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ABSTRACT OF THE DISSERTATION 

 

Establishment of a human induced pluripotent stem cell derived  

neuromuscular co-culture system  

 

by 

 

Elliot Wales Swartz 

Doctor of Philosophy in Neuroscience 

University of California, Los Angeles, 2018 

Professor Giovanni Coppola, Chair 

 

 

Neuromuscular disorders include over 200 rare, monogenic disorders that collectively exceed 

an incidence of 1 in 3,000 and have few effective treatments. Amyotrophic Lateral Sclerosis 

(ALS) is a fatal, late-onset neuromuscular disorder characterized by the progressive loss of both 

upper and lower motor neurons. Over 30 genes have been implicated in ALS, with the largest 

proportion of cases attributed to a G4C2 hexanucleotide repeat expansion mutation in the non-

coding region of the gene C9orf72. In order to gain further understanding into pathogenic 

mechanisms involved in neuromuscular disorders, we aimed to recapitulate the physiology of 

the neuromuscular junction (NMJ) via creation of a patient-derived ‘disease in a dish’ model 

system using human induced pluripotent stem cells (hiPSCs) from patients carrying C9orf72 

G4C2 expansions. We first developed a novel morphogen-directed differentiation protocol to 

efficiently yield skeletal myotubes from hiPSCs and examined potential C9orf72 G4C2 
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expansion-related phenotypes manifesting in skeletal muscle and genetically-corrected, 

isogenic iPSC lines. We then derived both skeletal muscle and spinal motor neurons from 

hiPSCs originating from healthy controls, patients with G4C2 expansions, or isogenic iPSC lines 

before combining these two cell types in co-culture in vitro. We show that co-cultures can 

spontaneously produce functional NMJs as shown by immunocytochemistry, myotube 

contraction, patch-clamp electrophysiology, and live-cell calcium imaging. Co-cultures 

consisting of motor neurons derived from G4C2 carriers displayed less total NMJ area versus 

those from isogenic motor neurons, suggesting that early phenotypes may be detectable in 

immature iPSC co-cultures. Use of genetically encoded ChannelRhodopsin-2 allowed for 

optogenetic control of NMJ physiology, which could be paired with multi-electrode arrays for 

live-cell pharmacological interrogation of neuromuscular physiology. Together, these 

experiments provide evidence for the establishment of a scalable, tunable, human patient-

specific model of the NMJ, adaptable to a broad range of neuromuscular disorders. This new 

model system can be utilized for investigation into developmental aspects of NMJ formation, 

maturation, and repair phenotypes, as well as novel therapeutic discovery efforts for 

neuromuscular disorders.   
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Chapter 1 
 

Introduction 

1.1 Amyotrophic Lateral Sclerosis  

1.1.1 Epidemiology and clinical features of Amyotrophic Lateral Sclerosis 

Neuromuscular disorders (NMDs) are a group of over 200 rare, monogenic disorders that 

collectively exceed an incidence of 1 in 3,000 (Biancalana and Laporte, 2015). NMDs are 

grouped into 16 broad categories, ranging from muscular dystrophies and ion channel disorders 

to motor neuron diseases. Together, over 400 genes have been implicated in the development 

of NMDs (Bonne et al., 2017). Patients with defects in these genes suffer long-term chronic 

illnesses which are often severe or fatal with few if any effective treatments, with the exception 

of recent advances in treatments for Spinal Muscular Atrophy (Finkel et al., 2017; Mendell et al., 

2017).  

 One of the most common NMDs is Amyotrophic Lateral Sclerosis (ALS) or Lou Gehrig’s 

Disease. ALS is defined by the rapid, progressive loss of upper and lower motor neurons in the 

motor cortex and spinal cord, respectively, which typically leads to death due to respiratory 

failure within 3-5 years from the time of diagnosis (Al-Chalabi and Hardiman, 2013). Less than 

10% of ALS patients survive past 10 years of diagnosis. Disease typically occurs with peak 

onset in the fifth decade of life, with patients sub-divided into groups based on upper motor 

neuron (i.e. bulbar) or lower motor neuron (i.e. spinal or limb) onset (Al-Chalabi and Hardiman, 

2013). The prevalence in the population is 5.4/100,000 people, with an incidence of 2-3/100,000 

new cases per year, and a mild male to female bias between 1.2 and 1.5 (Brown and Al-

Chalabi, 2017; Chiò et al., 2013). 

1.1.2 Genetics of ALS and overlap with Frontotemporal Dementia 

ALS was considered strictly a sporadic disease for over 80 years before Kurland & Mulder 

described its dominant inheritance pattern in particular families in the 1950s (Kurland and 

Mulder, 1955).  Since then, approximately 90% of ALS cases have been classified as sporadic 



 2	

(sALS) with the remaining 10% being traced through families (fALS). Advances in next 

generation sequencing technology have recently been able to attribute up to 70% of fALS and 

15% of sALS cases (~20% of total cases) to specific genetic mutations, spanning over 35 genes 

(Chia et al., 2018). Despite these discoveries, the only 2 FDA-approved treatments for ALS, 

Riluzole and Edaravone, each extend lifespan on the order of 2-4 months, making the 

development of new efficacious treatments a pressing priority (Abe et al., 2017). Nevertheless, 

researchers remain hopeful that these genetic discoveries will unveil new insights into the 

potential pathological mechanisms that govern ALS, and offer new hypotheses to develop 

desperately needed therapeutics.   

 The first gene demonstrated as causative to fALS was discovered via genetic linkage 

and Sanger sequencing, which identified dominant missense mutations in the gene 

superoxidase dismutase 1 (SOD1) segregating in families with ALS (Rosen et al., 1993). 

Follow-up studies have since identified over 100 variants in SOD1, which collectively account 

for ~12% of fALS and 1% of sALS cases (Renton et al., 2013). The SOD1 gene encodes an 

enzyme involved in the destruction of superoxide radicals in the cell, and most mutations are 

thought to confer disease through a toxic gain-of-function mechanism (Julien, 2001). Over a 

decade passed before progress was made in identifying mutations in the genes transactive 

response (TAR) DNA binding protein (TARDBP) and fused in sarcoma (FUS, encoding TDP-43 

and FUS, respectively) as causative for ALS (Sreedharan et al., 2008; Vance et al., 2009). 

These findings, along with follow-up studies, were significant for several reasons. First, they 

linked a potential mechanism of RNA metabolism to ALS; second, they showed that 

ubiquitinated inclusions containing aggregated TDP-43 in postmortem patient brains likely had 

explanatory power; and third, the localization of mutations in low complexity domains in each 

protein suggested that protein misfolding and aggregation likely plays a key role in ALS, 

similarly to other neurodegenerative diseases (Guo and Lee, 2014; Polymenidou and 

Cleveland, 2011).  
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 Genetic discoveries continued to fuel disease understanding with the landmark finding 

that a G4C2 hexanucleotide repeat expansion mutation in the non-coding region of the gene 

C9orf72 accounted for up to 40% of fALS, 7% of sALS, and 10% of familial Frontotemporal 

Dementia (FTD) cases (DeJesus-Hernandez et al., 2011; Renton et al., 2013; 2011). FTD is the 

second most common neurodegenerative dementia characterized by neuronal loss in the frontal 

and temporal lobes, leading to language and behavioral impairments. Up to 15-20% of ALS 

patients share cognitive deficits meeting FTD diagnostic criteria, with roughly the same being 

true for FTD patients meeting ALS diagnostic criteria (Ringholz et al., 2005). Additionally, 

approximately 45% of FTD patients and 97% of ALS patients (excluding SOD1 and FUS mutant 

carriers) share poly-ubiquitinated inclusions of misfolded TDP-43 in affected brain regions (Ling 

et al., 2013; Neumann et al., 2006). Thus, the genetic, pathological, and clinical overlap of ALS 

and FTD has led to these diseases being viewed as existing on a single spectrum, designated 

as ALS/FTD. 

 In addition to C9orf72, other genes such as UBQLN2, VCP, CHMPB2, SQSTM1, 

CHCDH10, TBK1, TIA1, TARDBP, FUS, and CCNF are also known to be associated with the 

ALS/FTD spectrum (Gao et al., 2017; Ling et al., 2013). Indeed, while a clearer picture of 

potential molecular pathways which may be dysregulated in ALS/FTD emerges, it also leaves 

open the questions of how shared disease phenotypes can manifest from mutations in different 

genes, how hitherto genetically un-identified sporadic forms of the disease share comparable 

pathological features and clinical phenotypes to familial cases, and how mutations within the 

same gene can lead to different clinical phenotypes. These remain open questions in the field. 

Lastly, mutations in NEK1, FIG4, DCTN1, SETX, OPTN, VAPB, SCFD1, MOBP, NEFH, 

HNRNPA1, HNRNPA2B1, PFN1, ATXN2, TUBA4A, TAF15, C21orf2, KIF5A, and MATR3 have 

also been associated with ALS (overview in Figure 1.1) (Chia et al., 2018; Nicolas et al., 2018). 

Categorically, most of these genes can be segregated based on their involvement in either 

protein homeostatic processes (e.g. SQSTM1, TBK1, UBLN2, CHMP2B, OPTN, FIG4, VCP, 
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VAPB, C9orf72, SCFD1), RNA binding or processing (e.g. TARDBP, MATR3, TAF15, 

HNRNPA1, HNRNPA2B1, FUS, TIA1), and cytoskeletal processes (e.g. TUBA4A, NEFH, 

DCTN1, PFN1, KIF5A, MOBP) (Brown and Al-Chalabi, 2017). Recent evidence points to 

categorical divisions also possible in DNA damage pathways (e.g. NEK1, C21orf2, and CCNF). 

One strategy to unify these processes has come from analyzing transcriptomes of co-expressed 

networks of genes, which have been shown to be enriched for ALS genes (Ho et al., 2016). 

Nevertheless, it has yet to be fully elucidated how dysfunction in one or many of these cellular 

processes leads to motor neuron death in ALS, or if ALS is better viewed as an umbrella term 

for multiple disorders.  
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Figure 1.1. Overview of genetic discoveries in ALS through 2016. Up to 70% of familial ALS 
cases (10% of all cases) and 15% of sporadic ALS cases (90% of all cases) can be explained 
by genetics. Recent discoveries were made possible through advances in next generation 
sequencing technologies. GWAS, genome-wide association study; WGS, whole-genome 
sequencing; WES, whole-exome sequencing; RP-PCR, repeat-primed polymerase chain 
reaction; SNP, single nucleotide polymorphism; ASO, antisense oligonucleotide. 
 
Figure reprinted from The Lancet Neurology, Volume 17, Chia, R., Chio, A., Traynor, BJ. “Novel 
genes associated with amyotrophic lateral sclerosis: diagnostic and clinical implications,” p. 1-9., 
Copyright 2018, with permission from Elsevier granted through the Copyright clearance center 
(RightsLink) website. 
 
1.1.3 Characteristics of C9orf72-associated ALS/FTD 

 Discovered in 2011, the G4C2 hexanucleotide repeat expansion mutation in C9orf72 is 

now known to be the most common genetic cause of ALS and FTD. In normal populations, the 

repeat size typically varies between 2-24, whereas patients can have repeats from as low as 60 

to as high as several thousand (Rutherford et al., 2012; Van Mossevelde et al., 2017). 

Expansion confirmation can be achieved through repeat-primed PCR, however Southern blot is 

typically used in order to best estimate actual expansion size. Unlike Huntington’s Disease or 

other repeat length-dependent diseases, larger G4C2 expansion sizes do not always correlate 

with earlier disease onset (Dols-Icardo et al., 2014; van Blitterswijk et al., 2013). Similarly to 

other repeat diseases, however, the expansion is unstable, and increasing expansion sizes 

have been associated with earlier onset ages in parent-child transmissions (Gijselinck et al., 

2015; Xi et al., 2015a). However, these findings are complicated by somatic mosaicism and 

instability, and may be influenced by the tissue, or tissue region, studied (Gijselinck et al., 2015).  

The G4C2 expansion, inherited in autosomal dominant fashion, shows incomplete 

penetrance, and variability in clinical presentation within and between families, suggestive of a 

strong influence of positive and negative genetic modifiers, which have been reported (Van 

Mossevelde et al., 2017). Indeed, the expansion has also been linked in rare cases to patients 

with Schizophrenia or Schizoaffective Disorder (Galimberti et al., 2014; Watson et al., 2016), 

Multiple System Atrophy (Goldman et al., 2014), Alzheimer’s Disease (Harms et al., 2013), and 

Bipolar Disorder (Galimberti et al., 2013). While intermediate CAG repeats in ATXN2 have been 
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associated with increased risk of ALS (Sproviero et al., 2016), intermediate G4C2 repeats in 

C9orf72 have been associated with increased risk of Parkinson’s Disease (Nuytemans et al., 

2013). In sum, the C9orf72 repeat expansion mutation can be associated with many clinical 

presentations within the population, and more work is needed in order to fully explain these 

differences. 

1.1.4 Potential mechanisms of C9orf72-associated ALS/FTD 

  Based on knowledge from other repeat expansion disorders, pathological features of 

C9orf72-associated ALS were quickly characterized (DeJesus-Hernandez et al., 2011). This has 

led to the formation of three main hypotheses, not mutually exclusive, which may explain how 

the repeat expansion mutation leads to disease: (1) haploinsufficiency of C9orf72 protein 

function, (2) accumulation of RNA foci and gain of RNA toxicity, and (3) accumulation of di-

peptide aggregates and gain of protein aggregation toxicity (summarized in Figure 1.3, p. 14). 

1.1.4.1 Haploinsufficiency of C9orf72 protein function 

C9orf72 is transcribed as 3 different alternatively spliced variants, leading to two different 

protein isoforms (Figure 1.2). Transcript variant 1 encodes a short protein isoform believed to 

function at the nuclear membrane, whereas transcript variants 2 and 3 encode a longer protein 

isoform believed to function in the cytoplasm (Xiao et al., 2016). The repeat expansion lies 

either within the first intron in the cases of variants 1 and 3, or within the promoter region of the 

predominantly expressed variant 2 (DeJesus-Hernandez et al., 2011). C9orf72 is expressed at 

low abundance in most tissues, however the expression pattern is significantly higher in regions 

known to degenerate in ALS/FTD, namely neurons of the frontal and temporal lobes, and motor 

neurons in the cortex and spinal cord (Suzuki et al., 2013). Interestingly, patient tissues and cell 

lines typically display lower levels of C9orf72 expression (Almeida et al., 2013; DeJesus-

Hernandez et al., 2011; Donnelly et al., 2013), although this consistency has been disputed 

(Sareen et al., 2013a). Therefore, down-regulation of C9orf72 expression may lead to loss-of-

function of C9orf72 protein, which in turn may lead to neurodegeneration. 
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Figure 1.2. Schematic of C9orf72 mRNA structure, variants, and protein isoforms. The G4C2 
expansion mutation lies in an intronic region between two non-coding exons. It is transcribed 
into 3 variants, which in turn are translated into two protein isoforms A (long) and B (short).  
 
Figure reprinted by permission from Springer Nature: Acta Neuropathologica, “Modelling 
C9ORF72 hexanucleotide repeat expansion in amyotrophic lateral sclerosis and frontotemporal 
dementia,” Stepto, A., Gallo, J., Shaw, C.E., Hirth, F. Copyright 2013. Permission from Springer 
Nature granted through the Copyright clearance center (RightsLink) website. 
 

Decreased levels of C9orf72 are thought to be primarily mediated either by the formation 

of G-quadruplex and R-loop structures from the expansion which may lead to abortive, self-

regulating transcripts of C9orf72 (Haeusler et al., 2014) or through hypermethylation of CpG 

islands within the promoter region, similarly to other non-coding repeat expansion diseases 

such as Fragile X Syndrome and Friedreich’s Ataxia (He and Todd, 2012). Indeed, 

hypermethylation at the promoter region of C9orf72 (Russ et al., 2014; Xi et al., 2014) has been 

documented in patient tissues, along with evidence for methylation of histones (Belzil et al., 

2014) and the expansion itself (Xi et al., 2015b). It remains unclear if decreased C9orf72 levels 

via promoter or histone methylation are deleterious (Xi et al., 2014) or protective (Liu et al., 

2014; Russ et al., 2014), or whether the G4C2 expansion is mechanistically responsible for 

decreased C9orf72 expression levels.  
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In order to assess whether loss of function of C9orf72 is deleterious, an understanding of 

the protein’s function must be attained. The first clues came by looking at gene homology of 

C9orf72 with the discovery that it shares homologous regions to a family of Rab GDP/GTP 

exchange factors (GEFs) (Levine et al., 2013). More recent studies have converged on 

evidence showing that the long isoform of C9orf72 forms a complex with WDR41 and SMCR8 

proteins in the cytoplasm which act as a GEF for Rab1a, Rab8a, and Rab39b to control 

autophagic flux as well as being required for initiation of autophagosome assembly via the 

FIP2000/ULK1 complex (Sellier et al., 2016; Sullivan et al., 2016; Webster et al., 2016). Based 

on this evidence, the function of C9orf72 likely fits within the protein homeostatic group of genes 

discussed in Chapter 1.1.2. 

Evidence for the deleterious effects of C9orf72 loss of function has been mixed. Null 

mutations in the C9orf72 orthologue of C. elegans led to motor neuron degeneration (Therrien 

et al., 2013) while knockdown in Danio rerio via morpholino antisense oligonucleotides (ASOs) 

also led to motor phenotypes (Ciura et al., 2013). However, a conditional Nestin-Cre knockout of 

C9orf72 displayed no overt motor phenotypes or TDP-43 aggregation in mouse (Koppers et al., 

2015), nor did chronic 50% knockdown via ASOs (Jiang et al., 2016). Recently, homozygous 

mutant mice did not display any signs of motor neuron disease or ALS pathology, however they 

did reveal an essential role of C9orf72 in the hematopoietic system, as loss of function of 

C9orf72 leads to development of splenomegaly, cytokine storm, severe autoimmunity, microglial 

dysfunction, and high mortality (Atanasio et al., 2016; Burberry et al., 2016; O'Rourke et al., 

2016). Species-specific discrepancies may be explained by high homology between mouse and 

human orthologues (98%) versus human and C. elegans or Danio rerio (50% and 76%, 

respectively) (Haeusler et al., 2016). Lastly, in human patient induced pluripotent stem cell- 

(iPSC-) derived motor neurons, C9orf72 haploinsufficiency was found to trigger 

neurodegeneration via impaired vesicle trafficking of glutamate receptors which led to 

excitotoxicity and decreased survival, as well as impaired lysosomal biogenesis, causing 
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dysfunction in di-peptide protein clearance (discussed in Chapter 1.1.4.3). Importantly, 

restoration of C9orf72 levels rescued these phenotypes (Shi et al., 2018). Taken together, 

results across model organisms suggest that complete loss of function of C9orf72 alone does 

not seem to be sufficient to cause ALS pathology or motor phenotypes in the absence of 

additional stressors. In C9orf72-associated ALS/FTD, however, the presence of additional 

stressors happens to be inherent to the disease. 

1.1.4.2 Gain of RNA toxicity 

 Previous evidence from Myotonic Dystrophy type 1 showed that CTG repeats in the 

DMPK gene lead to accumulation of nuclear RNA foci which can in turn sequester RNA binding 

proteins, causing alterations in splicing and RNA processing (Jiang et al., 2004). Similarly, a 

variety of patient tissues and cell lines from C9orf72 patients also display nuclear and 

occasional cytoplasmic RNA foci (Almeida et al., 2013; DeJesus-Hernandez et al., 2011; 

Donnelly et al., 2013; Lagier-Tourenne et al., 2013; Sareen et al., 2013a). These foci 

accumulate as transcriptional products in both the sense and antisense direction (Lagier-

Tourenne et al., 2013) and have been associated with binding to a variety of RNA binding 

proteins such as hNRNP-H, hNRNPA1, Nucleolin, ADARB2, RanGAP1, and Pur-α (Donnelly et 

al., 2013; Haeusler et al., 2014; 2016; Sareen et al., 2013a), although the significance of this is 

unclear. Removal of sense and antisense RNA foci via G4C2-targeting ASOs has been shown to 

reverse several RNA-related phenotypes, including transcriptional signatures and protein 

mislocalization (Donnelly et al., 2013; Jiang et al., 2016; Lagier-Tourenne et al., 2013; Sareen et 

al., 2013a). Clinical trials are now being pursued for use of ASOs in treating c9ALS (Schoch and 

Miller, 2017). Despite this, the success of ASOs may be more dependent on their ability to quell 

accumulation of di-peptide translation products, rather than mitigating supposed RNA toxicity 

(discussed in Chapter 1.1.4.3). 

 The G4C2 repeat forms G-quadruplex structures, which are unique molecularly bonded 

structures formed from guanine-rich regions such as telomeres. G4C2 RNA has been shown to 
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lead to abortive transcripts which in turn can preferentially bind proteins in the nucleolus leading 

to nucleolar stress (Haeusler et al., 2014). Additionally, G4C2 RNA promotes the phase 

transition of RNA granule proteins in a length-dependent manner, leading to altered 

condensation times and synergistic mislocalization and protein aggregation phenotypes (Fay et 

al., 2017). For these reasons, molecules targeting G-quadruplexes have shown efficacy in 

ameliorating survival deficits in iPSC-derived motor neurons and Drosophila (Simone et al., 

2018).  

 Despite this success, evidence for RNA toxicity alone is weak. In one study, Drosophila 

were engineered to contain G4C2 repeats, which led to neurodegeneration and lethality. 

However, when the G4C2 repeat was interrupted with stop codons to prevent the formation of di-

peptide translation products (discussed in Chapter 1.1.4.3), this toxicity was ameliorated 

(Mizielinska et al., 2014). An additional Drosophila study expressed G4C2 repeats within an 

intron, leading to nuclear accumulation of RNA foci, but was absent of neurodegeneration (Tran 

et al., 2015). Importantly, this differed from the previous study, which permitted the G4C2 mRNA 

to be poly-adenylated and exported to the cytoplasm where it could be translated. Indeed, 

toxicity was only observed when nuclear export could take place (Tran et al., 2015). Follow-up 

studies confirmed the lack of neurodegeneration in RNA-only Drosophila models which 

examined sense and antisense toxicity, as well as G4C2 repeats >1000 in length (Moens et al., 

2018). In sum, evidence for RNA-mediated toxicity alone is not robust enough to explain the 

spectrum of neurodegenerative processes seen in C9orf72-associated ALS/FTD. 

1.1.4.3 Gain of di-peptide protein aggregation toxicity 

 Repeat-associated non-ATG (RAN) translation is a phenomenon whereby repeat 

expansions are translated in the absence of a start codon, even when the repeat exists in a 

non-coding region of the genome (Zu et al., 2011). It was discovered in human postmortem 

tissues by multiple groups that the G4C2 repeat undergoes RAN translation to produce five 

different repeating di-peptide proteins (DPRs) originating from all reading frames (Ash et al., 
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2013; Gendron et al., 2013; Mori et al., 2013). These DPRs are referred to as poly-glycine-

alanine (GA) and glycine-arginine (GR) from the sense strand, poly-proline-arginine (PR) and 

proline-alanine (PA) from the antisense strand, and poly-glycine-proline (GP) originating from 

both strands. Recent evidence suggests that RAN translation occurs on the first spliced intron 

following excision from its pre-mRNA and relies on phosphorylation of elF2α which occurs in 

response to stress (Cheng et al., 2017), and is increased in iPSC-derived neurons from G4C2 

carriers (Zhang et al., 2018). Thus, stress induced by DPRs themselves, C9orf72 

haploinsufficiency, or RNA toxicity, may result in a feed-forward loop whereby progressive 

disease manifests via stress-induced DPR production. 

 Toxicity via DPRs has been demonstrated in various cell and animal models, however 

careful consideration must be given to understand which DPRs are toxic, and whether these 

model systems are physiologically relevant. As demonstrated in the aforementioned studies in 

Drosophila, over-expression of only those G4C2 constructs which can be translated was shown 

to be toxic (Mizielinska et al., 2014; Tran et al.). In order to find the toxic species, several groups 

created constructs overexpressing specific DPR species and showed increased toxicity from 

poly-GR and poly-PR, hypothesized to be mediated via nucleolar stress (Kwon et al., 2014; Tao 

et al., 2015). In many cases, DPRs were translated from codons originating from G4C2 

nucleotides as well as alternative codons, demonstrating specificity. In human iPSC-derived 

cortical neurons, only poly-PR was found to be toxic (Wen et al., 2014). Other studies have 

reported poly-GA as being neurotoxic, as it has a high propensity to form amyloid structures 

which are transmissible from cell to cell (Chang et al., 2016; Zhang et al., 2014). Indeed, 

transmissibility has also been reported for all other DPR species (Westergard et al., 2016). In 

sum, an enormous body of literature has emerged to investigate the roles of each DPR species. 

It is now generally agreed upon that the arginine-containing GR and PR species are highly toxic, 

with poly-GA considered to be less toxic than the poly-GR and poly-PR species, as it requires 

significantly higher levels of expression in similar biological systems (Freibaum and Taylor, 
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2017). Additional mammalian animal models are needed to untangle the role of DPRs in 

ALS/FTD pathogenesis.  

 A variety of important cellular functions have been implicated as potential mechanisms 

of DPR toxicity, including nucleolar stress, endoplasmic reticulum (ER) stress, stress granule 

assembly, DNA damage, proteasome inhibition, ribosomal RNA alterations, and transcriptional 

changes (Freibaum and Taylor, 2017; Gitler and Tsuiji, 2016; Haeusler et al., 2016). However, 

one mechanism has taken center stage. In 2015, three independent genetic screens spanning 

yeast and Drosophila, found enrichment of proteins involved in nucleocytoplasmic transport and 

nuclear pore formation acting as genetic modifiers to DPR toxicity (Freibaum et al., 2015; 

Jovičić et al., 2015; Zhang et al., 2015). Recent CRISPR/Cas9 screens in rodent and human 

neurons support these findings (Kramer et al., 2018). Nucleocytoplasmic transport is also 

altered in the presence of other aggregating proteins involved in neurodegeneration, including 

TDP-43, Huntingtin, and alpha-synuclein (Chou et al., 2017; Woerner et al., 2015), however 

more research is needed to determine whether this alteration is a true driver of human disease 

or just a consequence of other processes. 

