referred to as “ESC” and IMR90, referred to as “iPSC-1”) were from WiCell, 

(Madison, WI, USA) and the third control line (TD-A-47, referred to as “iPSC-2”) is from Cellular 

Dynamics International (Madison, WI, USA). Stem cell lines were cultured according to 

established feeder-free protocols9,10.  

Differentiation of skeletal myocytes from pluripotent stem cells 

Pluripotent stem cells were differentiated into myogenic progenitors and mature skeletal 

myocytes according to our lab’s previously established protocol11,12. Briefly, the stem cells were 

lifted using 2 mg/mL of dispase (Life Technologies, Carlsbad, CA, USA) or 0.1% collagenase 

(Life Technologies) and transferred to a flask coated with poly(2-hydroxyethyl 

methacrylate)(polyHEMA, Sigma-Aldrich, St Louis, MO, USA) in order to grow in suspension 

and form spheres of expanding myogenic progenitors. The expansion medium consisted of 

Stemline medium (S-3194, Sigma-Aldrich) with 100 ng/mL of recombinant human FGF-2 

(WiCell), 5 µg/mL of heparin sulfate (Sigma-Aldrich), and 1% 

penicillin/streptomycin/amphotericin B (PSA; Thermo Fisher Scientific, Waltham, MA, USA). The 

spheres were mechanically chopped weekly using a McIlwain tissue chopper (Mickle Laboratory 

Engineering, Surrey, UK).  

 

After around 6 weeks of expansion in suspension culture, the spheres were dissociated with 

TrypLE (Life Technologies) and plated down onto poly-L-lysine (0.1 mg/mL, Sigma-Aldrich) and 

laminin (5 µg/mL, Sigma-Aldrich) coated glass coverslips at a density of 200,000 cells per 

coverslip. At this point the cells were switched to a terminal differentiation medium consisting of 

DMEM/GlutaMAX (10566-016, Life Technologies), 2% B-27 serum-free supplement (Life 

Technologies) and 1% PSA. Myocytes became fully differentiated around 2 weeks of culture in 

this medium, but were maintained up to 6 weeks.  
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RNA Sequencing 

Total RNA was isolated from cells using Direct-zol RNA Kit (Zymo Research, Irvine, CA, USA) 

according to the manufacturer’s instructions. RNA-seq libraries were constructed from 500 ng of 

total RNA using KAPA RNA HyperPrep Kits with RiboErase (KAPA Biosystems, Wilmington, 

MA, USA) according to the manufacturer’s instructions. Completed libraries were quantified 

using D1000 ScreenTape system (Agilent Technologies, Santa Clara, CA, USA), and were 

sequenced using Hiseq 4000 (Illumina, San Diego, CA, USA). 

 

After pre-filtering the raw data by removing sequence adapters and low-quality reads, paired-

end 100 bp sequence were conducted to align the human genome (hg38) by HISAT2 software 

in a Galaxy browser (www.galaxy.psu.edu). Transcripts assembly, abundance and evaluation of 

differential expression were accomplished using the Cufflinks and DEseq software in a Galaxy 

browser. Genes exhibiting a fold change ≥±1.5 and FDR < 0.05 were considered differentially 

expressed in the cells derived from ALS patients compared to in control cells (H9 and IMR90). 

Gene ontology analysis, protein-protein interaction analysis, visualization of venn diagram were 

performed with Metascape (http://metascape.org/), STRING (https://string-db.org/) and Venny 

(https://bioinfogp.cnb.csic.es/tools/venny/) software, respectively. 

Quantitative reverse-transcription polymerase chain reaction (RT-qPCR) for iPSC-derived 

skeletal myocytes 

First-strand cDNA was synthesized from 1 μg of total RNA using ReverTra Ace qPCR RT 

Master Mix with gDNA Remover (Toyobo Co., Ltd., Osaka, Japan). qPCR was performed with 

FastStart Essential DNA Green Master (Roche, Basel, Switzerland) using Light Cycler 96 

(Roche). PCR was performed with the following thermocycling conditions: denaturation at 95°C 

for 10 min and 45 cycles of denaturation at 95°C for 10 sec, annealing at 58°C for 10 sec and 
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elongation at 72°C for 10 sec. Data were normalized to the expression of ACTB. Primer 

sequences can be found in Supplemental Table 1. 

Immunocytochemistry 

Cells were fixed with ice cold methanol then permeabilized and blocked for 20 minutes with 

0.1% Triton X-100 (Sigma-Aldrich) and 5% normal donkey serum (NDS; Jackson 

ImmunoResearch, West Grove, PA, USA) in a phosphate buffered saline (PBS) solution. 

Primary antibodies were added according to the dilutions in Supplemental Table 1 and 

incubated at room temperature for one hour. Secondary antibodies (Supplemental Table 2) 

were added at a dilution of 1:1000 and incubated at room temperature for 30 minutes. Hoechst 

33258 (0.5 µg/mL in PBS, Sigma-Aldrich) was added to label nuclei. Coverslips were mounted 

to slides using Fluoromount-G mounting medium (SouthernBiotech, Birmingham, AL, USA). 

SOD1G93A transgenic rats 

All rats were housed, bred, and sacrificed in accordance with UW-Madison and NIH standards 

of animal care. Breeder SOD1G93A rats were obtained from Wyeth (Madison, NJ, USA) and 

crossed with female Sprague Dawley rats (Taconic Biosciences, Germantown, NY, USA). 

Heterozygous SOD1G93A positive rats and WT controls were determined using PCR. Rats were 

sacrificed at various disease stages including presymptomatic (Day 90), symptomatic, and end 

stage. Disease stage was determined using the BBB locomotor rating scale between 0 (no 

movement) to 21 (normal locomotion)13. Rats were considered symptomatic with a score 

between 17 and 12. Rats were considered end-stage when they no longer had the reflexes to 

right themselves from a sideways position within 30 seconds. For each time point, an age-

matched wild-type control was also sacrificed, and tibialis anterior muscles were harvested from 

each. 
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RT-qPCR on homogenized hindlimb muscles 

Tibialis anterior (TA) muscles from each disease stage were homogenized using the Silent 

Crusher M homogenizer (Heidolph, Schwabach, Germany) and RNA was extracted using the 

RNeasy Fibrous Tissue Mini Kit (Qiagen, Hilden, Germany). DNase treatment and reverse 

transcription were performed according to product instructions (Cat #A3500, Promega, Madison, 

WI, USA). qPCR was performed with Fast SYBR Green Master Mix (Thermo Fisher Scientific) 

using the DNA Engine Opticon 2 System (Bio-Rad, Hercules, CA, USA). The following 

thermocycling conditions were used: denaturation at 95°C for 10 min and 40 cycles of 

denaturation at 95°C for 10 sec and annealing at 60°C for 45 sec. Data were normalized to the 

expression of HRPT1, and displayed as relative to the wild type animals within each timepoint. 

Immunohistochemistry 

Tibialis anterior muscles were sectioned at 20-micron thickness using a cryostat. The muscle 

sections were placed on a glass slide and fixed with 4% paraformaldehyde (PFA; Electron 

Microscopy Sciences, Hatfield, PA, USA) in PBS for 20 minutes at room temperature. Sections 

were then blocked in 5% NDS in PBS for 2 hours at room temperature followed by primary 

antibody incubation in 5% NDS and 0.3% Triton-X 100 overnight at 4˚C. Next, the sections were 

washed five times for 5 minutes each with PBS before adding secondary antibodies diluted in 

5% NDS in PBS. The wash step was repeated, then the sections were incubated in Hoechst 

33258 for 15 minutes at room temperature, followed by additional washes. The last PBS wash 

was removed from the slide and Fluoromount-G mounting medium was added and a glass 

coverslip placed on top. The information and dilutions of primary and secondary antibodies can 

be found in Supplemental Table 2 and Supplemental Table 3.  
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Image acquisition and analysis 

Fluorescent images were taken using a Nikon Eclipse 80i fluorescent microscope (Nikon, 

Tokyo, Japan) with a DS-QilMC CCD camera (Nikon). The 3-dimensional renderings of rat NMJ 

immunohistochemistry were created using the z-stack feature of a Leica TCS SP8 confocal 

microscope (Leica, St Galen, Switzerland). To quantify the number of NMJs positive for Bet1L 

expression, muscle sections stained with BTX and Bet1L were scanned by eye using the Nikon 

Eclipse 80i fluorescent microscope and NMJs were manually counted. Four rats of each time 

point (presymptomatic, symptomatic, and end point) and background (wild type or SOD1G93A) 

were stained and counted. On average, the number of NMJs counted per condition (for 

example, wild type presymptomatic) was around 250.  

Statistical Analysis  

Statistical analyses were conducted using GraphPad Prism software (La Jolla, CA, USA). 

Graphs were presented as means ± SEM. One-way ANOVA was used to compare data points 

across cell lines or time points. Differences were considered significant when P<0.05. A 

statistically significant one-way ANOVA was followed up with Tukey’s post-hoc test for multiple 

comparisons. An unpaired Student’s t-test was used when comparing only two groups. 

3.4 Results 

3.4.1 RNA Sequencing reveals four commonly down-regulated genes in ALS patient 

iPSC-derived skeletal myocytes 

We first determined common changes in the gene expression profile of skeletal muscle across 

familial and sporadic ALS disease backgrounds. iPSC lines from ALS patients (C9ORF72, 

SOD1, TARDBP, and sporadic lines) and healthy controls were differentiated into skeletal 
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myocytes and collected at day 14 for transcriptome analysis using RNA sequencing. There were 

only 4 genes that were commonly downregulated in all ALS lines compared to healthy controls. 

These were BET1L, DCX, GPC3, and HNRNPK. Interestingly, gene ontology analysis classified 

these genes as being involved in vesicle-mediated transport (Fig. 1A), as is supported by their 

protein-protein interactomes (Fig. 1B-E). Furthermore, the expression levels of the four genes 

were confirmed using RT-qPCR. The expression of each gene was significantly lower in all ALS 

lines compared to healthy controls (P<0.05, Fig. 2A).  

 

On day 14 of terminal differentiation, skeletal myocytes were fixed with methanol and 

immunostained with antibodies against each of the four proteins of interest (Fig. 2B). While 

there was not an appreciable difference in expression levels between ALS lines and controls via 

immunostaining, we were able to visualize the localization of each protein within skeletal 

myocytes. It was valuable to confirm that the proteins are in fact being expressed in our 

myocytes and not just surrounding cells, because there is very limited information about the role 

of these proteins in skeletal muscle. Bet1L was primarily localized in the periphery of the nuclei 

(Fig. 2B), which correlates with its function as a SNARE protein for transport between the 

endoplasmic reticulum (ER) and golgi apparatus14-16. Doublecortin (DCX), a microtubule-

associated protein, is located throughout the length of the myocytes (Fig. 2B). Doublecortin is 

typically studied in the context of its role in neuronal development and microtubule 

stabilization17,18. However, it is also involved in myogenic development and regeneration19. Next, 

the proteoglycan glypican 3 seemed to be diffusely expressed in myocytes as well as 

surrounding cells (Fig. 2B). Glypican 3 is commonly studied for its upregulation during 

hepatocellular carcinoma20, but it’s role in other cell types such as skeletal muscle has not been 

determined. Finally, hnRNP K was expressed primarily in the myonuclei (Fig. 2B), which is 
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expected from its function as an RNA-binding protein that regulates several aspects of gene 

expression21.  

3.4.2 SOD1G93A rat muscle shows Bet1L localization at the NMJ and decreased expression 

over time 

Next, we used a rat model of familial ALS (SOD1G93A transgenic rat) to see if the four genes of 

interest were also downregulated in vivo. Hindlimb muscle (tibialis anterior, TA) muscles were 

harvested from the SOD1G93A rats and age-matched controls at the presymptomatic, 

symptomatic, and end stage of the disease. TA muscles were homogenized and total RNA was 

extracted for RT-qPCR. Of the four genes of interest, only BET1L showed a clear decrease in 

SOD1G93A rats compared to wild type controls. The trend began in presymptomatic rats but 

reached statistical significance in end point rats (P = 0.0341) (Fig. 3A, Supplemental Fig. 1A 

and B). We next performed immunohistochemistry of muscle cross-sections and determined the 

localization of each of the four markers in ALS rat muscles (Fig. 3B, Supplemental Fig. 1C). 

Each marker was co-stained with α-bungarotoxin (BTX) to indicate muscle endplates. 

Doublecortin and glypican 3 had mostly diffuse localization in the myofibers that was slightly 

stronger in the sarcolemma, including regions where NMJs were located (Supplemental Fig. 

1C). hnRNP K was expressed in cell nuclei, including some that were located near the NMJ 

(Supplemental Fig. 1C). Interestingly, the level of expression varied between nuclei. A future 

direction could be to compare expression levels between the different cell types present. Bet1L 

was strongly expressed at the NMJ, and the localization was primarily on the presynaptic side 

(Fig. 3B, Supplemental Fig. 1C). There does also appear to be some weaker expression on 

the post-synaptic muscle membrane. Importantly, the expression of Bet1L at the NMJ was 

decreased in symptomatic and end point rats compared to presymptomatic rats and age-

matched wild type controls (Fig. 3B-C). Interestingly, we found that there was a dramatic 
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change in the number of Bet1L-positive NMJs of SOD1G93A rats between the presymptomatic 

and symptomatic time points, which then remained stable between symptomatic and end point. 

