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Abstract 
Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative disease characterized by 

progressive paralysis resulting from dysfunction and loss of motor neurons.  A common finding 

in ALS is retraction of motor neuron dendrites, expected to result in loss of vital central 

connections contributing to motor neuron dysfunction. Several genes have been linked to ALS, 

including the DNA/RNA-binding protein fused in sarcoma/translated in liposarcoma (FUS/TLS 

causing fALS6). Normally FUS is localized mainly in the nucleus and synaptic spines, but 

mutations lead to aberrant accumulation of the protein in cytoplasmic inclusions.  This thesis 

investigates the hypothesis that cytoplasmic accumulation of FUS leads to loss of function of its 

interacting partners with consequences to transcriptional regulation underlying dendritic 

architecture.  In a primary culture model of fALS6 established by expressing mutant FUS in 

motor neurons of dissociated murine spinal cord-dorsal root ganglion cultures, we measured 

attrition of terminal and intermediate dendritic branches in neurons expressing several FUS 

mutants, but not wild type human FUS, as well as nuclear depletion of two FUS-interacting 

proteins important for regulating gene expression. 1) Protein arginine methyltransferase 1 

(PRMT1), which regulates nuclear-cytoplasmic shuttling of FUS. Nuclear depletion of PRMT1 

(with FUS) was accompanied by decreased histone methylation (H4R3) and acetylation 

(H3K9/K14) and the rate of transcriptional activity. Treatment with the histone deacetylase 

inhibitor, SAHA, maintained histone acetylation and dendritic architecture. 2) The DNA-helicase 

Brahma-related gene 1 (Brg1), which in neurons, is associated with the neuronal Brg1-associated 

factor complex (nBAF). This chromatin remodeling complex is critical for neuronal 

differentiation, extension of dendrites and maintenance of synapse function, and is dependent on 
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critical nBAF subunits including Brg1, BAF53b and CREST. In cultured motor neurons 

expressing mutant FUS, Brg1, BAF53b and CREST were depleted from the nucleus. These 

mechanisms were not unique to fALS6; dendritic attrition, loss of nBAF subunits, decreased 

histone acetylation and rescue by SAHA occurred in motor neurons expressing mutant TDP43 

(ALS10). nBAF subunits also were depleted from spinal motor neurons in cases of familial 

(SOD1A4V; C9ORF72 G4C2 expansion) and sporadic ALS. Disruption of nBAF function plays 

a critical role in dendritic attrition, since the effect of ALS-linked mutant proteins was 

reproduced by inhibiting Brg1 function and was delayed by ectopic expression of Brg1. Thus, 

this study supports the hypothesis that loss-of-function of FUS interacting partners does occur 

and identifies a new convergent mechanism in ALS pathogenesis and therapeutic target.  
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Résumé 
La sclérose amyotrophique latérale (SLA) une maladie neurodégénérative caractérisée par une 

paralysie progressive causée par le dysfonctionnement et la perte des motoneurones dont 

l’origine est génétique ou sporadique. Une caractéristique commune aux différentes formes de la 

SLA est la rétraction des dendrites des motoneurones causant ainsi la déconnection des 

motoneurones spinaux d’avec leur connections centrales. Plusieurs gènes causant la maladie ont 

été identifiés, notamment le gène codant pour la DNA/RNA-binding protein fused in 

sarcoma/translated in liposarcoma (FUS/TLS) et responsable de SLA6.  La localisation 

subcellulaire de FUS est principalement nucléaire et synaptique, cependant les mutants 

responsables de formes de SLA6 présentent une localisation cytoplasmique et forment des 

inclusions. Cette thèse se propose de vérifier l’hypothèse selon laquelle l’accumulation 

cytoplasmique de FUS abouti à une perte de fonction des partenaires de FUS et affecte la 

régulation de la transcription du programme génétique responsable de l’architecture dendritique. 

En utilisant un modèle in vitro reproduisant la SLA6 et consistant en l’expression de mutants 

FUS ou de la forme sauvage dans des motoneurones de souris en culture, nous avons mis en 

évidence l’attrition des branches terminales et intermédiaires des dendrites des motoneurones. De 

plus, la protéine arginine methyltransferase 1 (PRMT1) et la DNA-hélicase Brahma-related gene 

1 (BRG1), deux partenaires de FUS impliqués dans la régulation de l’expression génique, 

présentent une déplétion nucléaire dans ce modèle in vitro suggérant ainsi une perte de fonction 

de ces deux protéines dans la SLA6. 1) PRMT1, est un partenaire important de FUS qui régule sa 

translocation nucléocytoplasmique. La déplétion nucléaire concomitante de PRMT1 et de FUS 

est accompagnée par un défaut de la méthylation (H3R3) et de l’acétylation des histones 

(H3K9/K14), et de la diminution de l’activité transcriptionelle. Le traitement avec l’inhibiteur 

d’histone deacétylase, SAHA, permet de maintenir l’acétylation des histones et de l’architecture 



iv 
 

dendritique. 2) Brg1 est une protéine remodelant la chromatine et associée à un complexe de 

facteur de transcription dans les neurones (nBAF) crucial pour la différenciation neuronale, 

l’extension des dendrites et la maintenance des fonctions synaptiques. Il est composé de 

protéines clés comme Brg1, BAF53b et CREST dont la localisation nucléaire est affectée dans 

les neurones en culture exprimant les mutants de FUS responsables de la SLA6. L’attrition 

dendritique, la perte nucléaire des sous-unités composant le nBAF, la diminution de l’acétylation 

des histones sont aussi observés dans un modèle in vitro exprimant les mutants de TDP43, 

responsable de la SLA10. La perte nucléaire des sous-unités composant nBAF est aussi observée 

dans des cas de SLA familiales (SOD1A4V; C9ORF72 G4C2 expansion) ou sporadiques 

démontré par l’absence d’immunoreactivité dans les motoneurones d’échantillons 

anatomopathologiques. La perte des fonctions de nBAF, et plus particulièrement Brg1,  joue un 

rôle important dans la rétraction dendritique car elle reproduit les effets de l’expression des 

mutants de FUS et peut être limitée par l’expression ectopique de Brg1. Ainsi notre étude 

confirme le rôle de FUS et des ses partenaires dans la SLA, et identifie de nouveaux mécanismes 

de la pathogenèse de la SLA et de nouvelles cibles thérapeutiques.   
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Contribution to Original Knowledge 
 The growing list of ALS-linked genes encoding RNA binding proteins has revealed the 

importance of abnormal RNA metabolism in the pathogenesis of ALS. These normally nuclear 

proteins are implicated further in the pathology of ALS by their accumulation in the cytoplasm 

being a common neuropathological phenomenon, even in the absence of mutation. Furthermore, 

motor neurons are thought to become dysfunctional before cell death providing a window of 

opportunity for treatment. This thesis was driven by two main questions: How does cytoplasmic 

accumulation of RNA-binding proteins cause neuronal dysfunction? Are they involved in 

convergent pathological pathways that can be targeted for therapeutic interventions? To answer 

these questions, I employed a neuronal culture model in which the RNA-binding protein, FUS, 

with ALS-linked mutations was expressed in motor neurons of dissociated murine spinal cord 

cultures, as well as validating findings in ALS autopsy specimens. The original contributions of 

this work are: 1) The primary culture model of fALS6, which I assisted Dr. Tradewell in 

developing as an undergraduate student, was further characterized. By extending the timeline of 

FUS expression to six days post-injection, skein-like and linear mutant FUS inclusions formed in 

motor neurons. In addition dendritic retraction was identified as a main functional end-point of 

mutant FUS-related toxicity, reproducing a prominent phenotype of motor neurons in ALS 

(Nakano and Hirano, 1987, Karpati et al., 1988, Takeda et al., 2014). Quantifying dendritic 

retraction provided an endpoint in this culture model with which we could evaluate the efficacy 

of various interventions that would promote preservation of the connectivity of motor neurons. 

These results are described in Chapter 4.1.  

2) The distribution of PRMT1, the enzyme responsible for asymmetric arginine methylation of 

FUS that regulates nuclear cytoplasmic trafficking, was disrupted concomitant with its binding 
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partner FUS. Nuclear depletion of PRMT1 compromised methylation of its nuclear substrates, 

specifically histone methylation, which had downstream effects on histone acetylation and 

transcriptional activity.  Thus, in addition to the effect of the mutation directly on FUS 

localization and function, an important indirect mechanism of FUS-related toxicity was 

implicated; i.e., loss of function of a FUS-interacting protein resulting in epigenetic 

modifications and consequences to gene expression. These results are described in Chapter 4.2.1 

to Chapter 4.2.4.  

3) The clinically approved histone deacetylase inhibitor, Vorinostat (SAHA), both maintained 

histone acetylation levels and prevented dendritic attrition in the fALS6 culture model, providing 

additional rationale for epigenetic drugs like HDAC inhibitors for treatment of ALS. If histone 

acetylation and gene expression profiles are altered in ALS, then HDAC inhibitors can be 

considered in combination with therapeutic candidates whose mechanism of action is to alter 

gene expression in motor neurons in an effort to upregulate the expression of prosurvival genes. 

4) For our experiments to confirm these results in human archived tissue, we developed a 

protocol to evaluate the effect of post-mortem interval on antigen preservation and retrieval for 

immunohistochemistry. This variable must be considered when testing archived human autopsy 

tissue. These results are described in Chapter 4.2.6. 

5) In keeping with the theme of changes in gene expression leading to dendritic attrition, I 

discovered depletion of the DNA helicase Brg1, and other critical subunits of the nBAF 

chromatin remodeling complex, important for neuronal differentiation and dendrite extension 

(Wu et al., 2007, Yoo et al., 2009, Chesi et al., 2013, Staahl et al., 2013, Vogel-Ciernia et al., 

2013). The genetic heterogeneity of ALS and the number of sporadic cases with unidentified 
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mutations presents a challenge for ALS scientists to identify a common converging pathway that 

could be targeted for therapeutic intervention. We observed that, irrespective of the genetic 

background, depletion of critical nBAF subunits occurred in motor neurons of ALS patients 

indicating that dyregulation of the nBAF complex could be a converging pathway responsible for 

retraction of dendrites in ALS. The nBAF complex has mainly been implicated in neuronal 

development; others have demonstrated that it is important for extension of dendrites and 

mutations in nBAF subunits are linked to developmental disorders associated with mental 

retardation (Halgren et al., 2012, Neale et al., 2012, Tsurusaki et al., 2012). The results of the 

thesis project suggest that the nBAF complex must be maintained throughout adulthood and 

dysregulation can be associated with adult onset diseases as well. Re-introduction of Brg1 in 

cultured motor neurons was able to prevent dendritic retraction in the fALS6 culture model. 

These results are described in Chapter 4.3. Though gene replacement therapy is still far on the 

horizon, understanding the mechanisms of nBAF subunit depletion could reveal convergent 

pathways that could be targeted to maintain nBAF complex composition.  