 Ample evidence also exists against a primary role for DPRs in disease pathogenesis, 

and this evidence comes from the most relevant model system: human patients. In order to link 

DPR accumulation to neurodegeneration, one hypothesis would be that DPRs are abundant in 

brain regions that degenerate. While DPRs have been shown to be present in the cerebellum, 

amygdala, hippocampus, thalamus, frontal cortex, motor cortex, and spinal cord of C9orf72-

associated ALS/FTD patients, the relative DPR levels are unexpectedly far higher in the 

hippocampus and cerebellum than in the spinal cord (Haeusler et al., 2016). Additionally, 

abundance and localization of DPRs fail to correlate with TDP-43 pathology and 

neurodegeneration, with abundance of TDP-43 inclusions 45-750 fold more frequent than any 

DPR inclusions in the spinal cord (Davidson et al., 2015; Gomez-Deza et al., 2015; Mackenzie 

et al., 2015). While it is known that patient iPSC-derived motor neurons express DPRs (Shi et 
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al., 2018) and DPRs in cerebrospinal fluid may serve as useful biomarkers for clinical trials 

(Gendron et al., 2017), the postmortem findings call into question whether overexpression 

model systems truly recapitulate the physiological DPR levels found in humans. One 

explanation could be that PR aggregates are so toxic that cells that express them have already 

died upon postmortem analysis. Alternatively, differences in antibodies may not detect specific 

toxic conformations (Gitler and Tsuiji, 2016). Nevertheless, while an immense amount of 

knowledge has been gained in C9orf72-associated ALS/FTD since its discovery in 2011, 

questions remain in concluding the mechanism(s) governing disease pathogenesis. Importantly, 

none of the experiments mentioned provide any answers to selective vulnerability of motor 

neurons and cortical neurons in ALS/FTD, and this remains an open question in the field. 
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Figure 1.3. Potential pathogenic mechanisms for disease-causing C9orf72 expansions. A. The 
G4C2 expansion can be transcribed in both sense and antisense directions, leading 
accumulation of G-quadruplex structures which may influence C9orf72 haploinsufficiency. B. 
Transcription produces RNA foci accumulation which may sequester RNA binding proteins 
(RBPs) and lead to altered RNA processing. C. The G4C2 expansion undergoes RAN translation 
in the sense and antisense direction, leading to accumulation of toxic dipeptide repeat proteins 
(DPRs).  
 
Figure reprinted by permission from Springer Nature: Acta Neuropathologica, “Modelling 
C9ORF72 hexanucleotide repeat expansion in amyotrophic lateral sclerosis and frontotemporal 
dementia,” Stepto, A., Gallo, J., Shaw, C.E., Hirth, F. Copyright 2013. Permission from Springer 
Nature granted through the Copyright clearance center (RightsLink) website. 
 
1.2 Methods for modeling human disease 

In order to understand human disease biology, researchers have long relied on model 

organisms for insight. Due to evolutionary principles, many of the same biological processes 

observed in lower organisms such as bacteria, yeast, worms, flies, and mice are conserved in 
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humans, usually with increasing likelihood with organisms that share a greater overlap of their 

genetics. Model organisms offer researchers an opportunity to study disease in a living 

organism with shorter lifespans as well as having genetic control and tools to manipulate 

biological processes that are otherwise off limits for use in humans. For neurodegenerative 

diseases such as ALS, genetic mouse models based on mutations discussed in Chapter 1.1.2 

are capable of recapitulating disease phenotypes and in turn are relied upon for therapeutic 

development. However, these models come with important caveats that may undermine 

success in the clinic (Perrin, 2014). A more recent, alternative strategy is the use of human 

iPSCs which provide exciting new opportunities for disease modeling. 

1.2.1 Rodent models of ALS 

Since the discovery of SOD1 mutations in ALS, mouse models have led the charge in 

elucidating pathogenic mechanisms of disease. The SOD1 G93A mouse is the most commonly 

used mouse model in ALS research, as animals undergo progressive motor neuron 

degeneration, muscle denervation, and astrogliosis in addition to displaying disease hallmarks 

such as glutamate excitotoxicty, mitochondrial defects, and altered neurofilament processing 

(Thomas Philips, 2001). Recent development of TDP-43 and PFN1 mutant mice can similarly 

achieve phenotypes which closely mimic human disease (Walker et al., 2015; Yang et al., 

2016). For C9orf72 models of disease, however, success has been mixed. Over-expression of 

G4C2 via adeno-associated virus (AAV) injection into the ventricles of mice at P0 leads to 

accumulation of RNA foci, DPRs, TDP-43 pathology, and neurodegeneration (Chew et al., 

2015). However, two bacterial artificial chromosome (BAC) mouse models, which contain a 

partial or full C9orf72 locus, including a G4C2 expansion, failed to produce neurodegenerative 

phenotypes despite the presence of RNA foci and DPRs (O’Rourke et al., 2015; Peters et al., 

2015). In contrast, two other BAC mouse models, again containing RNA foci and DPRs, showed 

minimal (Jiang et al., 2016) and severe (Liu et al., 2016) neurodegeneration, respectively, with 

TDP-43 aggregation and muscle denervation observed only in the latter case.  



 16	

These BAC models highlight some of the caveats in mouse-based studies. First, 

differences in genetic backgrounds, handling conditions, and expression strategies (e.g. 

inducible, conditionally expressed, etc) across labs and studies inherently make interpretation of 

results difficult. Second, most neurodegenerative diseases are inherited in an autosomal 

dominant fashion, sufficient for one copy of a mutant allele to yield disease. However, ALS 

mouse models that display neurodegeneration express mutant proteins at supraphysiological 

levels. This includes >1700% mutant versus endogenous SOD1 levels in the G93A mouse, and 

~17000 ng/mg of soluble poly-GP levels in brain homogenate of G4C2 AAV-transduced mice 

compared to ~50-200 ng/mg seen in two of the BAC mice without neurodegeneration (Batra and 

Lee, 2017; Thomas Philips, 2001). Thus, researchers are frequently studying aspects of disease 

in a system that may be physiologically irrelevant. Perhaps it is no wonder why virtually all 

compounds showing rescue in the SOD1 G93A mouse have failed to translate to humans 

(Perrin, 2014). Regardless of contributing problems in clinical trial design, limitations in 

achieving physiologically relevant mouse models ushers in the need for new model systems in 

which to study disease and test therapeutics.  

1.2.2 Human induced pluripotent stem cells  

In 2006, it was discovered that adult somatic cells could be reprogrammed to an  

embryonic-like, pluripotent state via the exogenous addition of four transcription factors, 

POUF51, SOX2, c-MYC, and KLF4, termed induced pluripotent stem cells (iPSCs) (Takahashi 

and Yamanaka, 2006). By acquiring cells from patients with disease, iPSC technology permits 

the differentiation of reprogrammed iPSCs into the desired cell type afflicted in disease. Thus, 

the technology offers a powerful tool for which to study disease by creating patient-specific 

models in vitro.  

1.2.2.1 Creation of specific cellular lineages 

One of the most important first steps in disease modeling is to study disease within the  
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affected cell types. Over the past decade, researchers have developed methods with increasing 

efficiency for which to guide iPSCs toward specific cellular lineages via addition of morphogens 

or small molecules (i.e. directed differentiation) to replicate normal development. Alternatively, 

forced expression of lineage-specific transcription factors (i.e. transdifferentiation) has been 

equally fruitful in creating desired cell types (Shi et al., 2017). Indeed, virtually all cell types from 

neurons to muscle to liver to blood can now be created with at least modest efficiencies. In 

some cases, such as production of spinal motor neurons, both directed and trans-differentiation 

methods may yield populations with >90% purity (to the extent we currently classify cell 

populations) (Du et al., 2015; Maury et al., 2014; Velasco et al., 2017). Moreover, iPSC-derived 

cell types are functional and have already seen clinical success in replacing cells lost in 

diseases such as macular degeneration (Kimbrel and Lanza, 2015).  

1.2.2.2 iPSCs in neurodegenerative and neuromuscular disease 

Patient-specific iPSC models of neurodegenerative and neuromuscular  

disease have been effective in several ways. One advantage is that both familial and sporadic 

forms of disease can be studied, therefore better capturing the genetic heterogeneity of the 

population. In ALS due to C9orf72 expansion, iPSC-derived motor neurons (iPSC-MNs) 

recapitulate hallmarks of disease such RNA foci, DPR pathology, and C9orf72 

haploinsufficiency (Almeida et al., 2013; Donnelly et al., 2013; Shi et al., 2018), and may enable 

identification of early or developmentally-related phenotypes (Kiskinis et al., 2014). iPSC-MNs 

are functional, fire action potentials, and recapitulate physiological phenotypes observed in 

patients such as membrane hyperexcitability (Devlin et al., 2015; Wainger et al., 2014). This has 

led to their use in drug screens to identify potential protective compounds and identify new 

disease-associated pathways (Egawa et al., 2012; Imamura et al., 2017; Yang et al., 2013), 

which are otherwise difficult to perform in vivo. Recent advances in genetic engineering using 

CRISPR/Cas9 systems have enabled the creation of genetically corrected (isogenic) lines, 

which have been shown to correct survival deficits, neurofilament dysregulation, and excitotoxic 
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vulnerability (Shi et al., 2018; Bhinge et al., 2017). Alternatively, CRISPR can be used to 

introduce disease-causing point mutations (Gaudelli et al., 2017) in healthy control backgrounds 

as a way to rapidly study specific mutations and genetic modifiers. Thus, the use of iPSCs 

combined with other biological tools make for a powerful combination in dissecting mechanisms 

of disease. 

1.2.2.3 Limitations of iPSCs in neurodegenerative and neuromuscular models 

Understanding the caveats and limitations to a model system ensures that results can be  

interpreted meaningfully. An abundance of evidence exists which documents variability seen in 

iPSC lines, however recent studies have shown that as high as 50% of this variance can be 

explained by common genetic variation inherent to the donor (Carcamo-Orive et al., 2017; 

Kilpinen et al., 2017). Additional studies have shown that phenotypic differences may also be 

caused by de novo mutation or copy number variation during the derivation and culturing 

process, with as many as 10% of lines acquiring dominant-negative mutations in TP53 alone 

(Martins-Taylor et al., 2011; Merkle et al., 2017).  

iPSCs are typically derived from peripheral blood mononuclear cells (PBMCs) or dermal 

fibroblasts as these cells are readily attainable. During the reprogramming process, iPSCs 

emerge as colonies derived from a single cell, which subsequently undergoes frequent cell 

divisions, increasing the likelihood of mutational load. In order to reduce this potential burden 

and capture genetic mosaicism inherent in donor cells, it is encouraged to derive and study 

multiple clones from a single patient, however this is rarely reported in the literature (Mertens et 

al., 2016). To rectify this issue, transdifferentiation techniques can be used, such that patient-

specific genetic mosaicism is captured from the entire donor cell population with each cell being 

converted to the desired cell type, however these techniques come with their own limitations 

such as bypassing ‘progenitor’ states and limited expandability of cells (Mertens et al., 2016). 

The best way to limit variability is therefore to ensure good quality control practices and work 

with large numbers of patients and/or iPSC clones to yield statistical power that enables claims 
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to be made that apply to a broader population. However, this is met with monetary and labor 

challenges, as iPSCs require expensive growth mediums and intensive hands-on labor. 

Therefore, it remains difficult in practice to enact some of the characteristic advantages of 

iPSCs over other model systems. 

iPSC-derived cells have been shown to more closely resemble their fetal versus adult 

counterparts in their transcriptomic and functional properties (Ho et al., 2016; Hrvatin et al., 

2014). This property may serve as an advantage in studying early-age disorders such as Spinal 

Muscular Atrophy (Yoshida et al., 2015a) or Autism Spectrum Disorder (Paşca et al., 2011), 

however the majority of neurodegenerative disorders occur at later stages in life. It remains an 

open question in the field, therefore, whether iPSCs can model age-related disease in a relevant 

manner. One attempt to answer this question has been through artificially induced expression of 

progerin or inhibition of telomerase which resulted in production of age-related phenotypes in 

dopaminergic neurons derived from patients with Parkinson’s Disease (Miller et al., 2013; Vera 

et al., 2016), however no other studies to date have replicated these techniques. In ALS, 

several studies employed exogenous stressors such as glutamate to reveal phenotypic 

differences between healthy and diseased cells (Donnelly et al., 2013; Shi et al., 2018), 

however it is unclear if artificial stress is analogous to natural aging processes. Perhaps the 

most promising studies come from transdifferentiation of aged fibroblasts into neurons, which 

were shown to transcriptomically resemble aged brain, as well as show conserved epigenetic 

age (Huh et al., 2016; Mertens et al., 2015). Head to head phenotypic comparisons between 

trans- and directed differentiation techniques will help resolve which technique researchers 

should pursue in modeling neurodegenerative disorders. 

1.2.2.4 Future directions for iPSC modeling 

The final caveat to iPSC modeling is that studies using iPSCs typically involve only a  

single cell type, while cells in vivo are functionally integrated with a variety of other cell types. In 

ALS, the role of astrocytes in disease has been extensively documented as astrogliosis occurs 
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in human patients and mouse models (Thomas Philips, 2001), however studies in iPSCs have 

primarily focused solely on motor neurons (Donnelly et al., 2013; Egawa et al., 2012; Imamura 

et al., 2017; Sareen et al., 2013a; Wen et al., 2014). While studies have reported neuronal and 

glial or neuromuscular co-culture systems to parse non-cell autonomous effects, these typically 

involve only a single iPSC-derived cell type, cultured with primary cells from human or mouse 

(Re et al., 2014; Steinbeck et al., 2015). Recently, improved protocol efficiency and reliability 

has enabled researchers to produce multiple cell types in parallel before recombining them in 

experimental paradigms (Hall et al., 2017). Development of organoids offer additional ways to 

probe disease effects in entire tissue types (Pasca, 2018). Thus, incorporation of multiple iPSC-

derived cell types from the same patient or in combination with genetically corrected patient 

cells may greatly enhance our understanding of neurodegenerative and neuromuscular disease. 

1.3 The Neuromuscular Junction 

In vertebrates, developing motor neurons extend axons far distances to form  

contacts with skeletal muscle of the limbs and trunk. These contacts, referred to as 

neuromuscular junctions (NMJs), are specialized synapses that permit the coordination of motor 

function via signals originating from the brain and traveling down the spinal cord before acting 

upon a targeted muscle population. Owing to its size and accessibility, the NMJ has been the 

most studied synapse in neuroscience, leading to the discoveries of chemical synaptic 

transmission, quantal release of the neurotransmitter acetylcholine, and the first molecularly 

cloned neurotransmitter receptor, the nicotinic acetylcholine receptor (nAchR) (Sanes and 

Lichtman, 1999). 

 The NMJ is comprised of 4 principal cell types: the motor neuron, skeletal myotube, 

peripheral Schwann cell, and NMJ capping cells called kranocytes (Court et al., 2008). During 

development, organized motor neuron pools within the spinal cord receive molecular pathfinding 

cues which, in combination with neuronal firing activity, guide their axons toward the appropriate 

skeletal muscle contact (Hanson and Landmesser, 2004; Tessier-Lavigne and Goodman, 
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1996). The extending motor neuron axon is followed closely by developing Schwann cells 

derived from the neural crest, which support the axon via chemical cues along the way (Sanes 

and Lichtman, 1999). Prior to contact, recently formed, multi-nucleated skeletal myotubes 

already display some degree of ‘pre-patterning’ of nAchRs on their surface, although it’s 

debated how influential this is in guiding the location of the NMJ synapse (Darabid et al., 2015). 

As the growth cone of the axon approaches the myotube, secreted proteins such as Agrin 

further aid in clustering of nAchRs via downstream effector genes MuSK, Rapsyn, LRP4, and 

Dok7 (Darabid et al., 2015).  

The target myotube becomes polyinnervated due to axonal branching, and low quantal 

but frequent synaptic firing begins shortly thereafter (Chow and Poo, 1985). Synaptic maturation 

occurs via the secretion of Agrin, neuregulins, and acetylcholine (Ach) from the motor neuron 

terminal. Agrin mobilizes nAchR clustering, while neuregulins signal through ERBB2 and 

ERBB3 receptor tyrosine kinases to up-regulate local transcription of additional nAchR subunits 

at the NMJ. This occurs locally as nuclei within the myotube tend to lie directly underneath the 

sites of innervation. Interestingly, Ach secretion largely acts as a negative regulator of nAchR 

transcription via downstream transcriptional repression of nAchR subunit genes by MyoD, 

although this is variably dependent on complex feedback mechanisms (Darabid et al., 2015). 

During this time, perisynaptic Schwann cells at the NMJ terminals change morphology and 

spatial occupancy as the synaptic endplate matures. This is mediated in part via Schwann cell 

secretion of TGFβ1 which promotes synaptogenesis, likely through Agrin signaling (Darabid et 

al., 2015). Additionally, Schwann cells will myelinate the motor neuron axon to speed action 

potential conduction. Lastly, while structural maturation at the NMJ forms junctional folds with 

enriched nAchR density, pre- and post-synaptic cells continue to become further attached via 

the skeletal muscle basal lamina extracellular matrix proteins (Sanes and Lichtman, 1999). 

As the NMJ matures, activity-dependent synaptic competition takes place, where 

gradual loss of synaptic connections result in innervation by a sole motor neuron terminal 
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(Walsh and Lichtman, 2003). Although still poorly understood, this process is believed to work 

similarly to Hebbian plasticity whereby NMJ terminals that are more active are favored during 

competition (Darabid et al., 2015). Periods of competition are defined by synchronous spike 

timing, and elimination occurs during periods of asynchronous activity, perhaps as a mechanism 

for distinguishing between multiple inputs (Favero et al., 2012). It is believed that Schwann cells 

also play a role in the elimination process via synaptic pruning by phagocytosis of components 

of retracting axonal terminals (Darabid et al., 2015; Song et al., 2008).  

Over time, the myotube is left innervated by a single axon terminal, however a single 

motor neuron will innervate multiple myotubes, leading to the formation of a motor unit. Once 

achieved, these NMJs are maintained for the better part of the organism’s life, barring injury 

which can result in denervation and subsequent repair in somewhat analogous fashion as 

synaptogenesis. Maintenance of the NMJ is performed in part by basal laminar proteins as well 

as Schwann cells which fine tune transmission over the lifetime of the synapse (Sanes and 

Lichtman, 1999). A summary schematic of the adult NMJ is shown in Figure 1.4. In sum, our 

understanding of the NMJ is complex yet incomplete, with much still to learn about mechanisms 

which govern maintenance, repair, and failure in disease. 
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Figure 1.4. The adult neuromuscular junction. A. Motor neuron axons project from the spinal 
cord via peripheral nerves where a single axon innervates multiple target muscle fibers (B), 
forming a motor unit. C. Through activity-dependent synaptic competition, each myotube 
becomes singly innervated. D. The adult neuromuscular junction displays a ‘pretzel-like’ 
morphology with junctional folds densely populated with AchRs. Lifetime maintenance is then 
provided by muscle basal lamina proteins and Schwann cells.  
 
Figure reprinted from Cell, Volume 72, Hall, ZW., Sanes, J.R. “Synaptic Structure and 
Development: The Neuromuscular Junction,” p. 99-121., Copyright 1993, with permission from 
Elsevier granted through the Copyright clearance center (RightsLink) website. 
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1.3.1 The neuromuscular junction in ALS 

Evidence in humans and animal models of ALS imply disruption of the NMJ prior to the  

onset of disease symptoms. Indeed, electrophysiological tests looking at compound muscle 

action potential and muscle fiber conduction velocity were able to predict disease onset in pre-

symptomatic mouse and human subjects, respectively (Blijham et al., 2007; Mancuso et al., 

2014). In the SOD1 G93A mouse, 40% of motor endplates were already denervated by day 47, 

far before symptom onset around day 80 (Fischer et al., 2004), with electrophysiological 

evidence of altered neuromuscular transmission occurring during these same timeframes 

(Rocha et al., 2013). Similarly, neural progenitor cells secreting GDNF were able to protect 

motor neuron cell bodies in SOD1 G93A rats, but failed to maintain muscle innervation, leading 

to no beneficial effects on survival (Suzuki et al., 2007). Alternatively, lifespan and disease 

progression in SOD1 mice could be improved with treatment of an agonist antibody against 

MuSK, demonstrating NMJ maintenance as a potential therapeutic intervention in ALS (Cantor 

et al., 2018). Validation of these phenomena in human patients is difficult, owing to access of 

human tissue almost always being at end-stages of disease where denervation is nearly 

complete. Nevertheless, a case study report in an accidental death of a newly diagnosed ALS 

patient also found denervation of muscle concomitant with few degenerative motor neurons in 

the spinal cord (Fischer et al., 2004). These findings together point to ALS as a distal 

axonopathy, where collapse of the NMJ precedes loss of the motor neuron and onset of 

astrogliosis (Fischer et al., 2004), highlighting the importance of further understanding the 

mechanisms which govern denervation. 

 This concept holds true for other neuromuscular disorders as well, with analogous 

findings in Spinal Muscular Atrophy (Kong et al., 2009; Murray et al., 2010) and Charcot-Marie 

Tooth II (Spaulding et al., 2016). It has been hypothesized that motor neuron vulnerability in 

disease may be due to the extreme axonal lengths required for motor neuron function. As 

previously mentioned in Chapter 1.1.2, mutations in genes involved in cytoskeletal maintenance 
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and axonal transport are causative for ALS and/or FTD, indicative that abnormalities originating 

in these processes lead to downstream motor impairment phenotypes. Indeed, one of the most 

replicated phenotypes observed in ALS mouse models is defective neurofilament regulation, 

transport, and aggregation (Rao and Nixon, 2003). These findings have been extended to 

humans, where phosphorylated heavy neurofilament protein (p-NF-H) has been used as a 

potential ALS biomarker (Oeckl et al., 2016), although the specificity has been questioned (Xu 

et al., 2016).  

1.3.2 in vitro models of the neuromuscular junction 

 Aside from animal models, disease-relevant models of the NMJ are scarce and limited in 

the extent to which NMJ dynamics and phenotypes can be observed over time. The first 

neuromuscular co-culture systems utilized rodent or other inter-species spinal cord and muscle 

explants to recapitulate axonal guidance and NMJ synaptogenesis in situ without exogenous 

manipulations (Crain and Peterson, 1964; Crain et al., 1969; Peterson and Crain, 1970). While 

these models provided valuable information for confirming hypotheses related to NMJ 

synaptogenesis and repair, use of explant co-cultures with human tissues are inherently limited 

due to difficulty in acquirement. 

 Advances in human iPSC differentiation techniques (discussed in Chapter 1.2.2.1) 

recapitulated findings that functional NMJs can be obtained from iPSC-MNs paired with rodent 

skeletal muscle cell lines (Umbach et al., 2012; Yoshida et al., 2015a). Recently, human iPSC-

MNs paired with primary human skeletal muscle (Santhanam et al., 2018; Steinbeck et al., 

2015) or human iPSC-derived skeletal muscle (iPSC-sKM) have also been created (Demestre 

et al., 2015; Puttonen et al., 2015). Despite these advances, these models are ultimately difficult 

to scale, as the former two rely on limited choice of primary human muscle tissue and the latter 

on a byproduct of similar developmental signaling pathways in neural spheroid differentiation, 

which can result in low-frequency generation of skeletal muscle in tandem with neuronal cell 

types (Hosoyama et al., 2014; Puttonen et al., 2015). Additionally, these limitations largely 
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prevent studies of NMJ-related phenotypes in cells originating from a single patient, or paired 

with genetically corrected or healthy control-derived cell types to parse non-cell autonomous 

effects in disease. Despite this, efficient protocols for the independent generation of iPSC-sKM 

(Chal et al., 2015; Hicks et al., 2017; Loh et al., 2016; Shelton et al., 2014; Swartz et al., 2016) 

now allow for the possibility of such an all-human patient-derived model of the NMJ to exist. For 

these reasons, “re-creation of a [patient-derived] functional NMJ in vitro remains a coveted aim 

in neuromuscular research” (Sances et al., 2016). 

1.3.3 Tools to examine Neuromuscular Physiology 

 As described in Chapter 1.3, motor control is dictated by signals originating in the brain, 

traveling down the spinal cord, and ending at the muscle via the NMJ. Briefly, action potentials 

of the motor neuron lead to an influx of calcium at the synaptic terminal, causing vesicular 

release of Ach in quantal fashion into the synaptic cleft at the NMJ (del Castillo and Katz, 1954). 

Once bound by Ach, nAchRs open and depolarize the skeletal muscle membrane, which in turn 

leads to intracellular calcium release and subsequent contraction via calcium-dependent binding 

of muscle-specific proteins. Thus, the motor neuron and skeletal muscle are electrically 

excitable cells from which the flow of ions can be measured. 

 The most common method for measuring current in individual cells is through patch 

clamp and its variations. In these preparations, a glass micropipette filled with a conducting 

solution is used to enclose a portion of the membrane or provide access to the intracellular 

solution. Voltage or current can then be manipulated by the researcher and subsequent 

changes in current and voltage, respectively, can be recorded in response. Patch clamp 

techniques are valuable for measuring precise electrophysiological changes in single cells, and 

have been used to confirm NMJ functionality in several studies (Puttonen et al., 2015; Steinbeck 

et al., 2015; Umbach et al., 2012; Zahavi et al., 2015). 

 Multi-electrode arrays (MEAs) permit the recording of extracellular action potentials 

(EAPs) from groups of cells both in vitro and in vivo. In these preparations, cells are grown on 



 27	

top of or surrounded by an array of electrodes from which changes in voltage between the 

inside and outside of the cell can be recorded from, as the electrodes do not directly fuse to or 

penetrate the cells themselves (Spira and Hai, 2013). By doing so, high spatial resolution is 

sacrificed for higher throughput and time-dependent recordings versus traditional patch clamp 

techniques. Use of MEAs has recently become popular in studies involving iPSC-derived 

neurons for drug screening (Wing et al., 2017) and disease modeling (Wainger et al., 2014). 

Fewer studies have used MEAs as a method for interrogating physiology of muscle cells 

(Rabieh et al., 2016), however neuromuscular explant co-cultures as discussed in Chapter 1.3.2 

have been performed on MEAs as proof-of-principle studies (Langhammer et al., 2011; 2012). 