This suggests that loss of Bet1L expression occurs early in the disease process. Similarly, 

immunostaining for axonal markers SV2 and 2H3 in symptomatic SOD1G93A rats shows loss of 

Bet1L prior to loss of innervation (Fig. 3D). Together, this suggests that loss of Bet1L could be 

contributing to the disease process rather than a downstream effect of denervation. 

3.4.3 Bet1L is not expressed in motor neuron axons, terminal Schwann cells, or 

kranocytes 

In order to determine if a specific cell type was expressing Bet1L, we used 

immunohistochemistry on wild type rat TA muscle sections. Based on the apparent presynaptic 

localization of Bet1L, we initially hypothesized that it was expressed in presynaptic axon 

terminals. However, when we co-stained for synaptic marker SV2 and neurofilament marker NF-

M (clone 2H3) with BTX, we found that Bet1L did not appear to be expressed within motor 

neuron axons and terminals (Fig. 4A). Given that Bet1L is known as a component of SNARE 

complexes15,16, we decided to also check for co-localization with SNAP-25 and Syntaxin 1, 

SNARE proteins involved in synaptic vesicle exocytosis22. The expression of these markers did 

not overlap with Bet1L either (Fig. 4B and C). We next considered whether Bet1L could be 

expressed by terminal Schwann cells, a non-myelinating glial cell important for NMJ 

development and maintenance23. However, immunostaining with Schwann cell marker S100 

showed that Bet1L was closely localized, but not co-expressed. In general, Bet1L expression 

seemed to be localized closer to the NMJ than the terminal Schwann cells (Fig. 4D). A rotating 

3-dimensional view of Bet1L expression relative to S100 can be seen in Supplemental Video 

1. Based on the cap-like shape of Bet1L expression, we next hypothesized that Bet1L could be 

expressed by kranocytes, another type of NMJ-specific glial cell that is sometimes referred to as 
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NMJ-capping cells. The role of kranocytes at the NMJ has not been well characterized yet, but 

one study showed that they become activated upon axonal injury and facilitate nerve sprouting 

before terminal Schwann cells become activated 24. To test if Bet1L could be expressed in 

kranocytes, we co-stained for Bet1L and CD34, a kranocyte marker (Fig. 4E). However, again 

Bet1L did not seem to co-localize with CD34. Based on these results, it did not seem that a 

specific cell type was expressing Bet1L at the NMJ. 

3.4.4 Bet1L is localized to the basal lamina of the NMJ 

Bet1L expression was not localized in any of the common cell types of the NMJ and appeared 

to be expressed between the post-synaptic membrane and the motor neuron axons. Therefore, 

we next hypothesized that Bet1L could be a protein that is secreted into the basal lamina, the 

extracellular matrix of the NMJ25. To address this possibility, we compared Bet1L localization 

with laminin, a known component of the NMJ basal lamina. While not a direct co-stain, the 

localization of laminin in relation to α-BTX appears very similar to Bet1L (Fig. 5A). We then 

investigated whether Bet1L interacts with dystrophin and utrophin, members of the dystroglycan 

complex which connects the skeletal muscle membrane with the basal lamina26,27. While there 

was some potential overlap, Bet1L seemed to be primarily peripheral to these proteins. 

However, a co-stain with collagen IV, major protein component to the basal lamina28 did show 

overlap with Bet1L, supporting our hypothesis that Bet1L is expressed in the basal lamina (Fig. 

5C). 

 

At first it seemed that there were conflicting results as to the localization of Bet1L in vitro versus 

in vivo. Human iPSC-derived myocytes expressed Bet1L intracellularly (Fig. 2B), while 

SOD1G93A rats had strong expression in the extracellular basal lamina. However, it was noted 

that although young iPSC-derived myocytes primarily expressed Bet1L adjacent to the nuclei, 
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later timepoint myocytes showed a migration of Bet1L to the periphery (Fig. 5D). Therefore, we 

hypothesize that Bet1L could be produced in skeletal muscle and secreted into the basal 

lamina. This would be in line with expression of acetylcholinesterase, a muscle-secreted 

enzyme that regulates neurotransmission through hydrolysis of excess acetylcholine at the 

NMJ29. In cultured myocytes, acetylcholinesterase is assembled in the golgi apparatus and then 

becomes localized to the muscle membrane around the time point that myocytes begin to 

spontaneously contract30,31. Bet1L expression in the periphery was noted in myocytes around 4-

6 weeks old, which correlates with the onset of spontaneous contractions in our culture system. 

While further studies are necessary to prove this hypothesis, the decrease in expression of 

Bet1L at the NMJ of symptomatic and end stage SOD1G93A rats indicates that Bet1L loss could 

be related to NMJ denervation in ALS. 

3.5 Discussion 

In this study, we differentiated iPSCs from ALS patients with C9ORF72, TARDBP, SOD1, and 

sporadic backgrounds into skeletal myocytes and analyzed their gene expression using RNA 

sequencing. We found that all ALS lines had downregulation of four specific genes: BET1L, 

DCX, GPC3, and HNRNPK. Of the four down-regulated genes identified in iPSC-derived 

skeletal myocytes, BET1L was the only gene that was also down-regulated in skeletal muscle 

samples from a transgenic SOD1G93A rat model of ALS. Upon immunostaining for the Bet1L 

protein in muscle cross sections, we found that Bet1L was strongly expressed at the NMJ. The 

expression was predominantly on the pre-synaptic side and decreased with disease 

progression, possibly beginning at a presymptomatic timepoint according to qPCR results and 

counting of Bet1L positive NMJs. In order to determine if a certain cell type was expressing 

Bet1L at the rat NMJ, we co-stained with markers of motor neuron axons, terminal Schwann 

cells, and kranocytes. However, Bet1L did not appear to be expressed by any of these cell 
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types. Staining for laminin, a component of the NMJ basal lamina appeared to have a very 

similar localization to Bet1L, leading us to hypothesize that Bet1L is a muscle-secreted basal 

lamina component. This hypothesis was supported by co-localization with the basal lamina 

protein collagen IV. Expression of BET1L has been confirmed in human skeletal muscle 

according to GTEx portal (accession number phs000424.v8.p2). Bet1L protein is commonly 

associated with SNARE proteins and golgi-related vesicle transport14-16 but its specific function 

in skeletal muscle has not yet been determined, including whether it is secreted. Future 

directions will investigate the involvement of SNARE proteins in the transport of muscle-

secreted extracellular matrix components, and how changes to the basal lamina may influence 

NMJ degeneration in ALS. 

 

While this paper explored BET1L expression, future work could also investigate the role of DCX, 

GPC3, and HNRNPK in ALS disease progression. Despite not showing downregulation in the 

SOD1G93A rats, they could still be of interest to test on human muscle samples as there are 

many physiological differences between humans and rat models32. Doublecortin (DCX) is 

expressed in developing skeletal muscle and is important for myofiber maturation19, as well as 

embryonic NMJ development33. The role of glypican 3 (GPC3) has not been explored in skeletal 

muscle or at the NMJ, but it has been shown to interact with the glucose transporter GLUT4 in 

hepatocytes and adipocytes34. It would be interesting to see if glypican 3 also interacts with 

GLUT4 in skeletal muscle, as glucose metabolism is often affected in ALS35. Finally, down-

regulation of HNRNPK may influence vesicle-mediated transport through changes in the 

regulation of other vesicle transport-related genes. For example, hnRNP K binds to and affects 

the processing of RNA important for the organization and function of the axonal cytoskeleton36. 

HNRNPK has interesting ties to familial ALS, including TDP-43 and C9ORF72-related 

pathology. The presence of hnRNP K in stress granules is required for the recruitment of TDP-
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43 which leads to the formation of cytosolic TDP-43 aggregates37. Several types of hnRNP 

proteins including hnRNP K have been shown to interact with repeat RNA foci in ALS patients 

with the C9ORF72 mutation38-40.  

 

Based on the results of this study, Bet1L is a component of the NMJ basal lamina that is 

decreased with ALS disease progression. Importantly, immunostaining for Bet1L at the NMJ of 

symptomatic rats showed that Bet1L expression was decreased prior to denervation, indicating 

that it could be actively contributing the disease process rather than decreased as a result of 

denervation. This makes Bet1L of great interest as a therapeutic target to prevent NMJ 

degeneration. Future directions will work to confirm these results in ALS patient muscle tissue 

as well. If confirmed, targeting Bet1L for preservation of the NMJ could be a promising 

therapeutic option to pursue for both familial and sporadic ALS patients. 
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3.7 Figures 

 

 

Figure 1. RNA-Sequencing identifies four commonly down-regulated ALS genes. ALS 

patient iPSCs were collected for RNA sequencing after 14 days of terminal differentiation. (A) 

Compared to healthy control lines, only four genes were commonly down-regulated across all 

ALS lines: BET1L, DCX, GPC3, and HNRNPK. (B-E) Interactomes for each of the genes of 

interest. 
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Figure 2. Expression of the four proteins of interest in iPSC-derived skeletal myocytes. 

(A) RT-qPCR of day 14 skeletal myocytes was used to confirm down-regulation of each of the 

four genes identified from RNA sequencing. (B) Representative images of each protein of 

interest in healthy control myocytes at day 14. Skeletal myocytes are indicated by positive 

expression of myosin heavy chain (MHC).  
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Figure 3. Expression of Bet1L in SOD1G93A rat skeletal muscle. (A) Tibialis anterior muscles 

were harvested at presymptomatic, symptomatic, and end point disease stages and 

homogenized to collect RNA for RT-qPCR to detect BET1L expression. *P<0.05. (B) 

Immunohistochemistry in cross-sections of SOD1G93A tibialis anterior muscles showed that 

Bet1L (green) was localized to the NMJ, as indicated by α-BTX (red). Expression of Bet1L was 

decreased in symptomatic and end point SOD1G93A rats compared to presymptomatic and wild 

type controls. (C) NMJs with positive, negative, or intermediate expression levels of Bet1L were 

quantified at each time point. By the symptomatic time point, there was a shift towards 

decreased Bet1L-positive NMJs that appeared to stabilize through end point. (D) 

Immunohistochemistry of Bet1L with axonal markers SV2 and 2H3 in symptomatic SOD1G93A 

rats shows a decrease in Bet1L expression before loss of axons, indicating that loss of Bet1L 

could contribute to NMJ denervation. 
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Figure 4. Characterizing Bet1L expression at the NMJ. Confocal z-stack images of Bet1L 

(green) at wild type rat NMJs as indicated by BTX labeling of acetylcholine receptors (grey). 

Bet1L expression did not colocalize with axonal markers (A), synaptic SNARE proteins (B-C), 

terminal Schwann cells (D), or kranocytes (E).  
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Figure 5. Bet1L expression indicates a possible muscle-secreted component of the basal 

lamina. (A) Laminin staining (green) at the NMJ of a wild type rat shows similar localization as 

Bet1L in relation to acetylcholine receptors (grey). Based on this, we further investigated the 

localization of Bet1L at the NMJ in relation to components of the dystroglycan complex (B), and 

the basal lamina protein collagen IV (C). While the was some possible overlap, Bet1L seemed 

mostly peripheral to dystrophin and utrophin. However, it appeared to be closely expressed with 

collagen IV suggesting that Bet1L is a component of the synaptic basal lamina. This, combined 

with the peripheral localization of Bet1L in mature iPSC-derived skeletal myocytes (D), supports 

the hypothesis that Bet1L could be secreted by skeletal muscle into the basal lamina of the 

NMJ.  
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3.8 Supplemental Information 

 

Supplemental Figure 1. Expression of the four vesicle transport markers in wild type and 

SOD1G93A rat skeletal muscle. Tibialis anterior muscles were collected from wild type and 

SOD1G93A rats at disease timepoints and homogenized for RNA extraction and RT-qPCR. 

Female (A) and male (B) rats did not show any significant changes in gene expression, except 

for HNRNPK at the presymptomatic time point. However, BET1L had the most consistent trend 

of a decrease in expression in both female and male rats at all time points. *P<0.05 (C) 

Immunohistochemistry in cross sections of wild type rat tibialis anterior muscles to observe the 
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localization of each protein of interest. Sections were stained for α-BTX (red) as well to see if 

the protein was expressed at the NMJ. While each protein had some expression at the NMJ, 

Bet1L was the only one to appear to be predominantly expressed at the NMJ. 