6) Using a primary culture model of fALS10 due to mutations in the RNA-binding protein, 

TDP43, I demonstrated that chromatin remodeling pathways are similarly affected in this form of 

ALS. These data are presented in Chapter 4.4. 
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1.1: What is ALS? 

1.1.1 Demographics 

Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative disease characterized by 

preferential loss of motor neurons leading to death typically 2-5 years after diagnosis due to 

respiratory insufficiency. The incidence of the disease is 2-3 people per 100,000 and the 

prevalence is 4-6 people per 100,000 (Kiernan et al., 2011). The average age of onset is 55-65 

(Logroscino et al., 2010) and the lifetime risk of developing ALS is slightly higher in men than it 

is in women.  There is no effective treatment for ALS, and the development of therapies is partly 

hindered due to the complexity of the disease, which involves multiple cell types and 

dysregulation of multiple cellular pathways. 

1.1.2 Clinical Phenotype of ALS 

ALS often presents with asymmetric muscle weakness, which progressively worsens and 

spreads through the neuraxis until loss of motor neurons controlling diaphragmatic muscle 

results in respiratory insufficiency and ultimately death. Other symptoms related to motor neuron 

degeneration include fasciculation and muscle cramps, spasticity, dysarthria (difficulty 

speaking), dysphagia (difficulty swallowing) and dyspnea (difficulty breathing) (Mitchell and 

Borasio, 2007, Hardiman et al., 2011, Kiernan et al., 2011). While the majority of cases are limb 

onset, 30% of patients initially present with bulbar symptoms (dysarthria, dysphagia and 

dyspnea) (Logroscino et al., 2010). A small proportion of ALS patients present with overt 

Frontotemporal Lobar Degeneration (FTLD); however, the incidence of some degree of 

cognitive involvement (social disinhibition and deficits in emotional processing) has been 

reported to be as high as 50% (Ringholz et al., 2005).  The majority of ALS cases appear 

sporadic with no known familial inheritance (sALS) while approximately 10% of ALS patients 

show a family history (fALS) (Byrne et al., 2011). To date, approximately 22 genes have been 
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identified in fALS, as well as in some sALS, patients (Al-Chalabi et al., 2012, Peters et al., 

2015), the most commonly studied, and resembling classical ALS, being Cu/Zn Superoxide 

Dismutase 1 (SOD1), Fused in Sarcoma/Translated in Liposarcoma (FUS/TLS; focused in this 

thesis), TAR-DNA Binding Protein 43 (TDP43), and Open Reading Frame 72 on chromosome 9 

(C9ORF72) (see Chapter 1.1.4). 

1.1.3 Mechanisms of pathogenesis of ALS 

A known pathological hallmark of many neurodegenerative diseases is the presence of 

ubiquitin-positive protein aggregates or inclusions in neuronal cell bodies. In addition to this 

feature, pathological examination of post-mortem neural tissue from ALS patients reveals 

abnormal accumulation of intermediate filament proteins such as peripherin (Corbo and Hays, 

1992, He and Hays, 2004) and neurofilament protein (Corbo and Hays, 1992, Hardiman et al., 

2011) as well as the microtubule stabilizing protein, tau (Strong et al., 2006). FUS and TDP43 

positive inclusions can be found in the cytoplasm of motor neurons from affected patients with 

or without mutations in the genes encoding these proteins (Arai et al., 2006, Neumann et al., 

2006, Mackenzie et al., 2007, Deng et al., 2010), the presence of TDP43 inclusions being more 

common (Janssens and Van Broeckhoven, 2013) (see below).  

There is also evidence of excitotoxicity as a major factor for ALS pathogenesis. In many 

cases of sALS, increased glutamate concentration in the cerebrospinal fluid (Loeb et al., 1994, 

Shaw et al., 1995)  has been detected. This increase is likely due to decreased expression and 

activity of the glutamate transporter EAAT (Rothstein et al., 1995). The low expression of 

cytosolic Ca2+ binding proteins and the presence of Ca2+ permeable AMPA receptors (Celio, 

1990, Siklos et al., 1996, Williams et al., 1997, Appel et al., 2001) indicate a preferential 

susceptibility of motor neurons to glutamate induced-excitotoxicity. 
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The pathogenesis of ALS can also occur via non-cell autonomous mechanisms; i.e., non-

neuronal cells may also be involved in loss of motor neuron function. Upregulation of TLR4 

regulated genes has been detected in patients with sALS which could indicate chronic 

macrophage activation (Engelhardt and Appel, 1990, Zhang et al., 2011). In addition, the blood-

spinal cord barrier can be compromised in ALS (Winkler et al., 2013) resulting in infiltration of 

immune cells at the site of motor neuron degeneration (Kawamata et al., 1992). Microglial 

activation also was observed before the onset of symptoms in ALS mouse models (Alexianu et 

al., 2001, Henkel et al., 2006) and the severity of symptoms correlates with microglial activation 

in the motor cortex of ALS patients (Turner et al., 2004). Finally, alterations in T-cell 

populations were found in the nervous tissue and blood of ALS patients (Henkel et al., 2013). 

Although motor neurons ultimately die, death is preceded by a dysfunctional state. A 

common, widely studied, neuropathological finding in ALS patients and ALS animal models is 

loss of the integrity of neuromuscular junctions and retraction of nerve terminals (Fischer et al., 

2004, Blijham et al., 2007). In addition, axonal transport is perturbed in ALS indicated by 

proximal accumulation of mitochondria and lysosomes in the proximal axon (Sasaki and Iwata, 

1996a).  

Another common, but less studied, feature in ALS is atrophy and retraction of motor 

neuron dendrites (Nakano and Hirano, 1987, Karpati et al., 1988, Takeda et al., 2014).  This 

process would be expected to result in a loss of central connections and ultimately an inability of 

motor neurons to respond to inputs from higher order neurons. The mechanisms underlying 

dendritic attrition are explored in Chapter 4.3 of this thesis.  

1.1.4 Genetic Heterogeneity of ALS 

Several genes are implicated in ALS. Four genes out of twenty-two identified ALS-

related genes make up the majority of familial cases and are most commonly studied: Cu/Zn 
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Superoxide Dismutase 1 (SOD1), Fused in Sarcoma/ Translated in Liposarcoma (FUS/TLS; the 

focus of this thesis), TAR-DNA Binding Protein 43 (TDP43), and Open Reading Frame 72 on 

chromosome 9 (C9ORF72). These genes and their involvement in ALS are outlined below. 

SOD1:  SOD1 was the first gene linked to ALS (Rosen, 1993). SOD1 is a ubiquitously 

expressed, cytosolic antioxidant metalloenzyme that catalyzes the conversion of superoxide into 

hydrogen peroxide and molecular oxygen (Fridovich, 1995, 1997). Mutations in SOD1 (fALS1) 

account for approximately 20% of fALS cases. SOD1 mutations promote misfolding and 

aggregation of the protein leading to a gain of toxic function, which is implicated in pathogenesis  

rather than a loss of dismutase activity (Borchelt et al., 1994); insoluble, ubiquitin-positive SOD1 

inclusions are present in motor neurons of patients with SOD1 mutation, as well as culture and 

transgenic animal models (Bruijn et al., 1997, Durham et al., 1997, Kato et al., 2000, Stieber et 

al., 2000, Kato et al., 2001, Chung et al., 2003). These intracellular aggregates are FUS- and 

TDP43-negative (Keller et al., 2012).  Mutations in SOD1 have been linked to a number of 

pathogenic cascades such as calcium homeostasis dysregulation  (Siklos et al., 1996, Roy et al., 

1998, Siklos et al., 1998, Jaiswal and Keller, 2009, Tradewell et al., 2011), abnormalities in 

mitochondrial function (Sasaki and Iwata, 1996b, Borthwick et al., 1999, Bendotti et al., 2001, 

Tradewell et al., 2011, Vehvilainen et al., 2014), neuronal excitotoxicity (Rothstein et al., 1995, 

Bruijn et al., 1997, Kruman et al., 1999, Howland et al., 2002), and dysregulation of proteasome 

function (Kabashi et al., 2004, Cheroni et al., 2005, Kabashi et al., 2008a). Furthermore, recent 

studies have suggested that misfolding of SOD1 can be propagated in a prion-like fashion, which 

can be transmitted both intra- and inter-cellularly (Grad et al., 2015). 

C9ORF72: Recently, a hexanucleotide repeat expansion in the non-coding region of 

C9ORF72 was identified in fALS linked to chromosome 9 (DeJesus-Hernandez et al., 2011, 
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Renton et al., 2011, Daoud et al., 2012, Siuda et al., 2014). This represents the most prevalent 

cause of fALS (approximately 20-30%) and is responsible for a significant percentage of sALS 

cases, particularly in Finland (Gijselinck et al., 2012).  C9ORF72 contains DENN domains 

which are commonly found in GDP/GTP exchange factors responsible for activating Rab-

GTPases, a class of GTPases that plays a role in vesicular trafficking and fusion (Levine et al., 

2013, Farg et al., 2014).  

Three main hypotheses for C9ORF72 expansion toxicity are currently being investigated 

by several groups: 1) loss-of-function due to decreased levels of the protein (DeJesus-Hernandez 

et al., 2011, Almeida et al., 2013, Belzil et al., 2013a), 2) sequestration of RNA-binding proteins 

in intranuclear C9ORF72 RNA-foci (DeJesus-Hernandez et al., 2011, Mizielinska et al., 2013, 

Mori et al., 2013a, Sareen et al., 2013, Xu et al., 2013) or 3) non-ATG mediated RAN translation 

leading to synthesis of toxic dipeptide repeats (Ash et al., 2013, Cruts et al., 2013, Janssens and 

Van Broeckhoven, 2013, Mori et al., 2013b, Zu et al., 2013, Gendron et al., 2014). Patients 

carrying C9ORF72 expansions display a wide variety of clinical symptoms ranging from purely 

ALS to solely FTLD symptoms. Abnormal accumulation of neuronal cytoplasmic TDP43-

positive inclusions are evident in post-mortem tissue of patients with C9ORF72 repeat 

expansions (Murray et al., 2011) and in a disease mouse model of C9ORF72 (Chew et al., 2015). 

TARDP: Cytoplasmic accumulation of ubiquitinated TDP43-positive inclusions has been 

the pathological hallmark of ALS and FTLD (Arai et al., 2006, Neumann et al., 2006, Mackenzie 

et al., 2007). In 2008, mutations in the TARDP gene encoding TDP-43 were linked to familial 

ALS type 10 (fALS10) (Kabashi et al., 2008b, Sreedharan et al., 2008). TDP43, like FUS, is an 

hnRNP shown to have roles in transcription and RNA splicing and export. TDP43 also resides 

predominantly in the nucleus, but shuttles between the nucleus and the cytoplasm to perform its 
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various functions.. TDP43 is also hyperphosphorylated in disease states (Hasegawa et al., 2008) 

and abnormal accumulation of its C-terminal fragment (Neumann et al., 2006) have also been 

observed and attributed to abnormal alternative splicing of TDP43 (Xiao et al., 2015). How these 

modifications are involved in disease mechanisms is not yet understood.  