These studies demonstrated that both motor neurons and skeletal muscle EAPs can be 

recorded simultaneously on a single MEA unit, and spike sorting algorithms could be used to 

determine cell-specific EAP waveforms (Langhammer et al., 2012). To date, however, there 

have been no further reports of MEA use in patient-derived neuromuscular disease models. 

 Optogenetics is a technique in which light-sensitive ion channel proteins called opsins 

are genetically expressed in excitable cells, allowing for their precise, spatiotemporal control via 

light (Boyden et al., 2005). Since its discovery, a wide array of opsins have been engineered to 

allow for modified light-activated on and off kinetics, effectively permitting control of membrane 

excitability on the millisecond timescale (Martin L Rein, 2012). Principally used in neuronal cell 

types, optogenetics has been employed in iPSC-MNs to mediate NMJ transmission to rodent 

skeletal myotubes in vitro (Steinbeck et al., 2015; Uzel et al., 2016) and in vivo (Bryson et al., 

2014). Additionally, optogenetics can permit the control of non-neuronal cell types such as 

cardiomyocytes (Abilez et al., 2011) and skeletal muscle (Sakar et al., 2012; van Bremen et al., 

2015). Optogenetics may also be paired with MEAs, enabling a system which can monitor 

electrophysiology of living cells in tandem with pulses of light, providing innovative applications 

for disease modeling or drug screening (Clements et al., 2016; Millard et al., 2016). 
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 Lastly, neuromuscular physiology can be studied through observation of spatiotemporal 

calcium signaling. Chemical homologues of the calcium chelator BAPTA can be modified into 

lipophilic molecules which are cell permeable and fluoresce in response to specific wavelengths 

of light (Cobbold and Rink, 1987). Once inside the cell, the lipophilic modification is 

enzymatically cleaved, and increasing amounts of bound calcium increases fluorescent 

intensity, allowing for measurements of intracellular calcium concentration flux in relation to 

change in fluorescent intensity. Alternatively, modified fluorescent proteins such as GFP or YFP 

can be fused to calcium-binding proteins such as calmodulin, allowing for genetically encoded 

calcium indicators (GECIs) (Mank and Griesbeck, 2008). GECIs offer several advantages over 

chemical calcium indicators such as faster kinetics, lack of compartmentalization or toxicity, and 

continual, non-invasive imaging of targeted cell types or sub-cellular compartments.  

 

In sum, leveraging the advances in human iPSC differentiation strategies in combination 

with biological and technological tools such as CRISPR/Cas9, optogenetics, and multi-electrode 

arrays now offers an enormous opportunity in recapitulating in vitro the biology of 

neuromuscular disorders such as c9ALS/FTD in order to further our understanding of disease 

and develop potential therapeutics. 
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Aims 

In light of the knowledge discussed in Chapter 1, we desired to establish in vitro an all-

human iPSC-derived neuromuscular co-culture comprised of iPSC-MNs and iPSC-sKM. As a 

model system for this work, we utilized iPSCs derived from patients carrying C9orf72 G4C2 

expansions and explored potential disease-related phenotypes throughout our experiments. In 

accomplishing this, the experiments performed are outlined as follows: 

1) Create an efficient protocol for the derivation of iPSC-sKM (Chapter 2). 

2) Examine pathological phenotypes in C9orf72 patient-derived skeletal muscle 

(Chapter 3). 

3) Survey methylation-related phenotypes in genetically corrected C9orf72 patient 

iPSCs (Chapter 4). 

4) Establish and characterize a C9orf72 patient-derived neuromuscular co-culture 

under optogenetic control (Chapter 5). 
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Chapter 2 
 

A Protocol for Deriving Skeletal Muscle from iPSCs 
 
2.1 Introduction 
 

Human embryonic stem cells (hESCs) and more recently induced pluripotent stem cells 

(iPSCs) have been heralded for their potential to generate all cell types of any germ layer, 

providing avenues for disease research, drug discovery, and transplantation (Takahashi and 

Yamanaka, 2006; Thomson et al., 1998). A variety of successful protocols for morphogen-

directed differentiation of iPSCs into broad ranges of cell types have emerged in recent years, 

however the generation of skeletal myotubes has proven to be more challenging. The 

generation of PAX3+ and PAX7+ paraxial mesoderm progenitors from iPSCs would serve as a 

valuable tool in repopulating the satellite cell niche in patients with degenerative diseases such 

as Duchenne Muscular Dystrophy (DMD) while the generation of skeletal myotubes offers 

options for drug screening and disease modeling strategies for diseases such as Amyotrophic 

Lateral Sclerosis (ALS), Inclusion Body Myopathy with Paget’s Disease and Early Onset 

Frontotemporal Dementia (IBMPFD), and Spinal Muscular Atrophy (SMA).  

 Initial studies in human and mouse showed that morphogen-directed differentiation 

followed by isolation of paraxial mesoderm progenitors by flow cytometry are viable for 

engraftment in vivo (Barberi et al., 2007; Darabi et al., 2008; Sakurai et al., 2012). Differentiation 

efficiencies were later improved by transient expression of myogenic genes such as PAX3, 

PAX7, or MYOD1 (Abujarour and Valamehr, 2015; Albini et al., 2013; Darabi et al., 2012; 

Goudenege et al., 2012; Maffioletti et al., 2015; Tanaka et al., 2013). In regenerative medicine, 

however, it is desirable to produce cells absent of genetic modification which more accurately 

replicate development and can be suitable for future clinical applications (Rao and Malik, 2012). 

As such, recent protocols have focused on recapitulating development via chemically defined, 

small molecule-based methods for the generation of paraxial mesoderm progenitors and mature 
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skeletal myotubes (Borchin et al., 2013; Chal et al., 2015; Hicks et al., 2017; Hosoyama et al., 

2014; Sakurai et al., 2012; Shelton et al., 2014). 

 Here we build on previous studies to report an efficient protocol for the derivation of 

skeletal myotubes from patient-derived iPSCs. This protocol utilizes dimethylsulfoxide (DMSO) 

and PI3K inhibition to enhance differentiation efficiency toward the mesodermal lineage in the 

presence of BMP4, FGF2, and promotion of Wnt signaling via GSK3β inhibition, yielding up to 

90% of myogenic cells by exclusive PAX7+/MYOG+ populations after 36 days in vitro. These 

cells fuse to form spontaneously contractile, multinucleated myotubes in the presence of serum-

free medium as early as 34 days in vitro thus providing a viable tool for modeling skeletal 

muscle diseases.  

 

2.2 Materials and Methods 

Human Induced Pluripotent Stem Cells 

Fibroblasts were obtained from skin biopsies of patients diagnosed with C9orf72-related 

ALS/FTD, sporadic FTD, and healthy controls from the UCSF Memory and Aging Center with 

patient consent and Institutional Review Board approval (#10-000574). Fibroblasts were 

cultured in DMEM + 10% Fetal Bovine Serum (FBS). Reprogramming was performed with the 

STEMCCA lentiviral vector containing OCT4, c-MYC, SOX2, and KLF4 (Millipore). Pluripotency 

was assessed via Pluritest (Müller et al., 2011) and immunocytochemical staining of NANOG, 

OCT4, SSEA4, and TRA-181. Karyotyping was performed by Cell Line Genetics between 

passages 5-25 following reprogramming. iPSCs were cultured at 37°C and 5% CO2 on 

Vitronectin (Stem Cell Technologies) coated plates in TeSR-E8 media (Stem Cell Technologies) 

and passaged every 4-6 days using the ReLeSR reagent (Stem Cell Technologies) following the 

manufacturer’s instructions. iPSC lines used and relevant patient information is located in Table 

2.3.   

Skeletal Muscle Differentiation 
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1.5% DMSO (Sigma) in TeSR-E8 media was added when iPSC colonies were roughly 250-400 

µm in diameter. On day 0, cells were cultured in CDM FLyBC for 36 hours. Chemically defined 

media (CDM) consisted of a 1:1 mixture of IMDM and Ham’s F12 media (Life Technologies) 

with the addition of Bovine Serum Albumin (5 mg/mL, Fischer Scientific), 100X Lipids (1X, Life 

Technologies), Transferrin (15 µg/mL, Sigma), 1-Thioglycerol (450 µM, Sigma), and Insulin (7 

µg/mL, Life Technologies). FLyBC consists of FGF2 (20 ng/mL, Stem Cell Technologies), 

LY294002 (10 µM, Stem Cell Technologies), BMP4 (10 ng/mL, Stem Cell Technologies), and 

CHIR99021 (10 µM, Sigma). After 36 hours, cells were cultured in CDM FLy for an additional 

5.5 days. On day 7, cells were cultured in MB-1 and 15% FBS (3/4 daily media change), 

generously donated from the laboratory of Dr. Jacques Tremblay (Université Laval, Canada) 

and prepared per their instructions. On day 12, cells were cultured in Fusion medium (replaced 

alternating days) consisting of 2% Horse Serum (Sigma) in DMEM (Life Technologies). For 

terminal differentiation, cells were changed to N2 medium (replaced alternating days) consisting 

of DMEM F12 (Life Technologies) supplemented with 1% N2 supplement (Life Technologies) 

and 1% Insulin-Transferrin-Selenium solution (Life Technologies).   

Immunocytochemistry 

Cells were fixed in cold 4% paraformaldehyde (PFA) (Electron Microscopy Services) for 15 

minutes, rinsed 3 x 5 minutes in Phosphate Buffered Saline (PBS), and stored at 4°C until 

staining. Cells were permeabilized using 0.25% Triton-X in PBS for 15 minutes at room 

temperature (RT), washed 3 x 5 minutes in PBST (0.1% Tween-20 in PBS), blocked for 1 hour 

at RT using 10% goat serum and 1% BSA in PBST, and incubated in primary antibodies at 4°C 

overnight. Cells were then washed 3 x 5 minutes in PBST and incubated in Alexa-fluor 

conjugated secondary antibodies for 1 hour at RT in the dark. Cells were washed in PBST and 

incubated in DAPI (1:1000) for 10 minutes before being washed in PBST and stored at 4°C in 

the dark until imaging. Antibody information can be found in Table 2.1. 
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Cell nuclei counts were performed manually by the investigators. In each experiment, multiple 

images were taken in a non-biased fashion across multiple independent wells under 10X 

magnification and sectioned into frames of 675 x 1000 pixels for counting.   

Gene Cat. Number Vendor Host Species Dilution 
DESMIN MA1-2250 ThermoFisher Mouse 1:250 

FLK1 (CD309) 560495 BD Mouse – Alexa 
647-conjugated 

25 µL/5x106 
cells 

MYOGENIN F5D DSHB Mouse 1:100 
MHC (all 
isoforms) 

MF-20 DSHB Mouse 1:50 

MHC 
(embryonic) 

BF-G6 DSHB Mouse 1:50 

MHC Type IIa SC-71 DSHB Mouse 1:50 
NANOG D73G4 Cell Signaling Rabbit 1:500 
OCT4 SC9081 Santa Cruz Rabbit 1:250 
PAX3 Pax3 DSHB Mouse 1:50 
PAX7 Pax7 DSHB Mouse 1:40 
PAX7 PA1-117 ThermoFisher Rabbit 1:200 

PDGFRα 
(CD140a) 

556002 BD Mouse – PE 
conjugated 

20 µL/5x106 
cells 

SSEA4 560073 BD Mouse 1:250 
TITIN 9 D10 DSHB Mouse 1:50 

Table 2.1. List of antibodies used in experiments. DSHB, Developmental Studies Hybridoma 
Bank 
 

Quantitative Real Time PCR 

RNA was isolated from frozen cell pellets using the RNeasy Plus Mini Kit (Qiagen) according to 

the manufacturer’s protocol. cDNA synthesis was performed using the SuperScript III First-

Strand Synthesis kit (Invitrogen). Relative gene expression levels were determined in triplicate 

reactions of 25 ng cDNA per reaction using the SensiFAST™ SyBR kit (Bioline) on a 

LightCycler 480 (Roche). Quantification was performed using the –ΔΔCt method. GAPDH was 

used as a housekeeping gene with all iPSC-derived cells compared to their undifferentiated 

parent line. Total RNA from human skeletal muscle was obtained from a 20 year old male 

(Clontech) and used as a control. Primer sets are listed in Table 2.2.   
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Gene Primer Sequence (5’ – 3’) 
BRACHYURY T Forward CAGTTCATAGCGGTGACTGC 

 Reverse GATTTGCAGGTGGACACAGG 
CHRNA1 Forward TCATCATTCCCTGCCTGCTCTTCT 

 Reverse TCTCTGCAATGTACTTCACGCCCT 
CHRNE Forward AACTATGACCCAGGAAGCCG 

 Reverse GGGACTCGCAGGGTTTCTAT 
CHRNG Forward TCACCAACCTCATCTCCCTG 

 Reverse AGCCAGTAGATACAGCCGTC 
FLK1 Forward TGACTTGGCCTCGGTCATTT 

 Reverse AGCTGGGAATAGTAAAGCCCT 
GAPDH Forward CTGCACCACCAACTGCTTAG 

 Reverse GTCTTCTGGGTGGCAGTGAT 
PAX3 Forward CTGCGTCTCCAAGATCCTGT 

 Reverse TTACTTCTCAGGATGCGGCT 
MHC Forward GCCCCACATCTTCTCCATCT 

 Reverse GGGGTTGGCACTGATGATTT 
MYOGENIN Forward GGTTGCCCAGCGAATGC 

 Reverse TGATGCTGTCCACGATGGA 
MYOD Forward CCGCCTGAGCAAAGTAAATGA 

 Reverse GCAACCGCTGGTTTGGATT 
TBX6 Forward AGCCTGTGTCTTTCCATCGT 

 Reverse GCTGCCCGAACTAGGTGTAT 
Table 2.2. List of qPCR primers used in experiments. 

Repeat Primed-PCR 

C9orf72 repeat expansion mutations were determined using the repeat-primed PCR reaction as 

described by DeJesus-Hernandez et al (DeJesus-Hernandez et al., 2011). PCR products were 

run on an ABI3730 DNA Analyzer and analyzed using the Peak Scanner Software. The 

characteristic "saw-tooth" pattern is indicative of the presence of a repeat expansion. 

Fluorescent Activated Cell Sorting (FACS) 

Cells were collected on day 5 of differentiation using TrypLE enzyme, counted, and incubated in 

FACS buffer (filtered salt free PBS, EDTA (1 mM), HEPES (pH=7.0, 25 nM), 1% FBS) with 

CD309 (20µL/5 million cells, PE conjugated, BD) and CD140a (25 µL/5 million cells, Alexa fluor 

647 conjugated, BD) antibodies for 30 minutes on ice in the dark. Sorting was performed at the 

UCLA Broad Stem Cell Research Center Flow Cytometry Core on a FACSAria II cell sorter 

(BD).   

Image and Video Acquisition 
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Images were taken on an Olympus iX53 microscope with a Retiga EXi Fast 1394 camera (Q 

Imaging) using Q-Capture Pro 7 software. Videos were taken as 75 frame sequences with 

maximum frame speed enabled and converted in ImageJ at 7 frames per second, totaling 10 

sec. Confocal microscopy for RNA FISH was performed at UCLA’s California NanoSystems 

Institute Advanced Light Microscopy Core on a Leica SP2-1P-FCS microscope. Z-stacks were 

averaged by frame and merged together using native Leica Microsystems Confocal Software.  

The confocal image in Figure 5B was taken on a Zeiss LSM 310. Z-stacks were merged 

together using ImageJ software.   

 

Individual myotube contractions per second were quantified manually by a blinded observer.  

Only distinct individual myotubes were included for quantification as movements of densely 

packed fibers could not reliably be quantified. Only contracting myotubes were counted.  

RNA Fluorescent in situ hybridization 

Fluorescent in situ hybridization (FISH) was performed as described in Sareen et al 2013 

(Sareen et al., 2013b). Briefly, cells grown on coverslips were fixed in cold 4% PFA for 15 

minutes and rinsed 3 x 5 minutes in RNAse-free PBS (pH=7.4, Ambion). Cells were 

permeabilized using 0.25% Triton-X (Fisher) in 1X RNAse-Free PBS for 20 minutes at room 

temperature.  Cells were then washed in RNAse-Free PBS. Hybridization buffer consisting of 

50% formamide (Fisher), 2X SSC Buffer (NaCl, 300 mM, Sodium Citrate, 30 mM, in nuclease 

free water, pH = 7.0), 10% Dextran Sulfate (Sigma), and sodium phosphate (50 mM, pH=7.0) 

was added to cells for 30 min at 66°C. The hybridization buffer was removed and replaced with 

hybridization buffer containing a (/5TYE563/CCCCGGCCCCGGCCC) probe (Batch #609686, 

Exiqon, Inc) at 50 nM for 3 hours at 66°C in a dark, humidified chamber. Cells were rinsed with 

2X SSC/0.1% Tween (Fisher) at RT followed by 2 x 5 minutes in 0.2% SSC at 66°C. Coverslips 

were mounted using DAPI with vectashield reagent (Vector Laboratories) and stored in the dark 

at 4°C until imaging. For co-immunocytochemistry experiments, RNA FISH was performed as 
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above. In darkness, primary antibodies were added in 1X RNAse-free PBS at concentrations 

listed above for 2 hours at RT.  Cells were washed in 1X PBS and secondary antibody was 

added for 1 hour at RT. Cells were washed in 1X PBS and mounted as mentioned previously.   

Statistical Analyses 

Statistics were performed in RStudio (version 0.98.978). Data were re-sampled 10,000 times 

using bootstrapping methodology (Curran-Everett, 2009). Bootstrapping was performed on 

differences in the median between test samples. 1-way, rank-based ANOVA was performed for 

comparisons of 3 or more groups. 
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2.3 Results 

We obtained skin fibroblasts from 4 healthy control individuals, 1 patient diagnosed with 

sporadic Frontotemporal Dementia (FTD), and 3 FTD patients harboring a G4C2 repeat 

expansion in the C9orf72 gene (Table 2.3). Multiple iPSC lines from each patient were 

generated via lentiviral reprogramming vectors containing the canonical factors OCT4, SOX2, 

KLF4, and c-MYC and characterized via G-band karyotyping, immunocytochemical staining, 

and Pluritest analysis (Müller et al., 2011) (Figure 2.1). Fibroblasts derived from patients with a 

C9orf72 repeat expansion were confirmed to contain expanded G4C2 repeats via repeat primed 

PCR and characteristic RNA foci (Figure 2.2). 

Table 2.3. Patient information for iPSC lines used in the study. bvFTD: behavioral variant FTD; 
Y.O.B: year of birth. 
 
Combinatorial Inhibition of PI3-Kinase and GSK3β with BMP4 and FGF2 Drives iPSCs to 

a Mesodermal Fate 

 During embryonic development, somitogenesis and eventual separation of paraxial, 

intermediate, and lateral plate mesoderm is controlled in part by morphogen gradients of BMPs, 

Wnts, FGF, and Retinoic Acid (Bentzinger et al., 2012). BMP4, in tandem with high 

concentrations of FGF and Wnt signaling promote development of the paraxial mesoderm along 

the primitive streak into the dermomyotome, which eventually forms the skeletal musculature of 

the body (Aulehla and Pourquié, 2010; Bentzinger et al., 2012; Dosch et al., 1997). Past studies 

have shown that inhibition of PI3K enhances the differentiation of hESCs into mesodermal 

Cell Line Line Name Status Diagnosis Gender Race Y.O.B 
CC C9-1 

C9-2 
Carrier FTD/ALS 

 
Male White 1963 

OO C9-3 Carrier bvFTD Male White 1965 
Q C9-4 Carrier bvFTD Male White 1950 
O S-1 

S-2 
Sporadic bvFTD Male White 1941 

F Con-1 
Con-5 

Control Unaffected Male Unknown 1968 

C Con-2 Control Unaffected Male White 1945 
E Con-3 Control Unaffected Male White 1969 
N Con-4 Control Unaffected Female White 1981 
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lineages through the promotion of Activin A and Nodal signaling (McLean et al., 2007). Likewise, 

DMSO has been previously shown to improve differentiation efficiencies of pluripotent stem 

cells into terminal cell lineages through activation of the retinoblastoma protein (Chetty et al., 

2013). Thus, we combined these two differentiation enhancement strategies with developmental 

morphogens to drive iPSCs into a mesodermal lineage (Figure 2.3A-B).  
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Figure 2.1. Reprogrammed lines are pluripotent. A. Representative immunostaining shows all 
carrier, sporadic, and control iPSC colonies positive for pluripotency markers OCT4 and SSEA4 
and NANOG and TRA-181 (B). Scale bar = 100 µm. C. The microarray assay PluriTest shows 
patient-derived iPSCs clustering with other pluripotent cell types, separated from parent 
fibroblast and lymphoblast cell lines. D. Representative image of karyotypically normal iPSC 
lines. 
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Figure 2.2. G4C2 carrier lines contain repeat expansion. A. Repeat primed PCR assay detects 
presence of a G4C2 expansion in fibroblasts derived from carrier patients, displaying a 
stereotypical sawtooth pattern (bottom) not seen in controls (top). B. Fibroblasts and iPSCs 
derived from G4C2 carriers show nuclear inclusions of RNA foci. Scale bar = 50 µm. 
 

 Differentiation of sparsely plated iPSC colonies on vitronectin-coated plates or coverslips 

was initiated 1-3 days post-passaging, when colonies were of small to medium size 

(approximately 250-400 µm). We exposed iPSCs to 1.5% DMSO in TeSR-E8 media for 24 

hours to prime cells for differentiation (Chetty et al., 2013). Following DMSO treatment, cells 

were exposed to a chemically defined media supplemented with FGF2, the PI3K inhibitor 

LY294002, and BMP4, termed CDM FLyB, as previously described (Cheung et al., 2012). 

Inhibition of GSK3β promotes Wnt/β-Catenin signaling which in turn promotes cellular 
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differentiation to a mesoderm or endoderm fate (Borchin et al., 2013; Shelton et al., 2014; Tan 

et al., 2013). Based on these studies, we added the GSK3β inhibitor, CHIR99021, to CDM FLyB 

during the initial 36 hours of differentiation (FLyBC) followed by withdrawal of BMP4 and 

CHIR99021 for 5.5 days.     

 At day 5, we observed PAX3+ mesodermal progenitors present at the center of 

differentiating iPSC colonies, making up < 5% of the total cell population, however we did not 

detect any PAX7+ cells at this time point (Figure 2.3C). Analysis by quantitative PCR (qPCR) 

showed a significant induction of mesodermal genes BRACHYURY T and PAX3 (Figure 2.3D). 

Additionally, we observed an increase in expression of TBX6 compared to FLK1, indicating a 

favored differentiation into paraxial versus lateral plate mesoderm (Figure 2.3E).  

 In order to gauge the efficiency of paraxial mesoderm production, we used FACS to sort 

prospective paraxial mesoderm progenitors based on a PDGFRα+/FLK1- population (Darabi et 

al., 2008; Sakurai et al., 2012). We first observed that 1.5% DMSO-treated cells contained 92% 

more PDGFRα+/FLK1- cells than those left untreated (Figure 2.4). We observed an overall cell 

population of up to 48% PDGFRα+/Flk1-, a proportion substantially higher than previously 

published protocols using embryoid bodies (Figure 2.3F) (Hwang et al., 2013). Attempted 

recovery and propagation of the sorted population failed in every trial after re-plating cells in 

CDM FLy onto vitronectin, matrigel, or gelatin coated plates at various densities, even in the 

presence of the Rho Kinase (ROCK) inhibitor Y-27632. 

MB-1 Medium Followed by DMEM and Low Serum Promotes Skeletal Myotube Formation 

 Based on our day 5 analysis, we sought to find medium formulations and timeframes 

that permitted the propagation of paraxial mesoderm progenitors in vitro while retaining their cell 

identity after 7 days. We first prepared myogenic induction medium, as in Darabi et al (Darabi et 

al., 2012), however the mesoderm progenitors failed to propagate in this formulation (data not 

shown). We then tested a serum-containing medium, MB-1, which allows for continued 

propagation of myoblasts and initiation of the myogenic program via TBX1 and TBX4 activation 
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Figure 2.3. Small molecule directed differentiation. A. Timeline schematic of medium 
formulations over 36 day protocol. B. Representative phase contrast images of myogenic 
differentiation state over time. Scale bar = 100 µm, 250 µm (far right). C. Representative 
immunostaining shows PAX3 expression beginning at the center of colonies and spreading 
radially outward at day 5.  Scale bar = 250 µm. D. Gene expression via qPCR at day 5 reveals 
high expression of early myogenic markers PAX3 and BRACHYURY T. E. Gene expression 
shows preferential induction of paraxial mesoderm marker TBX6 compared to lateral plate 
marker FLK1 at day 5 (p = 0.138).  Data shown are single differentiation trials of 8 individual 
iPSC lines. Lines were derived from clones of a single G4C2 carrier diagnosed with FTD (C9-1, 
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C9-2), 4 control individuals (Con-1, Con-2, Con-3, Con-4), and clones of a single patient 
diagnosed with sporadic FTD (S-1, S-2).  Red line represents relative gene expression equal to 
1, representative of undifferentiated iPSCs. F. FACS sorting on day 5 reveals a cell population 
that is 48% PDGFRα+/FLK1-, representing prospective paraxial mesoderm progenitors. Line 
shown = Con-2. Abbreviations:  CDM, chemically defined media; FLyBC; F, FGF2; Ly, 
LY294002; B, BMP4; C, CHIR.  
 

 

Figure 2.4. FACS plots show DMSO-treated cells display a 92% increase in prospective 
paraxial mesoderm progenitors as defined by PDGFRα+/Flk1- population on day 5 of 
differentiation. PE represents PDGFRα+, APC represents Flk1. 
 

upstream of MYF5 and MYOD1 (Goudenege et al., 2012). After 7 days in vitro and beyond, 

iPSC-derived mesodermal progenitors continued to propagate in MB-1 medium and cellular 

morphology began to show elongation and alignment of progenitor myocytes, suggestive of 

maturation (Figure 2.3B).  