 

Supplemental Table 1. Primer list for RT-qPCR on iPSC-derived skeletal myocytes 

Gene name Forward sequence Reverse sequence 

HNRNPK CGGGAGCTTCGATCAAAAT TCCAGAATACTGCTTCACACTG 

GPC3 TGGACAAGAACTCGTGGAGA AGGAAAAAGTGTGCCTGGTG 

DCX ATGAAGGGAAACCCATCAGC TACAGGTCCGTCTTGGTCGT 

BET1L AAGTCACCAGGCTCAAATCGC GAGGAATCCCAGCAAGATCA 

ACTB CCAACCGCGAGAAGATGA CCAGAGGCGTACAGGGATAG 

 

Supplemental Table 2. Primary antibodies used in the study 

Immunocytochemistry 

Antibody Company Catalog Number Dilution 

Anti-myosin heavy chain mouse monoclonal DSHB MF20 1:40 

Anti-Bet1L rabbit polyclonal Invitrogen PA5-58943 1:200 

Anti-doublecortin rabbit polyclonal Cell Signaling 4604S 1:2000 

Anti-glypican 3 rabbit polyclonal Novus NBP1-85226 1:500 

Anti-hnRNP K rabbit polyclonal ProteinTech 11426-1-AP 1:1000 

Immunohistochemistry 

Antibody Company Catalog Number Dilution 

α-bungarotoxin 647-conj Invitrogen B35450 1:1000 

Anti-Bet1L rabbit polyclonal Invitrogen PA5-58943 1:1000 

Anti-doublecortin rabbit polyclonal Cell Signaling 4604S 1:500 

Anti-glypican 3 rabbit polyclonal Novus NBP1-85226 1:200 

Anti-hnRNP K rabbit polyclonal ProteinTech 11426-1-AP 1:1000 

Anti-S100b rabbit polyclonal Sigma Aldrich S2532 1:100 

Anti-Synaptic vesicle glycoprotein 2A mouse 
monoclonal 

DSHB SV2 1:30 

Anti-Neurofilament M mouse monoclonal DSHB 2H3 1:30 

Anti-CD34 rabbit polyclonal Novus 
Biologicals 

NB600-1071 1:200 

Anti-laminin rabbit polyclonal Sigma Aldrich L9393 1:500 

Anti-SNAP-25 mouse monoclonal Biolegend 836303 1:1000 

Anti-Syntaxin 1 mouse monoclonal Thermo Fisher MA5-17615 1:500 

Anti-Dystrophin mouse monoclonal DSHB MANDRA1 (7A10) 1:40 

Anti-Utrophin mouse monoclonal DSHB MANCHO3 (8A4) 1:40 

Anti-Collagen IV mouse monoclonal DSHB M3F7 1:40 
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Supplemental Table 3. Secondary antibodies used in the study. (Dilutions listed are applicable 

for both ICC and IHC). 

Antibody Company Catalog Number Dilution 

Donkey anti-mouse 488 Fisher A21202 1:1000 

Donkey anti-mouse Cy3 Jackson ImmunoResearch 715-165-150 1:1000 

Donkey anti-rabbit 488 Jackson ImmunoResearch 711-545-152 1:1000 

Donkey anti-rabbit Cy3 Jackson ImmunoResearch 711-165-152 1:1000 

Donkey anti-rat Cy3 Jackson ImmunoResearch 712-165-153 1:1000 
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Chapter 4: In vitro co-culture models of ALS to examine the possible influence of skeletal 

muscle on motor neurons 

4.1 Abstract 

Early pathology in amyotrophic lateral sclerosis (ALS) begins in the periphery with denervation 

of the neuromuscular junction (NMJ) and leads to a retrograde degeneration of motor neurons. 

Skeletal muscle exhibits pathological changes at the presymptomatic stage in rodent models of 

ALS. However, the specific disease mechanisms that occur in skeletal muscle and at the NMJs 

of ALS patients are mostly unknown. We hypothesize that skeletal muscle could be contributing 

to the degeneration of the NMJ and motor neuron cell death. To test this, we developed several 

in vitro co-culture systems of induced pluripotent stem cell (iPSC)-derived skeletal myocytes 

and motor neurons to examine the influence of ALS patient-derived skeletal myocytes on 

healthy motor neurons. First, we differentiated skeletal myocytes from iPSCs of healthy controls 

or ALS patients with a background of C9ORF72 or SOD1 mutations. Conditioned media was 

collected from the myocyte cultures and applied to motor neuron cultures for three weeks. We 

found that compared to controls, motor neurons treated with conditioned media from ALS-

patient myocytes had changes in morphology including increased axonal branching and 

disorganization of cell bodies, with misshapen clusters and isolated cell bodies between 

clusters. These cell bodies were positive for caspase-3, a marker of apoptosis, and had nuclear 

fragmentation as seen by Hoechst staining. These results suggest that skeletal muscle secretes 

factors that influence motor neuron behavior and survival. To study more direct interactions 

between skeletal myocytes and motor neurons, we established several variations of co-cultures 

in which the cells were able to grow together to establish functional NMJs that are responsive to 

glutamate and tubocurarine treatment. These model systems can be used to further investigate 
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the human ALS patient NMJ phenotype in vitro which will facilitate a better understanding of the 

disease process and could be used for drug screening or personalized medicine. 

4.2 Introduction 

The neuromuscular junction (NMJ) is a synapse between motor neurons and skeletal muscle at 

which motor neurons secrete acetylcholine (ACh) to stimulate muscle contraction1. In addition to 

acetylcholine, there are signaling processes between motor neurons and skeletal muscle that 

are important for NMJ development, maintenance, and repair. During development, initial 

acetylcholine receptor (AChR) clustering on the skeletal muscle surface occurs in aneural 

conditions and contributes to the guidance of axons to the muscle membrane2,3. After axons are 

recruited to the area, they secrete agrin which binds to low-density lipoprotein receptor related 

protein 4 (Lrp4) and activates muscle specific kinase (MuSK), leading to increased AChR 

clustering and maturation of the post-synaptic structure4. Muscle expression of MuSK continues 

to be important for maintaining NMJs, as studies that knocked down MuSK in adult mice 

showed denervation due to disassembly of AChRs at the NMJ5,6. Interestingly, components of 

the agrin/Lrp4/MuSK signaling pathway in skeletal muscle can also create retrograde signals 

that influence the differentiation of the motor neuron active zone. In particular, when motor 

neuron axons come into contact with muscle-derived Lrp4, there is a localized accumulation of 

synaptic vesicle proteins synapsin, synaptophysin, and SV27,8. Muscle expression of β-catenin 

has also been shown to influence presynaptic differentiation through downstream protein Slit2, 

which is secreted into the basal lamina and increases the amount of synaptophysin puncta in 

the axon terminals9,10. Additional muscle-secreted factors such as BDNF, GDNF, TGFβ, and 

FGF may influence NMJ development and maintenance as well11.  
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Degeneration of the NMJ is a pathological hallmark of amyotrophic lateral sclerosis, or ALS. 

However, the underlying mechanisms causing NMJ degeneration are not well understood. 

Muscle-specific expression of human wild type and mutant SOD1 in transgenic mice causes 

NMJ denervation and motor neuron degeneration leading to motor deficits12. This supports the 

idea that skeletal muscle may have a significant contribution to motor neuron cell death in ALS. 

However, the specifics of how skeletal muscle pathology can result in motor neuron cell death 

are still unknown. Treatment of motor neurons with conditioned medium (CM) from healthy 

skeletal muscle has demonstrated that muscle-secreted factors promote the survival of motor 

neurons and motor neuron axon outgrowth13-16. While studies such as these have shown the 

beneficial effects of healthy muscle CM on motor neurons, there have not been disease studies 

in which the effects of human ALS skeletal muscle CM on human motor neuron survival or 

behavior was observed. 

 

 In order to investigate the influence of ALS skeletal muscle on motor neurons, we first treated 

motor neurons with CM from either healthy or ALS skeletal myocytes over the course of three 

weeks. The motor neurons treated with CM from ALS patient iPSC-derived skeletal myocytes 

had morphological changes including disorganized cell body clusters and axons, as well as an 

apparent increase in apoptosis as observed by caspase-3 staining and nuclear fragmentation. 

To study direct interactions between skeletal myocytes and motor neurons, several in vitro co-

culture systems were used. In the first, GFP-labelled motor neurons were plated on top of 

already matured skeletal myocytes. In another, the two cell types were matured in separate 

chambers before the barrier between was removed, allowing for axon outgrowth towards the 

myocytes. Finally, cells were grown on opposite sides of a microfluidic device with 

microchannels between for axons to extend across. Each culture system has its own benefits 
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and limitations, but ultimately can be useful tools for further investigation of NMJ degeneration 

and the role of skeletal muscle in ALS. 

4.3 Materials and Methods 

Human pluripotent stem cells 

ALS patient pluripotent stem cells lines (“C9-1”, “C9-2”, “SOD1”, “TDP-43”, “Sporadic-1”, 

“Sporadic-2”) were obtained from Target ALS Stem Cell Core at RUCDR Infinite Biologics 

(NINDS IDs NDS00239 (clone 3), NDS00239 (clone 5), NDS00248, NDS00245, NDS00243, 

NDS00244, respectively)(Piscataway Township, NY, USA). The healthy control lines (H9, 

referred to as “ESC” and IMR90, referred to as “iPSC-1”) were purchased from WiCell, 

(Madison, WI, USA) and the third control line (TD-A-47, referred to as “iPSC-2”) is from Cellular 

Dynamics International (Madison, WI, USA). Pluripotent stem cells were cultured according to 

established feeder-free protocols17,18.  

Differentiation of skeletal myocytes 

Skeletal myocytes were differentiated from ALS patient and healthy control iPSC lines using 

previously established protocol19,20. Cells were dissociated using 2 mg/mL dispase (Life 

Technologies, Carlsbad, CA, USA) and grown in suspension in flasks coated with poly(2-

hydroxyethyl methacrylate) (polyHEMA; Sigma-Aldrich, St Louis, MO, USA) and medium 

containing Stemline medium (S-3194, Sigma-Aldrich), 200 ng/mL of human epidermal growth 

factor (Millipore, Billerica, MA, USA), 200 ng/mL of human recombinant basic fibroblast growth 

factor (WiCell), 5 μg/mL heparin sulfate (Sigma-Aldrich), and 1% w/v 

penicillin/streptomycin/amphotericin B (PSA; Thermo Fisher Scientific, Waltham, MA, USA). The 

suspended cells formed spheres of myogenic progenitors called “EZ spheres”19,21. The spheres 

were passaged once weekly for 6-12 weeks by mechanical chopping using the McIlwain tissue 
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chopper (Mickle Laboratory Engineering, Surrey, UK). After several passages, the spheres were 

dissociated with trypsin (TrypLE, Life Technologies) and plated onto poly-L-lysine (PLL; 0.1 

mg/mL, Sigma-Aldrich) and laminin (5 μg/mL, Sigma-Aldrich) coated glass coverslips at a 

density of 200,000 cells per coverslip. From this point, cells were cultured in a terminal 

differentiation medium consisting of DMEM/Glutamax (10566-016, Life Technologies), 2% B-27 

serum-free supplement (Life Technologies), and 1% PSA. After two weeks of terminal 

differentiation, mature skeletal myocytes could be detected by immunocytochemistry for myosin 

heavy chain (MHC). 

Motor neuron culture 

Motor neurons derived from the human embryonic stem cell (ESC) line H9 were acquired from 

BrainXell (Madison, WI, USA). The motor neurons were thawed, counted, and plated at a 

variety of densities depending on the co-culture experiment (see specific methods sections). 

The motor neurons were thawed in Seeding Medium consisting of DMEM/F12 (11330-032, Life 

Technologies), Neurobasal medium (21103-049, Life Technologies), 2% B-27 supplement, 1% 

N2 supplement (17502-048, Life Technologies), 0.5 mM GlutaMAX (35050-061, Life 

Technologies), and 1x BrainXell proprietary Seeding Supplement. After 24 hours, the medium 

was removed and changed to Day 1 Medium, consisting of the same components as Seeding 

Medium with the addition of 10 ng/mL BDNF (450-02, Peprotech, Rocky Hill, NJ, USA), 10 

ng/mL GDNF (450-10, Peptrotech), 1 ng/mL TGF-β1 (100-21C, Peprotech), and 15 μg/mL 

Geltrex (A1413201, Life Technologies). Day 4 Medium consisted of the same components as 

Day 1 Medium minus Geltrex and with the addition of Day 4 Supplement replacing Seeding 

Supplement. Finally, from day 7 onward, the motor neurons were fed every 2-3 days with Day 7 

Medium consisting of DMEM/F12, Neurobasal medium, B-27 supplement, N2 supplement, 

GlutaMAX, BDNF, GDNF, and TGF-β1.  
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Conditioned media collection and treatment 

Motor neurons were plated at a density of 15,000 cells per coverslip except for one trial in which 

they were plated at a high density of 200,000 cells per coverslip. The motor neurons were fed 

with the appropriate media at each time point specified in the previous section. Myogenic 

progenitors from healthy and ALS lines were also plated down in terminal differentiation medium 

at 200,000 cells per coverslip and allowed to mature for two weeks. Every 2-3 days, half of the 

medium was removed from skeletal myocytes and replaced with an equal amount of fresh 

terminal differentiation medium. Starting after 14 days of terminal differentiation, the removed 

media were collected for conditioned media studies. The media were then passed through a 

Steriflip sterile filter (SCGP00525, Millipore) to remove any dead cells or debris.  Conditioned 

media were stored at -20˚C when not in immediate use. On day 14 of motor neuron cell culture, 

medium was aspirated and replaced with myocyte conditioned medium. Every 2-3 days, half of 

the medium was removed and replaced with fresh conditioned medium for the length of 3 

weeks. As controls, motor neurons were treated either with regular motor neuron medium or 

skeletal muscle terminal differentiation medium. 