FUS: Mutations in the gene encoding FUS (a.k.a. fused in sarcoma/translated in 

liposarcoma), account for 4-5% of fALS cases known as fALS6 (Kwiatkowski et al., 2009, 

Vance et al., 2009). FUS is a heterogeneous nuclear ribonucleoprotein (hnRNP, DNA/RNA 

binding protein), mainly found in the nucleus and synaptic spines. Its various roles in 

transcription, RNA splicing, microRNA processing, RNA transport and regulation of translation 

require FUS to shuttle between the nucleus and cytoplasm (Fujii and Takumi, 2005, van 

Blitterswijk and Landers, 2010). In patients with fALS6, FUS can be retained in the cytoplasm of 

motor neurons of the ventral horn and frontal cortex in the form of FUS-positive inclusions 

(Vance et al., 2009, Blair et al., 2010, Hewitt et al., 2010, Tateishi et al., 2010). Interestingly, 

FUS positive inclusions can be found in both familial and sporadic forms of ALS with no known 

FUS mutations (an exception is fALS1) suggesting involvement of a common pathway (Deng et 

al., 2010). Furthermore, in rare cases, ALS presents with juvenile onset (jALS) often with mental 

retardation (Nelson and Prensky, 1972, Baumer et al., 2010). These more severe cases of ALS 

also present with FUS mutations and FUS-positive, TDP43-negative cytoplasmic inclusions in 

motor neurons (Baumer et al., 2010, Conte et al., 2012, Yamashita et al., 2012). Finally, FUS 

neuronal cytoplasmic inclusions can be found in ubiquitin-positive Frontotemporal Lobar 

Degeneration (FTLD-U) (Neumann et al., 2009), a neurodegenerative disorder leading to 

dementia, which has some clinical overlap with ALS (ALS-FTD), that is, ALS patients may 

present with cognitive deficits and frontotemporal dementia (Mackenzie and Feldman, 2005, 
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Murphy et al., 2007). Intraneuronal FUS-containing inclusions are also observed in Neuronal 

Intermediate Filament Disease (NFID) and Basophilic Inclusion Body Disease (BIBD), diseases 

associated with FTLD and motor neuron disease (Armstrong et al., 2011, Gelpi et al., 2012, Lee 

et al., 2013). The presence of FUS-positive inclusions in these variants of motor neuron disease 

(fALS, SALS, jALS, ALS-FTD, NFID and BIBD) illustrates a role in a potential common 

pathway that FUS might have in the pathological spectrum of motor neurons diseases. The 

pathogenic cascades that are activated in cells expressing mutant FUS are unclear. This thesis 

will primarily focus on the role of FUS in ALS pathogenesis. 

FUS and TDP43 may function together in common pathways. These proteins share some 

common RNA targets (Honda et al., 2013); FUS regulates mRNA levels encoding histone 

deacetylase 6 (HDAC6) in a common biological pathway with TDP-43 (Kim et al., 2010). Both 

proteins accumulate in stress granules in cell lines (Bosco et al., 2010, Dormann et al., 2010, Gal 

et al., 2011, Ito et al., 2011, Kino et al., 2011, McDonald et al., 2011, Sama et al., 2013). Double-

knockdown of FUS and TDP43 in zebrafish caused a locomotor phenotype that was rescued by 

overexpression of WT FUS, but not by TDP43 (Kabashi et al., 2010, Kabashi et al., 2011), a 

result that was recapitulated in Drosophila (Wang et al., 2011), which suggests that FUS 

probably acts downstream of TDP43 in the common pathway. These observations indicate that 

these two proteins are likely involved in overlapping biochemical pathways, with TDP43 

upstream of FUS.  

1.2: Importance of heterogeneous ribonucleoprotein particles (hnRNPs) 

1.2.1 Importance of hnRNPs in neuronal function and disease 

Many types of hnRNPs are important for cell maintenance and synaptic plasticity. With 

cellular stress, these proteins accumulate in stress granules and processing bodies (P-bodies or 
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GW-bodies). Stress granules are particles that form under stressful conditions, such as 

experimental heat-shock, osmotic stress and UV irradiation, and are responsible for stalling 

translation of housekeeping RNAs until the stressor is removed (Anderson and Kedersha, 2009). 

Unlike P-bodies and transport granules, stress granules are not transported along microtubules; 

however, their formation is microtubule-dependent (stress granules disassemble in the presence 

of a microtubule destabilizing agent) (Kedersha et al., 2005). Stress granule markers include 

TIA-1/TIAR, G3BP, and Poly-A binding Protein (PABP1) (Kedersha et al., 2005). Both TDP-43 

and FUS localize to stress granules in cell lines subjected to stress (Bosco et al., 2010, Dormann 

et al., 2010, Gal et al., 2011, Ito et al., 2011, Kino et al., 2011, McDonald et al., 2011). In 

addition, mutant FUS accumulates more readily in stress granules than WT FUS (Bosco et al., 

2010). P-bodies are hnRNPs that share some components with stress granules and are 

responsible for stalled translation and regulated degradation of specific RNAs. The constituent 

hnRNPs were initially characterized in immunolabelling experiments using autoantibodies from 

patients with motor and sensory deficits against the GW182 antigen (a component of P-bodies) 

(Eystathioy et al., 2002, Eystathioy et al., 2003). Other components of P-bodies include 

decapping enzymes (DCP1 and DCP2), which catalyze the removal of the 5’ and 3’ RNA cap and 

Argonaute-2 (Ago2), which acts as a scaffold for P-body proteins and is responsible for 

nucleation of these particles (Moser and Fritzler, 2010). More recently, it has been shown that 

both stress granules and p-bodies exhibit liquid-phase properties in mammalian cells with the 

capability of forming distinct non-membranous bound droplets and fusing with one another 

(Kroschwald et al., 2015). These properties are also exhibited by mutant FUS granules in vitro 

(Patel et al., 2015). To maintain polarization and respond to synaptic input, neurons need to 

transport mRNAs to post-synaptic sites to be available for local translation in response to 
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synaptic activity. This transport of stalled mRNAs to synapses is accomplished via neuronal 

transport granules. These hnRNPs share components with P-bodies and are specifically identified 

by Staufen-1 and Fragile-X Mental Retardation Protein (FMRP), a translational repressor that is 

absent in Fragile-X Mental Retardation Syndrome, the most common form of mental retardation 

(Barbee et al., 2006, Liu-Yesucevitz et al., 2011). Furthermore, the hnRNP protein, Survival of 

Motor Neuron (SMN), is required to assemble spliceosomes, is a component of stress granules 

and also complexes with FMRP (Liu-Yesucevitz et al., 2011). Deletion mutations leading to 

deficiency of SMN are responsible for Spinal Muscular Atrophy (SMA) (Lefebvre et al., 1995). 

Mutations in other hnRNP proteins such as Angiogenin and Ataxin-2 cause spinocerebellar 

ataxia and are associated with increased risk of ALS (Greenway et al., 2006, Corrado et al., 

2011).  Finally, mutations in TAF15, a member of the FET family of proteins with similarities to 

FUS have been discovered in patients with ALS and make it prone to aggregation (Couthouis et 

al., 2011). FUS, TAF15 and EWS, the final member of the FET family of proteins, have been 

shown to co-aggregate in neural tissue of FTLD-U patients (as well as NIFID and BIBD 

patients) and not in fALS6 patients which distinguishes FUS pathology in FTLD-U from fALS6 

(Neumann et al., 2011). The association of many hnRNPs with neurological diseases, many of 

which present with motor deficits, illustrates their importance in maintaining neuronal integrity. 

 

1.3: Structure, Function and Trafficking of FUS 

1.3.1 FUS Structure and Function 

FUS is a 526 amino acid protein belonging to the FET (FUS/ EWS/ TAF15) family of 

proteins originally discovered in a variety of human sarcomas caused by the gene translocations 

resulting in fusion of these proteins with oncogenic transcription factors (Kovar, 2011). FUS 

contains an N-terminal rich in Glutamine, Glycine, Serine, and Tyrosine (QGSY) similar to 
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transactivation domains of other transcription factors. Adjacent to this region is a Glycine-rich 

domain which, due to its hydrophobic nature, probably promotes protein-protein and protein-

RNA interactions. Together, the region containing these domains (specifically residues 1-239) 

contains low complexity sequences domains making FUS inherently aggregation prone 

(determined by an algorithm ranking FUS 15th out of 27, 879 human proteins (Gitler and Shorter, 

2011, Kato et al., 2012a); it aggregates spontaneously and becomes insoluble in vitro (Sun et al., 

2011b)). FUS also has an RNA-Recognition Motif (RRM), responsible for recognition of RNAs, 

particularly those containing GGUG motifs (Lerga et al., 2001), flanked by two Arginine-

Glycine-Glycine (RGG) domains which, along with the RRM motifs, contribute to the physical 

protein-RNA interaction of FUS, actually mediated by its zinc finger motif (Lerga et al., 2001). 

FUS binds a vast number of RNA transcripts, mainly in intronic regions; however, mutant FUS 

binds RNAs mainly at their 3’ untranslated regions (UTRs) (Hoell et al., 2011). Knockdown of 

FUS in neurons leads to alterations in RNA splicing (Nakaya et al., 2013) and, of interest, FUS 

regulates its own expression levels through skipping of exon 7 of its own mRNA leading to 

mRNA degradation through the nonsense-mediated decay pathway (Zhou et al., 2013). In 

addition to regulation of RNA splicing, this hnRNP has also been shown to transport mRNA to 

dendritic spines of cultured hippocampal neurons, particularly mRNA encoding -actin and the 

actin stabilizing protein, Nd1-L, upon stimulation of metabotropic glutamate receptors (Fujii and 

Takumi, 2005). The general hypothesis regarding FUS-induced toxicity is an increased 

propensity to accumulate into stress granules (shown in cell lines) which would likely lead to 

stalled translation of associated RNAs. However, FUS may not accumulate in stress granules in 

neurons (Shelkovnikova et al., 2013) and through metabolic labelling of newly synthesized 

proteins, FUS granules were demonstrated to be translationally active in NIH/3T3 cell lines. 
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More recently, granules containing WT or mutant FUS protein has been shown to exhibit liquid-

like properties, which have the potential to transition into a solid state, a transition that is 

accelerated by ALS-causing mutations in FUS (Patel et al., 2015). 

Subcellular trafficking and degradation of FUS are modulated through its methylation 

and phosphorylation, respectively (Perrotti et al., 2000, Du et al., 2011, Dormann et al., 2012, 

Tradewell et al., 2012, Yamaguchi and Kitajo, 2012). 