 Prior to the addition of CHIR99021 to our protocol, we sought to test multiple timelines of 

selected medium formulations which best yield myogenic induction based on gene expression 

of PAX3, MYOG, MYH2 (Myosin Heavy Chain 2, hereafter referred to as MHC), and MYOD1 

after 36 days in vitro (Table 2.4). The best performing protocol, “Group E,” showed high 

induction of PAX3, MYOG, and MYOD1, indicative of a cell population of myocytes in the mid 

stages of differentiation together with a pool of PAX3+ progenitors and was selected for further 
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study (Figure 2.5). The expression of MHC in Group E cells was lower than in skeletal muscle 

RNA obtained from an adult, indicating that iPSC-derived myocytes are likely immature at day  

 Group A Group B Group C Group D Group E Group F Group 
G 

Medium 
Component 

1.5% 
DMSO 

1.5% 
DMSO 

1.5% 
DMSO 

1.5% 
DMSO 

1.5% 
DMSO 

1.5% 
DMSO 

1.5% 
DMSO 

Time 24 hours 24 hours 24 hours 24 hours 24 hours 24 hours 24 
hours 

Medium 
Component 

CDM 
FLyBC 

CDM 
FLyBC 

CDM 
FLyBC 

CDM 
FLyBC 

CDM 
FLyBC 

CDM 
FLyBC 

CDM 
FLyBC 

Time 36 hours 36 hours 36 hours 36 hours 36 hours 36 hours 36 
hours 

Medium 
Component 

CDM FLy CDM FLy CDM FLy CDM FLy CDM FLy CDM FLy CDM 
FLy 

Time 5.5 days 5.5 days 10 days 14 days 5.5 days 5.5 days 5.5 days 
Medium 

Component 
MB-1 MB-1 MB-1 MB-1 MB-1 MB-1 MB-1 

Time 0 days 10 days 10 days 0 days 5 days 10 days 15 days 
Medium 

Component 
Fusion Fusion Fusion Fusion Fusion Fusion Fusion 

Time 29 days 19 days 14.5 
days 

20.5 
days 

24 days 19 days 14 days 

Table 2.4. Schematic for derivation of the protocol shown in Figure 2.3A. F: FGF2; Ly: 
LY294002; B: BMP4; C: CHIR99021. 
 

 
Figure 2.5. Gene expression result of protocol timeline trials. Seven different timelines (Table 
2.4) were tested to discern the most efficient mesoderm-inducing protocol via qPCR of 
myogenic genes. Group E showed high expression levels of PAX3, MYOD1, MYOG, and MHC 
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and was selected for further study. Data represents single trial differentiation experiments using 
a control iPSC line (Con-2).   
 

 

 

Figure 2.6. Skeletal muscle at day 36 resembles fetal development. A. Gene expression of 
skeletal muscle at day 36 shows that the fetal acetylcholine receptor subunit gamma (CHRNG) 
was significantly higher (p = 0.0494) than that of the adult isoform, epsilon (CHRNE). Red line 
represents relative gene expression equal to 1, representative of undifferentiated iPSCs. *, p < 
.05. B. Immunostaining at day 36 reveals that iPSC-derived myotubes are positive for 
embryonic MHC (eMHC) and MHCIIa, an adult fast-twitch fiber type. Scale bar = 100 µm. 
 

36. This was supported by qPCR of acetylcholine receptor subunits, which showed high 

expression of the fetal gamma subunit compared to the adult epsilon subunit, and 

immunostaining of MHC, which displayed both embryonic and adult isoforms (Figure 2.6). 
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During development, myogenesis is governed by the progressive expression of 

transcription factor genes such as PAX3, PAX7, MYF5, MYOD1, and MYOG, representing 

distinct genetic landmarks of maturing myotubes (Bentzinger et al., 2012). During the switch 

from the PAX7+ myoblast stage to terminal differentiation, PAX7 expression is suppressed and 

MYOG is up-regulated, marking distinct cell populations (Kassar-Duchossoy et al., 2005; Olguin 

and Pisconti, 2012). We observed this phenomenon in vitro, as PAX7 and MYOG marked 

mutually exclusive cell populations, indicating a mixed population of cells at different 

differentiation stages (Figure 2.7A). Interestingly, we observed areas of nearly 100% PAX7+ 

cells, while other regions displayed a mixture of cells at various stages of nuclear fusion (as 

defined by ≥ 3 concurrent nuclei), perhaps indicative of unique signaling microenvironments 

(Figures 2.7B-C). In all cases observed, multinucleated cells were MYOG+/PAX7- (Figure 

2.7D). Across 4 cell lines at day 36, we observed up to 64% of nuclei expressing MYOG 

(median = 44.8%), indicating highly efficient differentiation toward a skeletal muscle fate (Figure 

2.7E). We also observed a mix of intermediate and late stage skeletal muscle as shown by DES 

and MHC staining, respectively (Figure 2.7F). Gene expression via qPCR showed high up-

regulation of late stage skeletal muscle transcription factors MYOG and MYOD1, as well as up-

regulation of MHC and the cholinergic receptor CHRNA1 compared to undifferentiated iPSCs 

(Figure 2.8). Using RNA obtained from a 20 year old adult’s skeletal muscle as a comparison 

for gene expression, we observed a significant increase in iPSC-derived muscle expression of 

CHRNA1 and PAX3, and a decreased expression of MHC, supporting an immature phenotype 

of iPSC-derived muscle. PAX3 continued to be expressed, although at lower levels than on day 

5, suggestive of the possible existence of a residual progenitor or satellite cell pool within the 

population.   
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Figure 2.7. iPSCs form multinucleated, MYOG+ myotubes by day 36. A. Immunostaining of 
myogenic cells at day 36 reveals mutually exclusive PAX7+ and MYOG+ cell populations 
representing unique satellite cell progenitor and terminally committed populations. Scale bar = 
100 µm. B. Immunostaining for PAX7 on day 36 reveals certain regions with near 100% PAX7+ 
cells, possibly due to unique micro-signaling environments. Scale bar = 250 µm. C.  
Immunostaining for MYOG on day 36 shows certain regions with many myotubes actively 
undergoing nuclear fusion. Scale bar = 100 µm. D. Multinucleated myotubes undergoing nuclear 
fusion on day 36 are always MYOG+. Scale bar = 50 µm. E. Quantification of myogenic 
induction by MYOG+ cells across 4 individual iPSC lines. Each data point represents > 125 cell 
nuclei counted in separate wells. Scale bar = 100 µm. F. Immunostaining at day 36 shows large 
areas of cytoskeletal MHC+ and DES+ myogenic cells, representing terminally differentiated and 
intermediate cell populations, respectively. Scale bar = 250 µm (left), 100 µm (right).   

 



 48	

 

Figure 2.8. iPSC-derived skeletal muscle express key myogenic genes at day 36. Myogenic 
genes PAX3, MYOG, MYOD1, CHRNA1, and MHC all revealed high expression levels 
compared to undifferentiated iPSCs. CHRNA1 (p = 0.0391) and PAX3 (p = .0381) were up-
regulated compared to HSM, whereas MHC was down-regulated (p = 0.0017). Data shown are 
single differentiation trials of 8 individual iPSC lines. Lines were derived from clones of a single 
repeat expansion carrier diagnosed with FTD (C9-1, C9-2), 4 control individuals (Con-1, Con-2, 
Con-3, Con-4), and clones of a single patient diagnosed with sporadic FTD (S-1, S-2). Red line 
represents relative gene expression equal to 1, representative of undifferentiated iPSCs. HSM 
represents adult human skeletal muscle, with each data point compared to each parent iPSC 
line, respectively. Abbreviations: HSM, human skeletal muscle. *, p < .05, **, p < .01.   
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Serum-Free Medium Promotes Terminal Differentiation and Spontaneous Activity of 

Skeletal Myotubes 

To our knowledge (at the time of publication), there have been four groups to report 

spontaneous twitching of skeletal myotubes after differentiation from a pluripotent state without 

the use of transgene overexpression (Barberi et al., 2007; Chal et al., 2015; Hosoyama et al., 

2014; Shelton et al., 2014). We did not observe any spontaneous twitching in our cell cultures 

after 36 days in vitro and hypothesized that more time in culture was required to reach maturity 

(Figure 2.9A).  After 63 total days in fusion media, we observed brief, spontaneous contractions 

in a small set of myotubes in addition to myotube hypertrophy (Figure 2.9B). Upon observation, 

we switched the medium of cells grown in tandem to a serum-free, N2-based formulation, which 

promotes terminal differentiation (Shelton et al., 2014). 7-10 days after the addition of N2 

medium, we observed robust spontaneous contractions throughout our cell cultures, verifying 

previous findings (Video 2.1 [https://youtu.be/OjInC_rmx54] and 2.2 

[https://youtu.be/wi5jwYloJoE]). These cells continually contracted without exogenous 

stimulation for over 3 weeks until fixation on day 120.   

 Following the protocols in Figures 2.2A and 2.9A, we quantified the ratio of PAX7+ or 

MYOG+ cells on day 36 compared to day 120 in a single carrier iPSC line (Figure 2.9C-D). At 

day 36, we observed up to 90% conversion into PAX7+ or MYOG+ myogenic cells. We also 

observed a 19.6% decrease in the amount of PAX7+ cells over time, suggesting that cells may 

continually become committed to terminal differentiation over time in vitro. Alternatively, 

differentiation efficiency may vary across trials, resulting in higher percentages of neural crest or 

epithelial cells, which rely on similar signaling pathways during development (Bhatt et al., 2013; 

Nakamura, 2006). Nevertheless, a large amount of MHC+ myotubes surrounded by PAX7+ 

progenitor cells remained in culture even after 4 months, potentially indicative of the satellite cell 

niche microenvironment that is observed in vivo (Figure 2.9E).   
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Figure 2.9. The number of PAX7+ progenitor cells decreases over time in vitro. A. Timeline 
schematic of media formulations over a 120 day protocol. A small percentage of cells in fusion 
media reach a spontaneously contractile state within 75 days. Switching to a serum-free N2 
media promotes terminal differentiation coincident with spontaneous contractility within 7-10 
days. Cells were grown on vitronectin-coated coverslips to prevent detachment of skeletal 
myotubes. B. Phase contrast image of skeletal myotubes at day 70 show myotube thickening 
over time. Scale bar = 250 µm. C. Immunostaining of myotubes for PAX7 and MYOG at days 36 
and 120. Nuclei are stained with DAPI. Scale bar = 100 µm (left), 250 µm (right). D. 
Quantification of myogenic cells on day 36 compared to day 120 shows a decrease in the 
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percentage of PAX7+ cells over time (p = .0066) with coincident increases in MYOG+ cells (p = 
0.023), and unidentified DAPI+ nuclei (p = 0.0446). *, p < .05, **, p < .01, n > 75 cells counted 
per data point). “Other” refers to unknown cell nuclei stained with DAPI. Barplots represent the 
median. Data represents a single iPSC line (C9-2) differentiated in tandem plates in a single 
batch. E. Immunostaining of myotubes at day 120 reveal PAX7+ cells intermingled with 
thickened MHC+ myotubes, reminiscent of a satellite cell niche. Scale bar = 100 µm. Line = C9-
2. F. Timeline schematic of the optimized protocol for obtaining spontaneously contractile 
myotubes in under 36 days. G. Quantification of single myotube contractions per second 
increased over a 12 day period. Myotube contractions per second were significantly higher on 
day 40 compared to day 34 (p = 0.0026) which continued in trend by day 46 (p = 0.0872). Red 
dots represent median values. iPSC line = C9-2. **, p < .01, ***, p < .001. H. Representative 
immunostaining of myotubes at day 36 reveal structural striations based on the presence of the 
sarcomeric protein TITIN. Scale bar = 50 µm. 
 
 

Because of the robust terminal differentiation phenotype observed after the addition of 

N2 medium, we aimed to optimize the timeframe of our protocol via the addition of N2 medium 

after 10 days of fusion media, or 22 days total from the start of differentiation (Figure 2.9F).  

Using this strategy, we observed robust spontaneous myotube contractions as early as 34 days, 

which is the quickest time reported to our knowledge. The median rate of spontaneous 

contractions increased over a 12 day period from 0.1 contractions/sec to 0.3 (Figure 2.9G).  

Additionally, myotubes displayed striations as visualized by the sarcomeric protein TITIN 

(Figure 2.9H). Importantly, cells were able to be passaged on day 23 or freeze-thawed on day 

30 onto matrigel-coated plates into N2 media with or without ROCK inhibitor, allowing for 

experimental scaling and long-term storage. 

2.4 Discussion 

Our study adds novel methodology to the growing body of protocols deriving skeletal 

myotubes from pluripotent stem cells for use in disease modeling, developmental studies, or 

drug discovery. There have been several studies thus far attempting a transgene-free approach 

with various efficiencies (Borchin et al., 2013; Chal et al., 2015; Hicks et al., 2017; Hosoyama et 

al., 2014; Ryan et al., 2012; Shelton et al., 2014; Tan et al., 2013). We likewise find that 

promotion of Wnt signaling via GSK3β inhibition strongly influences mesoderm commitment and 

the combination of BMP4 and FGF2 signaling results in highly efficient mesoderm induction 
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while recapitulating normal development as evidenced through a time-specific activation of early 

myogenic genes BRACHYURY T and PAX3, followed by PAX7 and late stage markers such as 

MYOG, MYOD1, and MHC. Interestingly, we were still able to obtain myogenic cells with 

addition of BMP4 and FGF2 prior to adding CHIR99021 to our protocol. This suggests an 

important and non-indispensable role of BMP4 in myogenic induction, at least within the first 36 

hours of differentiation, contrary to previous reports which include BMP inhibitors during early 

differentiation stages (Chal et al., 2015; Loh et al., 2016). 

Our study differs from previously published studies that have reported low myogenic 

induction efficiencies in the presence of serum (Awaya et al., 2012; Hwang et al., 2013; Ryan et 

al., 2012).  In our protocol, we use MB-1 medium, which contains 15% fetal bovine serum, 

followed by a fusion medium consisting of 2% horse serum to achieve myogenic induction up to 

90% in 36 days. However, we likewise find that a serum-free N2 medium necessitates myoblast 

fusion (Abujarour and Valamehr, 2015; Barberi et al., 2007; Darabi et al., 2008; 2012; Shelton et 

al., 2014) enabling spontaneously contractile myotubes within 34 days. We believe this 

difference may be due to the key additions of DMSO at the start of our protocol which primes 

cells for differentiation, and PI3K inhibition which has been shown to drive cells into a 

mesodermal lineage via Activin A and Nodal signaling (Chetty et al., 2013; Cheung et al., 2012; 

McLean et al., 2007). Future optimization using serum-free media formulations combined with 

cell sorting for ERBB3+/NGFR+ populations (Hicks et al., 2017) may allow for use of iPSC-

derived muscle in therapeutic regenerative medicine. 

 Efforts to maintain a self-renewing satellite cell population in vitro would serve as an 

invaluable tool for future regenerative medicine purposes (Chal and Pourquié, 2017). We 

observed that PAX7+ cells frequently lie adjacent to MHC+ myofibers, reminiscent of their in vivo 

niche between the myofiber plasma membrane and basal lamina (Figure 2.9E). In tandem 

trials, we also observed a decreasing number of PAX7+ cells in vitro over time, indicating 

commitment to terminal differentiation (Figure 2.9D). However, it is also possible that the 5% 
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increase in MYOG+ cells and 19.6% decrease in PAX7+ cells are due to initial overall decreased 

production of PAX7+ cells or increased production of neural crest-derived cell types. Further 

studies utilizing a PAX7 reporter are needed to assess the percentage of PAX7+ cells that 

commit to terminal differentiation over time, what percentage of these cells co-express the 

myogenic commitment factor MYF5, or whether addition of morphogens such as Wnt7a (Le 

Grand et al., 2009) or inhibitors of Setd7 methyltransferase (Judson et al., 2018) can maintain a 

symmetrically renewing population of progenitors indefinitely. 

 The extracellular matrix (ECM) provides elasticity and stiffness qualities that wage strong 

influence over skeletal muscle proliferation and regenerative capacity (Cosgrove et al., 2009; 

Gilbert et al., 2010; Romanazzo et al., 2012; Trensz et al., 2015). The importance of the 

substrate in our studies is demonstrated by a failed recovery of day 5 mesodermal progenitors 

following FACS onto Matrigel whereas the same Matrigel substrate can be used for passaging 

and expansion of cells later in differentiation on day 23. We believe this may be due to 

Matrigel’s stiffness (Young’s modulus = .45 kPa) (Soofi et al., 2009) being more similar to the 

reported human adult muscle stiffness (0.5 kPa), allowing PAX7+ progenitors, which were not 

present at day 5, to proliferate on matrigel (Lacraz et al., 2015). Likewise, we occasionally 

observed detachment of skeletal myotubes along the edges of wells during terminal 

differentiation or due to strong contractile force. Indeed, contractile cells remained attached for 

longer periods of time in dense areas or via growth on coverslips, of which the edges seemed to 

provide anchoring points and tension for contractile myotubes to attach, similarly to other 

methods using microfiber arrays or stainless steel meshes (Huber et al., 2007; Vandenburgh et 

al., 1988). Using this strategy, we were able to observe contractile myotubes for >2 weeks. 

Therefore, further improvements may be made by more accurately mimicking in vivo properties 

and signaling cues of the ECM.  

 In order to demonstrate variability between iPSC lines and reproducibility of our protocol, 

we performed single differentiation trials among 8 independent cell lines derived from 6 total 
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individuals. As noted by others, we believe that the variability observed in gene expression 

between iPSC lines in our experiments may be largely influenced by imperfect initial seeding 

density (Borchin et al., 2013; Shelton et al., 2014), but could also be influenced by interline 

variability based on genetic background of individual donors (Doi et al., 2009; Rouhani et al., 

2014). For instance, lines Con-3 and Con-4 each had low levels of myogenic gene expression 

(Figure 2.8), suggesting that they may be intrinsically skewed against mesodermal 

differentiation. Additional differentiation trials and iPSC lines are needed in order to accurately 

conclude which of these factors plays a governing role. 
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Chapter 3 

 Analysis of C9orf72-associated phenotypes in iPSC-sKM 

3.1 Introduction 

 As previously outlined in Chapter 1.3.1 (p.24-25), the collapse of the NMJ precedes 

motor neuron loss in ALS, however it is still unclear which mechanisms and cell types may 

govern this process. In addition to studies focused on the motor neuron, evidence for glial 

involvement in disease processes is also abundant in ALS (Philips and Robberecht, 2011; 

Thomas Philips, 2001). However, the role of skeletal muscle in disease pathogenesis is less 

clear.  

In muscle biopsies from sporadic ALS patients, mitochondrial function was found to be 

altered and correlated to disease severity (Crugnola et al., 2010; Echaniz-Laguna et al., 2006). 

These alterations were supported by corrected mitochondrial deficits and retention of muscle 

function upon increased levels of PGC-1α in the SOD1 mouse. Interestingly, this did not extend 

survival, suggesting that compensation of muscle failure is insufficient to rescue ALS (Da Cruz 

et al., 2012). Similar results were found whereby muscle-specific overexpression of mutant 

SOD1 induced muscle atrophy but did not result in motor neuron degeneration (Dobrowolny et 

al., 2008). Cumulatively, evidence suggests that deficits in muscle may compound the 

degenerative process, but muscle is most likely not the driving force of ALS pathogenesis 

(Loeffler et al., 2016). 

Interestingly, mutations in genes such as VCP, HNRNPA1, HNRNPA2B1, SQSTM1, and 

MATR3, can also lead to Multisystem Proteinopathy (MSP), an umbrella term for patients with at 

least two of the following diseases: Paget’s Disease, affecting bone, Inclusion Body Myopathy, 

affecting muscle, and FTD, affecting brain (Taylor, 2015). Pathology in MSP patient tissue, 

including muscle, indicates inclusions of TDP-43 as well as p62 or ubiquitinated proteins, similar 

to those found in the brain of ALS/FTD patients (Ju and Weihl, 2010). Given the genetic and 
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pathological overlap, we explored the possibility that iPSC-sKM from C9orf72 patients may 

display pathological hallmarks observed in brain.  

3.2 Materials and Methods 

Methods for derivation of iPSC-sKM, immunocytochemistry, qPCR, RNA fluorescent in 

situ hybridization, and statistical analyses are identical to those listed in Chapter 2.2 (p. 30-35). 

Patient iPSC information can be found in Table 2.3 (p. 35). Primers and antibodies used in 

Chapter 3 experiments can be found in Table 3.1 and Table 3.2, respectively. Specific methods 

for Chapter 3 are listed below. 

Gene Primer Sequence (5’ – 3’) 
C9orf72, variant 1 Forward TGAAATCACACAGTGTTCCTGA 

 Reverse GGTATCTGCTTCATCCAGCTT 
C9orf72, variant 2 Forward CGGTGGCGAGTGGATATCT 

 Reverse GCCCAAATGTGCCTTACTCT 
C9orf72, variant 3 Forward GGGTCTAGCAAGAGCAGGTG 

 Reverse AGCCCAAATGTGCCTTACTC 
GAPDH Forward CTGCACCACCAACTGCTTAG 

 Reverse GTCTTCTGGGTGGCAGTGAT 
Table 3.1. List of qPCR primers used in experiments. 

 

Gene Cat. Number Vendor Host Species Dilution 

GFAP V1058 Antagene Mouse 1:500 
LAMIN A/C MANLAC3(4C10) DSHB Mouse 1:50 

P62 610832 BD Biosciences Mouse 1:500 
PAX6 PA5-25970 Thermo Scientific Rabbit 1:200 

RanGAP1 H-180 Santa Cruz Rabbit 1:250 
TDP-43 GTX114210 GeneTex Rabbit 1:250 

TUBULIN 
BETA 3 

PRB-435P Covance Rabbit 1:1000 

UBIQUITIN Z045801-5 DAKO Rabbit 1:150 
Table 3.2. List of antibodies used in experiments. DSHB, Developmental Studies Hybridoma 
Bank 
 

Neuronal Differentiation 

iPSC colonies were grown to confluence and collected with TrypLE enzyme (Life Technologies). 

Neural progenitor cells (NPCs) were obtained using Aggrewell 800 plates (Stem Cell 
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Technologies) following the manufacturer’s protocol for NPC generation in STEMdiff Neural 

Induction Medium. Briefly, 3 million iPSCs were cultured in neural induction media and Y-27632 

(Stem Cell Technologies) per Aggrewell for 5 days. Neural aggregates were harvested in a 37 

µm strainer and plated onto Poly-L-Ornithine (PLO) and Laminin (Life Technologies) coated 

dishes in neural induction media for 7 days. Neural rossettes were isolated via Rosette 

Selection Reagent (Stem Cell Technologies) and re-plated onto Matrigel (Fisher) or 

PLO/Laminin coated plates as NPCs. NPCs were maintained in DMEM F12 supplemented with 

0.5% N2 supplement, 0.5% B27 supplement (Life Technologies), 1X Sodium Pyruvate (Life 

Technologies), 1X Non-Essential Amino Acids (Life Technologies), Epidermal Growth Factor 

(EGF) (10 ng/mL, Stem Cell Technologies) and FGF2 (10 ng/mL). Differentiation into cortical 

neurons was performed when NPCs reached ~40% confluence replacing EGF and FGF for 

BDNF (Stem Cell Technologies, 10 ng/mL).   
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3.3 Results 

One of the three main hypotheses of how C9orf72 repeat expansions lead to ALS/FTD is 

the accumulation of RNA foci that may sequester important RNA binding proteins, leading to 

splicing and transcriptome alterations (Ling et al., 2013; Prudencio et al., 2015). To determine 

the transcription levels of C9orf72 in skeletal muscle, we performed variant-specific qPCR on 

both iPSC-sKM at day 36 and iPSC-derived neurons. The results show that all variants of 

C9orf72 are expressed in both adult and iPSC-derived skeletal muscle, with iPSC-derived 

neurons (Figure 3.1) showing the highest expression levels, as reported by other groups 

(Figure 3.2A) (Suzuki et al., 2013). We then performed RNA FISH on iPSC-derived skeletal 

muscle which revealed the presence of RNA foci in MHC+ myofibers, indicating that RNA-

related pathology in brain may also be present in muscle (Figure 3.2B).   

In MSP, patients can exhibit identical TDP-43 and ubiquitin pathology in both brain and 

skeletal muscle (Nalbandian et al., 2011). Given the pathological overlap of MSP with C9orf72-

related ALS/FTD, we probed iPSC-sKM at day 120 for TDP-43 mislocalization (Figure 3.2C).  

We did not detect any instances of cytoplasmic TDP-43, indicating that C9orf72-related motor 

neuron disease does not display TDP-43 pathology or that these cells are too immature to 

properly model muscle pathology.  Turk et al have previously reported on a C9orf72 case study 

that displayed p62 and ubiquitin positive inclusions in patient muscle biopsy (Türk et al., 2014). 

We also probed iPSC-derived skeletal muscle for ubiquitin and p62, but did not observe any 

positive inclusions in our cells (data not shown).   
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Figure 3.1. iPSC-derived neurons from line Con-1. A. iPSC-derived neural progenitor cells 
express neuronal markers PAX6 and NESTIN. B. Differentiation in the presence of BDNF 
results in a mixture of GFAP+ astrocytes and TUJ1+ neuronal cells. Scale bar = 100 µm. 