Direct co-culture 

Green fluorescent protein (GFP)-labelled motor neurons (Brainxell) were thawed, counted, and 

plated at a density of 5,000 cells directly on top of already matured 3-4 weeks old iPSC-derived 

skeletal myocytes. Upon plating, cells were maintained in Brainxell’s motor neuron medium and 

changed every 2-3 days by removing half of the medium and adding an equal amount of fresh 

medium. The cells were live imaged once weekly and fixed with methanol for immunostaining 

after 2-3 weeks of co-culture. 
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Chamber co-culture 

Glass coverslips were placed in each well of a 24-well tissue culture plate and then coated with 

poly-L-lysine and laminin. After the coverslips were rinsed and air dried, the 2-well culture 

inserts (Ibidi, Martinsried, Planegg, Germany) were placed on top of the coverslips. Motor 

neurons and myogenic progenitors were plated at 50,000 cells in each well in their respective 

media. Cells were grown separately for two weeks, at which point the chamber was removed 

and 500 μl of medium was added containing half motor neuron medium and half skeletal muscle 

medium. Every 2-3 days, half of the medium was removed and fresh medium was added. The 

cells were live imaged weekly for 4 weeks before being fixed with methanol for immunostaining. 

XonaChip co-culture 

Motor neurons and myogenic progenitors were plated in 2-compartment microfluidic chips 

(XonaChips, XC450, Xona Microfluidics, Research Triangle Park, NC, USA). First, Pre-CoatTM 

(Xona Microfluidics) was added to each well then removed and rinsed. Then poly-d-lysine 

solution (XonaPDLTM, Xona Microfluidics) was added and incubated for 1 hour at 37°C and 

rinsed again with PBS before plating cells. Both cell types were plated at 70,000 cells. However, 

this may require further optimization. The two cell types were maintained in their separate 

media, which were changed every 3 days. XonaChips were stored in a slide holder containing a 

water reservoir to prevent media evaporation. Live images were taken once a week to note cell 

differentiation and motor neuron axon extensions through the channels. 

Live cell imaging and contraction stimulation 

Live phase contrast images and contraction videos were captured using a Nikon Eclipse TS 100 

inverted microscope (Nikon, Tokyo, Japan) and QImaging camera with Q Capture Pro Software 

(QImaging, Surrey, BC, Canada). The videos were captured in 400 frames at 10 frames per 
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second and saved as .avi files. Videos were taken of spontaneous contractions, as well as 

contractions stimulated by 10 mM caffeine (Sigma-Aldrich) or 10 mM acetylcholine (Sigma-

Aldrich). Co-cultures were stimulated with 50 µM L-glutamate (G0059, Tokyo Chemical Industry, 

Tokyo, Japan) or blocked with 25 µM tubocurarine (C0433, Tokyo Chemical Industry).  

Immunocytochemistry and imaging 

At the end of each study, cell cultures were fixed with ice-cold methanol for 10 minutes followed 

by three sequential washes with phosphate buffered saline (PBS). Permeabilization and 

blocking was done with 0.1% Triton X-100 (Sigma-Aldrich) and 5% normal donkey serum (NDS; 

Jackson ImmunoResearch, West Grove, PA, USA) in PBS for 20 minutes at room temperature. 

Primary and secondary antibodies were added using the dilutions specified in Supplemental 

Table 1. Cell nuclei were stained with 0.5 μg/mL of Hoechst 33258 (Sigma-Aldrich) in PBS for 

10 minutes at room temperature. Stained coverslips were mounted to slides using Fluoromount-

G mounting medium (SouthernBiotech, Birmingham, AL, USA). Cells were imaged using a 

Nikon Eclipse 80i fluorescent microscope with a DS-QilMC CCD camera.  

Image analysis 

NIH ImageJ software was used to analyze the images of conditioned medium-treated motor 

neurons. In particular, the Color Pixel Counter plugin was used to find the percent positive pixels 

in the Hoechst images. At least 8 images were analyzed per treatment group.  

Statistical analysis 

Statistical analysis was performed using the GraphPad Prism software (La Jolla, CA, USA). 

Image analysis from conditioned media studies used at least 4 images per treatment condition. 

Results from each treatment condition were compared using one-way ANOVA followed by 
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Tukey’s post-hoc test for multiple comparisons. Results were considered significant if P< 0.05. 

Graphs were presented as means ± SEM. 

4.4 Results 

4.4.1 Morphological changes in motor neurons treated with ALS myocyte conditioned 

media 

Healthy human motor neurons were treated with CM from iPSC-derived skeletal myocytes of 

either healthy or ALS backgrounds. As controls, motor neurons were treated with unconditioned 

motor neuron medium or unconditioned skeletal myocyte medium. CM was collected from 

skeletal myocytes differentiated from healthy ESC or iPSC lines, as well as C9ORF72 and 

SOD1 ALS patient iPSCs (will be referred to as “ALS myocytes” for the remainder of this 

chapter). Skeletal myocyte and motor neuron differentiations were confirmed after 14 days of 

culture by immunostaining for myosin heavy chain (MHC) or SMI-32 and FOXP1, respectively 

(Fig. 1A and B). 

 

In general, the motor neurons tended to form clusters of cell soma, with axons spreading 

between clusters (Fig. 2A-C). However, motor neuron cultures treated with CM from ALS 

myocytes showed increased disorganization of the motor neurons (Fig. 2D-F). While control 

CM-treated motor neurons maintained nicely rounded clusters of cell bodies, the motor neurons 

treated with CM from ALS myocytes had clusters that became more elongated and misshapen, 

with an increased amount of non-clustered cell bodies in the spaces between (Fig. 2D-F, 3C). In 

addition, the axons became disorganized as well. Control CM-treated motor neurons had axons 

that travelled in a relatively straight path between clusters of cell bodies and often formed 

bundles of fibers with empty space between (Fig. 2A-C). On the other hand, motor neurons 
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treated with ALS myocyte CM seemed to be less directional, with increased branching (Fig. 2D-

F).  

4.4.2 ALS myocyte CM-treated motor neurons have signs of increased apoptosis 

In order to see if motor neurons treated with CM from ALS myocytes had increased amounts of 

cell death compared to controls, motor neurons were fixed after three weeks of CM treatment 

and immunostained for activated caspase-3, a marker of apoptosis22. As mentioned in the 

previous section, the motor neurons treated with CM from ALS myocytes were more likely to 

have motor neuron cell bodies spread out in the area between clusters. While the cell body 

clusters in all conditions had background expression of caspase-3, the cells between clusters 

were often positive for caspase-3, indicating that they are apoptotic. This was much more 

apparent in the ALS CM-treated motor neurons (Fig. 3B). In addition to more non-cluster nuclei, 

there was also increased nuclear fragmentation apparent in the motor neuron cultures treated 

with ALS myocyte CM (Fig. 3C). ImageJ pixel analysis shows an increase in percent positive 

pixels with Hoechst nuclei staining in the SOD1 CM-treated motor neurons as a result of these 

two phenomena (Fig. 3D). 

4.4.3 Direct co-cultures for the formation of functional NMJs 

In order to study direct interactions between motor neurons and skeletal myocytes, we used 

several in vitro co-culture methods. For the simplest model, GFP-labelled motor neurons were 

thawed and plated directly on top of already matured skeletal myocytes (Fig. 4A). While live 

imaging showed nice extension of GFP-positive axons along myocytes (Fig. 4B), the dense, 

disorganized plating of this co-culture method made it difficult to find definitive NMJ formation 

via immunocytochemistry post-fixation. However, there were some instances of overlapping 

MHC and SMI-32 signals which could possibly indicate NMJ formation (Fig. 4C). 
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Next, a chamber method was used to grow the two cell types separately to start (Fig. 4D). In 

this method, the motor neurons were plated in one chamber and the myogenic progenitors in 

the other. Each cell type was cultured in their respective culture medium for 14 days. The 

chamber was then removed from the coverslip and additional medium was added to the well. 

The fresh medium was a half and half mixture of motor neuron medium and skeletal myocyte 

terminal differentiation medium. Within 24 hours, clear axon growth is visible across the empty 

space where the chamber divider used to be (Fig. 4E).  

 

In our human iPSC-derived skeletal myocyte culture system, spontaneous contractions typically 

appear after around 4 weeks of terminal differentiation. However, in the co-cultures with motor 

neurons, contractions began to appear much earlier- often only one week following chamber 

removal. The contractions were also much stronger and more frequent (Supplemental Video 

1B) compared to a culture of myocytes alone (Supplemental Video 1A). To prove a functional 

connection between motor neurons and myocytes in direct co-cultures, a series of videos were 

recorded. The first was of spontaneous unstimulated contractions (Supplemental Video 2A). 

The next was following treatment with 50 µM glutamate (Supplemental Video 2B). This video 

shows increased muscle contractions, indicating that functional NMJs were developed. Next, 25 

µM tubocurarine was added to the culture. Tubocurarine acts as an antagonist to AChRs, so the 

ceasing of contractions following tubocurarine treatment is from the blocked interactions 

between motor neurons and skeletal myocytes. Treatment with glutamate immediately following 

tubocurarine cannot produce contractions as robustly as prior to tubocurarine treatment 

(Supplemental Video 2C). As can be noted in the videos, the cells in this co-culture system 

grew together so completely that the initial gap between cell types became almost impossible to 

discriminate. Likewise, when immunostaining the cells after fixation, it was difficult to get a clear 

image of an NMJ with SMI-32, MHC, and α-bungarotoxin.  
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Lastly, we tested a microfluidic culture platform to improve the separation and organization of 

the cell types, allowing for easier visualization of cell-to-cell contact. The XonaChip microfluidic 

device from Xona Microfluidics has microchannels connecting two main chambers to allow 

axons but not cell bodies to travel across (Fig. 4F). Motor neurons were plated in one 

compartment and myogenic progenitors in the other. Although further optimization is still 

necessary for skeletal myocyte differentiation in this culture system, the motor neurons grew 

well on the XonaChip microfluidic device. After 7 days of culture, extended axons could be 

observed through the microchannels (Fig. 4G). Future troubleshooting will examine surface 

coating effects, cell loading technique, plating density, and plating timeline. Once optimized, this 

culture system holds a lot of potential to better study the NMJ in vitro in order to learn more 

about skeletal muscle interactions with motor neurons under ALS conditions. 

4.5 Discussion 

Although ALS is often considered within the context of motor neuron pathology, evidence 

suggests that it is a non-cell autonomous disease. NMJ degeneration has been known as one of 

the earliest pathological events in ALS, and skeletal muscle also experiences disease pathology 

even at the presymptomatic stage23. However, the role of skeletal muscle in NMJ degeneration 

and motor neuron cell death is still mostly unknown. In order to study how ALS skeletal muscle 

may influence motor neurons in vitro, we tested several co-culture models using human iPSC-

derived skeletal myocytes and ESC-derived motor neurons.  

 

The first model was a conditioned media transfer experiment to examine whether ALS skeletal 

myocytes secrete factors that influence motor neuron behavior or survival. We found that 

treating healthy motor neurons with CM from ALS myocytes caused disorganization of motor 
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neuron cell bodies and axons. While control motor neurons formed nicely defined clusters of cell 

bodies, motor neurons treated with CM from ALS myocytes had misshapen cell clusters and 

more individual cell bodies between clusters. In addition, motor neurons treated with CM from 

ALS myocytes had increased axonal branching in many directions when compared to the 

bundles of straight axons in control motor neuron cultures. The increased branching is in line 

with a study that found collateral branching of motor axons in the hindlimb muscle of 

presymptomatic SOD1G93A mice24. Cultured motor neurons isolated from symptomatic SOD1G93A 

mouse spinal cord also showed increased axonal outgrowth and dendritic branching25. Future 

studies will look into whether specific components of the muscle-conditioned media are 

contributing to the abnormal axon outgrowth. One possibility could be changes in the levels of 

muscle-secreted BDNF and its isoforms. Pro-BDNF has been implicated in the inhibition of 

aberrant axonal outgrowth in healthy adult neurons through binding to p75NTR and activation of 

the GTPase Rho and caspase-626. Meanwhile, mature BDNF binds to TrkB to promote neuron 

survival and synapse maturation27. One study found that the mature form of BDNF was 

increased in the plantaris muscle of symptomatic SOD1G93A mice while pro-BDNF levels were 

unchanged28. This was also supported by a study of human ALS patient biceps brachii which 

found upregulation of BDNF as well as other neurotrophic factors29. Changes in the relative 

amounts of muscle-secreted neurotrophic factors at the NMJ of ALS patients could be a 

contributing factor to the disease process. 