1.3.2 Regulation of FUS Nucleocytoplasmic Trafficking 

The majority of cases of fALS6 are caused by mutations clustered in the C-terminus of 

FUS, which encodes a non-classical PY nuclear localization sequence (Gal et al., 2011). This 

finding is consistent with the most obvious effect of these mutations being abnormal cytosolic 

accumulation of FUS. Nuclear translocation of FUS is mediated through the nuclear import 

receptor Transportin (importin ) (Dormann et al., 2010) and its nuclear export, mediated by its 

nuclear export signal, is dependent on the export receptor Crm1 (Kino et al., 2011). The RGG-

rich domains are common among hnRNPs and are subject to arginine methylation, which is 

known to influence their nuclear-cytoplasmic shuttling. (Liu and Dreyfuss, 1995, Nichols et al., 

2000, Passos et al., 2006, Tradewell et al., 2012). In general, during RNA polymerase II 

transcription, the nascent RNA transcript is coated with hnRNPs, which are then methylated and 

exported from the nucleus (Yu, 2011); however, in some cases, arginine methylation may also 

act as a signal for nuclear import as is the case for the RNA binding protein Sam68 (Cote et al., 

2003). Several groups have shown through mass spectrometry that FUS contains asymmetric 

dimethylated arginine residues (defined below) (Boisvert et al., 2003, Rappsilber et al., 2003). 

Recently, we have shown that arginine methylation of FUS RGG domains regulates its 

nucleocytoplasmic shuttling and inhibition of methylation maintained WT and mutant FUS in the 
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nucleus of cultured motor neurons (Tradewell et al., 2012). These findings were confirmed by 

other groups (Du et al., 2011, Dormann et al., 2012, Yamaguchi and Kitajo, 2012, Scaramuzzino 

et al., 2013) and Dormann et al. reported that arginine methylation of FUS modulates its 

interaction with Transportin (Dormann et al., 2012). 

1.3.3 Arginine Methylation 

Arginine is a positively charged residue with guanidine nitrogen atoms that are subject to 

the addition of methyl groups. Arginine methylation is a post-translational modification known 

to play a role in transcription, RNA trafficking and affect protein-protein/ protein-RNA 

interactions. This modification is catalyzed by a family of enzymes called Protein Arginine 

Methyltransferases (PRMTs). All PRMTs catalyze the addition of a single methyl group, using 

S-adenosylmethionine as a methyl donor, to an arginine nitrogen atom forming 

monomethylarginine (MMA) (Bedford and Clarke, 2009, Nicholson et al., 2009). Class 1 

PRMTs (PRMTs 1, 2, 3, 4, 6 and 8) are capable of adding a second methyl group onto the same 

nitrogen atom forming asymmetric dimethylarginine (ADMA). Class 2 PRMTs (PRMTs 5, 7, 9) 

add a second methyl group to the other nitrogen atom forming symmetric dimethylarginine 

(SDMA). MMA, ADMA and SDMA all have different functional outcomes and can either 

promote protein-protein or protein-RNA interactions or act to hinder these interactions by 

invoking steric hindrance upon the modified protein (Bedford and Clarke, 2009, Nicholson et al., 

2009). The mechanisms which regulate arginine methylation are not well understood. Arginine-

Glycine rich motifs (RGG) are the preferred substrate for most PRMTs; however, isolated 

arginines outside of RGG motifs can also be methylated. PRMT4 and PRMT5 also show a 

preference for proline-glycine-methionine (PGM) motifs (Cheng et al., 2007). To date, only one 

arginine demethylase, JMJD6, has been identified and specifically demethylates arginine 3 of 

histone 4 (H4R3) (Chang et al., 2007). Cells can potentially regulate arginine methylation by 
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deimination of the arginine residue by peptidyl arginine deiminases (Bicker and Thompson, 

2013). This process converts arginine residues to citrulline, which cannot be methylated by 

PRMTs. 

Our lab and others have shown that the class 1 PRMT, PRMT1, interacts with and 

methylates FUS and this post-translational modification regulates its nucleocytoplasmic 

trafficking (Du et al., 2011, Dormann et al., 2012, Tradewell et al., 2012, Yamaguchi and Kitajo, 

2012, Scaramuzzino et al., 2013). When carrying out our study, we observed a shift in the 

distribution of PRMT1 in motor neurons paralleling mutant FUS, i.e., a more cytoplasmic (less 

nuclear) distribution of PRMT1 in neurons with cytoplasmic retention of FUS. Thus, we 

hypothesized that cytoplasmic mislocalization of mutant FUS would result in loss of methylation 

and therefore function of PRMT1's nuclear substrates, contributing to motor neuron dysfunction.  

To test this hypothesis, we chose to investigate methylation of histone 4 arginine 3 (H4R3) as a 

major nuclear substrate of PRMT1 regulating transcription. This study is reported in Chapter 4.2. 

 

1.4: Importance of Epigenetics in Neuronal Function 

1.4.1 Epigenetics 

  Cells in the human body display a variety of specialized functions despite having the 

same genomic DNA sequence. These cell type differences are partly mediated through changes 

in gene expression during development and involve epigenetic mechanisms which include, but 

are not limited to, DNA methylation, histone post-translational modification, chromatin 

remodeling, and RNA processing. The combination of these processes results in a certain 

transcriptomic profile that governs differentiation, maintenance of cell specialization and 

adaptation to changes in environment.  
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1.4.2 Histone Modifications as Regulators of Transcription 

  Histone proteins form nucleosome core particles that package DNA into a compact 

structure and can thereby regulate its accessibility. Each assembled nucleosome comprises an 

octamer containing two copies of each core histone (H2A, H2B, H3 and H4). The flexible N-

terminal tails of core histones are susceptible to post-translational modifications that include 

methylation, acetylation, phosphorylation, ubiquitination, and others (Cheung et al., 2000, Khan 

and Krishnamurthy, 2005).  These modifications can alter interactions between core histone 

components and thereby influence DNA binding, the higher-order structure of chromatin, 

transcription factor binding, or access to the transcriptional machinery. Histone modifications 

can also act in a combinatorial manner, influencing additional post-translational modifications on 

the same or other histones (Lee et al., 2010). Such combinations of these modifications may 

serve important regulatory functions to coordinate changes in gene expression at specific loci 

across the genome in response to different cellular states.   

  There is strong evidence for alterations in histone modifications playing a role in various 

neurological disorders. For example, a trinucleotide expansion in the first intron of the frataxin 

(FXN) gene, which causes Friedreich ataxia, is accompanied by hypoacetylation of H3 and H4 in 

regions close to the repeat expansion leading to a suppression of transcription of the FXN gene 

(Herman et al., 2006, Greene et al., 2007). Furthermore, chromatin immunoprecipitation 

experiments have revealed hypoacetylation of H3 and H4 along exon 1 of the FMR1 locus 

encoding the fragile-X mental retardation protein (FMRP) in cells carrying the pathogenic 

trinucleotide expansion which causes a Fragile-X Syndrome, a common form of mental 

retardation (Coffee et al., 2002, Eiges et al., 2007, Kumari and Usdin, 2010). There is evidence 

of altered gene expression in motor neurons of individuals with ALS (Bergeron et al., 1994, 

Jiang et al., 2005, Campos-Melo et al., 2013); however, it is unclear whether these occur as a 
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result of transcriptional dysregulation through alterations in histone modifications and the role it 

might play in motor neuron dysfunction in ALS. There is evidence in alterations of histone 

modifications in ALS. H3 acetylation and expression of the histone acetylatransferase CREB-

binding protein (CBP) were decreased specifically in motor neurons of the SOD1 G85R ALS 

mouse model (Rouaux et al., 2003). Hypoacetylation of H3 has also been detected in blood 

leukocytes from ALS patients compared to controls (Cudkowicz et al., 2009). Increased 

acetylation of H4 was detected in ALS spinal cord homogenates compared to controls but there 

was no distinction of cell type (Liu et al., 2013). Increases in histone 3 lysine trimethylation have 

also been detected in blood and brain tissue from ALS patients with C9ORF72 pathogenic 

expanded repeats compared to controls or individuals with non-pathogenic repeats (Belzil et al., 

2013b) and is thought to contribute to reduced C9ORF72 expression. 

  Histone deacetylase inhibitors have been considered for treatment of neurodegenerative 

diseases including ALS, specifically valproic acid, which showed no effect on survival and 

disease progression in ALS patients (Piepers et al., 2009) and sodium phenylbutyrate, which is 

under phase 2 trial, showed tolerability and increase in H4 acetylation in ALS patient blood 

leukocytes (Cudkowicz et al., 2009). 

 During our study characterizing the influence of FUS methylation on its subcellular 

distribution, we observed nuclear depletion of PRMT1 in neurons expressing mutant FUS. 

Among its many substrates, PRMT1 catalyzes ADMA of arginine 3 of histone 4 (H4R3), which 

can facilitate binding of CBP and cofactors to the nucleosome and catalyze lysine acetylation of 

H4 at positions 5, 8, 12, and 16 and H3 at positions 9 and 14 (Strahl et al., 2001, Wang et al., 

2001). These histone acetylation marks are associated with the formation of active chromatin. In 

contrast, loss of H4R3 ADMA is accompanied by the formation of repressive heterochromatin 
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(Huang et al., 2005). H4R3 may also be symmetrically methylated by PRMT5 (Zhao et al., 

2009). In situ analysis of murine developing cortex indicated that SDMA of H4R3 is the 

predominant form of methylated H4R3 in neural progenitors whereas H4R3 ADMA occurs in 

later stages of neural development (Chittka, 2010), indicating that this post-translational 

modification could be particularly important for neuronal development and function.  

1.4.3 Importance of Chromatin Remodeling Complexes in Neuronal Function 

The neuronal Brg1-associated factor (nBAF) complex is composed of 15 BAF subunits 

and the DNA-helicase, Brg1. During neuronal differentiation, BAF53a, BAF45a,d and SS18 

subunits in neural progenitors are exchanged for BAF53b, BAF 45b,c and CREST respectively 

(Lessard et al., 2007, Yoo et al., 2009, Staahl et al., 2013). During mitotic exit, neural 

progenitors express miR-9/9* and miR-124, which repress expression of BAF53a through 

degradation of its mRNA after binding their corresponding targeting sites (MREs) within the 

3’UTR (Yoo et al., 2009).  Expression of these miRNAs in fibroblasts converts them into 

neurons and their inhibition in developing cortical neurons leads to defects in dendritic branching 

(Yoo et al., 2009, Giusti et al., 2014). Neurons deficient in BAF53b were defective in activity-

dependent dendritic outgrowth (Wu et al., 2007) and BAF53b knockout mice exhibited memory 

loss associated with deficits in synaptic plasticity (Vogel-Ciernia et al., 2013). Knockdown of 

either BAF45a or BAF53a reduced proliferation of neural progenitor cells, as indicated by 

reduced BrdU incorporation (Wu et al., 2007). Mutations in BAF subunits are associated with 

autism spectrum disorders, the most common of which, Coffin-Siris Syndrome associated with 

microencephaly, has been linked to mutations in BAF250A, BAF250B, Brg1 and BAF47 

(Halgren et al., 2012, Neale et al., 2012, Tsurusaki et al., 2012). Though these are developmental 

disorders, the role of the BAF complex in adult onset neurodegenerative diseases has only 

recently been revealed. de novo mutations in CREST were discovered in ALS trios (individuals 
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with ALS with unaffected parents) (Chesi et al., 2013). Expression of these variants in primary 

cortical neurons induced activity-dependent dendritic growth defects (Chesi et al., 2013). This 

same study showed through co-immunoprecipitation techniques that FUS interacts with CREST 

and multiple BAF subunits. Concurrent studies in our lab also identified Brg1 as a FUS-

interacting partner, prompting us to investigate nBAF complexes in our models of ALS as well 

as the link to the dendritic attrition characteristic of the disease, given the role of these chromatin 

remodeling complexes in establishing and maintaining dendrites during development. 
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2.1: Rationale 