 

 More recent studies have shown that C9orf72-associated iPSC-derived neurons contain 

mislocalized RanGAP1 nuclear puncta and damaged nuclear envelope in Drosophila 

overexpressing expanded G4C2 repeats, indicating impaired nucleocytoplasmic transport 

(Freibaum et al., 2015; Zhang et al., 2015). Skeletal myotubes derived from G4C2 expansion 

carriers and controls both exhibited typical RanGAP1 perinuclear staining with weaker 

distributions in the cytoplasm and nucleoplasm, with rare nuclear aggregates in both cases and 

controls (Figure 3.2D). We infrequently observed aberrant nuclear membrane folding as 

highlighted by LMNA staining and mirrored by RanGAP1 in skeletal muscle, but this 

phenomenon was present in both carriers and controls (Figure 3.2E). Taken together, these 

results suggest that observed C9orf72-associated phenotypes may be restricted to neuronal 

subtypes, perhaps due to its high expression in these tissues.   
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Figure 3.2. Skeletal muscle derived from G4C2 carriers contain RNA foci but do not exhibit 
mislocalized TDP-43. A. qPCR detection of three separate transcript variants of C9orf72 in adult 
human skeletal muscle (HSM), iPSC-derived muscle at day 36 (Day 36), and iPSC-derived 
cortical neurons (Variant 1: NM_145005.6, Variant 2: NM_018325.4, Variant 3: 
NM_001256054.2). Data shown are pooled wells from single differentiation trials of 4 individual 
iPSC lines. Skeletal muscle lines were derived from clones of a single repeat expansion carrier 
diagnosed with FTD/ALS (C9-1, C9-2), 1 control individual (Con-4), and a single patient 
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diagnosed with sporadic FTD (S-2). Neurons were derived from clones from two patients 
diagnosed with bvFTD (C9-3, C9-4). Red line represents relative gene expression equal to 1, 
representative of undifferentiated iPSCs. ***, p < .001.  B. Confocal image shows an MHC+ 
iPSC-derived skeletal muscle cell containing two nuclear RNA foci. White dotted line indicates 
location of cell nucleus, yellow arrows indicate foci. Scale bar = 15 µm. C. Immunostaining of 
TDP-43 reveals no instance of mislocalization in iPSC-derived skeletal muscle at day 120 in 
carrier or control lines. Scale bar = 50 µm. D. RanGAP1 immunostaining shows typical 
perinuclear and nuclear localization in skeletal myotubes. Scale bar = 50 µm. E. Nuclear folding 
evidenced by LMNA and RanGAP1 immunostaining is infrequently present in skeletal muscle 
derived from carriers and controls. Scale bar = 50 µm. 
 
3.3 Discussion 

 Evidence in animal models of ALS suggest that collapse of the neuromuscular junction 

and axonal retraction precede the death of the motor neuron, yet the role of the skeletal muscle 

in the process remains largely unknown (Dupuis and Loeffler, 2009; Fischer et al., 2004). We 

first determined that all variants of C9orf72 are expressed in iPSC-derived skeletal muscle, but 

at lower levels than iPSC-derived neurons. Interestingly, in the two lines we studied, G4C2 

expansion carriers displayed a trend of higher levels of variants 1 and 2, contrary to most 

reports of mRNA haploinsufficiency in patient-derived tissues and cell lines (Figure 3.2A) 

(DeJesus-Hernandez et al., 2011; Donnelly et al., 2013), which warrants further investigation. 

We additionally probed for known pathological features associated with C9orf72-associated 

ALS/FTD but found no evidence of TDP-43 mislocalization or ubiquitin/p62 positive inclusions, 

perhaps due to low levels of C9orf72 expression. This is in contrast to a recent report 

documenting evidence of phosphorylated TDP-43 aggregates in skeletal muscle from human 

ALS patients (Cykowski et al., 2018). In the vast majority of cases, RanGAP1 was properly 

localized to the perinuclear membrane (Figure 3.2D), with few cases of aggregated RanGAP1 

within the nucleus, observed in both carriers and controls. In some instances, we observed a 

nuclear membrane phenotype via LMNA and RanGAP1 staining similar to that seen in patients 

with Hutchinson-Gilford progeria (Eriksson et al., 2003). This phenotype, however, was 

observed in both carrier and control-derived cells (Figure 3.2E), consistent with reported basal 

rates of altered nuclei of ~10% (Yang et al., 2008). Nevertheless, the localization of C9orf72 
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isoform b in the nuclear membrane and altered nuclear membrane proteins in patient post-

mortem tissues make a compelling case for the involvement of nuclear membrane breakdown in 

C9orf72-related disease (Xiao et al., 2016). Additional detailed studies in iPSC-sKM should 

investigate whether phosphorylated TDP-43 aggregates are observed, whether RAN translation 

occurs to produce toxic DPRs, and whether skeletal muscle may display mitochondrial or 

survival phenotypes (Mori et al., 2013). 
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Chapter 4 

C9orf72 promoter hypermethylation is abolished upon targeted genetic correction of the 

G4C2 hexanucleotide repeat expansion 

4.1 Introduction 

 The first report of the C9orf72 G4C2 repeat expansion mutation documented decreased 

levels of C9orf72 protein in patient tissues (discussed in Chapter 2.2) (DeJesus-Hernandez et 

al., 2011). Recent studies have shown haploinsufficiency of C9orf72 to be a key driver of 

disease pathogenesis in iPSC-MNs (Shi et al., 2018). One leading hypothesis to explain the 

decreased levels is DNA and histone methylation at the C9orf72 locus. While only expansion 

carriers display promoter DNA hypermethylation, this is true for only approximately 30% of 

c9ALS and 20% of c9FTD patient cohorts (Xi et al., 2014). Of similar note, not all G4C2 carriers 

are haploinsufficient for C9orf72 (Sareen et al., 2013b). Indeed, patient lymphoblast cell lines 

with low levels of DNA methylation are typically not haploinsufficient, while the reverse is true for 

high levels of DNA methylation (Liu et al., 2014). As a further complication, repressive histone 

marks H3K27me3, H3K9me3, H3K79me3, and H4K20me3 have been shown to associate with 

C9orf72 haploinsufficiency, and C9orf72 expression could be rescued upon treatment with a 

demethylation agent (Belzil et al., 2013). Thus, the relationship between DNA and histone 

methylation and C9orf72 expression levels is currently unclear. Additionally, evidence exists for 

methylation or haploinsufficiency being both protective (Liu et al., 2014; Russ et al., 2014) and 

deleterious (Figure 4.1) (Shi et al., 2018; Xi et al., 2014). We therefore sought to explore causal 

mechanisms related to the G4C2 expansion, methylation status, and C9orf72 expression through 

genetic excision of the G4C2 expansion in patient iPSC lines. 
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Figure 4.1. Histone and DNA methylation both play a role in reduction of C9orf72 expression, 
however the interplay between these two mechanisms and the G4C2 expansion is unknown. 
There is mixed evidence for whether reduced C9orf72 has a protective or deleterious role in 
disease. Red lollipops correspond to methylation marks.  
 
 
4.2 Materials and Methods 

iPS Cell Culture 

Fibroblasts were obtained from skin biopsies of patients diagnosed with C9orf72-related 

ALS/FTD and healthy controls from the UCSF Memory and Aging Center with patient consent 

and Institutional Review Board approval (#10-000574). Fibroblasts were cultured in DMEM + 

10% Fetal Bovine Serum (FBS). Reprogramming was performed with the STEMCCA lentiviral 

vector containing OCT4, c-MYC, SOX2, and KLF4 (Millipore). Pluripotency was assessed via 

Pluritest (Müller et al., 2011) and immunocytochemical staining of NANOG, OCT4, SSEA4, and 

TRA-181. Karyotyping was performed by Cell Line Genetics between passages 5-25 following 

reprogramming. iPSCs were cultured at 37°C and 5% CO2 on Vitronectin (Stem Cell 

Technologies) coated plates in TeSR-E8 media (Stem Cell Technologies) and passaged every 

4-6 days using the ReLeSR reagent (Stem Cell Technologies) following the manufacturer’s 

instructions. iPSC lines used and relevant patient information is located in Table 4.1 (p.69).   

Neuronal Differentiation 

Neuronal differentiation was performed using the StemDIFF Neural system (Stem Cell 

Technologies). 2x106 iPSCs were dissociated with Accutase and plated onto Aggrewell 800 



 65	

plates with Neural Induction Media (Stem Cell Technologies) and ROCK inhibitor (10 uM Y-

27632, Stemgent). After 5 days, embryoid bodies were plated onto poly-ornithine/laminin-coated 

plates to allow for rosette formation which were isolated using the Rosette Selection Media 

(Stem Cell Technologies) on day 7 following plating. The neural progenitor cells (NPCs) were 

passaged using Accutase and maintained on Matrigel-coated plates in N2/B27 Media (1x 

DMEM/F12 basal media, 0.5x N2, 0.5x B27, all Life Technologies) supplemented with EGF and 

FGF (both 10ng/mL, Stemgent). Further differentiation to neurons was performed by passaging 

onto poly-ornithine/laminin-coated plates in N2/B27 Media supplemented with 1uM cAMP 

(Sigma), 200 ng/mL Ascorbic Acid (Sigma), and 10 ng/mL BDNF (Peprotech). Neurons were 

allowed to mature for at least 4 weeks.  

CRISPR Design 

The px330 plasmid (#42230, Addgene), which contains the Streptococcus pyogenes Cas9 

(SpCas9) nuclease along with the guide RNA, was used for CRISPR-Cas9 deletion of the 

repeat. For the upstream target, oligos [5'- caccGAACTCAGGAGTCGCGCGCT-3'] and [5'-

aaacAGCGCGCGACTCCTGAGTTC-3'] were annealed and cloned into the BbsI-digested 

plasmid. For the downstream target, oligos [5’-caccgCGGGGCGGGGCTGCGGTTG-3’] and [5’- 

aaacCAACCGCAGCCCCGCCCCGC-3’] were similarly cloned into px330. Cells were 

dissociated using Accutase (Life Technologies) and 2 µg of each plasmid was used to 

nucleofect 1x106 cells using the Amaxa Human Stem Cell Nucleofector® Kit 2 (Lonza) with 

program A-23. Cells were plated at clonal density using ReLeSR (Stem Cell  

Technologies) and Y-27632 (10 uM, Stemgent). Colonies were screened for the deletion by 

PCR using the primers: fwd 5’-GAGGAGAGCCCCCGCTTCTAC-3’, rev 5’- 

CCGCTAGGAAAGAGAGGTGCG-3’. Further clonal selection was performed as necessary.  

Repeat expansion genotyping 

The presence of the C9orf72 G4C2 expansion was determined using the repeat-primed PCR 

assay as described in DeJesus-Hernandez et al 2011 (DeJesus-Hernandez et al., 2011). 
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Southern blotting was performed as described in DeJesus-Hernandez et al 2011 (DeJesus-

Hernandez et al., 2011). The size standards used for Southern blots are DNA MW Marker II 

(23130, 9416, 6557, 4361, 2322, and 2027 bp), and DNA MW Marker VII (8576, 7427, 6106, 

4899, 3639, 2799, 1953, 1882, 1515, 1482, 1164 bp) (both Roche).  

Methylation Quantification 

100 ng of genomic DNA was bisulfite-converted using the EpiTect Fast Bisulfite Conversion Kit 

(Qiagen) as per manufacturer’s instructions. The CpG islands upstream of the repeat expansion 

were amplified by a seminested PCR with the KAPA HiFi Uracil+ Polymerase (Kapa 

Biosystems). Primers and cycling parameters were done as described in Xi et al. 2013 (Xi et al., 

2013), listed in Tables 4.2 and 4.3. Products were sequenced and methylated CpGs were 

defined as having (T/C) double peaks. For quantification of methylation, genomic DNA was sent 

to EpigenDX for bisulfite conversion and pyrosequencing of the CpG island upstream of Exon 

1a (Assay ADS3233-FS1 and ADS3232-FS1). One-way ANOVA with Bonferroni correction was 

performed in Prism (Graphpad).  

 
PCR 

Number 
Temperature 

(ºC) 
Time Number of 

Cycles 
Nested Conditions 

1 95 3 minutes   
1 98 25 seconds  

10 
 
 

 
1 68      30 seconds Decrease by 1ºC/cycle 
1 58 
1 72 3 minutes  
     

1 98 25 seconds  
30 

 
1 58 30 seconds  
1 72 3 minutes  
1 72 5 minutes   
     

2 95 3 minutes   
2 98 25 seconds 

20 

 
2 67  30 seconds Decrease by 1ºC/cycle 
2 57 
2 72 3 minutes  

Table 4.2. Cycling parameters for seminested PCR of bisulfite-treated DNA. 
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Gene Primer Sequence (5’ – 3’) 
Bisulfite Primer 1 Forward TTTATTAGGGTTTGTAGTGGAGTTTT  

 Reverse AAATCTTTTCTTATTCACCCTCAAC     
Bisulfite Primer 2 Forward TATT AGGGTTTGTAGTGGAGTTTT 

 Reverse CCACACCTACTCTTACTAAACCC     
Table 4.3. Primer sets used for seminested PCR of bisulfite-treated DNA. 

Protein extraction and blotting 

Cells were lysed in RIPA buffer (Cell Signaling Technology) and cleared by centrifugation at 

20000g. Protein lysates were quantified by BCA assay (Biorad) and separated by 

electrophoresis prior to western transfer. Antibodies C9orf72 (Novus, NBP1-93504, 1:500) and 

GAPDH (Santa Cruz, sc-365062, 1:1000) were used. Quantification was done manually using 

ImageJ.  

Quantitative Real Time PCR 

RNA was harvested with the RNEasy Plus Mini Kit (Qiagen) and converted to cDNA using 

Superscript III First Strand Synthesis System (Life Technologies). qPCR of total C9orf72 was 

performed using TaqMan (assay Hs00376619_m1) and amplification efficiencies and Cp values 

were acquired using a LightCycler 480 (Roche). Relative abundance was calculated using the 

Pfaffl method against three reference genes, GAPDH (Hs02758991_g1), ACTB 

(Hs01060665_g1), and RPLP0 (Hs99999902_m1).  

 

For DZNep-treated cells, RNA was isolated from frozen iPSC pellets using the RNeasy Plus  

Mini Kit (Qiagen) and converted to cDNA using Superscript III First Strand Synthesis System 

(Life Technologies). Relative gene expression levels were determined in triplicate reactions of 

20 ng cDNA per reaction using the SensiFAST™ SyBR kit (Bioline) on a LightCycler 480 

(Roche). Quantification was performed using the –ΔΔCt method. Samples were normalized to 

the geometric mean of housekeeping genes GAPDH and HPRT. Statistical significance was  

determined by a pairwise Wilcoxon rank sum test performed in RStudio (version 1.1.383). 

Primer sets are listed in Table 4.4.   
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Gene Primer Sequence (5’ – 3’) 
C9orf72 Forward TGTGACAGTTGGAATGCAGTGA 

 Reverse GCCACTTAAAGCAATCTCTGTCTTG 
HPRT1 Forward TGCAGACTTTGCTTTCCTTGGTCAGG 

 
 Reverse CCAACACTTCGTGGGGTCCTTTTCA 

 
GAPDH Forward CTGCACCACCAACTGCTTAG 

 Reverse GTCTTCTGGGTGGCAGTGAT 
Table 4.4. Primer sets used for qPCR of DZNep-treated iPSCs. 

DZNep Treatment 

iPSCs were grown on vitronectin-coated dishes in TeSR-E8 medium (Stem Cell Technologies). 

After 2-3 days post-passaging, cells were treated with 50 nM of DZNep for 48 hours, followed by 

24 hours in normal TeSR-E8 medium before enzymatic dissociation using Gentle Cell 

Dissociation Reagent (Stem Cell Technologies) and collection. DMSO was used as the vehicle 

for mock treatments. 
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4.3 Results 

Creation of CRISPR/Cas9-corrected Isogenic iPSC Lines 

 To create genetically corrected, isogenic iPSC lines, we used CRISPR/Cas9 and two 

guide RNAs upstream and downstream of the G4C2 expansion, leading to full excision from the 

genome in several clonal isogenic lines. Sequencing of the PCR product produced from primers 

flanking the expansion region showed variable accuracy in DNA repair due to non-homologous 

end-joining (NHEJ), with frequent indels present (Figure 4.2A). The majority of lines contained 

a deletion of the expanded allele (+/Δ), however line isoB13 contained a deletion of the normal 

allele (Δ/exp) (Table 4.1). Southern blot confirmed the lack of the G4C2 expansion in corrected 

lines (Figure 4.2B). Additional information on these isogenic lines including evidence for lack of 

off-target effects via whole genome sequencing and correction of RNA foci accumulation can be 

found in an online pre-print publication (Pribadi et al., 2016; 

https://www.biorxiv.org/content/early/2016/05/02/051193, https://doi.org/10.1101/051193). 

 

Table 4.1. Summary of iPSC lines and patient information used in the study. Δ represents the 
deleted allele, exp represents the G4C2 expansion, + represents normal or wild type allele. 

Parent 
Cell Line 

Line 
Name 

Status Genotype Diagnosis Gender Race Y.O.B 

CC3A4 B2 Carrier (+/exp) FTD/ALS Male White 1963 
CC2B4 B Carrier (+/exp) FTD/ALS Male White 1963 
CC2B4 isoB13 Carrier (Δ/exp) FTD/ALS Male White 1963 
OO6A2 A Carrier (+/exp) bvFTD Male White 1965 
OO6A2 isoA06 Carrier (+/exp) bvFTD Male White 1965 
OO6A2 isoA50 Isogenic 

Control 
(+/Δ) bvFTD Male White 1965 

OO6A2 isoA51 Isogenic 
Control 

(+/Δ) bvFTD Male White 1965 

OO6A2 isoA65 Isogenic 
Control 

(+/Δ) bvFTD Male White 1965 

OO6A2 isoA80 Isogenic 
Control 

(+/Δ) bvFTD Male White 1965 

Q3A2 Q Carrier (+/exp) bvFTD Male White 1950 
C1B1 C Control (+/+) Unaffected Male White 1945 
E1A1 E Control (+/+) Unaffected Male White 1969 
F6C4 F Control (+/+) Unaffected Male Unknown 1968 
N1A1 N Control (+/+) Unaffected Female White 1981 
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Promoter DNA Hypermethylation is Rescued Upon Deletion of the G4C2 Expansion 

 To test whether G4C2 carrier iPSC lines contained DNA methylation, we used bisulfite 

treatment followed by PCR of the C9orf72 locus, as done by Xi et al (Xi et al., 2013). Following 

bisulfite treatment, unmethylated cytosine residues are converted into uracil, leaving methylated 

cytosines unchanged. Sequencing of bisulfite-converted DNA revealed several methylated CpG 

sites located in the promoter region in iPSCs and iPSC-derived neurons but not in fibroblasts 

originating from patient A, suggesting that methylation occurred during the reprogramming 

process (Figure 4.3A). To quantify the methylation, we performed pyrosequencing. Methylation 

was fully rescued in all genetically corrected, isogenic iPSC lines, to levels observed in healthy 

controls (Figure 4.3B). Importantly, methylation in line isoB13, which had a genetic correction of 

the normal allele, retained the methylation phenotype, suggesting that methylation status was 

dependent on the G4C2 expansion. Additional experiments on more cell lines are needed in 

order to reveal if methylation is stochastic or occurs only during certain chromatin states.  

C9orf72 Expression is Unchanged Following Deletion of the G4C2 Expansion 

 To examine the effect of methylation on C9orf72 expression, we measured mRNA and 

protein by qPCR and western blot in iPSC-derived cortical neurons. In contrast to other reported 

findings (DeJesus-Hernandez et al., 2011; Donnelly et al., 2013; Shi et al., 2018), we did not 

observe C9orf72 haploinsufficiency in G4C2 carriers at the mRNA or protein levels (Figure 4.4). 

Unexpectedly, isogenic lines displayed no statistical differences in expression levels of C9orf72 

versus healthy controls or G4C2 carriers, suggesting that removal of promoter DNA methylation 

is not sufficient to alter expression. Importantly, the absence of transcriptional effects on the 

C9orf72 locus suggests that CRISPR correction was tolerable and may be an attractive gene 

therapy therapeutic. Given the contrast with reported findings, further experiments exploring 

expression levels of C9orf72 and total transcriptomic changes in additional isogenic lines are 

needed in order to gain confidence in these findings.  

 



 71	

 

 
Figure 4.2. CRISPR/Cas9-mediated deletion of the G4C2 expansion. A. Guide RNAs (blue bars) 
were used to target flanking regions surrounding the G4C2 expansion (orange bar) in intron 1 of 
C9orf72. Sequence alignment following PCR of the region shows genetic deletion of G4C2, 
which is often accompanied by indels indicating NHEJ. B. Representative southern blot of 
isogenic iPSC line A, showing the loss of the expanded allele in clone isoA50. Alternatively, 
clone isoB13 contained the expanded allele, with correction occurring on the normal allele. 
NPC, neural progenitor cell. Δ represents the deleted allele, exp represents the G4C2 expansion, 
+ represents normal or wild type allele. Dr. Mochtar Pribadi and Dr. Zhonghan Yang conducted 
the experiments and constructed the images to assemble this figure.  
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Figure 4.3. Promoter DNA hypermethylation is corrected following genetic correction of the 
G4C2 expansion. A. 5 of 26 CpG islands (yellow highlights) of the C9orf72 promoter locus are 
shown following bisulfite treatment and sequencing. iPSCs and iPSC-derived neurons from 
patient A display methylation at all 5 sites, however no methylation was observed in patient A 
fibroblasts (HDF). Methylation is reverted to levels seen in iPSC-derived neurons from healthy 
controls following genetic correction. B. Quantification of 10 methylation sites using a 
pyrosequencing assay shows full correction of methylation in all isogenic lines without a G4C2 
expansion (+/Δ), whereas all lines containing the expansion display methylation increases. 
Percent methylation is the mean across the 10 CpG sites examined ± standard deviation. ***, p 
≤ .001 by 1-Way ANOVA followed by Bonferroni correction. Experiments to produce these 
images were conducted by Elliot Swartz. Dr. Mochtar Pribadi assembled the figures, performed 
statistics, and submitted samples for pyrosequencing assays. 
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Figure 4.4. C9orf72 expression is unchanged following genetic correction of the G4C2 
expansion. A. Representative western blots of iPSC-derived neurons show no changes in 
expression of the long isoform of C9orf72 among G4C2 carriers, healthy controls, or isogenic 
lines, quantified in B. Densities were normalized to GAPDH and analyzed by 1-Way ANOVA 
(mean ± S.D., n = 3 per genotype). C. TaqMan qPCR measuring all C9orf72 variants show no 
significant changes across genotypes. 1-Way ANOVA (mean ± S.D., n = 3 per genotype). 
Western blot and qPCR experiments were performed by Tanya Kim. Dr. Mochtar Pribadi 
assembled the figure and performed statistical analysis. 
 
 
C9orf72 Expression is Unchanged Following Treatment with Histone Methyltransferase 

Inhibitor 3-Deazaneplanocin A (DZNep) 

 Given that we observed no change in C9orf72 expression following removal of promoter 

DNA methylation in isogenic lines, we hypothesized that histone methylation may be 

responsible for governing expression. Belzil et al previously showed that treatment with the drug 

5-aza-2-deoxycitidine (5’AZA), a DNA and histone demethylating agent, increased C9orf72 

expression levels concurrently with reducing repressive histone methylation marks (Belzil et al., 

2013). We treated iPSC lines with 5’AZA, however the drug was too toxic for use, even at ten 

fold lower concentrations reported by Belzil et al, where fibroblasts were used (data not shown). 

We therefore chose a less toxic drug, 3-deazaneplanocin A (DZNep) for treatment of iPSC lines. 

DZNep inhibits the histone methyltransferase EZH2 as well as S-adenosylhomocystein 

hydrolase, an enzyme that plays an indirect role in methylation reactions (Miranda et al., 2009). 

DZNep was previously shown to inhibit repressive histone marks H3K27me3 and H4K20me3, 

which are known to be present at the C9orf72 locus (Belzil et al., 2013; Miranda et al., 2009).  

 Following treatment with DZNep (50 nM for 48 hours, followed by 24 hours of recovery), 

iPSCs from G4C2 carriers, healthy controls, and isogenic controls were collected and analyzed 

for C9orf72 protein and mRNA levels. We observed no consistent changes in C9orf72 

expression levels following treatment with DZNep (Figure 4.5A). Indeed, with the exception of 

two cases that responded in opposing directions, there were no significant differences between 

treated and mock-treated cell lines. Qualitative western blot appeared to align with qPCR 

findings (Figure 4.5B). These preliminary data suggest that DZNep is insufficient to increase 
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C9orf72 levels in iPSCs, at least at the concentration and timeframe tested. Additional future 

experiments such as chromatin immunoprecipitation (ChIP) at the C9orf72 locus are needed to 

verify if repressive histone methylation is present in the cell lines used. These experiments will 

provide insight into possible explanations for why DZNep treatment failed to alter C9orf72 

expression. 

 

Figure 4.5. DZNep does not affect expression of C9orf72 in iPSCs. A. qPCR of DZNep-treated 
iPSC lines from healthy controls (C, E, F, N), G4C2 carriers (B, isoB13, B2, Q, A), and isogenic 
controls (isoA80, isoA51, isoA65) show few differences in C9orf72 expression following 
treatment. Pairwise Wilxocon rank sum test, n = 3 technical replicates per condition, *, p ≤ .05, 
** p ≤ .01. B. Qualitative western blot showing protein levels of the long isoform of C9orf72 
generally agree with results from (A). Protein was taken from 3 pooled technical replicates. 
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4.4 Discussion 
 
 Evidence to explain the occurrence and influence of C9orf72 haploinsufficiency in 

disease is currently mixed or incomplete. In order to test the hypothesis that previously reported 

histone and promoter DNA methylation phenotypes were related to the G4C2 expansion, we 

generated genetically corrected, isogenic iPSC lines where the entire expansion was excised 

via CRISPR/Cas9. We show that promoter DNA hypermethylation is fully corrected in isogenic 

lines, suggesting that the presence of the G4C2 expansion leads to methylation via hitherto 

unknown mechanisms. Despite this correction, C9orf72 protein and mRNA levels remained 

identical across G4C2 carriers, isogenic controls, and normal controls, in contrast to previous 

reports (DeJesus-Hernandez et al., 2011; Donnelly et al., 2013; Xi et al., 2014). No comparisons 

can be drawn across isogenic patient samples from other labs, as these have yet to be reported 

in the literature.  