 

 

In the current study, we found that the motor neurons treated with CM from ALS myocytes were 

more likely to have cell bodies outside of cell clusters that were positive for caspase-3 or 

showing nuclear fragmentation, indicating increased cell death. To characterize these results, 

future studies will need to identify what specific factors are contributing to cell death. One 

possibility is that ALS myocytes have an increase in secretion of factors that are toxic to motor 
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neurons. For example, Nogo-A is an axon repellent molecule with increased expression in a 

SOD1G86R mouse model of ALS as well as in ALS patient deltoid muscles30. Importantly the 

amount of Nogo-A expression in ALS patient muscle biopsies correlated with disease severity31. 

Knocking out Nogo-A in the SOD1G86R mouse model reduced denervation and increased 

lifespan32. Alternatively, ALS myocytes may have decreased secretion of factors that are 

beneficial to motor neurons. For example, one study found that muscle-secreted FGFBP1, an 

FGF chaperone, is decreased at the NMJ of SOD1G93A mice, leading to NMJ fragmentation33.  

 

Several studies have shown that increasing retrograde delivery of growth factors such as 

GDNF, IGF-1, and VEGF have neuroprotective effects that prolong lifespan in rodent models of 

familial ALS34-39. This, together with the results from our studies imply that skeletal muscle 

secreted factors do have influence on motor neurons and that this can be altered in ALS. By 

studying these mechanisms in more detail, there is better hope for developing an effective 

therapeutic target. In addition to secreted factors, direct in vitro co-culture models provide the 

potential to study the ALS NMJ phenotype more closely and to screen for drugs that can 

prolong NMJ innervation. Appendix A summarizes current progress in the field of in vitro NMJ 

models and their uses for disease modeling of neuromuscular diseases.  
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4.7 Figures 

  

Figure 1. Confirmation of skeletal myocyte and motor neuron differentiation and outline 

of co-culture methods. (A) Skeletal myocyte differentiation from iPSCs was confirmed by 

immunostaining for myosin heavy chain (MHC) after 14 days of terminal differentiation. (B) After 

14 days post-thaw, motor neurons were confirmed by immunostaining for neurofilament marker 

SMI-32 and motor neuron marker FOXP1. (C) Schematic of conditioned media study. (D) 

Schematic of the first direct co-culture method, in which GFP-labelled motor neurons were 

plated on top of already matured skeletal myocytes. (E) Schematic of the chamber co-culture 

method in which myocytes and motor neurons were grown in separate chamber compartments 

for 14 days. The chamber was then removed, allowing for motor neuron axons to grow across 

the gap and form NMJs with the skeletal myocytes. (F) Schematic of the XonaChip co-culture 

system, in which motor neuron axons could extend across microchannels between 

compartments. 



104 
 

 

  

Figure 2. Morphological changes in healthy motor neurons treated with ALS myocyte 

conditioned media. Representative images of SMI-32 stained motor neurons after three weeks 

of conditioned media treatment. Control-treated motor neurons show rounded clusters of cell 

bodies with axon bundles connecting straight between clusters (A-C). Motor neurons treated 

with CM from ALS myocytes (D-F) have less tightly clustered cell bodies and disorganized and 

highly branched axons. 
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Figure 3. Motor neurons treated with ALS myocyte conditioned media show signs of 

increased apoptosis. (A-B) Representative images of motor neurons treated with control 

medium (A) or ALS myocyte CM (B). After 3 weeks of treatment, cells were fixed and stained 

with SMI-32 and caspase-3, a marker of apoptosis. While both conditions show background 

expression in the clusters of cell nuclei, the ALS CM-treated cultures have more caspase-3 

expression between clusters. (C) Hoechst staining in motor neuron cultures treated with healthy 

iPSC-derived myocyte CM or SOD1-ALS myocyte CM. Due to disorganization of cell bodies, 

there are more nuclei present between the large clusters in cultures treated with SOD1-ALS 

CM. In addition, there appears the be nuclear fragmentation occurring in the SOD1 CM-treated 

cultures but not in controls. This is shown quantitatively by ImageJ analysis of percent positive 

pixels (D) *P<0.05. 
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Figure 4. Direct co-cultures for the formation of function in vitro NMJs. (A) Schematic of 

the direct co-culture method. (B) Live image of GFP-labeled motor neurons plated directly on 

top of already matured skeletal myocytes. (C) Overlap of muscle marker MHC and axonal 

marker SMI-32 indicate a possible in vitro NMJ. (D) Schematic of the chamber co-culture 

method. (E) Live images of skeletal myocytes (left) and motor neurons (right) at 0 hours, 24 

hours, and 48 hours post-chamber removal. By 48 hours the gap between cells was often 

indistinguishable. (F) Schematic diagram of the XonaChip co-culture method. (G) 

Representative image of axon outgrowth across the microchannels of the XonaChip after one 

week of culture. 
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4.8 Supplemental Information 

Supplemental Table 1. Antibodies used for immunocytochemistry. 

Antibody Company Catalog Number Dilution 

Myosin heavy chain mouse 
monoclonal 

DSHB MF20 1:40 

SMI-32 mouse monoclonal Biolegend 801701 1:1000 

FOXP1 rabbit polyclonal Sigma-Aldrich AB2277 1:1000 

Active caspase 3 rabbit 
polyclonal 

Promega G7481 1:500 

α-bungarotoxin CF488-conj Biotium 00005 1:200 

α-bungarotoxin 594-conj Invitrogen B13423 1:200 

α-bungarotoxin 647-conj Invitrogen B35450 1:200 

Donkey anti-mouse 488 Fisher A21202 1:1000 

Donkey anti-mouse Cy3 Jackson ImmunoResearch 715-165-150 1:1000 

Donkey anti-rabbit 488 Jackson ImmunoResearch 711-545-152 1:1000 

Donkey anti-rabbit Cy3 Jackson ImmunoResearch 711-165-152 1:1000 

 

Supplemental Video 1A.  Representative spontaneous contractions in a control culture of only 

skeletal myocytes. 

Supplemental Video 1B. Representative spontaneous contractions in the same myocyte line 

cultured with motor neurons using the chamber co-culture system. 

Supplemental Video 2A. Baseline spontaneous contractions in a chamber co-culture system 4 

weeks after removal of the barrier. 

Supplemental Video 2B. Co-culture contractions immediately following application of 50 µM 

glutamate. 

Supplemental Video 2C. The addition of 25 µM curare to the co-culture almost completely 

abolishes contractions, even when additional glutamate was added. This further confirms that 

the contractions in Video 1B were a result of functional NMJ signaling. 
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Chapter 5: Summary, Future Directions, and Conclusions 

5.1 C9ORF72-related cellular pathology in skeletal myocytes derived from ALS-patient 

induced pluripotent stem cells 

In Chapter 2, we characterized the pathological effects of the C9ORF72 repeat expansion on 

human iPSC-derived skeletal myocytes. This mutation is the most common ALS-causing 

mutation but its specific effects on skeletal muscle were mostly unknown. We found that human 

skeletal myocytes with the C9ORF72 mutation did not show decreased C9orf72 protein but did 

have repeat RNA foci and expression of the dipeptide repeat (DPR) protein poly-GR. In 

addition, C9-ALS myocytes had changes in the expression of mitochondrial related genes and 

an increased susceptibility to oxidative stress. The myocytes also had signs of TDP-43-related 

pathology including cytosolic aggregation of phosphorylated TDP-431. Our results showed that 

skeletal myocytes contain evidence of C9ORF72-related pathology, which further indicates that 

ALS skeletal muscle contains pathological changes independent of denervation from motor 

neurons. It should be noted that at the time of our publication, isogenic controls for the 

C9ORF72 repeat expansion were not readily available so iPSC lines from healthy unrelated 

patients were used as controls. However, isogenic lines will be used for future experiments in 

order to make sure that the pathology seen in the myocytes is truly due to the C9ORF72 

mutation and not confounding factors. 

 

For future directions from this research, the downstream effects of repeat RNA foci and DPR 

proteins in skeletal muscle could be studied in more depth. For example, to determine which 

proteins bind to repeat RNA foci, a biotinylated (GGGGCC)n repeat RNA can be incubated with 

skeletal myocyte lysate and then bound to streptavidin magnetic beads for an RNA pulldown 

assay. The isolated proteins can then be analyzed either by western blot or mass spectrometry. 
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Several groups have used this method to determine repeat RNA binding proteins in neural cells 

but never with skeletal myocytes2-4. Alternatively, co-localization of repeat RNA foci in skeletal 

myocytes with specific RNA-binding proteins could be detected using a combination of RNA 

fluorescence in situ hybridization (FISH) to detect RNA foci and immunostaining for the protein 

of interest. The C9ORF72 hexanucleotide repeat RNA may bind to different proteins in skeletal 

muscle than in motor neurons, possibly leading to different pathways of dysfunction. 

 

The binding partners of DPR proteins in skeletal myocytes could be investigated by a pulldown 

assay as well and analyzed via mass spectrometry or western blot. In our iPSC-derived skeletal 

myocytes, immunostaining showed expression of DPR protein poly-GR in the periphery of 

myocyte nuclei. This correlated with studies that found disrupted nuclear transport in C9-ALS 

motor neurons5-8. One study used mass spectrometry to analyze the interactome of poly-GR 

and poly-PR dipeptides and showed enhanced interactions with RNA-binding proteins and 

components of membrane-less organelles such as the nuclear pore complex9. Aside from 

confirming direct interactions, defects in nucleocytoplasmic transport can be detected in other 

ways such as immunostaining for Lamin C to visualize changes to nuclear envelope structure5. 

Or, fluorescently tagged proteins that can shuttle in or out of the nuclei can be used to see if 

there is a defect in protein import or export. For example, one study created a GFP-tagged 

protein consisting of a nuclear localization sequence and nuclear export signal. In regular 

conditions this protein would be equally distributed between the nucleus and cytoplasm but 

defects in nucleocytoplasmic transport result in a skewed nucleus to cytoplasm ratio7. 

 

Another future direction would be to expand upon the changes in mitochondrial gene expression 

and oxidative stress that were noted in the C9-ALS myocytes. Mitochondrial network 

morphology in C9-ALS myocytes compared to healthy controls can be examined in more detail 
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through live mitochondrial staining using Mitotracker or fixed immunostaining with antibodies for 

mitochondrial markers such as TOMM-20. This can give an idea whether there are changes in 

the amount of mitochondrial fission or fusion events. The myocytes can also be imaged for the 

presence of reactive oxygen species with a mitochondrial superoxide indicator (MitoSOX). 

Metabolic changes in iPSC-derived skeletal myocytes can be investigated using the Seahorse 

XF Bioanalyzer10. 

 

Additional studies could test out various approaches to reduce C9ORF72-related toxicity in 

skeletal myocytes. Several strategies have been tested in cell culture of C9ORF72 patient 

fibroblasts or iPSC-derived neurons but not yet in skeletal myocytes. For example, antisense 

oligonucleotides (ASOs) targeting repeat RNA have been of great interest, especially since 

intrathecal infusion of ASOs targeting SOD1 were well-tolerated in a phase I clinical trial11. 

ASOs can be designed to knock down total C9ORF72 or to target only repeat-containing 

transcripts in iPSC-derived motor neurons as well as in a transgenic C9ORF72 mouse model. 

Both types of ASO designs are successful in decreasing repeat RNA foci, while the second 

design has the benefit of not knocking down endogenous C9ORF7212-14. Single-stranded 

silencing RNAs and microRNAs have also been successful in reducing repeat RNA toxicity in 

patient-derived cells15,16. Several variants of the CRISPR/Cas9 system has been used to reduce 

repeat RNA toxicity as well, with either a repeat RNA-targeting Cas917 or a deactivated Cas9 

that binds to the repeat DNA and prevents transcription18. One group used CRISPR/Cas9 to 

delete the promoter region responsible for driving expression of repeat-containing transcripts19. 

Finally, it is also possible to target the secondary structure of repeat RNA using G-quadruplex-

binding small molecules that decrease the formation of RNA foci and DPR proteins20. One or 

more of these methods should be tested on C9-ALS myocytes to confirm if they could be 

therapeutically relevant for both motor neurons and skeletal muscle. 
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Finally, an important future direction is to confirm the results from Chapter 2 using C9-ALS 

patient muscle biopsies. At the time of publication, DPR proteins had not yet been detected in 

human skeletal muscle. Shortly following the publication of our paper, another group published 

a study in which ALS patient biopsy samples were examined for DPR aggregation. Poly-GA and 

poly-GP but not poly-GR proteins were detected and were more prominent in atrophic fibers. 

Interestingly, they tended to have a perinuclear localization21. This confirmation of DPR 

pathology in ALS patient skeletal muscle supports our hypothesis that skeletal muscle is 

affected by the C9ORF72 mutation independent of motor neuron pathology. Thus, ALS 

therapies that target only motor neurons may fall short by failing to address skeletal muscle 

pathology as well. 