 The Durham lab, in collaboration with the lab of Dr. Stéphane Richard, developed a 

murine dissociated spinal cord culture model of fALS6 in which plasmids encoding WT or ALS-

linked mutant FUS are expressed in motor neurons, the cell type most vulnerable in the disease 

(Tradewell et al., 2012). Unlike motor neurons expressing mutant SOD1, neurons expressing 

mutant FUS have a comparable viability over the course of the experiment to those expressing 

WT FUS or control neurons injected with an inert fluorescent marker, although they exhibit 

morphological changes. Of note, dendrites appear thinner and less branched. As in fALS spinal 

cord and culture models using cell lines, a higher percentage of motor neurons in our fALS6 

primary culture model have diminished nuclear FUS and abnormal accumulation of FUS-

positive cytoplasmic inclusions. We demonstrated that FUS interacts with and is methylated by 

PRMT1 and that methylation of FUS is required for its export to the cytoplasm (Tradewell et al., 

2012). During this study, double immunolabelling of neurons expressing FLAG-tagged WT or 

mutant FUS with anti-FLAG and with anti-PRMT1 revealed nuclear depletion of PRMT1 in 

neurons with cytoplasmic accumulation of FUS. This depletion of nuclear PRMT1 would be 

expected to lead to reductions in methylation of nuclear substrates, many of which are 

transcriptional regulators, such as H4R3, a major nuclear substrate of PRMT1 with downstream 

consequences to transcription. Thus, changes in the distribution of FUS may not only alter its 

own functions, but that of its binding partners as well.  

Thus, having demonstrated significant consequences to PRMT1 function (see Chapter 

4.2), we hypothesized that loss of function of FUS binding partners could contribute to neuronal 

dysfunction in ALS.  In relation to the changes in dendritic morphology observed in neurons 

expressing mutant FUS, we identified the DNA-helicase SMARCA4 (Brg1) in FUS 

immunoprecipitates from Vsc4.1 cells (resulting from the fusion ventral spinal cord cells and 
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neuroblastoma) (Das et al., 2005) indicating that it was a potential FUS-binding partner. Brg1 

stood out being a major subunit of the nBAF chromatin remodeling complex that regulates 

neuronal differentiation and dendritic morphology. At the same time, Chesi et al. reported 

interactions between FUS and members of the nBAF chromatin remodeling complex including 

CREST and Brg1 (Chesi et al., 2013). In particular, they identified variants in the gene encoding 

CREST associated with ALS in ALS trios (Chesi et al., 2013). These results suggested that the 

changes in dendritic morphology observed in neurons expressing mutant FUS could be due to 

changes in epigenetic programs brought about by dysregulation of the nBAF complex. 

2.2: Hypothesis and Specific Aims 

Hypothesis: 

Cytoplasmic accumulation of FUS leads to loss of function of its binding partners with 

consequences to transcriptional regulation underlying dendritic architecture. 

Specific Aims: 

1)  To further characterize the fALS6 culture model with particular focus on FUS 

mislocalization and dendritic attrition. 

2) To assess the consequences of PRMT1 mislocalization in fALS6 culture model 

3) To explore the consequences of FUS mislocalization on nBAF complex composition and 

function in relation to dendritic attrition in fALS6 culture model. 

4) To determine pathways of toxicity identified in the fALS6 (FUS) culture model are 

common to models of other types of fALS. 

Experimental models: In order to address the hypothesis and specific aims, experiments were 

performed using a primary murine motor neuron culture model (see Materials and Methods). 

Motor neurons are the cell type most vulnerable to the disease and display neuronal 

characteristics such as expression of nBAF subunits and highly branching dendrites which are 
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evaluated in this thesis. Furthermore, several characteristics of the disease have previously been 

replicated in other culture models of ALS using this cell type (Durham et al., 1997, Roy et al., 

1998, Kabashi et al., 2010, Tradewell et al., 2011, Tradewell et al., 2012).   
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3.1: Dissociated Spinal Cord-Dorsal Root Ganglion (DRG) Cultures 

Dissociated spinal cord-DRG cultures are prepared from embryonic day 13 (E13) CD1 

mouse embryos. Spinal cords with attached DRGs are harvested and placed in a 60mm dish 

containing 1ml of dissecting medium (40g/L Sucrose, 1g/L Dextrose, 2.4g/L HEPES dissolved 

in 1X Dulbecco’s PBS).  The tissue is cut into small pieces with a scalpel, followed by addition 

of 2ml dissecting medium and 300l of 10X trypsin and incubation at 37oC for 30 min. The 

sample is then transferred to plating medium (modified N3 supplemented medium (composition 

below) with 1% Penicillin/Streptomycin/Neomycin and 1% FBS to neutralize the trypsin) and 

triturated using a Pasteur pipette to dissociate the cells. Cells are plated in multiwell culture 

dishes containing 18mm glass coverslips coated with Poly-D-lysine and Matrigel basement 

membrane matrix (Corning Incorporated, NY, USA). Cell plating density is 375,000/well for 12-

well plates and 950,000/well for 6-well plates. Cells are maintained at 37oC in 5% CO2 in 

modified N3 medium (insulin 10g/ml, apo-transferrin 200g/ml, BSA 10g/ml, putrescine 

32g/ml, selenium 26g/ml, triiodothyronine 20g/ml, hydrocortisone 9.1g/ml, progesterone 

13g/ml) plus 1.5% horse serum. When the cultures reach confluency (day 4-6 post-plating), 

they are treated with 1.4 µg/ml cytosine--D-arabinofuranoside for 3 days to stop mitosis of non-

neuronal cells.  Cultures are fed twice weekly by replacing half of the medium with antibiotic-

free N3 medium. 

3.2: Identification of Motor Neurons in culture 

 Experiments are performed on spinal cord-DRG cultures between 3-8 weeks after 

dissociation. At this stage motor neurons are distinguishable from other neuronal cell types and 

can be morphologically identified (Roy et al., 1998). Motor neurons have much larger cell bodies 

(>20m) and highly-branching dendrites.   These neurons also express choline acetyltransferase , 

glutamate receptors and the characteristic neurofilament network (Durham, 1992). 
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3.3: Gene Transfer by Intranuclear Microinjection 

Motor neurons in long term culture are not transfectable using lipophilic agents; hence 

microinjection is used to introduce plasmid DNA directly into the nucleus (Durham et al., 1997). 

Although viral vectors can be used for gene transfer, microinjection presents certain advantages 

in our culture model such as very high efficiency of gene transfer (over 90%) and high flexibility 

to co-express multiple plasmids. Injectate is prepared by diluting plasmid DNA in a solution of 

20mg/ml 70kDa Dextran in 50% Tris-EDTA (TE). In cases where injection markers are 

necessary 70kDa dextran conjugated to fluorescent isothiocyanate (FITC; Invitrogen Life 

Technologies, Burlington,ON) is used in the injectate. The injectate is then clarified by 

centrifugation at 15,000xg for 15 min (Eppendorf 5804). To prepare the injection needle, 3 inch, 

1 mm diameter quick fill glass capillaries (World Precision Instruments, Sarasota, FL) are pulled 

to a fine tip using a Narishige PN-3 microelectrode puller (Narishige International INC., NY, 

USA). Prior to microinjection, coverslips are placed in a dish containing warm Eagle’s Minimum 

Essential Medium (EMEM; Invitrogen Life Technologies) lacking bicarbonate, supplemented 

with 5g/L glucose, and pH adjusted to 7.4 (injection buffer). The dish is placed on the stage of a 

Zeiss Axiovert 35 microscope (Carl Zeiss Microscopy, LLC, USA) and microinjection is 

accomplished at 400X magnification using an Eppendorf 5246 (or Femtojet transjector) and an 

Eppendorf 5171 micromanipulator (Eppendorf, Hamburg, Germany). After injection, the 

coverslips are placed in a solution of 0.75% Gentamicin in culture medium to prevent bacterial 

growth and cultures are incubated at 37oC in 4% CO2 until the cells are analyzed for the 

experiment. Cells are analyzed a minimum of 16 hrs post-injection to ensure that no motor 

neurons that are lethally damaged by the microinjection procedure are included in the 

experiment. 
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3.4: Expression Plasmids 

 Expression plasmids encoding Flag-tagged WT and mutant FUS were produced by the 

Richard lab (McGill University, Lady Davis Institute) by amplifying human FUS cDNA using 

the following forward and reverse primers: 

Forward: 51-GGC AAG CTT CCA CCA TGG ATT ACA AGG ATG ACG ACG ATA 

AGG CCT CAA ACG ATT ATA CCC AAC-31 

Reverse: 51-GGC CTC GAG TTA ATA CGG CCT CTC CCT GCG ATC C-31 (FUSWT), 

51-GGC CTC GAG TTA ATA CGG CCT CTC CCT GCC ATC CTG TCT GTG C-31 

(FUSR521G), or 51-GGC CTC GAG TTA ATA CGG CCT CTC CCT GTG ATC CTG TCT GTG 

C-31 (FUSR521H). 

DNA fragments were then digested using HindIII and XhoI restriction enzymes and 

inserted in pcDNA3.1 vector. For microinjection, FUS-FLAG pcDNA3.0 plasmids were diluted 

in injectate at 20g/l. eGFP-tagged WT and R521H FUS encoding plasmids were generated by 

digesting the plasmids described above with HindIII and XhoI restriction enzymes and inserting 

FUS encoding transcripts into the HindIII and SalI compatible site of the peGFPC1 (Clonetech) 

vector. peGFPC1-FUS plasmids were injected at 20g/l.  

TDP43 plasmids were generated by the Rouleau lab and used in our previous 

collaborative study (Kabashi et al., 2010). 

In order to overexpress Brg1 or disrupt its function, pBJ5-Brg1 and pBJ5-Brg1 DN 

plasmids, a gift from Jerry Crabtree (Addgene #17873 and #17874) were injected at 20ng/l. 

Brg1 and scramble shRNA expressing plasmids (pSuper-Brg1 and pSuper-scramble)  were a 

kind gift from Dr. Betty Moran (Rutgers University, New Jersey) and were injected at 30ng/l.  