 We additionally tested whether general histone de-methylating agents could influence 

C9orf72 expression, as reported by others (Belzil et al., 2013). We used the de-methylation drug 

DZNep on iPSCs derived from G4C2 carriers, isogenic controls, and normal controls, yet saw no 

consistent drug-dependent effects on C9orf72 expression levels. It is possible that the 

concentrations and timeframes used in these experiments were not sufficient to affect histone 

methylation and in turn C9orf72 levels, however ChIP experiments are needed to determine if 

histone methylation is indeed present in our set of G4C2 carriers. In sum, these experiments 

provide evidence for a causal link between DNA promoter methylation at the C9orf72 locus and 

the G4C2 expansion, and suggest a fruitful strategy in interrogating the relationship between 

DNA and histone methylation in repeat expansion disorders. 
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Chapter 5 

Establishment of A Human Induced Pluripotent Stem Cell Derived Neuromuscular Co-

Culture Under Optogenetic Control 

5.1 Introduction 

iPSCs have become an integral tool for modeling aspects of human development and 

disease (Sterneckert et al., 2014). The barriers in creating a range of specified cell types from 

iPSCs have decreased dramatically through advances in transdifferentiation techniques and 

morphogen-directed differentiation protocols mimicking development. This has enabled the 

creation of more complex biological systems to model development and disease, including 

three-dimensional organoid cultures and organ-on-chip models (Vatine et al., 2017; Watanabe 

et al., 2017). Despite this progress, many iPSC studies on neuromuscular disorders (NMDs) fail 

to recapitulate the physiology of the neuromuscular junction (NMJ) by relying solely on creation 

and analysis of spinal motor neurons (Bhinge et al., 2017; Kiskinis et al., 2014; Sances et al., 

2016). Given that evidence from animal models and patients with a variety of NMDs such as 

ALS, Spinal Muscular Atrophy, and Charcot-Marie Tooth converges on dysfunction and 

disruption at the NMJ prior to the onset of disease symptoms, it is imperative to construct 

patient-specific, physiologically relevant in vitro models which contain the essential components 

of the NMJ in order to advance our understanding of these diseases (Fischer et al., 2004; Kong 

et al., 2009; Moloney et al., 2014; Spaulding et al., 2016; Murray et al., 2010). 

The first neuromuscular co-culture systems in rodent explants showed that axonal 

guidance and synaptic formation at the NMJ could be recapitulated in situ without exogenous 

manipulation (Crain and Peterson, 1964; Crain et al., 1969; Peterson and Crain, 1970). 

Advances in human iPSC (hiPSC) differentiation supported this notion by showing formation of 

functional NMJs in vitro between hiPSC-MN and rodent skeletal muscle (Umbach et al., 2012; 

Yoshida et al., 2015b), and more recently, from hiPSC-MNs in combination with primary human 
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skeletal muscle (Santhanam et al., 2018; Steinbeck et al., 2015) or hiPSC-sKM (Puttonen et al., 

2015). Despite these advances, these models are ultimately difficult to scale, as the former two 

rely on limited choice of primary human muscle tissue and the latter on a byproduct of similar 

developmental signaling pathways in neural spheroid differentiation, which can result in low-

frequency generation of skeletal myotubes in tandem with neuronal cell types (Hosoyama et al., 

2014; Puttonen et al., 2015). Furthermore, the ability to parse hitherto inconclusive cell 

autonomous and cell nonautonomous effects in NMDs is best achieved if motor neurons, 

skeletal myotubes, and other NMJ components such as peripheral Schwann cells are generated 

independently and from genetically identical patient backgrounds. 

Optogenetics enables the precise regulation of neuronal populations via light-gated ion 

channels (Boyden et al., 2005). Optogenetic control of the NMJ has been achieved via 

transgenic rodent or hiPSC-MNs paired with rodent or human primary skeletal muscle in vitro 

(Steinbeck et al., 2015; Uzel et al., 2016) and in vivo (Bryson et al., 2014). Independent control 

of electrophysiologically excitable non-neuronal cells, including cardiomyocytes (Abilez et al., 

2011) and skeletal muscle (Sakar et al., 2012; van Bremen et al., 2015), is also possible, 

supporting its broad applicability for probing cellular physiology and modeling disease. 

Optogenetics may also be paired with multi-electrode arrays (MEAs), enabling a system which 

can monitor electrophysiology of living cells in tandem with pulses of light, providing innovative 

applications for disease modeling or drug screening (Clements et al., 2016; Millard et al., 2016). 

Here, we leverage advances in hiPSC-differentiation, optogenetics, and MEAs to create 

a tunable, human patient-specific neuromuscular co-culture system. Using isogenic lines from 

C9orf72 G4C2 expansion carriers, we demonstrate that neuromuscular physiology can be 

measured via optogenetic responses of innervated skeletal myotubes or recording on MEAs, 

and that NMJ synaptogenesis and maturation phenotypes may reflect aspects of C9orf72-

associated disease. Importantly, by independent differentiation of motor neurons and skeletal 

muscle, our system permits combinatorial studies to examine cell autonomous and cell 
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nonautonomous mechanisms of disease via pairing of diseased motor neurons or skeletal 

muscle with healthy or genetically corrected motor neurons or skeletal muscle. These 

experiments provide a foundation for the use of co-culture systems in testing hypotheses related 

to human neuromuscular development, physiology, repair, and disease. 

 

5.2 Materials and Methods 

iPSC Maintenance 

iPSCs were cultured as previously described in Chapter 2.2 (p. 31). Fibroblasts were obtained 

from skin biopsies of patients carrying the C9orf72 G4C2 expansion and healthy controls from 

the UCSF Memory and Aging Center with patient consent and Institutional Review Board 

approval (#10-000574). Fibroblasts were cultured in DMEM + 10% Fetal Bovine Serum (FBS). 

Reprogramming was performed with the STEMCCA lentiviral vector containing OCT4, c-MYC, 

SOX2, and KLF4 (Millipore). Pluripotency was assessed via Pluritest (Müller et al., 2011) and 

immunocytochemical staining of NANOG, OCT4, SSEA4, and TRA-181 (See Figure 2.1, p. 39). 

Karyotyping was performed by Cell Line Genetics between passages 5-25 following 

reprogramming. iPSCs were cultured at 37°C and 5% CO2 on Vitronectin (Stem Cell 

Technologies) coated plates in TeSR-E8 media (Stem Cell Technologies) and passaged every 

4-6 days using the ReLeSR reagent (Stem Cell Technologies) following the manufacturer’s 

instructions. iPSC lines used in this study and relevant patient information is located in Table 

5.1.  
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Table 5.1. Patient information for iPSC lines used in the study. bvFTD: behavioral variant FTD; 
Y.O.B: year of birth. “Opto” indicates genetically integrated viral vectors which enable 
optogenetic experiments. 
 

Morphogen-Directed iPSC Differentiation 

Motor Neuron Differentiation 

For differentiation into spinal motor neurons, iPSCs were differentiated following the protocol by 

Du et al 2015, with some variations, namely the replacement of DMH1 with LDN193189, an 

increased concentration of SB431542 from 2 µM to 10 µM during neuralization, increased initial 

retinoic acid concentrations from 100 nM to 200 nM, replacement of IGF1 with GDNF, and the 

absence of valproic acid to propagate motor neuron progenitors (Du et al., 2015). For co-culture 

experiments, cells were grown using a hybrid process of adherent and suspension culture, 

resulting in motor neuron spheroids, hereafter referred to as ‘MN spheres’. For 

immunocytochemistry, cells were grown adherent throughout, with a passaging step between 

days 12-18 of differentiation onto 96 well plates coated in Poly-L-Ornithine overnight followed by 

3 washes in sterile water followed by 1 hour of drying. The plates were then coated with Laminin 

(15 µg/mL, ThermoFisher) and incubated at 37°C for 1 hour prior to the addition of cells.   

The following basal medium formulation was used throughout the differentiation process: 

A 1:1 mix of basal mediums DMEM/F12 and Neurobasal supplemented with 1% Sodium 

Parent 
Cell Line 

Line 
Name 

Status Genotype Diagnosis Gender Race Y.O.B 

C1B1 C Control (+/+) Unaffected Male White 1945 
CC3A4 B2 Carrier (+/exp) FTD/ALS Male White 1963 
F7A4 F Control (+/+) Unaffected Male Unknown 1968 
O1A1 O Sporadic unknown bvFTD Male White 1941 

OO6A2 A Carrier (+/exp) bvFTD Male White 1965 
OO6A2 Opto-A1 Carrier (+/exp) bvFTD Male White 1965 
OO6A2 isoA51 Isogenic 

Control 
(+/Δ) bvFTD Male White 1965 

OO6A2 isoA80 Isogenic 
Control 

(+/Δ) bvFTD Male White 1965 

OO6A2 Opto-
isoA80-8 

Isogenic 
Control 

(+/Δ) bvFTD Male White 1965 
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Pyruvate, 1% Non-Essential Amino Acids, 1% GlutaMAX, 0.5% N2 supplement, and 0.5% B27 

supplement. Approximately 24-48 hours after passaging, small iPSC colonies were switched 

into a neural differentiation medium (NDM1) consisting of the base medium supplemented with 

ascorbic acid (100 ng/mL), SB43152 (10 µM), LDN193189 (200 nM), and CHIR99021 (3 µM) for 

6 days, changing medium every other day or every day as needed. On day 6, the medium was 

switched to NDM2 consisting of the base medium supplemented with ascorbic acid (100 

ng/mL), cAMP (0.5 µM), SB431542 (10 µM), LDN193189 (200 nM), CHIR99021 (1 µM), retinoic 

acid (200 nM), and purmorphamine (0.5 µM) for an additional 6 days, changing ¾ medium 

every day. On day 12, the medium was switched to NDM3 consisting of the base medium 

supplemented with ascorbic acid (200 ng/mL), cAMP (0.5 µM), retinoic acid (500 nM), and 

purmorphamine (0.1 µM) for an additional 6 days, changing ¾ medium every day.  

For co-culture experiments, cells were dissociated with Accutase (ThermoFisher) 

between days 13-17, re-plated in ultra-low attachment plates (Corning), and grown as MN 

spheres in suspension. MN spheres were passaged as necessary by gentle dissociation 

following 8-12 minutes of Accutase treatment, followed by gentle pipetting and re-plating in low 

attachment plates. For immunocytochemistry experiments, cells were dissociated with Accutase 

between days 14-17 and re-plated on 96 well plates previously coated with poly-L-ornithine 

(Sigma) for 24 hours overnight followed by 3 washes in sterile water followed by 1 hour of 

drying. The next day, the plates were coated with Laminin for 1 hour at 37°C prior to adding 

cells. In each case, motor neuron progenitors (MNPs) were frozen down between days 14-17 

(see Cryopreservation of iPSC-derived Cells, p. 90). 

On day 18, cells were switched to NDM4 consisting of the basal medium supplemented 

with ascorbic acid (200 ng/mL), cAMP (1 µM), DAPT (10 µM), retinoic acid (500 nM), and 

purmorphamine (0.1 µM) for an additional 4 days, adding 0.75-1.0 mL of medium every other 

day for suspension culture or replacing ¾ medium every other day for adherent culture. On days 

22 onward, cells were cultured in NDM5 consisting of the base medium supplemented with 
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ascorbic acid (200 ng/mL), cAMP (1 µM), BDNF (10 ng/mL), GDNF (10 ng/mL), and CNTF (10 

ng/mL), adding 0.75-1.0 mL of medium every other day. To avoid aggregation, MN spheres 

were collected once per week in 15 mL conical tubes and allowed to pellet by gravity for 10-15 

minutes. Single cells in solution were aspirated and MN spheres were then broken apart using 

gentle pipetting with a P200 pipette tip or mechanical agitation and re-plated in low attachment 

plates. Motor neuron spheres were cultured until ~day 40-50 for use in downstream 

experiments and adherent motor neurons were cultured until day 30 until fixation for 

immunocytochemical staining. 

Skeletal Muscle Differentiation 

iPSC-sKM were generated as previously described in Chapter 2.2 (p. 31), with minor variations.  

1.5% DMSO in TeSR-E8 medium was added when iPSC colonies were roughly 250-400 µm in 

diameter. On day 0, cells were cultured in CDM FLyBC for 48 hours (changed from 36 hours). 

Chemically defined media (CDM) consisted of a 1:1 mixture of IMDM and Ham’s F12 media with 

the addition of Bovine Serum Albumin (5 mg/mL), 100X Lipids (1X), Transferrin (15 µg/mL), 1-

Thioglycerol (450 µM), and Insulin (7 µg/mL). FLyBC consists of FGF2 (20 ng/mL), LY294002 

(10 µM), BMP4 (10 ng/mL), and CHIR99021 (10 µM). After 48 hours (changed from 36 hours), 

cells were cultured in CDM FLy for an additional 5.5 days. On day 7, cells were cultured in MB-1 

and 15% FBS (3/4 daily media change), generously donated from the laboratory of Dr. Jacques 

Tremblay (Université Laval, Canada) and prepared per their instructions. On day 12, cells were 

cultured in Fusion medium (replaced alternating days) consisting of 2% Horse Serum in DMEM. 

After 23 days in vitro, mature myotubes were cultured in N2 medium, composed of DMEM/F12 

supplemented with 1% Insulin-Transferrin-Selenium solution and 1% N2 supplement, until a 

majority of the cells displayed spontaneous contractions or sufficient hypertrophy based on 

qualitative assessment, typically between days 40-60 in vitro. Myotubes were dissociated 

completely in Accutase for ~25 minutes and either used directly in co-culture experiments or 
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frozen in cryopreservation medium. Myotubes were then thawed as needed for co-culture 

experiments. 

For C2C12 cells, low passage myoblasts were grown on 0.1% gelatin in DMEM and 10% FBS 

until cells were approximately 90% confluent. At this stage, myoblasts were switched to a fusion 

medium consisting of DMEM and 2% horse serum and cultured for 7+ days or until myotubes 

were abundant. Myotubes were kept in fusion medium, changing ¾ medium every 3 days, until 

experimentation. 

Assembly of Co-Culture 

Co-cultures were performed on sterilized glass coverslips within 12 well plates or glass bottom 

microwell dishes (MatTek). Coverslips or dishes were coated in Matrigel, incubated for 1-2 

hours at 37°C, and aspirated. For coverslip preparation, a P20 pipette was used to move the 

coverslip within the middle of the well, avoiding contact with the edge of the well. All myotube 

and motor neuron plating was performed qualitatively without cell counting. A concentrated 

solution of skeletal myotubes taken directly from a dissociated live culture or freshly thawed vial 

was prepared in N2 medium. 20-40 µL of cells were added drop-wise to the coverslip or glass 

bottom dish, covering the surface evenly. The amount of cells added was qualitatively assessed 

under a microscope until a sufficient amount of cells were plated, aiming for 40-50% confluence. 

Additional N2 medium was added in a sufficient volume to maintain surface tension on the glass 

surface. The cells were then incubated overnight.  

The next day, myotubes were rinsed once in N2 medium and then cultured in N2 

medium for an additional 3-4 days to allow for hypertrophy and/or proliferation. After this time 

period, a 1:1 mixture of NDM5 and NDM6 were prepared to avoid osmotic shock. NDM6 

consisted of a basal medium of BrainPhys supplemented with 1% Sodium Pyruvate, 1% Non-

Essential Amino Acids, 1% GlutaMAX, 1% N2-A supplement, 2% SM1 supplement, ascorbic 

acid (200 ng/mL), cAMP (1 µM), BDNF (10 ng/mL), GDNF (10 ng/mL), and CNTF (10 ng/mL). 

MN spheres were pelleted by gravity for 10-15 minutes and re-suspended in a low volume of 1:1 
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NDM5 and NDM6 containing a 1:50 dilution of Geltrex (ThermoFisher). N2 medium was 

aspirated from the coverslips or glass bottom dish. Using a P20 pipette, 20 µL of MN spheres 

were added drop-wise to the myotubes, aiming for ~20 visible motoneuron spheres plated per 

coverslip or dish. An additional volume of 1:1 NDM5 and NDM6 containing a 1:50 dilution of 

Geltrex was added in a sufficient volume to maintain surface tension. The cells were then 

incubated overnight. 

The next day, cells were gently rinsed with a 1:1 mixture of NDM5 and NDM6 and then 

cultured in a 1:1 mixture of NDM5 and NDM6 containing recombinant human neuronal Z-

isoform Agrin (50 ng/mL, R&D Systems). A ¾ medium change was performed every 2-3 days 

with NDM6 containing recombinant human Agrin (50 ng/mL). In some cases, the mitotic inhibitor 

cytosine arabinoside (Ara-C, 5 µM, Sigma) was added for 48 hours to prevent proliferation of 

undefined progenitor cell types. Co-cultures were kept for experimentation up to 2 weeks.  

 

A complete list of all medium formulations and timeframes of use can be found below in Table 

5.2.   

Skeletal Muscle Media 

Name Component Concentration Vendor Catalog 
Number 

Days 
Used 

TeSR-E8 
+ 1.5% 
DMSO 

TeSR-E8 98.5% (vol/vol) Stem Cell 
Technologies 

05940 

-1 to 0 
DMSO 1.5% (vol/vol) Sigma-Aldrich 472301 

 

Name Component Concentration Vendor Catalog 
Number 

Days 
Used 

CDM + 
FLyBC 

IMDM 49.5% (vol/vol) Thermo Fisher 
Scientific 

12440053 

0-2 
Ham’s F12 49.5% (vol/vol) Thermo Fisher 

Scientific 
11765054 
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Bovine Serum 
Albumin 

5 mg/mL Fisher Scientific 9048468 

100X Lipid 
Concentrate 

1% (vol/vol) Thermo Fisher 
Scientific 

11905031 

Transferrin 15 µg/mL Sigma-Aldrich T8158 

1-Thioglycerol 450 µM Sigma-Aldrich M1753 

Insulin 7 µg/mL Thermo Fisher 
Scientific 

12585014 

FGF2 20 ng/mL Stemgent 03-0002 

LY294002 10 µM Sigma-Aldrich L9908 

BMP4 10 ng/mL R&D Systems 314-BP 

CHIR99021 10 µM Sigma-Aldrich SML1046 

 

Name Component Concentration Vendor Catalog 
Number 

Days 
Used 

CDM + 
FLy 

IMDM 49.5% (vol/vol) Thermo Fisher 
Scientific 

12440053 

2-7 

Ham’s F12 49.5% (vol/vol) Thermo Fisher 
Scientific 

11765054 

Bovine Serum 
Albumin 

5 mg/mL Fisher Scientific 9048468 

100X Lipid 
Concentrate 

1% (vol/vol) Thermo Fisher 
Scientific 

11905031 

Transferrin 15 µg/mL Sigma-Aldrich T8158 

1-Thioglycerol 450 µM Sigma-Aldrich M1753 

Insulin 7 µg/mL Thermo Fisher 
Scientific 

12585014 

FGF2 20 ng/mL Stemgent 03-0002 
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LY294002 10 µM Sigma-Aldrich L9908 

 

Name Component Concentration Vendor Catalog 
Number 

Days 
Used 

MB-1 

Proprietary N/A Jacques 
Tremblay 
laboratory 

As used in 
(Goudenege 
et al., 2012; 

Swartz et al., 
2016) 

7-12 
Fetal Bovine 

Serum 
15% (vol/vol) Thermo Fisher 

Scientific 
10082147 

FGF2 10 ng/mL Stemgent 03-0002 

 

Name Component Concentration Vendor Catalog 
Number 

Days 
Used 

Fusion 

DMEM 98% (vol/vol) Thermo Fisher 
Scientific 

11965092 12-24 

Horse Serum 2% (vol/vol) Fisher Scientific SH3007403 

 

Name Component Concentration Vendor Catalog 
Number 

Days 
Used 

N2 

DMEM/F12 98% (vol/vol) Thermo Fisher 
Scientific 

11320033 

24+ 
Insulin - 

Transferrin - 
Selenium 

1% (vol/vol) Thermo Fisher 
Scientific 

41400045 

N2 supplement 1% (vol/vol) Thermo Fisher 
Scientific 

17502048 

 
C2C12 media 

Name Component Concentration Vendor Catalog 
Number 

Days 
Used 

Growth 

DMEM 90% (vol/vol) Thermo Fisher 
Scientific 

11965092 
 

0-5+ 
(until 
~90% 

conflueFetal Bovine 10% (vol/vol) Thermo Fisher 10082147 
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Serum Scientific ncy) 

Fusion 

DMEM 98% (vol/vol) Thermo Fisher 
Scientific 

11965092 
 

5+ 

Horse Serum 2% (vol/vol) Thermo Fisher 
Scientific 

26050088 
 

 
Motor Neuron Media 

Name Component Concentration Vendor Catalog 
Number 

Days 
Used 

NDM1 

DMEM/F12 48% (vol/vol) Thermo Fisher 
Scientific 

11320033 

0-6 

Neurobasal 48% (vol/vol) Thermo Fisher 
Scientific 

21103049 

Sodium 
Pyruvate 

1% (vol/vol) Thermo Fisher 
Scientific 

11360070 

Non-Essential 
Amino Acids 

1% (vol/vol) Thermo Fisher 
Scientific 

11140050 

GlutaMAX 1% (vol/vol) Thermo Fisher 
Scientific 

35050061 

N2 supplement 0.5% (vol/vol) Thermo Fisher 
Scientific 

17502048 

B27 supplement 0.5% (vol/vol) Thermo Fisher 
Scientific 

17504044 

Ascorbic Acid 100 ng/mL Sigma-Aldrich A4403 

SB431542 10 µM STEMCELL 
Technologies 

72234 

LDN193189 200 nM Sigma-Aldrich SML0559 

CHIR99021 3 µM Sigma-Aldrich SML1046 

 

Name Component Concentration Vendor Catalog 
Number 

Days 
Used 

NDM2 DMEM/F12 48% (vol/vol) Thermo Fisher 
Scientific 

11320033 6-12 
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Neurobasal 48% (vol/vol) Thermo Fisher 
Scientific 

21103049 

Sodium 
Pyruvate 

1% (vol/vol) Thermo Fisher 
Scientific 

11360070 

Non Essential 
Amino Acids 

1% (vol/vol) Thermo Fisher 
Scientific 

11140050 

GlutaMAX 1% (vol/vol) Thermo Fisher 
Scientific 

35050061 

N2 supplement 0.5% (vol/vol) Thermo Fisher 
Scientific 

17502048 

B27 supplement 0.5% (vol/vol) Thermo Fisher 
Scientific 

17504044 

Ascorbic Acid 100 ng/mL Sigma-Aldrich A4403 

Cyclic AMP 0.5 µM Sigma-Aldrich A9501 

SB431542 10 µM STEMCELL 
Technologies 

72234 

LDN193189 200 nM Sigma-Aldrich SML0559 

CHIR99021 1 µM Sigma-Aldrich SML1046 

Retinoic Acid 200 nM STEMCELL 
Technologies 

72262 

Purmorphamine 500 nM STEMCELL 
Technologies 

72202 

 
 

Name Component Concentration Vendor Catalog 
Number 

Days 
Used 

NDM3 

DMEM/F12 48% (vol/vol) Thermo Fisher 
Scientific 

11320033 

12-18 Neurobasal 48% (vol/vol) Thermo Fisher 
Scientific 

21103049 

Sodium 
Pyruvate 

1% (vol/vol) Thermo Fisher 
Scientific 

11360070 
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Non Essential 
Amino Acids 

1% (vol/vol) Thermo Fisher 
Scientific 

11140050 

GlutaMAX 1% (vol/vol) Thermo Fisher 
Scientific 

35050061 

N2 supplement 0.5% (vol/vol) Thermo Fisher 
Scientific 

17502048 

B27 supplement 0.5% (vol/vol) Thermo Fisher 
Scientific 

17504044 

Ascorbic Acid 200 ng/mL Sigma-Aldrich A4403 

Cyclic AMP 500 nM Sigma-Aldrich A9501 

Retinoic Acid 500 nM STEMCELL 
Technologies 

72262 

Purmorphamine 100 nM STEMCELL 
Technologies 

72202 

 

Name Component Concentration Vendor Catalog 
Number 

Days 
Used 

NDM4 

DMEM/F12 48% (vol/vol) Thermo Fisher 
Scientific 

11320033 

18-22 

Neurobasal 48% (vol/vol) Thermo Fisher 
Scientific 

21103049 

Sodium 
Pyruvate 

1% (vol/vol) Thermo Fisher 
Scientific 

11360070 

Non Essential 
Amino Acids 

1% (vol/vol) Thermo Fisher 
Scientific 

11140050 

GlutaMAX 1% (vol/vol) Thermo Fisher 
Scientific 

35050061 

N2 supplement 0.5% (vol/vol) Thermo Fisher 
Scientific 

17502048 

B27 supplement 0.5% (vol/vol) Thermo Fisher 
Scientific 

17504044 

Ascorbic Acid 200 ng/mL Sigma-Aldrich A4403 
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Cyclic AMP 1 µM Sigma-Aldrich A9501 

DAPT 10 µM STEMCELL 
Technologies 

72082 

Retinoic Acid 500 nM STEMCELL 
Technologies 

72262 

Purmorphamine 100 nM STEMCELL 
Technologies 

72202 

 

Name Component Concentration Vendor Catalog 
Number 

Days 
Used 

NDM5 

DMEM/F12 48% (vol/vol) Thermo Fisher 
Scientific 

11320033 

22+ 

Neurobasal 48% (vol/vol) Thermo Fisher 
Scientific 

21103049 

Sodium 
Pyruvate 

1% (vol/vol) Thermo Fisher 
Scientific 

11360070 

Non Essential 
Amino Acids 

1% (vol/vol) Thermo Fisher 
Scientific 

11140050 

GlutaMAX 1% (vol/vol) Thermo Fisher 
Scientific 

35050061 

N2 supplement 0.5% (vol/vol) Thermo Fisher 
Scientific 

17502048 

B27 supplement 0.5% (vol/vol) Thermo Fisher 
Scientific 

17504044 

Ascorbic Acid 200 ng/mL Sigma-Aldrich A4403 

Cyclic AMP 1 µM Sigma-Aldrich A9501 

BDNF 10 ng/mL PeproTech 450-02 

GDNF 10 ng/mL PeproTech 450-10 

CNTF 10 ng/mL PeproTech 450-13 

 

Name Component Concentration Vendor Catalog Days 



 90	

Number Used 

NDM6 

BrainPhys 94% (vol/vol) STEMCELL 
Technologies 

05791 

Co-
culture 
experi
ments 

Sodium 
Pyruvate 

1% (vol/vol) Thermo Fisher 
Scientific 

11360070 

Non Essential 
Amino Acids 

1% (vol/vol) Thermo Fisher 
Scientific 

11140050 

GlutaMAX 1% (vol/vol) Thermo Fisher 
Scientific 

35050061 

N2 Supplement-
A 

1% (vol/vol) STEMCELL 
Technologies 

07152 

SM1 
Supplement 

2% (vol/vol) STEMCELL 
Technologies 

05711 

Ascorbic Acid 200 ng/mL Sigma-Aldrich A4403 

Cyclic AMP 1 µM Sigma-Aldrich A9501 

BDNF 10 ng/mL PeproTech 450-02 

GDNF 10 ng/mL PeproTech 450-10 

CNTF 10 ng/mL PeproTech 450-13 

Table 5.2. Complete list of media components used in the study. Abbreviations: DMSO, 
dimethylsulfoxide; FGF2, fiboblast growth factor 2; BMP4, bone morphogenic protein 4; BDNF, 
brain derived neurotrophic factor; GDNF, glial derived neurotrophic factor; CNTF, ciliary 
neurotrophic factor. 
 