5.2 Loss of Bet1L expression as a common ALS pathogenic mechanism 

The aim of Chapter 3 was to find common trends in gene expression of ALS skeletal muscle 

across familial and sporadic backgrounds. To do so, we differentiated skeletal myocytes from 

familial (C9ORF72, SOD1, TARDBP) and sporadic ALS patient iPSCs and used RNA 

sequencing to study gene expression patterns compared to healthy control lines. We newly 

found that four genes were downregulated across all ALS lines when compared to healthy 

control lines: BET1L, DCX, GPC3, and HNRNPK. To compare our results with another ALS 

model system, we checked for expression of the four genes in tibialis anterior muscles from 

age-matched wild type and SOD1G93A rats. We found that only the BET1L gene was decreased, 

although not significantly. However, immunohistochemistry for Bet1L in muscle cross-sections 

showed that Bet1L proteins were strongly localized to the NMJ and had decreased expression 

over the disease course in SOD1G93A but not wild type rats. 
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Surprisingly, Bet1L appeared to have a pre-synaptic localization yet was not expressed in motor 

neuron axons, terminal Schwann cells, or kranocytes. Bet1L seemed to be localized very close 

to the AChRs, closer to the synapse than terminal Schwann cells and even approaching axons. 

This led to our hypothesis that it could be part of the synaptic basal lamina. Immunostaining for 

laminin at the NMJ had a similar localization to Bet1L and Bet1L was closely co-localized with 

collagen IV, supporting this hypothesis. However, additional studies using co-

immunoprecipitation assays and immunohistochemistry should be completed to test for Bet1L 

interactions with other components of the NMJ basal lamina. It is important to confirm if Bet1L is 

really located extracellularly, and if it is secreted from skeletal muscle like other basal lamina 

components such as perlecan and acetylcholinesterase22. If Bet1L is secreted into the NMJ, a 

future direction would be to determine what cell type secretes Bet1L. We hypothesize that it is 

secreted by skeletal muscle based on its peripheral localization in mature iPSC-derived skeletal 

myocytes. Online databases do show expression of BET1L in human skeletal muscle, but this 

could be confirmed using RNA FISH for BET1L at the NMJ, or single-cell sequencing from a 

tissue sample containing an NMJ. Once the primary cell type that expresses BET1L is 

determined, more precise therapeutic options can be considered. 

 

To study whether Bet1L is similarly decreased following an acute injury denervation model, we 

can observe Bet1L expression changes in a rat model in which the sciatic nerve is severed23. It 

could be informative to see how Bet1L expression changes in response to the injury, and if the 

response is different in wild type versus SOD1G93A rats. Knocking out BET1L in wild type rodents 

would be useful to see if loss of Bet1L is sufficient to cause denervation. Similarly, knock down 

or overexpression of Bet1L in a rodent model of ALS could show whether decreased Bet1L 

enhances the phenotype or if increased Bet1L can rescue the phenotype.  
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An important future direction is to confirm the localization and expression level of Bet1L in 

human ALS patient muscle tissues and controls. This would confirm our results as well as 

validate the use of iPSC-derived skeletal myocytes for modeling ALS skeletal muscle pathology. 

To see if loss of Bet1L at the NMJ is specific to ALS, we plan to use blinded human muscle 

samples that are from additional neuromuscular diseases in addition to ALS and healthy 

controls.  

 

As mentioned in the discussion section of Chapter 3, it could also be worth investigating the 

other three genes (DCX, GPC3, HNRNPK) that were downregulated in skeletal myocytes 

differentiated from ALS patient iPSCs. The expression of these genes did not have as strong of 

a decrease in expression in the SOD1G93A rat model of ALS, but that could be due to species 

differences. When human muscle samples are acquired for testing BET1L expression, we will 

also test for expression of DCX, GPC3, and HNRNPK. 

 

While the initial goal of the study from Chapter 3 was to characterize common ALS skeletal 

muscle pathology in vitro, the direction of the project shifted towards an interesting discovery of 

a new protein expressed at the NMJ in vivo. Bet1L expression is decreased in SOD1G93A 

symptomatic rats prior to axonal degeneration, making it an exciting possible therapeutic target 

to prevent NMJ denervation in ALS patients and hopefully delay or prevent disease progression. 

5.3 In vitro co-culture models of ALS to examine the possible influence of skeletal 

muscle on motor neurons  

The conditioned media (CM) transfer experiments of Chapter 4 show that ALS myocyte CM 

does influence motor neuron cultures in vitro, by causing disorganized cellular clustering and 

large amounts of axonal branching. There were also signs of increased apoptosis including 



114 
 

caspase-3 expression and nuclear fragmentation. In order to more thoroughly quantify the 

morphological changes resulting from CM treatment, the culture of motor neurons requires 

further optimization. As can be seen in the representative images from Chapter 4, the cultures 

became very dense which made it almost impossible to identify individual axons for analysis. In 

troubleshooting the experiment, we found that the clustering of neuron cell bodies and bundling 

of axons would occur even at low densities. Some ideas to better visualize individual axons 

would be to plate a mixture of GFP-labelled and non-GFP labelled motor neurons to keep the 

cells dense enough to grow well but to allow more clear visualization with fluorescence imaging 

of the spread out GFP-labeled axons. Alternatively, the motor neurons could be plated onto a 

feeder layer of astrocytes which is commonly used to support neuronal cultures. One study 

showed that iPSC-derived neurons are more evenly spread out when plated on top of a high 

confluency of astrocytes24. Once culture conditions are optimized for better visualization of 

individual axons, further analysis techniques would become possible such as Sholl analysis to 

quantify branching25. 

 

While the focus of the experiment so far has been on the effects of ALS myocyte CM on healthy 

motor neurons, we are also interested to see if the phenotype is enhanced in motor neurons 

with an ALS background such as a SOD1 mutation. CM may also be concentrated to see if this 

enhances the phenotype as well. The next step would be to characterize the different 

compositions of healthy myocyte CM versus ALS myocyte CM. ELISA or western blot could be 

used to look for the presence of specific growth factors or other soluble molecules, or mass 

spectrometry could be used to get a full readout of the components in the CM from each cell 

line. As discussed in Chapter 4, there are several muscle-secreted factors that have been 

implicated in ALS, including BDNF26-28, Nogo-A29-31, and FGFBP132.  
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Once one or more secreted factors that differ between control and ALS CM have been 

identified, they can be explored for therapeutic purposes. For example, if the growth factor of 

interest is decreased in ALS myocyte CM, it could be added back to ALS myocyte CM prior to 

motor neuron treatment to see if it negates the phenotype. Additionally, therapeutic options of 

delivering the growth factor locally to the NMJ could be explored using SOD1G93A rats, similar to 

a study which performed an intramuscular transplantation of mesenchymal stem cells that were 

genetically modified to secrete GDNF33. 

 

In vitro co-culture models of the ALS NMJ are an ongoing direction of the lab. As mentioned in 

Chapter 4, the dense and disorganized nature of the simple direct co-culture or the chamber 

co-culture make it difficult to obtain nice images of immunostaining to visualize NMJ formation. 

We expect that the XonaChip microfluidic device will allow for a clearer view of NMJ formation 

by directing more organized axon outgrowth through the microchannels. As an alternative to 

immunostaining, cells can be genetically edited to express certain synaptic proteins with 

fluorescent tags. For example, skeletal myocytes with GFP-labelled acetylcholine receptors 

(AChRs) could be used to study the clustering of AChRs on the muscle membrane in response 

to the proximity of motor neuron axons. Or to relate back to Chapter 3, myocytes expressing 

GFP-labeled Bet1L would be very useful to study the localization of Bet1L at the NMJ in vitro. 

 

In the co-culture trials so far, we observed increased contractions that began much earlier and 

were much more frequent in co-cultures compared to myocyte culture only. Future directions 

would be to characterize contractions in more detail and to see if there is a contraction 

phenotype from ALS co-cultures compared to healthy co-cultures. In the co-culture trials 

presented in Chapter 4, the myocytes were plated in an unorganized monolayer. Previous work 

published in the lab, of which I was a co-author, utilized a micropatterned culture platform with 
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physiological stiffness to grow nicely aligned myotubes34. This culture technique could be 

combined with motor neurons and the aligned nature of the muscle cells would allow for easier 

quantification of contraction videos using pixel displacement analysis. Calcium indicators such 

as Fluo-3 AM or fura-2 would also be useful to visualize contractions through calcium transients. 

Optogenetics is another strategy that could be used to easily stimulate muscle contractions. 

This is a method in which motor neurons can be made photosensitive through expression of 

channelrhodopsin-2. Then, a light source can be used to stimulate motor neurons and observe 

resulting muscle contraction35.  

 

There are many factors to be considered when designing a co-culture system of iPSC-derived 

skeletal myocytes and motor neurons to study human NMJs in vitro. A review article outlining 

the current progress in the field can be found in Appendix A. There are many different ways in 

which an in vitro co-culture system would be useful to study disease mechanisms at the ALS 

NMJ. To start, combinations of healthy and ALS-derived cell types could be cultured together to 

examine the contribution of each cell type to NMJ pathology. For example, a culture with both 

skeletal myocytes and motor neurons derived from an ALS patient may have increased motor 

neuron cell death and decreased contractions compared to a co-culture where both cell types 

are derived from healthy iPSCs, or a mixed culture in which one cell type is from an ALS patient 

and the other is from a control line. The microfluidic culture platforms could also be useful for 

testing drug candidates to see if they are more effective when applied to the motor neuron soma 

compartment or the distal skeletal myocytes/NMJ compartment.  

 

Once optimized, the ultimate use of an in vitro NMJ co-culture system in the context of this 

thesis would be to investigate the expression of Bet1L at an in vitro NMJ. The localization of 

Bet1L in the iPSC-derived skeletal myocytes could be noted prior to and after the axons migrate 
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over to the myocyte compartment and form NMJs. Studies in which Bet1L is knocked out or 

overexpressed in skeletal myocytes could be used to probe further into the importance of Bet1L 

at the NMJ. 

5.4 Conclusions 

Amyotrophic lateral sclerosis (ALS) is a deadly neurodegenerative disease with no cure and 

minimal treatment options. Motor neuron pathology has been a major focus of ALS research, 

but it has become increasingly apparent that ALS pathology occurs in a non-cell autonomous 

manner, with additional cell types influencing the disease progression. ALS animal models show 

skeletal muscle pathology and NMJ denervation prior to symptom onset. Therefore, we 

hypothesized that skeletal muscle could be actively contributing to the disease progression. 

However, the specifics of skeletal muscle pathology and NMJ degeneration, especially in 

humans, has not been well characterized.  

 

First, we used skeletal myocytes differentiated from iPSCs of C9ORF72 ALS patients to show 

that the hexanucleotide repeat expansion causes similar hallmark characteristics in skeletal 

muscle that it does in motor neurons. These included repeat RNA foci, DPR proteins, and TDP-

43 aggregation. We next compared gene expression of iPSC-derived skeletal myocytes from a 

variety of ALS familial and sporadic backgrounds. We identified a gene BET1L that was 

downregulated in both iPSC-derived skeletal myocytes as well as at the NMJ of symptomatic 

and end stage SOD1G93A rats. The localization of Bet1L on the periphery of mature iPSC-

derived skeletal myocytes in culture and just outside of skeletal muscle fibers at the NMJ in rat 

muscle sections suggests that Bet1L could be a muscle-secreted component of the NMJ basal 

lamina. Importantly, expression of Bet1L is decreased prior to NMJ denervation and axonal 
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degeneration, implying that loss of Bet1L could be contributing to degeneration of the NMJ. 

Therefore, Bet1L may be a promising target to prevent denervation in ALS patients.  

 

Future directions will investigate the role of Bet1L at the NMJ in more detail, including what 

proteins it interacts with and if increased expression could prevent NMJ degeneration and 

increase survival in SOD1G93A rats and eventually ALS patients. To further characterize Bet1L at 

the NMJ, we will utilize in vitro co-culture methods derived in Chapter 4 such as the XonaChip 

microfluidic device. The results from conditioned media transfer experiments show that muscle-

secreted factors do influence motor neurons in culture, and the XonaChip will allow us to 

confirm if this is still true when only the distal ends of the axons are in contact with skeletal 

muscle. 

 

In conclusion, the results reported here support the overall hypothesis that ALS skeletal muscle 

experiences pathological changes independent of motor neuron pathology and may even 

contribute to NMJ degeneration and motor neuron cell death. ALS-patient iPSCs provide an 

opportunity to study ALS skeletal muscle and NMJ pathology in vitro. Further studies have the 

potential to discover biomarkers that can lead to earlier diagnosis of ALS or therapeutic targets 

that can effectively prevent disease progression in ALS patients. 
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Abstract 

Human pluripotent stem cells (PSCs) such as embryonic stem cells (ESCs) or induced 

pluripotent stem cells (iPSCs) are of great value for studying developmental processes, disease 

modeling, and drug testing. One area in which the use of human PSCs has become of great 

interest in recent years is for in vitro models of the neuromuscular junction (NMJ). The NMJ is a 

synapse at which a motor neuron releases acetylcholine to bind to skeletal muscle and 

stimulate contraction. Degeneration of the NMJ and subsequent loss of muscle function is a 

common feature of many neuromuscular diseases such as myasthenia gravis, spinal muscular 

atrophy, and amyotrophic lateral sclerosis. In order to develop new therapies for patients with 

neuromuscular diseases, it is essential to understand mechanisms taking place at the NMJ. 

However, we have limited ability to study the NMJ in living human patients, and animal models 

are not completely relevant due to differences in physiology. Therefore, an in vitro model of the 

NMJ consisting of human cells is of great value. The use of stem cells for in vitro NMJ models is 

still in progress and requires further optimization in order to yield reliable, reproducible results. 