To assess how mutant or WT human FUS affects protein expression through effects on 

mRNA transcripts,  3’UTR reporter expression plasmids for the mRNA of interest were created 
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by inserting double stranded DNA fragments (G-blocks, IDT) into BglII and EcoR1 sites of the 

dsRed-sensor vector (a kind gift from Lynn Hudson, Addgene # 22743), downstream of the 

dsRed coding sequence and injected at 5ng/l for Scramble 1, Scramble 2 and Brg1 3’UTR and 

1ng/l for BAF53a 3’UTR. 

3.5: Immunocytochemistry and Immunohistochemistry 

 Cultured cells were fixed in 3% paraformaldehyde (PFA) in PBS for 10 min, 

permeabilized in 0.5% NP-40 for 1 min and fixed once more for 2 min. Cells were then blocked 

in 5% horse serum in PBS for 30 min. Incubations in primary and secondary antibodies were for 

30 min, followed by 3 X 5 min washes in PBS. Coverslips were mounted on microscope slides 

using DAKO mounting medium (Agilent Technologies).  

 FUSWT and FUSR495X transgenic mice and non-transgenic littermates (in collaboration 

with L. Hayward, U. Massachusetts  Medical School, Worchester, MA) were perfused with 4% 

PFA in PBS for 30 min. Samples of brain and spinal cord were stored in 4% PFA at 4ºC. 

Immunolabelling was carried out on 4 m sections from paraffin blocks. Antigen retrieval was 

performed by boiling tissues for 10 min with BD Retrievagen A pH 6.0 (Cat#550524). Tissue 

sections were incubated with primary antibody overnight at 4oC followed by incubation in 

AlexaFluor-conjugated secondary antibody, then mounted in Prolong gold antifade reagent with 

DAPI (Life Technologies). 

 For human spinal cord, and mice used for the post-mortem interval study, tissues were 

fixed in 10% neutral buffered formalin, embedded in paraffin and cut in 4 m sections. As 

postmortem changes can affect the ability to detect proteins by immunohistochemistry, a study to 

mimic postmortem interval was carried out in mice to validate the efficacy of antibodies. Adult 

C57Bl6 (approximately 12 months old) were euthanized by ketamine/xylazine intraperitoneal 
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injection. Tissues were either perfusion-fixed in place with 4% PFA or immersion-fixed after 

excision in 10% neutral buffered formalin immediately or with post-mortem interval. Antigen 

retrieval in human and mouse tissue sections was performed by boiling in sodium citrate buffer. 

Tissues were blocked in 5% BSA + 0.03% TritonX-100 in PBS for 1 hr at RT. Samples were 

then incubated with primary antibody overnight at 4oC followed by biotinylated secondary 

antibody. Labelling was visualized using Vectastain Elite ABC kit (PK-6100, Vector 

Laboratories) using diaminobenzidine as substrate and ImmPACT DAB peroxidase substrate kit 

(SK-4105, Vector Laboratories).  

3.6: Imaging 

 Images were viewed using a Zeiss Observer Z1 microscope (Carl Zeiss Microscopy) 

equipped with a Hamamatsu ORCA-ER cooled CD camera (Hamamatsu, Japan). Filter sets 02, 

13 and 00 were used for epifluorescence microscopy (Carl Zeiss Microscopy). Images were 

acquired and analyzed with Zeiss Axiovision software.  

 Long term time-lapse imaging of FUS inclusion formation was carried out in an Olympus 

VivaView incubator microscope (Olympus, ON, Canada).  Neurons were injected with eGFP-

FUSR521H expression plasmid and were imaged every 15 min from days 4-6 post-injection.   

3.7: Analysis of Histone Post-translational Modifications 

 Histones were extracted from spinal cord-DRG cultures according to a modified protocol 

(Shechter et al., 2007).  All reagents were pre-chilled on ice. Cells were washed in PBS, 

harvested into microfuge tubes and pelleted by centrifugation at 2800xg. To obtain nuclear and 

cytoplasmic fractions, the pellets were pipetted vigorously in 0.1% NP40 in PBS, then nuclei 

were pelleted by centrifugation at 2800xg. Nuclear pellets were dissolved in 0.4 N HCl and 

incubated on ice for 1.5 hrs. Acid-insoluble proteins were precipitated by centrifugation at 

15,000xg. The supernatant was collected and histones were precipitated by addition of 
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trichloroacetic acid to a final concentration of 30% and incubated on ice for 1.5 hrs. Proteins 

were pelleted at 16,000xg for 10 min and pellets were washed twice with ice-cold acetone. After 

air drying, pellets were dissolved in Laemmli buffer. Samples were separated by 15% SDS-

PAGE and transferred to nitrocellulose membrane. Consistent loading of histone proteins was 

verified by Coomassie-staining of sister gels. Nitrocellulose membranes were blocked in 5% 

skim milk in Tris-buffered saline (TBS) and probed with primary antibody against acetylated 

histone 3 K9/14 and asymmetrically dimethylated histone 4 R3) and horseradish peroxidase 

(HRP)-conjugated secondary antibodies in 5% skim milk in TBS with 3 X 15 min washes with 

TBST. Optical density of bands was performed using NIH Image J software. For AMI-1 (7,7′-

Carbonylbis(azanediyl)bis(4-hydroxynaphthalene-2-sulfonic acid) treatments, levels of histone 3 

acetylation in samples from treated cultures were normalized to untreated control indicated by 

Western blot, and  normalized once more to amount loaded compared to control indicated by 

Coomassie staining. 

 For measurement of histone modifications in situ, immunofluorescence was performed 

using H3K9/K14Ac or H4R3me and the mean fluorescence pixel intensity from both antibodies 

was measured by tracing the area of the nucleus using the outline spline function and the mean 

fluorescence intensity of the region of interest was recorded using the Zeiss Axiovision software. 

3.8: Measuring Transcriptional Activity by Bromouridine (BrU) Incorporation 

Cultures were incubated in 5 mM BrU in culture medium for 2 hrs at 37oC. Cells were 

incubated in 3% PFA in PBS for 15 min at 37oC and incorporation was detected by 

immunocytochemistry with anti-BrdU antibody (this antibody also labels BrU).  
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3.9: Analysis of Dendritic Morphology 

Motor neurons were injected with mCherry-encoding vector to visualize entire cell 

morphology and images were taken at 100X (Axiovert, Carl Zeiss). Images were exported to 8-

bit .tif images and the cell body and dendrites were traced using the semi-automated ImageJ 

tracing plugin, NeuronJ (http://www.imagescience.org/meijering/software/neuronj/). Branching 

points were designated using NeuronStudio (CNIC, Mount Sinai School of Medicine) and 

measurements of dendritic morphology were performed with Bonfire (Bonnie Firestein, Rutgers 

University) using the resulting .swc file. 

3.10: Antibodies and Reagents 

Antibodies used for this study were: Mouse Anti-FLAG M2 (Sigma F1804, 1:400), rabbit 

anti-FLAG (Sigma F2555, 1:50), mouse anti-FUS (Santa-Cruz sc-47711, 1:200), rabbit anti-FUS 

(Proteintech 11570-1-AP, 1:400), rabbit anti-PRMT1 (Abcam ab73246, 1:400), mouse anti-

synaptophysin (Santa-Cruz sc-12737, 1:400), rabbit antibody to asymmetrically dimethylated 

H4R3 (Active Motif 39705, 1:400 ICC, 1:500 WB), rabbit anti-acetylated H3K9/K14 (Cell 

Signaling 9677, 1:400 ICC, 1:1000 WB), mouse anti-MAP2 (Novus Biologicals NBP1-92711, 

1:400), mouse anti-BrdU (Sigma SAB4700630), rabbit anti-Brg1 (Proteintech 21634-1-AP, 

1:600), rabbit anti-BAF53b (Abcam ab140642, 1:400), rabbit anti-CREST (Proteintech 12439-1-

AP, 1:800), anti-mouse Cy2 (Rockland, 610-711-124,1:300); Cy3 (Jackson, 715-165-150, 

1:300), anti-rabbit Cy2; Cy3 (Jackson, 711-225-152; 711-165-152, 1:300), anti-rabbit HRP 

(Jackson, 111-035-045, 1:2500), AMI-1 (Santa Cruz sc-205928), 5-Bromouridine (Sigma 

851087), TUNEL assay (Promega G3250), PFI-3 (Cayman Chemical Co., 15267). 

 

 

 

http://www.imagescience.org/meijering/software/neuronj/
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4.1: Characterization of fALS6 culture model 

4.1.1 Characterization of fALS6 model 

In our previous study, we established a primary culture model of fALS6 by expressing 

mutant or WT human FUS in motor neurons of dissociated murine spinal cord cultures by 

intranuclear microinjection of plasmid expression vectors (Tradewell et al., 2012). Motor 

neurons overexpressing mutant human FUS (R521 mutations), and to a lesser extent FUSWT, 

presented with granular cytoplasmic inclusions within 3 days (Fig. 1B, C), the preponderance of 

which co-localized with the RNA-marker SYTO RNA Select (Tradewell et al., 2012). Over a 

longer time course mutant FUS formed filamentous and skein-like inclusions which developed 6-

7 days post-injection, reminiscent of the neuronal cytoplasmic inclusions observed in ALS spinal 

cord (Fig. 1F, G). Dendrites with skein-like inclusions also appeared atrophic (Fig. 1D, E). 

  In order to observe the kinetics of FUS inclusion formation, live cell imaging of neurons 

expressing eGFP-tagged mutant FUS, using an Olympus VivaView incubator microscope, 

confirmed that large globular and filamentous inclusions formed as a result of growth and fusion 

of smaller aggregates. Time-lapse imaging of neurons expressing eGFP-FUSR521H, or eGFP-

FUSWT, carried out between days 4-7 post-injection showed diffuse accumulation of FUS within 

the cytoplasm followed by a sudden coalescence into small granules throughout the neuron (see 

Tibshirani et al., 2015). These inclusions were transported anterogradely and retrogradely in 

dendrites, fused, and in some neurons lined up and fused into linear inclusions in dendrites 

parallel to the cytoskeleton. In some motor neurons, ring-like FUS-positive inclusions were 

observed mainly in the perikarya (Fig. 1F). Consistent with previous studies, inclusions were 

apparent when either mutant or WT FUS accumulated in the cytoplasm, modeling inclusions that 

occur in fALS6 and sALS. 
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 In contrast to human FUSWT, the FUSR521H and FUSP525L mutants, the truncation mutant 

FUS495X rarely formed inclusions when over-expressed in motor neurons, but did accumulate in 

the cytoplasm (not shown).  

 To determine if endogenous mouse FUS co-distributed with ectopically expressed human 

FUS, FLAG-FUSR521H was expressed in motor neurons and cultures were co-labelled with anti-

FLAG and anti-FUS (antibody 11570-1-AP) to visualize both human FUS and total FUS in the 

same neurons. When ectopic human FUS was completely cytoplasmic, we observed no nuclear 

signal from the anti-FUS antibody (Fig. 1H-K), confirmed by a scan of fluorescence intensity 

through a plane of the cell including the nucleus showing similar patterns of fluorescence 

between the two antibodies (Fig. 1L). These observations suggest that endogenous FUS was also 

depleted from the nucleus with ectopically expressed human FUS.  