Cryopreservation of iPSC-derived Cells 

All iPSC and iPSC-derived cell vials were cryopreserved in a 1:1 mixture of the medium in which 

they were growing in at the time of freezing combined with a filtered 80% FBS, 20% DMSO 

freezing medium in a total of 1 mL per vial. Vials were immediately moved to a Mr. Frosty 

(ThermoFisher) container and stored at -80ºC overnight before being moved to liquid nitrogen 

for long-term storage.  

Creation of Stable, Optogenetic iPSC lines 
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Isogenic C9orf72 G4C2 carrier patient-derived lines were genome engineered using 

CRISPR/Cas9 as previously described (Chapter 4.2, p. 64). To isolate lines stably expressing 

optogenetic constructs, an approximately 50% confluent, single well of iPSCs (6 well format) 

were pre-treated with polybrene (6 µg/mL, Sigma) for 15 minutes, followed by 10 µM of ROCK 

inhibitor (Y-27632, Stemgent) for 60 minutes. iPSCs were dissociated to single cells following 

20-25 minutes of Accutase treatment, centrifuged at 400 x g for 5 minutes, and re-suspended in 

200µL of TeSR-E8 medium with 10 µM ROCK inhibitor in a 1.5 mL microcentrifuge tube. Two 

lentiviral constructs (pCSC-Hb9(3.6)-nlsCre, pLenti-Syn-ChR2-eYFP-WPRE; cloned and 

generously donated by Dr. Ken Yamauchi, Novitch lab, UCLA) were co-transduced by adding 

15 µL of each virus (>1x108 titer) to the re-suspended cells. The tube was incubated at 37°C 

and 5% CO2 for 6 hours, re-suspending the cells by flicking each hour.  

After 6 hours, cells were then gently re-suspended by pipetting and plated in TeSR-E8 

with 10 µM ROCK inhibitor at single cell density in 48 well plates coated in vitronectin. Resulting 

colonies were allowed to grow for ~7-10 days. Wells containing a single clonal population were 

marked and colonies were manually passaged using mechanical dissociation with a P20 pipette 

tip and transferred to a new plate. Residual cells from the colony were lysed and screened by 

PCR for Cre and ChannelRhodopsin-2 (ChR2) genomic DNA integration. 22 total double-

positive clones were differentiated in parallel to motor neurons. 5/11 clones from each line were 

selected based on YFP fluorescence on day 30 and a subset of these were screened by qPCR 

for expression of Cre and ChR2. 1 clone from each line with the highest transgene expression 

was chosen for further study and the G4C2 repeat status was confirmed by repeat-primed PCR. 

Cell Lysis and PCR Screening 

Cells were lysed in situ within 48 well plates. 100 uL of Lysis Buffer (10% 10X AccuPrime PCR 

Buffer I + 200 µg/mL Proteinase K in H20) was added to each well. Cells were then incubated at 

60°C for 10 minutes to assist with the lysis. Cells were then further broken down manually via 

gentle pipetting. Lysates were thereafter vortexed, transferred to PCR plates, and incubated 
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overnight at 60°C. The next day, plates were centrifuged briefly to collect lysate at the bottom of 

each well and then heated at 95°C for 20 minutes to deactivate the Proteinase K. 

11 double positive clones from each cell line were differentiated to motor neurons in 

parallel. On day 30, motor neurons originating from 3-5 clones from each line were selected 

based on qualitative assessment of YFP epifluorescent strength. Motor neurons were then 

collected and screened for expression of Cre and ChR2 via qPCR. A single cell line from each 

isogenic parent with the highest expression level of Cre and ChR2 was selected for further 

study.  

Neuromuscular Junction Area and Myotube Width Calculations 

Vials from previously differentiated iPSC-sKM (line isoA80) frozen on day 79 of differentiation 

were thawed onto 12 mm coverslips coated in Matrigel in 24 well format as previously 

described. Skeletal myotubes were allowed to grow in N2 medium for 3 days. On day 3, 

coverslips were switched to 3 conditions: (1) in N2 medium, (2) in a 1:1 mixture of NDM5 and 

NDM6 mediums containing recombinant human Agrin (50 ng/mL), or (3) in a 1:1 mixture of 

NDM5 and NDM6 mediums containing recombinant human Agrin (50 ng/mL) and a single MN 

sphere. For condition (3), a single, day 40 iPSC-MN sphere (Opto-A1, Opto-isoA80-8) was 

plated onto each coverslip on Day 3 and cultured using methods described previously. A single 

sphere was utilized to limit variability in culture conditions. 

Starting on Day 3, each coverslip was imaged every 48 hours in several random 

locations until Day 9 (Day 6 of co-culture) to determine change in myotube width over time in 

each condition. Images were then scored manually using Q-Capture Pro 7 software. 5 

multinucleated myotubes per image were scored by measuring the thickest width of the 

myotube. At least 5 individual coverslips contributed to each condition. 

For condition (3), cells were fixed as described below (see ‘Immunocytochemistry’, p.95) 

on Day 10 (Day 7 of co-culture) and stained with Alexa-fluor 594-conjugated α-Bungarotoxin (α-

BTX, 1:500) for 45 minutes at room temperature. Coverslips were then washed 3x in PBS, 
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transferred to 35 mm round-bottom glass dishes (MatTek), and imaged on a spinning disc 

confocal microscope as described below (see ‘Optogenetically-evoked Calcium Recordings’, p. 

93-94). Regions around the periphery of the MN sphere showing co-localized α-BTX and YFP 

were imaged as 10-20 µm Z-stack sections at 20X magnification. At least 5 coverslips from 

each line (Opto-A1, Opto-isoA80-8) were imaged, totaling >25 images for each condition. 

Images were randomized and scored by a blinded observer using the native Draw Spline 

Contour tool in ZENBlue software. Only regions displaying α-BTX and YFP co-localization were 

scored and areas below 5 µm2 were excluded from analysis as they were indistinguishable from 

background. 

Optogenetically-evoked Calcium Recordings 

All co-culture optogenetic experiments were performed on Day 7 using MN spheres between 

days 40-60 in vitro on 35 mm glass bottom dishes (MatTek, catalog # P35G-1.5-20-C). The age 

of myotubes included in experiments varied between days 60-100 in vitro at the time of data 

collection. MN spheres were derived from Opto-A1 and Opto-isoA80-8 whereas all myotubes 

were derived from isoA80.  

Experiments were performed on a Zeiss Axio Observer Z1 spinning disc confocal 

microscope outfit with an EMCCD camera and incubation system at 37°C and 5% CO2. The 

microscope was outfit with a blue LED (ThorLabs M470L2, 470nm) and custom filter cube 

(Chroma) to reflect wavelengths below 488 nm and pass wavelengths above 561 nm. The LED 

light stimulation settings were controlled by a Master-8 pulse stimulator.  

Two hours prior to recording, conditioned medium from co-cultures to be recorded from 

was collected. Co-cultures were incubated with the cell permeable calcium dye X-Rhod-1 AM (2 

µM, Life Technologies) for 25 minutes at 37°C in fresh NDM6 containing recombinant human 

Agrin (50 ng/mL), washed 3x for 5 minutes in NDM6 and then cultured for at least 30 minutes in 

the conditioned medium to allow for de-esterification of the dye prior to recording.  
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Data was collected using ZENBlue software (Zeiss) in 20 second videos where the 

stimulation paradigm consisted of five 250 ms LED pulses at 1 Hz. Regions of interest (ROIs) 

were manually selected on individual myotubes and normalized to a background ROI containing 

the same pixel volume (4.5 pixel diameter circle). ∆F/F ratiometric measurements were 

performed using ZENBlue software, where Ft0 was calculated from the average intensity across 

the total number of frames from the whole experiment. Intensity and ratiometric plots were 

generated in RStudio (version 1.1.383) from the exported raw data.  

Optogenetics in iPSC-sKM 

Lentiviral particles encoding a ChR2 (H134R)-eYFP fusion protein (vector ID: VB170830-

1111twn) were packaged by VectorBuilder. iPSC-sKM (> day 50) were treated with 5 µg/mL of 

polybrene for 20 minutes, washed twice in N2 medium, and transduced with 10 µL of virus (titer 

2.14x108) for 24 hours. iPSC-sKM was then grown in N2 medium for up to 2 weeks prior to 

recording. Live calcium imaging was performed as previously described (‘Optogenetically-

evoked Calcium Recordings’), using the same cell permeable calcium dye X-Rhod-1 AM, light 

stimulation protocol, and data analysis. Multiple stimulation protocols were attempted in the 

exploratory phase. 

Image and Video Acquisition 

Aside from those stated below, images in Figures 5.1, 5.2, 5.5, 5.7, 5.11, and 5.13 and videos 

1-3 were taken on an Olympus iX53 microscope outfit with a Retiga EXi Fast 1394 camera 

using Q-Capture Pro 7 software. Videos were taken with maximum frame speed enabled and 

converted in ImageJ at 7 frames per second. Videos were stitched or edited using iMovie 

software.  

Images in Figures 5.2F-G, 5.3A, 5.4C, and 5.5D, were taken on a Zeiss LSM 310 confocal 

microscope and z-stacks were merged using ImageJ software.  

Images in Figures 5.8B-D, 5.9A, and 5.10A-D were taken on a Zeiss Axio Observer Z1 spinning 

disc confocal microscope. 
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Immunocytochemistry 

Cells were fixed in cold 4% paraformaldehyde (PFA) for 15 minutes, rinsed 3x for 5 minutes in 

phosphate-buffered saline (PBS), and stored at 4°C until staining. Cells were permeabilized in 

buffer (0.1% Triton-X, 2.5% donkey serum in PBST (0.1% Tween-20 in PBS)) for 1 hour at room 

temperature (RT). Primary antibody was added in permeabilization buffer overnight at 4°C on a 

rocker on a low setting to prevent detachment of cells. The next day, cells were rinsed 2x with 

PBS for 10 minutes and Alexa Fluor-conjugated secondary antibodies were added in 0.1% 

Triton-X and 5% donkey serum in PBS for 1 hour at RT in the dark. Cells were rinsed 2x with 

PBS for 10 minutes and DAPI or TOPRO-3, if necessary, was added at 1:1000 in PBS for 5 

minutes at RT, washed 2x in PBS for 10 minutes, and stored in the dark until imaging. 

Coverslips were mounted in ProLong gold and allowed to set overnight at 4°C prior to imaging. 

A complete list of antibodies used can be found in Table 5.3.   

Gene Cat. Number Vendor Host Species 

Anti-mouse AP2α, monoclonal DSHB 3B5 1:20 
Anti-goat ChAT, polyclonal Millipore AB144P 1:300 

Anti-rabbit Connexin43, polyclonal Abcam ab11370 1:500 
Anti-mouse GFAP, monoclonal Biomeda V1058 1:500 
Anti-mouse HB9, monoclonal DSHB 81.5C10 1:20 

Anti-mouse HNK1, monoclonal DSHB 3H5 1:15 
Anti-mouse ISL1, monoclonal GeneTex GTX83120 1:200 

Anti-rabbit Myelin Protein Zero (MPZ), 
polyclonal 

Abcam ab31851 1:150 

Anti-mouse Myosin Heavy Chain (MHC), 
Monoclonal 

DSHB MF-20 1:40 

Anti-rabbit OLIG2, polyclonal Millipore AB9610 1:200 
Anti-mouse Synaptic Vesicle 2a (SV2A), 

monoclonal 
DSHB SV2 1:30 

Anti-mouse TITIN, monoclonal DSHB 9-D10 1:40 
Anti-rabbit Beta-3-Tubulin (TUJ1), 

polyclonal 
Covance PRB-435P 1:1000 

Anti-goat ChAT, polyclonal DSHB 3B5 1:20 
Table 5.3. List of antibodies used in the study. DSHB, Developmental Studies Hybridoma Bank. 

Patch-clamp electrophysiology 

Standard whole-cell patch clamp methods were applied to record currents from muscle cells 

with an Axopatch 200B amplifier and a Digidata 1321A at room temperature in a bath solution 
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containing (in mM) 140 NaCl, 2.5 KCl, 2 CaCl2, 2 MgCl2, 10 glucose, and 10 HEPES (pH 7.3). 

The intrapipette solution contained 150 KCl, 1 NaCl, 1 MgCl2, 5 EGTA, and 10 HEPES (pH 

7.3). Glass pipettes were made from patch glass with 1.5 mm O.D. and 1.17 mm I.D. Multi-step 

pulling was done with a Sutter P-97 micropipette puller and the pipette resistance ranged from 

2-5 MW when filled with intrapipette solution. Cells were held at -70 mV with 70-80% 

compensation of series resistance. Data were acquired and analyzed using pClamp9 

software. Data were sampled at 10 KHz and filtered at 1-2 kHz. Graphs were plotted using 

Origin software.   

Gap Junction Blockade 

iPSC-sKM were grown to confluence and observed periodically for spontaneous contractions. 

Baseline spontaneous contractions were recorded for 20 seconds and 1-heptanol was added to 

the medium to a final concentration of 5 mM. 20 second recordings from the same well position 

were taken 5 and 10 minutes after addition of 1-heptanol. 1-heptanol was washed out twice in 

N2 medium and cells were allowed to equilibrate at 37oC for 15 minutes before recording again. 

iPSC-sKM were 48 days in vitro at the time of recording. 

RT-PCR, qRT-PCR, and RP-PCR 

For RT-PCR, RNA was isolated from frozen cell pellets using the RNeasy Plus Mini Kit 

according to the manufacturer’s protocol. Complementary DNA (cDNA) synthesis was made 

from 500 ng total RNA using the SuperScript III First-Strand Synthesis kit. PCR was run using 

10 ng of cDNA per reaction. Products were run on a gel and imaged. Total RNA from human 

skeletal muscle was obtained from a 20-year-old male (Clontech).  

For qPCR, cDNA was obtained using the same methods. Relative gene expression levels were 

determined in triplicate reactions of 10 ng cDNA per reaction using the SensiFAST SyBR kit on 

a LightCycler 480. Quantification was performed using the –ΔΔCt method normalized to the 

geometric mean of GAPDH and ACTB as housekeeping genes. A complete list of primers used 

in the study can be found in Tables 5.4 and 5.5.  



 97	

For repeat-primed PCR (RP-PCR), C9orf72 repeat expansion mutations were determined as 

described by DeJesus-Hernandez et al (DeJesus-Hernandez et al., 2011). PCR products were 

run on an ABI3730 DNA Analyzer and analyzed using Peak Scanner software. The 

characteristic sawtooth pattern is indicative of the presence of a repeat expansion. 

 

Sequencing Primers 

Vector Sequence 

Hb9-Cre AGTCCAGGCTAGGCAGACAA 

Syn-ChR2 GGATGGAGTGGGACAGAGAA 

Syn-ChR2 ACGTAAACGGCCACAAGTTC 

CMV CGCAAATGGGCGGTAGGCGTG 

Table 5.4. Sequencing primers used for confirmation of viral vectors. 

PCR Primers 
Gene Primer Sequence (5’ – 3’) 

Beta-Actin Forward AGAGCTACGAGCTGCCTGAC 
 Reverse AGCACTGTGTTGGCGTACAG 

GAPDH Forward CTGCACCACCAACTGCTTAG 
 Reverse GTCTTCTGGGTGGCAGTGAT 

GJA1 (Cx43) Forward CCTTCTTGCTGATCCAGTGGTAC 
 Reverse ACCAAGGACACCACCAGCAT 

GJA5 (Cx40) Forward CTACTGGGTGCTGCAGATCA 
 Reverse CAATCCTTCCATTCCCTTCC 

GJC1 (Cx45) Forward AGATCAGGATGGCTCAGGAA 
 Reverse GTTCTTCCCATCCCCTGATT 

GJB2 (Cx30) Forward TCTTTTCCAGAGCAAACCGC 
 Reverse GACACGAAGATCAGCTGCAG 

Cre Forward CTGATTTCGACCAGGTTCGT 
 Reverse ATTCTCCCACCGTCAGTACG 

ChR2 Forward GTCCTGTGGCAAGGTAGAGC 
 Reverse CAATGTTACTGTGCCGGATG     

Table 5.5. Primer sets used for PCR experiments in this study.  
 
Electron Microscopy 

iPSC-sKM were grown on Matrigel-coated Thermanox coverslips. The cultures were then fixed 

for 45 minutes in 4% paraformaldehyde, 1% glutaraldhedye in 0.1M phosphate buffer and 

washed several times in buffer. They were then post-fixed for 1 hour in 1% OsO4 in ddH2O at 
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RT, washed 3x in ddH2O, and dehydrated through a graded series of ethanols. They were 

briefly treated with propylene oxide before infiltration with a 1:1 mixture of Eponate 12 and 

propylene oxide for 1 hour followed by a 2:1 mixture overnight. The caps were slit to allow the 

propylene oxide to slowly evaporate. The following day, the cells were placed in fresh Eponate, 

placed under vacuum for several hours and polymerized at 60C for 48 hours. Silver sections 

were cut on a RMC MTX ultramicrotome and placed on formvar-coated slot grids. The grids 

were stained with saturated uranyl acetate and Reynold’s lead citrate before examination on a 

JEOL 100CX electron microscope at 60kV. Images were collected on film, and the negatives 

scanned at 1200 dpi. 

Multi-Electrode Arrays 

For pharmacological experiments, a previously frozen vial of iPSC-sKM (day 79, isoA80) was 

thawed and plated onto a 48 well multi-electrode array plate (tMEA-48OPT, Axion Biosystems). 

iPSC-sKM was grown for 3 days in N2 medium and on day 3, live iPSC-MN spheres (day 40, 

Opto-isoA80-8) were plated on top, creating co-cultures. Co-cultures were grown in NDM5 and 

¾ medium was replaced every 48 hours with NDM6 containing recombinant human Agrin (50 

ng/µL). At the time of recording, the co-culture was 7 days old, with the last medium change 

occurring 48 hours prior.  

 Electrophysiological activity was recorded using the Maestro Pro (Axion Biosystems) at 

37ºC. Data was acquired as raw voltage using a bandpass filter (200 – 4000 Hz) and a gain of 

1000x at a sampling rate of 12.5 kHz. Neural spikes were identified as peaks in voltage 

surpassing 6 times the standard deviation on each electrode. Spike data was processed further 

and statistics generated using AxIS Navigator and Axion Neural Metric Tool (Axion Biosystems). 

Optogenetic stimulation was performed with the Lumos (Axion Biosystems) using 475 nm light 

at 50% power with 500 ms pulses at 0.25 Hz. Wells were prioritized based on qualitative 

assessment of their spontaneous activity and optogenetic response. Prior to drug treatment, 

baseline activity was recorded for 5 minutes from spontaneous and optogenetically-paced 
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samples. For wells to be treated with vecuronium bromide or decamethonium bromide, vehicle 

(0.2% DMSO) was added to each chosen well and the plate was incubated for 20 minutes at 

37ºC and 5%CO2. For 1-heptanol, NDM6 was used as the solvent. The plate was then returned 

to the Maestro Pro device and allowed to equilibrate for 2 minutes before recording 

optogenetically-evoked activity for 5 minutes. This protocol was then repeated for each drug 

treatment, using the same well that previously received vehicle. Drug concentrations were 

informed by previous use in the literature, followed by 10 fold decreases. 

 Gross functional activity was quantified as the number of spikes during a particular 

recording. Synchronous well-wide activity induced via light stimulation was quantified as the 

network burst frequency and the percentage of spikes that belong to a network burst.  

Response to drug treatment in optogenetically-paced cultures was quantified by the average 

number of spikes in a 500 ms window post-stimulation only on electrodes yielding an evoked 

response.  

Statistics 

Statistics were performed in RStudio (version 1.1.383). Collected sample datasets were tested 

for normality using the Shapiro-Wilk test. For muscle width calculations, a 1-way ANOVA test 

was performed, followed by pairwise-t tests with Bonferroni correction for multiple comparisons 

and confirmed with Tukey’s HSD post-hoc test. For NMJ area calculations, the non-parametric 

data were resampled 15,000 times using bootstrapping methodology (Curran-Everett, 2009) 

where a p-value was obtained via a null hypothesis significance test conducted on differences in 

the medians between test groups. Effect magnitude was determined by re-sampling median 

differences 15,000 times and reporting the resultant 95% confidence intervals on the sorted 

median differences. For MEA data, Wilcoxon rank sum tests were performed. Statistical tests 

could not be performed on datasets with no variance. 
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5.3 Results 

hiPSC lines were obtained from reprogrammed fibroblasts collected from a healthy 

control (Line C), a C9orf72 G4C2 expansion carrier (Line A), and genetically corrected isogenic 

clones (isoA80, isoA51), (Table 5.1, p. 79). These hiPSC lines were previously characterized 

via immunocytochemistry, PluriTest, and karyotyping (Chapter 2.2, Figure 2.1, Swartz et al., 

2016 and Chapter 4.2, Pribadi et al., 2016).  

To generate motor neurons, we followed a previously published protocol (Du et al., 

2015) with minor variations (see Chapter 5.2, p. 79-81). Populations of Hb9+ motor neurons 

could be generated via an adherent- or suspension-based culture methodology within 25 days, 

with ChAT expression appearing by day 30 (Figure 5.1). We additionally generated isogenic, 

optogenetic reporter lines via co-transduction with two lentiviruses harboring Hb9::Cre and a 

double-floxed inverted open reading frame cassette containing ChR2 fused to YFP driven by the 

human Synapsin promoter (courtesy Ken Yamauchi), enabling optogenetic control of Hb9+ 

motor neurons (see Chapter 5.2, p. 90-92, Figure 5.2A-C). iPSC clones were screened for viral 

integration by PCR followed by Cre and ChR2 expression in iPSC-MN spheres (Figure 5.2D-E), 

resulting in selection of a single pair of stable isogenic clones (Opto-A1, Opto-isoA80-8). 

Suspension-based methodology yielded highly pure, Hb9+ MN spheres (Figure 5.2F-G), and 

was hereafter the chosen method.  
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Figure 5.1. iPSC differentiation to motor neurons. A. iPSCs are guided through a morphogen-
directed differentiation protocol using 5 neural differentiation medium (NDM) formulations. B. 
iPSC-MN progenitors are dissociated by day 12 of differentiation and can be re-plated as 
adherent cells or grown in suspension as MN spheres. Scale bars = 250 µm. C. iPSC-MNs 
express progenitor markers such as OLIG2 by day 12. Scale bar = 100 µm. D-E. iPSC-MNs 
express mature motor neuron markers such as Hb9 by day 25 and ChAT by day 30. Scale bar = 
250 µm. 
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Figure 5.2. Generation of stable optogenetic iPSC lines. A. Schematic of two lentiviral vectors 
used to generate optogenetic lines. When Cre is expressed in Hb9+ cells, it produces serial 
recombination at independent loxP (orange triangles) and lox2722 (blue triangles) sites, leading 
to the ChR2-YFP fusion construct expressed in the correct reading frame. B. Schematic 
representation of screening and selection process for isolation of iPSC clones transduced with 
both viral constructs. C. Representative images of ChR2 expression in isogenic iPSC-MN lines 
at day 30 of differentiation. Scale bar = 250 µm.  D. Repeat-primed PCR confirms the G4C2 
status of the selected optogenetic iPSC clones. Cells positive for the expansion display a 
stereotypical sawtooth pattern (top). E. qPCR of Cre and ChR2 expression in selected iPSC-MN 
clones at day 30 of differentiation. Opto-A1 and Opto-isoA80-8 were chosen for further study. 
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Negative represents nontransduced iPSCs. Data are normalized to the geometric mean of 
housekeeping genes GAPDH and ACTB. F-G. Z-stack image through a MN sphere shows 
ChR2 is specifically expressed in Hb9+ cells, which make up the majority of cells in the sphere. 
Scale bar = 20 µm. 
 
 
Spontaneous Myotube Contractions are Mediated via Gap Junctions 
 

To generate hiPSC-sKM, we followed our previously published (Swartz et al., 2016) 

morphogen-directed protocol which efficiently yields populations of spontaneously contractile 

skeletal myotubes that express immature markers such as the fetal γ subunit of the 

acetylcholine receptor (AchR) and embryonic MHC isoforms (Chapter 2.3). Nevertheless, 

differentiated skeletal myotubes showed mature sarcomeric organization via Titin staining and 

electron microscopy (Figure 5.3A-B). These myotubes could be kept in culture for up to 150 

days if detachment from the substrate did not occur. 

To establish neuromuscular co-cultures, we proposed that skeletal myotubes would 

need to be dissociated and re-plated in order to distinguish NMJ-mediated contractions from 

spontaneous contractions seen in dense cultures containing only skeletal muscle. Upon re-

plating of contractile skeletal myotubes, we observed a cessation in contractile activity, although 

some myotubes still displayed spontaneous calcium flux (Figure 5.3C-D). We reasoned this 

cessation may be due to the loss of gap junction connections, whose proteins are expressed in 

skeletal muscle during development (Merrifield and Laird, 2016), and were putatively observed 

via electron microscopy (Figure 5.3E-F). To confirm gap junctions in hiPSC-sKM, whole-cell 

patch clamp revealed iontophoretic currents in neighboring myotubes following application of 

Ach (Figure 5.4A), suggestive of a gap junction connection. Additionally, the reversible gap 

junction inhibitor 1-heptanol was able to abolish spontaneous iPSC-sKM activity in contractile 

cultures (Video 5.1, https://youtu.be/wcQa4u9gvaQ). Gene expression analysis in iPSC-sKM 

confirmed detection of connexin genes GJC1 (Cx45), GJA1 (Cx43), and GJA5 (Cx40) 

hypothesized to be involved in skeletal myotube development (Merrfield and Laird, 2016), but 

not in RNA from a 20 year old adult’s muscle (Figure 5.4B), and Cx43+ immunostaining was 
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abundantly present in iPSC-sKM cultures (Figure 5.4C), where MHC+ myotubes displayed less 

Cx43 abundance than MHC- cells, consistent with the literature that these are developmentally-

regulated genes. Thus, spontaneous contractions observed in hiPSC-sKM culture are primarily 

mediated via gap junctions that are lost during dissociation. Therefore, we hypothesized that 

contractile activity observed in co-culture would indicate NMJ-mediated signaling. 