The objective of this review is 1) to outline the current progress towards in vitro human cell 

models of the NMJ with an emphasis on iPSC-derived models and 2) to discuss future 

directions and challenges that must be overcome in order to create reproducible models that 

can be used for developmental studies, disease modeling, and drug testing. 
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Introduction 

The neuromuscular junction (NMJ) is a cellular synapse between a motor neuron and a skeletal 

muscle fiber that helps translate electrical and chemical cues into physical activity1. The 

combination of a motor neuron and the muscle fibers that the motor neuron innervates are 

defined as a motor unit1. Acetylcholine is released from the motor neuron into the synaptic cleft 

to attach to acetylcholine receptors (AChRs) on the postsynaptic muscle fibers. AChRs are 

ligand-gated cation channels, so the binding of ACh results in an influx of Na+ ions and efflux of 

K+ ions causing depolarization of the myofibers. This opens up the voltage-gated calcium 

channels in the sarcoplasmic reticulum, releasing Ca2+ ions and facilitating muscle contraction2. 

 

Degeneration of the NMJ is a specific pathological feature of many neuromuscular diseases 

including amyotrophic lateral sclerosis (ALS), spinal muscular atrophy (SMA), myasthenia gravis 

(MG), and muscular dystrophy3. There is variation among neuromuscular diseases as far as the 

primary site of pathology. For example, some diseases such as amyotrophic lateral sclerosis 

(ALS) and spinal muscular atrophy (SMA) are more prominent in motor neurons, while others 

such as MG directly affect the NMJ. MG patients have autoantibodies that detect acetylcholine 

receptors or other critical post-synaptic receptors on skeletal muscle4. On the other hand, 

inclusion body myositis, congenital myopathy, and muscular dystrophy primarily influence 

skeletal muscle3. Whether the primary pathology resides in motor neurons, skeletal muscle, or 

other cell types, many neuromuscular diseases have common ground in the eventual loss of 

function of the NMJ leading to motor deficits. 

 

The cellular and molecular mechanisms of the human NMJ have not been studied in great detail 

in vivo due to the limited accessibility of tissues. Animal models are useful for studying certain 

aspects of NMJ development and disease processes, however, there are limitations to the 
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translational relevance of these models5. For example, human NMJs are smaller and more 

fragmented with coin-shaped endplates compared to the large, pretzel-shaped mouse NMJ. 

While many animal model NMJs change shape and remodel with age, the structure of human 

NMJs are mostly conserved. Analysis of mouse and human NMJ proteomes shows significant 

changes on a molecular level as well6. Consequently, in vitro models specific to the human NMJ 

are extremely useful tools to understand the mechanisms of NMJ formation in healthy 

development as well as degeneration in disease.  

 

Pluripotent stem cells (PSCs) such as embryonic stem cells (ESCs) or induced pluripotent stem 

cells (iPSCs) have the capability to self-renew and differentiate into many cell types7. Human 

ESCs and iPSCs allow for the study of human development and disease processes in an in vitro 

setting. In particular, iPSCs are generated from adult somatic cells that have been 

reprogrammed to a pluripotent state by expression of specific transcription factors8,9. Since 

these cells are derived from patient cells, they retain their disease-causing mutations which 

allows for in vitro modeling of how that mutation affects a specific cell or tissue type. They also 

present exciting possibilities for in vitro drug testing in a patient-specific manner. Co-culture 

systems of motor neurons and skeletal myocytes can be refined to develop NMJ models in vitro 

that are simplified and easier to manipulate than in vivo models10. The use of stem cells for in 

vitro NMJ models is still in progress and requires further optimization in order to yield reliable, 

reproducible results. In this review, we will outline the current progress towards in vitro human 

cell models of the NMJ with an emphasis on PSC models. We will also discuss future directions 

and challenges to creating reproducible models that can be used for drug testing and disease 

modeling. 

 

Existing in vitro NMJ models: motor neuron and skeletal myocyte co-cultures 
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There are many factors to consider when designing an in vitro NMJ co-culture model, including 

cell source, culture format, how the NMJ will be characterized, and what application it will be 

used for (Fig. 1). To start, there have been many different combinations of cell origins used for 

co-cultures of motor neurons and skeletal myocytes11. Early models relied on primary cells and 

tissue explants from animals. Eventually, cross-species co-culture systems were developed that 

combined human and rodent cells. Heterologous co-cultures using cells derived from different 

species have been beneficial for determining the contributions of each cell type to signaling 

components of the synapse12. However, for an in vitro NMJ model to be truly beneficial for 

studying human physiology and disease, the use of human cells on both sides is necessary. 

Primary human cells and adult stem cells have been used, such as satellite cells to make 

muscle, or neural stem cells to make motor neurons13. However, primary cells isolated from 

human patients often lose their proliferative potential and can be difficult to genetically 

manipulate14. In contrast, human pluripotent stem cells have unlimited proliferation and 

differentiation capacity. Several differentiation protocols for motor neurons and skeletal 

myocytes from PSCs have been developed in recent years, allowing for their increased use15,16. 

Table 1 lists current in vitro NMJ co-culture studies in which one or more cell type is derived 

from human PSCs. 

 

There has also been variation in how the cells are cultured together10. The most commonly used 

method is a simple co-culture in which myocytes and motor neurons are plated directly on top of 

or adjacent to each other and the motor neurons extend axons to form functional NMJs with the 

myocytes. This method has been widely utilized for its simplicity and ease of use, but it has 

some drawbacks. First, being 2-dimensional (2D) in nature it lacks the 3-dimensional (3D) cues 

that would be present in vivo. This includes signaling from other cell types as well as 

interactions with the extracellular matrix17. The unorganized mixture of cell types in the direct co-
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culture model can make it difficult to discern individual cell types and observe axon outgrowth.  

However, this method does not require advanced manufacturing of a culture substrate, is 

sufficient to induce the formation of functional neuromuscular junctions and allows for relatively 

simple analysis. 

 

3D co-culture models have the potential to create a more physiologically relevant NMJ in vitro.  

These models often include extracellular matrix components which contribute to the 

development and maintenance of NMJ structure and function in vivo. For example, proteins in 

the basal lamina help guide axons to the proper site during development and post-injury. The 

basal lamina also facilitates signaling between the axon and the muscle fiber by allowing 

diffusion of acetylcholine and by acting as an anchor for acetylcholine esterase which degrades 

excess acetylcholine18. While there has been great interest in 3D in vitro skeletal muscle 

models19, their innervation is a more recent development20-31. 3D NMJ models allow for a more 

physiologic model of muscle contractile function. Often 2D contracting muscle will peel off of the 

surface of the culture plate. 3D skeletal muscle models avoid this by including anchor points on 

either end of the construct, similar to how muscle is anchored by tendons and bone in vivo. A 

popular method is to create a 3D muscle construct using a hydrogel that is connected to two 

posts. The post deflection during contraction of the muscle construct is used to measure 

contraction force20,23,24,26,27,29-32. Some potential drawbacks to 3D in vitro NMJ models include 

difficulties in reproducibility and scaling up for high throughput analysis. Additionally, some 

analysis methods such as imaging are more difficult with 3D models. Therefore 2D models may 

still be necessary in some cases such as for single fiber analyses. 

 

A microfluidic co-culture system can be a compromise between 2D and 3D culture options by 

culturing cells in a more physiologically relevant environment than 2D cultures but on a smaller, 
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more precisely defined scale than 3D models. Microfluidic culture systems are devices in which 

only small amounts (on the µl, nl, or pl scale) of liquid are needed in order to culture cells in a 

defined space33. In the current microfluidic NMJ models, the myotubes are plated in one 

compartment, the motor neurons in another, and there are small channels between the 

compartments through which the motor neuron axons can extend through to form NMJs20,29,34-40. 

By having the cell types in individual compartments, you can establish separate unique 

microenvironments that are more relevant to what the cells would encounter in vivo. This also 

allows for the study of localized treatments. For example, a drug or growth factor can be added 

either to the neuronal compartment or the muscle/NMJ compartment to determine where it has 

maximum effect36. Microfluidic devices also allow for the creation of a chemotactic gradient or a 

fluid gradient. This can be achieved by adding more media to one side than the other to cause 

fluid to flow only in one direction towards the lower side37. Overall, microfluidic devices allow for 

more precise manipulations of the culture microenvironment and can save on resources as they 

require fewer cells and less media. Microfluidic devices hold a lot of potential but are still 

relatively new and require a high level of optimization33.  

 

Characterization of in vitro neuromuscular junctions 

Regardless of the type of culture platform, in vitro NMJ models must first be properly 

characterized before being used to study a developmental process or disease phenotype. Ideal 

characterization should include both structure and functionality (Fig. 2). Microscopy is 

commonly used to show the proximity of axons to the skeletal myocytes. In early studies this 

was done using phase contrast imaging, but now it is common to use immunostaining for 

specific components of the synapse. Markers to identify skeletal muscle include myosin heavy 

chain or sarcomeric ɑ-actinin. Motor neuronal markers commonly used are choline 

acetyltransferase (ChAT)26,41-44, HB929,36,41,42,44,45, class III β-tubullin (Tuj1)13,20,24,26,43,45-48, Isl145, 
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MAP235, and Neurofilament M and/or H (SMI-32)20,27,28,35,41-43. Finally, AChRs are identified 

using fluorescent-tagged α-bungarotoxin (BTX). An overlap of AChRs with the neuronal marker 

are commonly shown as proof of NMJ formation. Some papers go even further in depth 

characterizing various aspects of pre- and post-synaptic terminals by staining for muscle 

contractile components (dihydropyridine receptor, ryanodine receptor, titin), synaptic 

components (Syne-1, Synapsin I, synaptotagmin, Bassoon), and proteins important for NMJ 

stability and maintenance (Muscle specific tyrosine kinase, Rapsyn)5,27,47. The maturation level 

of AChRs can be tested by monitoring expression of the embryonic gamma subunit and the 

adult epsilon subunit of the AChRs5,28,44. In addition to immunofluorescence, electron 

microscopy could also be used to study the NMJ on an ultrastructural level. 

 

While an NMJ may appear to be fully formed through microscopy, functional tests are needed to 

confirm that a legitimate synapse has formed. In order to prove functionality of the NMJ, there 

should be confirmation of muscle contraction induced by motor neurons. There are many 

variations of how this is done. First, there are several different methods used to stimulate 

contractions. Glutamate can be added to the culture to stimulate motor neurons and observe 

resulting muscle contraction. Many studies will combine this with the use of a substance that 

either blocks acetylcholine from being released or from binding to the AChRs on muscle. If the 

contractions cease, this further confirms that the earlier glutamate-stimulated contractions were 

due to motor neuron input and not just spontaneous muscle contractions. The AChR antagonist 

tubocurarine is commonly used for this purpose12. Alternatively, traditional electrophysiological 

methods can be used to stimulate motor neurons and record skeletal muscle action potentials. 

However, this technique requires a lot of skill and training24. A newer electrophysiological 

technique is the multielectrode array (MEA). The MEA can stimulate and record action 

potentials from a population of cells plated onto a surface embedded with electrodes49. There 
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are limitations to this method, in that when using a mixed population of cells such as motor 

neurons and myocytes, it would be difficult to distinguish what cell type the action potential is 

being recorded from unless the boundaries between cell types are clearly defined. Another 

method used to stimulate contractions is to genetically modify motor neurons to express 

channelrhodopsin-2, a light-sensitive ion channel that will trigger an action potential in response 

to light stimulation, causing the skeletal myocytes to contract20,28-30,32,44. 

 

There are also several different methods used to record and analyze muscle contractions. 

Visualization of intracellular calcium flux is commonly used by adding calcium indicators such as 

Fluo-3 AM36,37, Fluo-4 AM27,48, Fluo-8 AM20,43, or fura-244 directly to the cells or genetically 

modifying the cells with a calcium indicator protein GCamp628. Software analysis of brightfield 

videos can be used to quantify contractions by analyzing pixel displacement23,32. Several studies 

have used the deflection of flexible posts or cantilevers to quantify muscle 

contraction20,23,24,26,27,29-32.  

 

Combinations of the methods above can be used to develop more advanced ways to analyze 

functional data. One group using an optogenetic co-culture model developed a system which 

can control light stimulation and record and analyze the resulting contractions concurrently32. 

This system uses pulses of controlled length and frequency to stimulate contractions, and 

includes an image processing algorithm which can differentiate between spontaneous or 

triggered muscle contractions. Systems such as these are helpful to increase reproducibility and 

decrease user bias32. 

 

Applications of human iPSC-based in vitro NMJ models 
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An in vitro NMJ model using human stem cell-derived motor neurons and skeletal myocytes can 

allow us to better understand the complex signaling that occurs during development such as 

what guides the axons to a specific innervation site, what drives competition between nearby 

axons, how the cells transition from polyinnervation to a single axon per myofiber, and how 

these connections are matured1. Understanding these processes could help to develop 

methods to encourage regeneration in cases of injury or disease. Neuromuscular organoids in 

which human PSCs are simultaneously directed down multiple lineages could be used to better 

characterize human developmental processes. One such study differentiated human PSC lines 

into neuromesodermal progenitors and then grew them in suspension to form a self-organizing 

trunk neuromuscular organoid that contained functional NMJs and several cell populations 

which were characterized as neural, mesodermal, endothelial, epithelial, and sclerotome47. 