4.1.2 Evaluation of mFUS toxicity in motor neurons 

In neurons over-expressing human FUS in which FUS was exclusively cytoplasmic, 

Hoechst staining was highly condensed (see Fig. 1, 2, 3, 4); however, unlike the fALS1, neurons 

expressing mutant FUS were negative for TUNEL staining at three days post-injection (Fig. 

1M), indicating that apoptosis does not occur in these neurons within the time frame of the 

experiment. Furthermore, neurons expressing mutant FUS had a comparable viability curve to 

WT FUS expressing neurons or injection controls (Tradewell unpublished data). 

A common feature of ALS is dendritic atrophy and in motor neurons (Nakano and 

Hirano, 1987, Karpati et al., 1988, Takeda et al., 2014). In FUS R521C transgenic mice, 

dendritic attrition in spinal motor neurons was evident (Qiu et al., 2014). Similar dendritic 

attrition were observed in the FUS R521G transgenic mouse (Sephton et al., 2014) and in our 

primary motor neuron culture model of fALS6. We compared dendritic morphology in cultured 

motor neurons expressing WT or mutant FUS along with mCherry to visualize cell morphology. 
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Neurons were imaged on day 3 post-injection for Sholl analysis as described by Kutzing et al. 

(see Materials and Methods). Indeed, there was a significant decrease in dendritic complexity in 

neurons expressing mutant FUS compared to WT or empty vector indicated by Sholl analysis 

(Fig. 1N). Dendritic branching was further categorized according to Root, Intermediate and 

Terminal branches. These Sholl curves indicate that the attrition observed in mutant FUS-

expressing neurons was at the level of intermediate and terminal branches, not root branches or 

primary branches (Fig. 1O). There were also significant decreases in the number of both terminal 

and branch points, in the average number of processes per neuron and in total cable length in 

neurons expressing mutant FUS, a measure of total dendritic output (Fig. 1P).  
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4.2: Consequences of PRMT1 mislocalization in the fALS6 culture model 

4.2.1 Nuclear depletion of PRMT1 in neurons with cytoplasmic FUS 

ADMA of FUS by PRMT1 regulates its subcellular localization and inhibition of PRMT1 

activity retains WT or mutant FUS in the nucleus. Having noted redistribution of PRMT1 with 

FUS in motor neurons in those experiments (see Rationale; Chapter 2.1), their co-distribution 

was evaluated quantitatively in the present study by double-label immunocytochemistry with 

anti-PRMT1 and anti-FLAG in neurons microinjected with constructs encoding FLAG-tagged 

WT or mutant (R521H, P525L, R495X) human FUS.  The normal distribution of the endogenous 

murine proteins was evaluated in uninjected neurons.  FUS and PRMT1 distribution was 

classified as either essentially nuclear, exclusively cytoplasmic or distributed between both 

compartments, as illustrated in Supplementary Figure S1A. The microinjection procedure had no 

effect on distribution of PRMT1 (Supplementary Figure S1B). The nuclear/cytoplasmic 

distribution of PRMT1 was congruent not only with endogenous FUS in control cultures, but 

with ectopically expressed WT or mutant human FUS. Expression of human WT or ALS-linked 

mutants significantly shifted PRMT1 distribution to either mostly nuclear in neurons expressing 

FUSWT, or mostly cytoplasmic in neurons expressing mutant FUS (Fig. 2A-C).  The greater 

redistribution of FUS and PRMT1 to the cytoplasm in neurons expressing FUSP525L was 

consistent with the juvenile onset and rapid disease progression in patients with this mutation 

relative to the milder phenotype of R521 mutations. Although there was a significant shift in 

FUS/PRMT1 to the cytoplasm in neurons expressing FUSR495X, the concordance of their 

distribution was not as high as with other mutants.  In no neurons was FUSR495X exclusively 

nuclear, yet 29% had exclusively nuclear PRMT1. Despite missing the C-terminus containing a 

nuclear localization sequence, this mutant was capable of entering the nucleus, as 17% of 
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neurons had both nuclear and cytoplasmic protein labelled by anti-FLAG, in agreement with 

Bosco et al. (2010). 

 PRMT1 was not recruited to FUS inclusions. Even when PRMT1 was depleted from nuclei 

along with FUS, it was not detected in granular FUS inclusions of WT or mutant human FUS on 

day 3 post-injection  nor in vermiform or skein-like inclusions on day 6 post-injection, indicating 

that PRMT1 does not maintain association with aggregated FUS (Fig. 2D,E).  

  A major function of FUS is transport of specific mRNAs to dendritic spines. Presence of 

FUS at synapses has been demonstrated in cultured hippocampal neurons and human and mouse 

brain. Similarly, double-label of spinal cord cultures with antibodies to FUS (11570-1-AP) and 

synaptophysin revealed endogenous FUS at dendritic spines of motor neurons (Fig. 2F), while 

PRMT1 was not (Fig. 2G).  

  To further examine the co-distribution of PRMT1 with endogenous FUS, cultures at two 

stages of development were double-labelled with anti-FUS and anti-PRMT1: at 2 weeks in vitro 

when FUS is almost exclusively nuclear, and at 4 weeks when motor neurons have developed 

dendritic spines and a greater proportion of motor neurons contain cytoplasmic FUS at a point in 

time. Distribution of FUS and PRMT1 was categorized as in Supplementary Figure 1A ; i.e., 

nuclear, exclusively cytoplasmic or distributed between both compartments. As in Fig. 2A, the 

distribution of PRMT1 paralleled FUS in both 2 and 4 week old cultures, both being more 

cytoplasmic at 4 weeks in vitro compared to 2 weeks (Fig. 2H).  

  Endogenous FUS can also accumulate in the cytoplasm under specific cellular stress, 

notably sorbitol-induced hyperosmotic stress (Sama et al., 2013). To determine if PRMT1 also 

would redistribute with cytoplasmic FUS with added stress, cultures were treated with 0.4M 

sorbitol for 2 hrs and subsequently double-labelled with anti-FUS and anti-PRMT1. Treatment 
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with sorbitol did indeed significantly shift both FUS and PRMT1 from the nucleus to the 

cytoplasm (Fig. 2I). 

  In summary, PRMT1 distributed with FUS in motor neurons under both physiological 

conditions and under conditions of stress that result in cytoplasmic accumulation/nuclear 

depletion of FUS, including osmotic stress and expression of ALS-causing FUS mutants.  

4.2.2 Nuclear depletion of PRMT1 reduces asymmetric arginine dimethylation of histone 4 

Next we tested the hypothesis that depletion of PRMT1 from the nucleus in neurons with 

mislocalized FUS would result in hypomethylation of PRMT1's nuclear substrates, using H4R3 

as a representative substrate. PRMT1 is the major methyltransferase catalyzing asymmetric 

dimethylation of H4R3, a key regulator of transcription. The milder R521H mutant was used in 

these experiments in order to evaluate neurons with nuclear, cytoplasmic or combined 

nuclear/cytoplasmic distribution of FUS, the severe mutants being almost exclusively 

cytoplasmic.  Methylation of H4R3 was evaluated by indirect immunocytochemistry with an 

antibody specifically recognizing asymmetrically methylated H4R3 (H4R3Me2) (Fig. 3A) and 

quantified as pixel intensity of epifluorescence in motor neuron nuclei (Fig. 3B). This antibody 

recognizes asymmetrically, but not symmetrically methylated H4R3 (Sun et al., 2011a). H4R3 

ADMA was significantly decreased in motor neurons with predominantly cytoplasmic WT or 

R521H FLAG-FUS compared to neurons with nuclear FUS, 3 days after plasmid injection (Fig. 

3B).  

  Decrease in H4R3 methylation has been associated with the formation of repressive 

heterochromatin. Interestingly, chromatin was not as condensed in neurons of control cultures 

that exhibited both nuclear depletion of endogenous FUS and PRMT1 (Supplementary Figure 

S1A). Thus, the severe chromatin condensation is not an obligate consequence of cytosolic 

accumulation of FUS, particularly under physiological conditions.  
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4.2.3 H3K9/K14 Acetylation is decreased in motor neurons with cytoplasmic FUS 

  Acetylation of lysine residues of histones is a well characterized post-translational 

modification, which plays a role in transcription by weakening the association between 

positively charged lysine residues and negatively charged DNA; this results in loosened 

organization of chromatin, allowing access to transcriptional machinery (Marks and Xu, 2009). 

Furthermore, histone modifications can act in a combinatorial manner, for example, H4R3 

ADMA by PRMT1 results in H4 and H3 acetylation (Wang et al., 2001). We hypothesized that 

decreased H4R3 ADMA associated with redistribution of FUS and PRMT1 to the cytoplasm 

would result in decreased H3 acetylation at lysine residues 9 and 14 (H3K9/K14). Acetylation of 

these residues was detected using antibody recognizing only the acetylated form and quantified 

as pixel density of epifluorescence of antibody labelling 3 days following microinjection of 

motor neurons with constructs encoding WT or R521H FLAG-FUS. H3 acetylation was 

significantly decreased when FUS was cytoplasmic (either WT or R521H) compared to when 

FUS was nuclear (Fig. 4A,B).  

  Similar changes in histone marks were observed in spinal cord cultures treated with the 

PRMT inhibitor AMI-1, which preferentially, although not exclusively, inhibits PRMT1 (Cheng 

et al., 2004). Histones were extracted via acid-solubilization (see Chapter 3.7) from control 

cultures and cultures treated with 20 M AMI-1 for 24, 48 and 72 hrs. Western blots of purified 

histones were probed with antibodies to asymmetrically dimethylated H4R3 and acetylated 

H3K9/K14. H3K9/K14 acetylation was significantly reduced in cultures treated with AMI-1 for 

24 hrs compared to untreated cultures (Fig. 4C). This decreased H3K9/K14 acetylation was not 

maintained in cultures treated longer than 24 hrs, suggesting desensitization to the compound's 

effect. Decreases in both H4R3me and H3K9/K14Ac were confirmed in situ by comparing 
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fluorescence intensity of antibody labelling in nuclei of neurons treated with AMI-1 and control 

(Fig. 4D).  

  We confirmed that decreased H3K9/K14 acetylation was downstream of decreased H4R3 

methylation.  Inhibiting histone deacetylase (HDAC) activity prevented the decrease in 

H3K9/K14 acetylation associated with loss of nuclear FUS/PRMT1, but not the decrease in 

H4R3 ADMA. Cultures were treated with 7.5 M Vorinostat (SAHA) or vehicle for 48 hrs, 

beginning 24 hrs post-injection of motor neurons with FLAG-FUSR521H construct. In neurons 

with depletion of nuclear FUS, H4R3 ADMA was decreased (Fig. 4F), but H3K9/K14 

acetylation was maintained and even increased in cultures treated with SAHA (Fig. 4E). 