 

Figure 5.3. Characterization of iPSC-sKM. A. iPSC-sKM show sarcomeric organization via 
TITIN staining. Scale bar = 50 µm. B. Sarcomeric Z-lines, I-bands, and A-bands are observed in 
iPSC-sKM after extended time in culture (> 50 days). Scale bar = 1 µm. C-D. Representative 
raw and background-corrected traces of spontaneous calcium flux without contraction in 
dissociated sKM. E-F. Electron microscopy displays putative gap junction connections (arrows) 
in adjacent myotubes. Scale bar = 1 µm. 
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Figure 5.4. iPSC-sKM express gap junction proteins. A. Patch clamp on non-dissociated iPSC-
sKM shows inward current in response to puffs of Acetylcholine (Ach) on the myotube itself (left 
panel) or on the neighboring myotube (middle panel) but not when Ach is applied to blank space 
(right panel). B. iPSC-sKM (line isoA80) but not adult skeletal muscle express all 3 predicted 
gap junction genes, Cx43, Cx40, and Cx45, at three timepoints of differentiation. Three 
undifferentiated iPSC lines, which express Cx43 and Cx45 but not Cx40 were run as positive 
controls. The cochlear-specific Cx30 served as a negative control. C. Non-dissociated iPSC-
sKM cultures stain positive for the gap junction protein Cx43, which is more abundant in 
immature, MHC- cells (scale bar = 10 µm). 
 

 

 

Generation of functional iPSC-derived neuromuscular co-cultures 

Neuromuscular co-cultures were generated by plating MN spheres on top of previously 

dissociated skeletal myotubes, similar to reported protocols (Steinbeck et al., 2015, Figure 

5.5A-B). Using Line C, large clusters of MN spheres rapidly extended axonal projections across 

the previously plated skeletal myotubes (Figure 5.5C). After 3-7 days, we verified the existence 

of putative NMJs via co-localized immunostaining of the motor neuron specific choline 



 106	

acetyltransferase (ChAT), synaptic vesicle glycoprotein (SV2A), and AchR antagonist, α-

Bungarotoxin (α-BTX, Figure 5.5D). Individual myotubes frequently exhibited multiple sites of 

innervation and AchR clustering, consistent with features of NMJ development (Darabid et al., 

2015). We observed myotube hypertrophy during co-culture conditions and assayed co-cultures 

containing a single MN sphere (Opto-isoA80-8) and scored the width of surrounding myotubes 

(isoA80-8) over time. We observed that myotube width increases over time in the presence of a 

MN sphere compared with myotubes grown alone in a motor neuron or muscle medium (Figure 

5.5E), suggesting that either local paracrine signals, electrophysiological activity, or both, 

influence myotube hypertrophy in vitro.  
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Figure 5.5. Features of iPSC-derived co-cultures. A. Schematic overview showing workflow of 
independently derived MN spheres and skeletal myotubes before being re-combined as a co-
culture. Cells can be frozen during differentiation and re-thawed to reduce time between 
experiments. B. Representative image demonstrating iPSC-MN spheres on top of previously 
plated iPSC-sKM. Inset shows myotubes surrounded by axons extending radially from the 
nearby MN sphere. Scale bar = 250 µm. C. A cluster of iPSC-MN spheres rapidly extend 
projections onto a previously plated group of immature iPSC-sKM starting as early as two hours 
post-plating and continuing for at least 48 hours. Scale bar = 250 µm. D. A representative single 
myotube displays multiple putative sites of innervation (arrows) defined by co-localized regions 
of ChAT, SV2A, and α-BTX staining. Clusters of AchRs for which innervation is absent can also 
be seen along the myotube (asterisk). ChAT antibody consistently displayed cross-reactivity 
with skeletal myotubes. Scale bar = 20 µm. E. Myotubes undergo hypertrophy over time in the 
presence of a single MN sphere versus in just skeletal muscle or motor neuron media alone. *, p 
< .05; ** p < .01; *** p < .001. 
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NMJ functionality was confirmed using whole-cell patch-clamp. Spontaneous currents 

indicating mini end plate potentials (mEPPs) were recorded in innervated skeletal myotubes, 

and subsequently abolished in the presence of the AchR blocker curare, demonstrating 

specificity (Figure 5.6). The majority of observed currents were under 200 pA, consistent with in 

situ experiments demonstrating immediate and low amounts of Ach-containing vesicle release 

upon muscle innervation, which increase over time (Chow and Poo, 1985; Sanes and Lichtman, 

1999). We frequently observed robust contractions in skeletal myotubes adjacent to MN 

spheres as early as 36 hours post co-culture. Contractions typically occurred in single myotubes 

but also in coordinated fashion across multiple myotubes, analogous to each myotube 

comprising a component of a single motor unit (Video 5.2, https://youtu.be/M4LEMrYJyyI). 

Thus, functional NMJs can be readily obtained in hiPSC-derived neuromuscular co-cultures. 

 

Figure 5.6. iPSC-derived neuromuscular co-cultures are electrophysiologically active. A. Whole 
cell patch clamp onto innervated myotubes display frequent, low amplitude, spontaneous bursts 
of current resembling mEPPs. B. Representative patch clamp recording of spontaneous mEPPs 
(dots) in a myotube over 35 minutes. Multiple applications of curare abolished activity, which 
recovered following washout. Red circle indicates representative trace, shown in C. 
 

 

 



 109	

iPSC-derived co-cultures do not contain mature Schwann cells 

In vivo, NMJ formation and maintenance are aided by peripheral Schwann cells that 

arise from the neural crest (Sanes and Lichtman, 1999). Due to similarities in morphogen 

signals during directed differentiation protocols for MNs and paraxial mesoderm, neural crest 

cells may also be generated (Lee et al., 2010). Indeed, we observed at low frequency (<5%), 

HNK1+ and AP2α+ neural crest cells arising from our skeletal muscle protocol (Figure 5.7A-I) 

and HNK1+ (<5%) but not AP2α+ cells from our motor neuron protocol (Figure 5.7J-K). To test 

whether or not these cells differentiate into myelinating or perisynaptic Schwann cells during co-

culture, we stained for glial fibrillary acidic protein (GFAP) and myelin protein zero (MPZ). We 

observed GFAP+ cells in the co-culture (Figure 5.7L-O), however these were only seen as 

originating from within MN spheres and we concluded they likely arose during the extended 

(>40 days) time in culture (Zhou et al., 2015). We did not observe any MPZ staining or myelin 

surrounding axons in transverse electron microscopy sections (data not shown), suggesting that 

neural crest cells within the co-culture do not differentiate into bona fide Schwann cells, at least 

in the short timeframes studied. Therefore, while functional NMJs can be obtained from iPSC-

MN and iPSC-sKM, the addition of enriched Schwann cell populations may aid in further 

recapitulating aspects of NMJ maturation and maintenance. 
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Figure 5.7. Neural crest cells are present in iPSC-sKM and MN sphere culture protocols. A-D. 
AP2α+ cells are present in low frequency at non-MHC+ differentiated regions of iPSC-sKM 
cultures. MHC antibody consistently displayed cross-reactivity with neuronal or neural crest cell 
types with small somas. E-I. HNK1+ cells are present in low frequency at non- MHC+ 
differentiated regions of iPSC-SKM cultures. J-K. HNK1+ but not AP2α+ cells were detected in 
non-specific differentiated regions of iPSC-MN cultures. L-O. Representative example of GFAP+ 
cells originating from astrocytic MN spheres, however not all MN spheres contained GFAP+  
cells. Scale bars = 250 µm. 
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Optogenetics enables precise control of iPSC-derived co-cultures 

We desired to construct assays that can be used to study NMJ phenotypes in 

development and disease. To model C9orf72-associated ALS/FTD, we established co-cultures 

comprised of iPSC-MN spheres (Opto A1, Opto isoA80-8) and iPSC-sKM (isoA80) and 

recorded optogenetically-evoked calcium transients in innervated skeletal myotubes using the 

red-shifted calcium indicator X-Rhod-1 AM (Figure 5.8A-B). We determined that 7 days of co-

culture were sufficient to yield abundant NMJ formation (Figure 5.8C) coincident with reliable 

optogenetically-evoked responses in skeletal myotubes. We measured evoked calcium 

transients in quiescent myotubes, demonstrating precise myotube control across multiple light 

pulses (Figure 5.8D-F). Despite this, the response in each myotube was variable and frequently 

resulted in spontaneous calcium flux within the myotubes following blue light stimulation, even 

under multiple different stimulation protocols, making interpretation and throughput difficult and 

excluding the feasibility for calcium-based phenotypic analyses at the timepoint analyzed. 
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Figure 5.8. Optogenetic control of the NMJ. A. Schematic overview of workflow to create co-
cultures and record optogenetically-evoked calcium transients. B. iPSC-MN spheres strongly 
express ChR2 by 40 days in vitro as shown by YFP fluorescence, with myotubes labeled red by 
the calcium indicator X-Rhod-1 AM. Scale bar = 50 µm. C. NMJs are abundant by day 7 of co-
culture as defined by co-localized regions of YFP and α-BTX. Scale bar = 50 µm. D. Screen cap 
of responsive myotubes (green and orange circles) following evoked stimulation. White circle 
represents area of background normalization. Scale bar = 20 µm. E-F. Raw intensity (top) and 
background-normalized (bottom) traces of calcium flux over 20 seconds, with five 250 ms 
pulses of blue light. The orange myotube stays in sync throughout while the green myotube fails 
to respond to the fifth pulse. Both myotubes display spontaneous calcium flux following 
stimulation protocol. 
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Previous studies have shown decreased NMJ area in iPSC-MNs derived from patients 

with Spinal Muscular Atrophy versus controls (Yoshida et al., 2015b) as well as decreased NMJ 

bouton number and size in Drosophila overexpressing C9orf72-associated arginine-containing 

DPRs (Perry et al., 2017). Using the same isogenic lines, we scored α-BTX and YFP co-

localization as a proxy for NMJ formation after 1 week in co-culture (Figure 5.9A). G4C2 carrier 

MNs (Opto A1) displayed less total NMJ area (µm2, p = .0665; effect size 2.2 (0, 4.5)) versus 

MNs derived from its isogenic control (Opto isoA80-8, Figure 5.9B). Thus, co-culture models 

may be useful for detecting disease or developmental NMJ phenotypes that occur prior to the 

collapse of the NMJ, as previously shown in Drosophila models (Perry et al., 2017). However, 

more isogenic and healthy control samples are needed to confirm these results. 

 

 

Figure 5.9. Quantification of NMJ area. A. Representative image of method to quantify NMJ 
area based on co-localized YFP and α-BTX. B. iPSC-MN spheres derived from corrected 
controls display larger NMJ areas versus those from G4C2 carriers (p = .0665; effect size 2.2 (0, 
4.5)).  
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Simultaneous optogenetic and electrophysiological recordings on multi-electrode arrays 

permit interrogation of NMJ physiology 

We aimed to apply methods amenable to medium-throughput, longitudinal or drug 

screening studies. Previous studies have shown that primary rodent motor neuron and skeletal 

muscle display similar extracellular action potential (EAP) characteristics, although myotube 

EAPs are generally more variable (Langhammer et al., 2011; 2012). Therefore, it may be 

difficult to dissect cell-specific signal origin on an MEA. As an attempt to examine signal origin, 

we transduced dissociated iPSC-sKM with a lentivirus driving expression of ChR2-YFP off of the 

CMV early enhancer/chicken β-actin (CAG) promoter, which provides robust expression in 

skeletal muscle (Sakar et al., 2012; van Bremen et al., 2015). However, we failed to generate 

light-induced calcium responses in hiPSC-sKM after as long as 4 weeks post-transduction 

(Figure 5.10). 

As an alternative strategy, we created co-cultures on MEA plates paired with the Lumos 

device, enabling simultaneous optogenetic and electrical measurements (Clements et al., 

2016). Following 7 days of co-culture, we observed increased spikes and bursts per electrode, 

as well as increased network activity following light stimulation (Video 5.3, 

https://youtu.be/FrBzAQ3_9l0, Figure 5.11), suggestive that iPSC-MN spheres respond well 

to optogenetic stimulation, in line with previous experiments. In order to parse whether signals 

were originating from myotubes, motor neurons, or both via NMJ transmission, we treated highly 

responsive co-cultures with 3 drugs: the reversible gap junction inhibitor 1-heptanol, the NMJ 

antagonist vecuronium bromide, and the depolarization blocking agent decamethonium 

bromide. Treatment with 1-heptanol led to abolishment of evoked spike counts which could be 

partially rescued following washout, suggesting that recorded EAPs originated from myotubes 

which in turn leads to signal propagation via gap junctions that are picked up as bursting activity 

between interconnected cells, as reported by others (Rabieh et al., 2016) (Figure 5.12A). 
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Support for this model was shown by treatment of C2C12 myotube cultures that yielded similar 

results (Figure 5.12B). 

 

  
Figure 5.10. Optogenetics fail to elicit responses in iPSC-sKM. A-C. iPSC-sKM express ChR2 
at high levels, enabling live-cell calcium imaging of ChR2-expressing myotubes with X-Rhod-1 
AM. D. Screencap of recorded myotubes (orange, green, and pink circles). White circle 
represents area of background normalization. Scale bar = 20 µm. E. Raw intensity traces of 
calcium flux show no change in response to optogenetic stimulation. 
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Figure 5.11. Combined optogenetic and electrophysiological recordings. A-B. Representative 
images of co-cultures on a 4x4 array of electrodes. Scale bar = 250 µm. C. Raster plot of the 
well shown in A-B during paced stimulation. Tick marks on the x-axis indicate light stimulation. 
Pink boxes represent evoked spike timeframe with bursts in blue. Electrode coordinates are 
labeled on the y-axis. D. Quantification of electrode activity and network activity (E) during 
baseline and stimulated recordings. Dots represent individual wells. Red diamonds represent 
the mean. **, p < .01; ***, p < .001. 
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To demonstrate that signals originated from NMJ transmission rather than spontaneous 

myotube activity, we treated co-cultures with two agents that block NMJ transmission via distinct 

mechanisms. Both vecuronium bromide and decamethonium bromide completely abolished all 

signals, suggesting that optogenetic stimulation elicits NMJ transmission whereby EAPs are 

recorded in evoked myotubes (Figure 5.12C-D). Raster plots revealed the identity of active 

electrodes, which were cross-correlated to morphology of cells at active electrodes. This 

revealed that the majority of cells at active electrodes were dense regions of myotubes in close 

proximity to motor neuron clusters (Figure 5.13A-D). Although we previously demonstrated that 

dissociated myotubes do not spontaneously contract via gap junctions, the small surface area of 

each MEA well permitted physical contact of myotubes. Thus, myotubes may still be 

electrotonically coupled and produce bursting activity following optogenetic stimulation, but 

these connections are not sufficient to yield activity on their own, at least within the short 

timeframes analyzed. Indeed, no spontaneous activity was observed in iPSC-sKM cultures 

grown for 10 days on MEAs, and these cells also did not display spontaneous contractions 

during the time of recording (data not shown). Based on these data, we propose a model 

whereby recorded EAPs in co-culture are products of NMJ-mediated transmission originating in 

motor neurons and recorded primarily from skeletal myotubes, which may be electrotonically 

coupled (Figure 5.13E).  
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Figure 5.12. Pharmacological inhibition of evoked EAPs. A. Two independent wells show 
decreased evoked spike counts following heptanol treatment, which could be partially recovered 
with decreased concentration or washing (recovery). B. Spike counts decrease following 
heptanol treatment in C2C12 myotubes. Data represents combined n = 2 wells. C. Evoked spike 
counts decrease following vecuronium bromide treatment. D. Evoked spike counts decrease 
following decamethonium bromide treatment. Data in A-D represent evoked spike counts from 
all active electrodes in each tested well, with no cutoff for activity level.  
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Figure 5.13. Electrode level morphology analysis. A. Representative raster plot from a vehicle-
treated well which later received decamethonium bromide treatment, shown in Figure 5.12C. y-
axis represents electrode coordinates. Pink boxes represent evoked spike timeframe with bursts 
in blue. B. View of motor neuron location in the well recorded in A. Colored boxes are shown in 
C-D. Black circles represent individual electrodes. Scale bar = 250 µm. C-D. Morphology at 
active electrodes (4,4; 3,3; 4,3; and 3,1) reveals dense myotube morphology in close proximity 
to motor neurons. Scale bar = 250 µm. E. Model depicting co-cultures on MEAs. Individual 
skeletal myotubes are plated on top of protein substrate and exist in an extracellular protein 
matrix (ECM). Motor neurons (green) grow on top of skeletal myotubes, precluding their contact 
with the electrodes. In some cases, individual or small motor neuron clusters may directly 
contact electrodes, contributing to evoked spike counts. 
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5.4 Discussion 

The NMJ is one of the most studied synapses in neuroscience, yet answers to 

fundamental questions concerning human neuromuscular development and disease have 

remained out of reach due to ethical boundaries, loss of neuromuscular structures at end-stage 

degenerative disease, and reliance on mouse models with poor translational outcomes (Perrin, 

2014; Sances et al., 2016). Our experiments demonstrate that functional, human patient-derived 

NMJs can be obtained in vitro via independent differentiation protocols that enable more 

experimental degrees of freedom to parse cell autonomous and cell nonautonomous effects in 

development and disease. We show that functional NMJs can be obtained spontaneously in co-

culture, and this functionality can be controlled by light-gated ChR2 expression in innervating 

motor neurons. Furthermore, we demonstrate that NMJ-mediated signals can be precisely 

controlled and measured individually with cell permeable calcium indicators or as a population 

on MEAs. Thus, we have created a tunable platform for interrogating previously out of reach 

questions pertaining to NMJ physiology in human development or disease.  

In our study, we observed formation of functional NMJs within 36 hours of co-culture and 

NMJs displayed many features reminiscent to early NMJ development such as multiple sites of 

AchR clustering and innervation, lack of mature, “pretzel-like” morphology, and high-frequency 

but low amplitude currents indicative of low quantal mEPPs. We failed to induce robust 

optogenetically-evoked contractions in myotubes during days 0-5 of co-culture, but could 

achieve reliable response after 7+ days, suggestive of NMJ maturation over time. In a similar 

study using optogenetic iPSC-MNs paired with primary fetal human skeletal muscle, the authors 

note that “contracting regions were usually identified 6 to 8 weeks” after co-culture, suggestive 

of inherent differences in primary skeletal muscle versus iPSC-sKM which make the latter more 

amenable to research timelines (Steinbeck et al., 2015).  

We encountered difficulty in keeping co-cultures stable for over 10 days, similar to other 

reports (Umbach et al., 2012). During co-culture we initially observed rapid extension of axons 
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from MN spheres which formed contacts with surrounding myotubes, however these axons 

often retracted over time, which may be explained by several reasons. Evidence suggests that 

motor neuron columnar and pool identity is governed by transcriptional regulation of Hox genes 

along the rostrocaudal axis and that this in turn influences target identity of the skeletal muscle 

(Dasen et al., 2005). Therefore, target innervation may be increased via creation of enriched 

populations of pre-specified motor neurons and skeletal myotubes via direct-reprogramming 

strategies. Alternatively, observed axonal retraction may be analogous to initial activity-

dependent synaptic elimination at the NMJ (Darabid et al., 2015) and further studies utilizing 

tagged NMJ proteins such as AchR or Rapsyn in combination with time-lapse imaging may 

provide answers to these phenomena. 

Schwann cells serve a prominent role in NMJ maturation, maintenance, and plasticity 

(Darabid et al., 2015). Given that we did not observe bona fide Schwann cells in our co-culture, 

the addition of independently derived Schwann cells may aid in stabilizing the NMJ for long-term 

co-culture studies. Lastly, although iPSC-sKM displayed hypertrophy during co-culture, use of 

bioengineering strategies such as compartmentalized microfluidic devices or nano-patterned 

hydrogels may provide a more native environment to each respective cell type, leading to more 

stable, long-term co-cultures (Langhammer et al., 2012; Li et al., 2014; Santhanam et al., 2018; 

Uzel et al., 2016; Zahavi et al., 2015; Ionescu et al., 2016). 

hiPSC-derived cell types are generally considered to be immature in terms of functional 

and transcriptomic phenotypes (Ho et al., 2016). This questions their utility in modeling age-

related neurodegenerative disorders. In our model of C9orf72-associated disease, we observed 

decreased NMJ area in co-cultures using G4C2 carrier MN spheres versus isogenic controls, 

indicating that early phenotypic changes related to NMJ formation or maturation may be present 

even in immature cell types, suggesting broad applicability of co-cultures for a range of 

neuromuscular disorders. Further studies, including additional isogenic samples and use of cells 

derived from patients with juvenile disorders such as Spinal Muscular Atrophy, are needed in 
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order to determine the true efficacy of iPSC-derived co-cultures in recapitulating aspects of 

known disease-relevant NMJ phenotypes. 

Previous studies have shown that motor neurons and skeletal myotubes can be 

recorded simultaneously on MEAs, however this required custom-made devices which 

physically separated cells in independent compartments (Langhammer et al., 2012). In order to 

increase throughput, we utilized multi-well MEAs where cell components are combined, and 

utilized drugs with known pharmacology to parse signal origin and validate functionality. 

Optogenetics combined with gap junction and NMJ blockers permitted the discovery that 

recorded signals originated from innervated myotubes in contact with the electrodes, and that 

bursting activity was likely due to electrically-coupled myotubes rather than motor neurons, 

although we cannot rule out individual or small groups of motor neurons making direct contact 

with electrodes. This follows logically given that electrodes are coated in layers of protein-

embedded substrate, extracellular matrix, and myotubes prior to exposure to motor neurons, 

disallowing EAPs from motor neurons to be detected. Thus, this unique use of optogenetics 

permits medium-throughput screening of small molecules or growth factors for their effects on 

patient-specific NMJ physiology. 

In conclusion, our co-culture enables the study of developmental and disease-related 

aspects of the NMJ in a tunable, human patient-derived system. This strategy supports new 

avenues for investigation of basic biology and therapeutic discovery efforts related to 

neuromuscular function. 
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Conclusions and Future Directions 

 The streetlight effect is a term for describing the process where something is searched 

for only where it is easiest or possible to look. In relation to science, it is a metaphor that can be 

applied to the inherent limitations for which the questions researchers can ask or hypotheses 

available to test are determined based on what methods currently exist. In this sense, the 

experimental procedures documented herein increase the breadth of methods available to 

neuromuscular and neurodegenerative disease researchers, enabling new hypotheses to be 

tested in a system which is incrementally closer to recapitulating human development and 

disease in vitro. 

 In Chapter 2, we describe a protocol for the derivation of iPSC-sKM. This protocol 

efficiently produces paraxial mesoderm and skeletal myotube cell types which are shown in 

Chapter 5 to display sarcomeric organization and exhibit spontaneous contractions mediated by 

gap junctions. In Chapter 3, phenotypes related to the C9orf72 G4C2 expansion are explored for 

the first time in skeletal muscle. We report that skeletal myotubes display RNA foci but do not 

exhibit other phenotypes such as TDP-43 mislocalization or nuclear membrane alterations, 

although recent publications in human patients challenges this notion (Cykowski et al., 2018). 

Future experiments should aim to further improve skeletal muscle derivation efficiencies using 

optimized morphogen-based strategies, as well as drawing comparisons between direct 

reprogramming strategies. These protocols can then be leveraged for use in basic skeletal 

muscle cell biology, development, stem cell niche requirements, regenerative medicine, cellular 

agriculture (e.g. clean meat), and muscle disorders. Additional experiments using iPSC-sKM 

from G4C2 carriers should aim at verifying the presence of DPRs and phosphorylated TDP-43 

aggegation in myotubes, and whether these may affect the transcriptome, and metabolic or 

mitochondrial health in these cells.  

 In Chapter 4, we utilize CRISPR/Cas9 genome engineering to remove the entire G4C2 

expansion in patient lines, generating isogenic clones. We use this strategy to interrogate the 
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effects of the G4C2 expansion on DNA and histone methylation, and C9orf72 expression. We 

report that removal of G4C2 leads to a rescue of promoter DNA hypermethylation at the C9orf72 

locus, however no subsequent changes in C9orf72 expression were observed at the mRNA or 

protein level. We use the drug DZNep to alter potential histone methylation at the C9orf72 locus 

in isogenic cell lines, however we report null results for these experiments. Future experiments 

should be aimed at generating additional isogenic lines from more patients to confirm the 

erasure of DNA methylation upon removal of G4C2 and establish CRISPR-mediated removal as 

a potential therapeutic strategy for G4C2 carriers. Additionally, ChIP-seq should be performed at 

the C9orf72 locus in order to confirm or invalidate the presence of histone methylation in G4C2 

carriers.  

 In Chapter 5, we establish and characterize a human iPSC-derived neuromuscular co-

culture system. We demonstrate that functional NMJs can be formed spontaneously in vitro and 

precisely controlled via optogenetics. NMJ-mediated signals can be recorded using calcium-

sensitive sensors or multi-electrode arrays, which permit the use of small molecule compounds 

or other additives to study their effects on NMJ physiology on a patient-specific, population 

level. Future experiments should be aimed at further optimizing the conditions for long-term co-

cultures, including the addition of independently derived Schwann cells to maintain NMJs and 

provide myelination in vitro, as well as medium formulations to support muscle and motor 

neuron physiology. Incorporation of bioengineering strategies such as compartmentalized 

microfluidic devices or nano-patterned hydrogels may also provide a more native environment 

for each respective cell type, leading to stable, long-term co-cultures. This system provides 

added physiological relevance for investigation into developmental aspects of NMJ formation, 

maturation, and repair phenotypes, as well as novel therapeutic discovery efforts toward a 

broad range of neuromuscular disorders.   
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