 

Disease modeling is another major application for patient-oriented iPSC models of the NMJ. 

Combinations of healthy and diseased cells can be used to determine the specific influence of 

each cell type towards NMJ instability in the disease state. There have been many studies using 

cells or tissue explants from animal models or human patient primary cells for disease modeling, 

but so far there have only been a handful of co-culture studies using motor neurons or skeletal 

myocytes derived from human stem cells (see “Additional Notes” column of Table 1). A 

commonly used proof of concept that an in vitro co-culture can be used for disease modeling 

has been to add IgG from MG patient sera to the culture to model MG pathology28,32,44,47. 

Characterization of NMJs formed from iPSCs containing specific disease mutations or 

backgrounds is of great interest to the field but has been less commonly achieved. A co-culture 

using human ESCs from myotonic dystrophy type I (DM1) found that there was decreased NMJ 

formation compared to healthy control lines45. Several studies have examined the effects of 

SMA on the NMJ. One study found that fewer and smaller NMJs were formed in co-culture with 



131 
 

motor neurons derived from SMA patient iPSCs than with an isogenic control42. Another study 

using SMA patient iPSCs found that AChR clustering was impaired, but that it could be rescued 

with valproic acid treatment or an antisense oligonucleotide treatment to promote SMN exon 7 

retention41. Rather than using SMA patient iPSCs, another group used shRNA to knock down 

SMN in healthy iPSCs and also found decreased AChR clustering, in addition to decreased 

muscle contractile activity and viability and changes in mitochondrial morphology43.  

 

In vitro NMJ models created from patient-derived stem cells allow an exciting opportunity to 

preclinically test drug efficacy or possible side effects in a patient-specific manner. This has 

been achieved less commonly as many models are still in the optimization stage, and not yet 

reproducible in a high throughput manner. However, a recent study used a microfluidic-based 

NMJ model with ALS patient iPSC-derived motor neurons to test drug candidates20. Compared 

to the healthy control, the co-culture with ALS motor neurons had fewer muscle contractions, 

increased motor neuron degradation, and increased apoptosis in the skeletal myocytes. 

Treatment with rapamycin and bosutinib decreased apoptosis and improved muscle contraction 

force20. Studies in which NMJ models can reproducibly show a disease phenotype that can be 

rescued with drug treatment could become a useful pre-clinical method for drug screening. 

Having an all-human cell assay to test for drug efficacy or side effects would hopefully reduce 

the frequency at which drugs fail in clinical trials. 

 

Finally, 3D constructs of skeletal muscle innervation can be used for transplantation purposes, 

such as grafts for healing volumetric muscle loss. Delayed innervation of 3D skeletal muscle 

grafts transplanted into a rat model of tibialis anterior muscle defect injury leads to an 

incomplete restoration of muscle function46. Therefore, new grafts were made with a mixture of 

muscle progenitors cells and neural stem cells. The combination of cell types led to an increase 
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in cell survival and muscle differentiation within the graft. Eight weeks after transplantation, the 

combination graft showed a full restoration of muscle volume and muscle force, and integration 

with the host nerves46 

 

Challenges and future directions for human stem cell-derived in vitro NMJ models 

While there are exciting possibilities for the application of iPSC-derived NMJ models, in some 

cases additional optimization of the co-cultures or their analysis methods are warranted. As 

discussed above, characterizing in vitro NMJs can be complicated and variable between labs. 

Both structure and function should be well characterized and defined to increase reproducibility. 

There is also a need for increased throughput in order to utilize in vitro NMJ models for drug 

screening.  

 

One potential obstacle to disease modeling is that often motor neurons and skeletal myocytes 

derived from human stem cells retain an embryonic phenotype. This may not be an issue for 

modeling early onset diseases such as SMA, but it could be a limiting factor in the ability of 

these cells to prove useful for in vitro NMJ models of late onset diseases such as ALS. Methods 

for promoting the maturation of these cell types may be necessary. However, it seems that 

merely culturing these cell types together promotes their mutual maturation. For example, when 

comparing rat muscle fibers cultured on their own to muscle fibers cultured with motor neurons, 

the co-cultured muscle fibers had more frequent contractions with a higher force, and also 

trended towards increased expression of adult myosin heavy chain isoforms22. In addition, co-

culture of human PSC-derived motor neurons and skeletal myocytes promotes the expression 

of the more mature epsilon subunit of the AChR28,43. 
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Other challenges to using PSC-derived cultures include low differentiation efficiency which leads 

to contamination of other cell types. This is undesirable for studies that aim to dissect specific 

interactions between a motor neuron and myotube. However, in some cases the presence of 

other cell types may be desirable in order to create a more physiologically-relevant model. In the 

human body, there are many cell types that can contribute to motor neuron signaling, either 

directly or indirectly, including motor neurons, astrocytes, microglia, interneurons, sensory 

neurons, Schwann cells, kranocytes, and myocytes50. There are many other additional 

interactions that are key to skeletal muscle function in vivo, including the myotendinous junction 

and the vascularization of muscle tissue. These features may also need to be considered in 

creating a physiologically relevant model of a motor unit. Some NMJ models include glial cells to 

support NMJ formation and maintenance35,51. One recently published protocol can differentiate a 

mixture of myocytes, motor neurons, and Schwann cells all from the same well of pluripotent 

stem cells43. One of the most complex models so far is a 3D construct of muscle fibers, 

endothelial cells, pericytes, and neurons all from the same iPSC line27.  

 

Many of the in vitro co-culture techniques that have been developed for modeling the NMJ could 

be applied towards modeling other types of innervation such as sympathetic innervation of 

cardiac muscle52. One group developed a model of the proprioceptive neuromuscular reflex arc 

including sensory neurons and gamma motor neurons53. The 3D human trunk neuromuscular 

organoid mentioned previously can also be used to study central pattern generator-like circuits, 

which are the neural networks of rhythmic locomotion47,52. In all, the use of human PSC-derived 

cell types for in vitro NMJ models is a relatively recent development, but holds immense 

potential for studying neuromuscular development and disease.  
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Figures 

 

 

 

Figure 1. Patient-derived stem cells for in vitro co-culture NMJ models. Summary of the 

factors to be considered when designing an in vitro co-culture to study the human NMJ using 

PSCs. It should be noted that these are not a definitive list; additional considerations or 

techniques may be used. 
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Figure 2. Features used to characterize the structure and function of in vitro NMJs. The 

left half of the diagram shows key structural components of the NMJ and the general signaling 

pathway. Acetylcholine is released from the motor neuron and crosses the synaptic cleft to bind 

to acetylcholine receptors on the skeletal muscle membrane. This leads to a sodium influx into 



140 
 

the muscle, calcium release from the sarcoplasmic reticulum, and contraction of the 

sarcomeres. The right half of the diagram shows assays that can be used to confirm a functional 

NMJ, including patch-clamp electrophysiology or modifying motor neurons to express 

channelrhodopsin (ChR2) and therefore create an action potential from light stimulation. There 

are also drugs and growth factors that can be added to either stimulate or block contractions. 

 

Tables 

Table 1. Summary of studies using human pluripotent stem cells for in vitro models of 

the NMJ. Only studies with one or both cell types derived from human embryonic or induced 

pluripotent stem cells were considered, not studies using adult stem cell-derived models. The 

characterization/analysis column describes what assays they used to confirm NMJ structure and 

functionality. 

Study Motor 
neuron 
source 

Skeletal 
muscle 
source 

Characterization/ 
Analysis 

Additional Notes 

Marteyn 
et al 
2011 

hESCs with 
Myotonic 
dystrophy 
type I 

Human 
Mu2bR3 
cells 

Immunocytochemi
stry 

DM1 motor neurons had a larger 
neurite network and decreased 
number of NMJs 

Corti et 
al 2012 

hiPSCs from 
SMA patients 
and 
genetically 
corrected 
controls 

Human 
myoblasts 

Immunocytochemi
stry 

Fewer and smaller NMJs formed 
from SMA motor neurons than 
control motor neurons 

Demestr
e et al 
2015 

hiPSC-
derived motor 
neurons 

hiPSC-
derived 
myoblasts 

Immunocytochemi
stry 

Primarily a proof of concept 
paper, no disease modeling 

Yoshida 
et al 
2015 

SMA patient 
and control 
iPSC-derived 

Mouse 
C2C12 cells 

Immunocytochemi
stry 

Impaired AchR clustering, 
rescued with valproic acid 
treatment or oligonucleotides 
targeting the intronic silencing 
motif in SMN2 intron 7 

Steinbec
k et al 
2016 

hESC-
derived, 
transduced 

Human 
primary 
myoblasts 

Immunocytochemi
stry. Optogenetic 
stimulation, 

Added MG IgG and 
complement, found decreased 
contractions. Effect was rescued 
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with 
Channelrhodo
psin2 

from adult 
and fetal 
donors 

blocked with 
vercuronium.  
Calcium imaging 
and 
microelectrode 
recordings 

by the addition of an 
acetylcholinesterase inhibitor 
PYR or a wash out of the IgG 
and complement. 

Maffiolet
ti et al 
2018 

hiPSC-
derived 

hiPSC lines 
from patients 
with 
Duchenne, 
limb-girdle 
type 2D, and 
LMNA-
related 
muscular 
dystrophies 
and healthy 
donors 

Immunocytochemi
stry 

3D skeletal muscle constructs of 
hydrogels under tension. Also 
added hiPSC-derived vascular 
endothelial cells and pericytes. 
Disease modeling was primarily 
in characterizing 3D muscle 
constructs; NMJ was more of a 
proof of concept 

Osaki 
2018 

Sporadic ALS 
patient 
hiPSC-and 
control ESC-
derived, 
transfected 
with 
channelrhodo
psin-2 

hiPSC-
derived 
skeletal 
myoblasts in 
3D 
collagen/Mat
rigel mixture 

Immunocytochemi
stry. Glutamic 
acid, electrical, 
and light 
stimulation. 
Contractions 
blocked with α-
BTX, visualized 
with calcium 
imaging, and 
quantified by pillar 
deflection. 

Excess glutamic acid caused 
decreased contraction force and 
frequency, neurite regression 
and muscle atrophy. Co-culture 
with ALS iPSC-derived motor 
neurons had slower neurite 
elongation, fewer contractions, 
decreased contraction force, 
and increased apoptosis in 
skeletal myocytes. Contractions 
were rescued by treatment with 
rapamycin and bosutinib, 
administered through an 
endothelial cell barrier. 

Bakoosh
li et al 
2019 

hESC-derived 
motor 
neurons 

Primary 
myogenic 
progenitors 
from patient 
biopsies 

Immunocytochemi
stry. Glutamate-
induced 
contractions 
viewed by calcium 
imaging ( 
GcaMP6) 
recorded with 
electrophysiology 
and inhibited by 
BOTOX and d-
tubocurarine 

Also showed upregulation of the 
epsilon AchR subunit in 3D co-
culture compared to 2D. 
Decreased response to 
glutamate treatment in co-
cultures treated with Waglerin. 
Treated co-culture with IgG from 
MG patients and showed a 
decrease in responsive muscle 
fibers. 
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Lin et al 
2019 

hiPSC and 
hESC-
derived, with 
channelrhodo
psin 

hiPSC-
derived 

Immunocytochemi
stry and electron 
microscopy. 
Contractions 
stimulated by light, 
viewed by calcium 
imaging (Fluo-8), 
blocked with 
dantrolene or 
curare 

Differentiated skeletal myotubes, 
motor neurons, and Schwann 
cells from the same iPSCs in 
one dish.  Knocked down SMN 
with shRNA to model SMA. This 
resulted in smaller area of AchR 
clusters, changes in 
mitochondria morphology and 
smaller, slower, less 
synchronous contractions and 
decreased muscle viability. 

Vila et al 
2019 

Human 
primary 
muscle cells 
reprogramme
d to iPSCs 
and 
transfected 
with 
channelrhodo
psin-2 

Human 
skeletal 
muscle stem 
cells 

Immunocytochemi
stry. Electrical and 
light stimulation of 
contractions, 
blocked with BTX 
treatment 

Both cell types from the same 
patient. Created a unique image 
processing system. Also added 
serum from myasthenia gravis 
patients and observed impaired 
contraction that was recovered 
after the serum was removed. 
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hESC and 
hiPSC-
derived axial 
stem cells 

hESC and 
hiPSC-
derived axial 
stem cells 

Immunocytochemi
stry and electron 
microscopy. 
Measured 
spontaneous and 
glutamate-
stimulated 
contractions with 
MEA and 
visualized with 
calcium imaging. 
Blocked with 
curare.  

Human neuromuscular 
organoids formed from PSC-
derived neuromesodermal 
progenitors. Also contains 
Schwann cells. When treated 
with myasthenia gravis patient 
serum there was reduced 
amounts of NMJs and 
decreased contractile activity.  

 

 