4.2.4 Transcriptional activity is decreased in neurons with cytoplasmic FUS 

Such reductions in histone ADMA and acetylation would be expected to have 

consequences on the transcriptional activity of the cell. Because of the wide-ranging effects of 

FUS on gene transcription and RNA splicing, overall transcriptional activity was assessed in 

neurons with nuclear or cytoplasmic FUS/PRMT1 by employing a 5-bromouridine (BrU) 

incorporation assay to detect newly synthesized RNA. Indeed, BrU incorporation within the 

nucleus, measured as intensity of anti-BrdU immunolabelling, was significantly less in neurons 

with cytoplasmic endogenous FUS, compared to neurons with predominantly nuclear FUS (Fig. 

5A). Inhibiting PRMT activity with AMI-1 also reduced BrU incorporation, even in neurons 

with nuclear FUS (Fig. 5B), indicating that loss of PRMT1 function did indeed contribute to the 

decrease in transcription with loss of nuclear FUS.  

  Unfortunately, the BrU assay was not meaningful in neurons over-expressing human FUS 

from plasmid DNA because of high background resulting from transcription of FUS from the 
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plasmid CMV promoter. However, these data do demonstrate the importance of FUS localization 

in transcriptional regulation under normal conditions through its effect on PRMT1 function.  

  Decreases in transcriptional activity would be expected to lead to consequences to 

neuronal physiology, notably dendritic and synaptic maintenance which requires the continued 

delivery of translationally repressed mRNAs to be translated locally. We thus hypothesized that 

maintenance of H3K9/K14Ac would maintain transcriptional activity and prevent mutant FUS 

induced dendritic attrition. Neurons expressing mutant FUS were treated with the HDAC 

inhibitor SAHA for three days. Treatment with SAHA prevented both the decrease in 

H3K9/K14Ac (Fig. 4E) and dendritic attrition in neurons expressing mutant FUS as indicated by 

Sholl analysis. Notably, treatment of control neurons injected with pcDNA3-empty vector with 

SAHA did not significantly increase dendritic branching compared to vehicle treated neurons 

(Fig. 6). 

4.2.5 Coincident distribution of PRMT1 with WT or mutant FUS in murine spinal motor 

neurons in situ 

PRMT1 distribution also was evaluated in a transgenic mouse model in collaboration 

with the Hayward lab (University of Massachusetts Medical School) (Fig. 6). Mice harboring 

WT or R495X human FUS transgenes were established by cloning cDNAs into MoPrP.Xho 

(ATCC #JHU-2) containing the promoter, 5’-intronic and 3’-untranslated sequences of the 

murine prion protein (PrP) gene (Lawrence Hayward, personal communication). R495X lines, 

including the line PX78 used in this study had 11-15 transgene copies and 3-5 fold FUS 

overexpression. While mice from the mutant FUS transgenic lines display no obvious weakness, 

abnormalities were detected by electromyography (EMG), including fibrillation potentials, 

muscle denervation and reduction in motor unit number estimation (MUNE) at 8-12 months.  

These abnormalities did not occur in mice from lines expressing nuclear human FUSWT (lines 
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PWT17 or PWT52, limited to 3 transgene copies, <2-fold FUS overexpression).   Non-transgenic 

littermates served as controls. 

  The distribution of FUS and PRMT1 assessed by double-label immunocytochemistry is 

shown in Fig. 7. Human FUSWT (Fig. 7D) was mostly nuclear, similar to endogenous FUS in 

non-transgenic littermates (Fig. 7A). A higher burden of cytoplasmic FUSR495X was observed in 

the perikarya of motor neurons in the anterior horn of the spinal cord (Fig. 7G, J), indicating a 

shift in the equilibrium of the mutant toward the cytoplasm in addition to its presence in the 

nucleus. Most neurons had a mixture of nuclear and cytoplasmic labelling, but the amount of 

cytoplasmic mutant FUS was variable as can be seen by comparing Fig. 7G and Fig. 7J. No 

inclusions were identified by FUS immunohistochemistry (or by ubiquitin or p62 inclusion 

markers; data not shown). Like FUS, PRMT1 was predominantly nuclear in cross-sections of 

spinal cord from non-transgenic (Fig. 7B) and FUSWT transgenic (Fig. 7E) mice, but cytoplasmic 

labelling was detected in neurons in sections from FUSR495X mice (Fig. 7H and K) in amounts 

relative to FUS.   

4.2.6 Post-mortem interval affects subcellular distribution of PRMT1 

Cytoplasmic FUS inclusions have also been observed in spinal motor neurons in sporadic 

ALS. However, in control experiments using archived autopsied spinal cord tissue from three 

individuals dying of non-neurological causes (collaboration with the Strong lab, Western 

University), we noticed that rather than the predominantly nuclear anti-PRMT1 labelling 

expected in motor neurons, labelling was mostly cytoplasmic (Fig. 8A).  Thus, we investigated 

the possibility that PRMT1 is lost from nuclei postmortem. This hypothesis was investigated in 

mice by fixing lumbar spinal cord immediately following euthanasia or after a postmortem 

interval of 6 hrs, considered to be a short postmortem interval for processing of human autopsy 

tissue. Cross-sections of spinal cord immunolabelled with antibody to PRMT1 or FUS are 
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illustrated in Fig. 8B. PRMT1 was depleted from the nucleus of motor neurons as early as 6 hrs 

postmortem, despite persistence of nuclear FUS. Even following immediate immersion in 

formalin fixative, preservation of PRMT1 distribution was variable compared to perfusion 

fixation (as in Fig. 7) or cryopreservation (data not shown). Thus, PRMT1 is labile postmortem, 

obviating reliable studies with archived human autopsy specimens. 

4.3: Exploring other mechanisms of dendritic attrition in fALS6 model 

4.3.1 Nuclear Depletion of Brg1 with cytoplasmic accumulation of FUS 

Having identified altered function of the FUS-interacting partner PRMT1, we looked for 

other important FUS-interactors whose function could also be perturbed as a result of FUS 

cytoplasmic accumulation. In a list of FUS-interactors identified by mass spectrometry of anti-

FUS immunoprecipitate from Vsc4.1 cells (see Hypothesis and Rationale) we identified Brg1 as 

an interacting partner of FUS. An observation also made by Chesi et al. (Chesi et al., 2013).  

To determine whether Brg1 nuclear depletion occurs due to cytoplasmic accumulation of 

FUS, motor neurons were microinjected with plasmids encoding either WT or mutant FUS 

bearing ALS-causing mutations. Indeed, cytoplasmic distribution of WT or mutant FUS was 

sufficient to induce a significant nuclear depletion of Brg1 in motor neurons (Fig. 9A) as 

indicated by average fluorescence intensity of Brg1 antibody labelling in the nucleus (Fig. 9B). 

Unlike PRMT1, Brg1 did not redistribute with FUS to the cytoplasm, but rather its expression 

seemed reduced in neurons with cytoplasmic FUS (Fig. 9A).   

4.3.2 Brg1 function is required for maintenance of dendritic morphology 

Brg1 is the main ATP-dependent DNA helicase responsible for unwinding chromatin to 

allow access for transcriptional machinery and is thus essential for nBAF complex function. In 

order to determine whether Brg1 is required for maintenance of dendritic morphology in motor 
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neurons, we examined the dendritic architecture in neurons in which Brg1 function was 

prevented either through genetic manipulation or pharmacological inhibition (Fig. 9C). Neurons, 

expressing either shRNA specific for Brg1 or a dominant-negative mutant of Brg1 (K798R) 

showed significant dendritic attrition compared to control neurons (Fig. 9E,F). In addition, 

treatment of cultures with PFI-3, an inhibitor targeting Brg1 and its homologous partner Brm 

(Cayman Chemical 15267),  for 72 hrs did not deplete nuclear Brg1 (data not shown), but did 

significantly reduce dendritic branching in a dose-dependent manner (Fig. 9D,G). These data 

suggest that Brg1 activity is required to maintain dendritic branching in motor neurons and that 

the dendritic attrition observed in neurons expressing mutant FUS is caused by nuclear depletion 

of Brg1 leading a loss of Brg1 function. 

4.3.3 Overexpression of Brg1 prevents dendritic attrition caused by mutant FUS 

 We hypothesized that reintroduction of Brg1 in motor neurons expressing either mutant 

FUS or TDP43 would maintain the dendritic architecture in these neurons. Double immunolabel 

of Brg1 and FLAG in neurons expressing R521G FUS with or without overexpression of human 

Brg1 indicated that overexpression of Brg1 was sufficient to maintain Brg1 in the nucleus 

despite cytoplasmic accumulation of FUS (data not shown). Dendrite morphology was quantified 

by Sholl analysis in neurons expressing R521G FUS either alone or coexpressed with human 

Brg1 for 72 hrs.  Indeed, co-expression of Brg1 with mutant FUS completely prevented the 

dendritic attrition (Fig. 10A), the Sholl curve being similar to neurons expressing mCherry alone 

(Fig. 10B). The number of branch and terminal points as well as total cable length were also 

significantly higher in this condition compared to when the mutant was expressed alone (Fig. 

10B). Thus, restoring expression of Brg1 is sufficient to preserve dendrite morphology in 

neurons expressing mutant FUS. The data support that restoring Brg1 function in the presence of 

mutant FUS is sufficient in preventing dendritic attrition.  
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4.3.4 Post-transcriptional regulation of Brg1 protein levels in neurons with cytoplasmic 

FUS 

Absence of Brg1 protein could result from various mechanisms ranging from altered 

transcription to accelerated protein degradation. Our experiments involving Brg1 co-

overexpression indicated that plasmid-derived Brg1 is stably maintained in the nucleus despite 

the presence of cytoplasmic FUS. Three possibilities could contribute to this difference: 1) 

plasmid-derived Brg1 transcription is under control of the constitutive promoter CMV, 2) 

Defects in splicing of endogenous Brg1 RNA would not occur with RNA derived from the 

Brg1cDNA, and finally 3) negative regulation of endogenous Brg1 is mediated through its 

3’UTR, which is not present on plasmid-derived Brg1 transcripts. 

 This last possibility was the easiest to test in our culture model using a dsRed reporter 

plasmid with the Brg1 3’UTR downstream of the coding sequence. If Brg1 protein levels are 

being negatively affected through its 3’UTR when FUS accumulates in the cytoplasm, then 

decreased dsRed fluorescence in neurons expressing mutant FUS would be expected. Neurons 

were injected with either WT or P525L FUS plus dsRed-Brg1 3’UTR plasmids and the amount 

of dsRed expression was measured as fluorescence intensity. At two days post-injection, little to 

no dsRed was detected in neurons expressing mutant FUS compared to easily visualized dsRed 

epifluorescence in neurons expressing WT FUS (Fig. 11B,C). This difference in dsRed 

expression was not detected with expression of dsRed with scramble 3’UTR sequence, indicating 

the suppression of dsRed expression by mutant FUS was mediated through the Brg1 3’UTR. 

dsRed expression is a measure of protein expression; thus, though the reduced expression of 

Brg1 in the presence of mutant FUS could be mediated through its 3’UTR, we cannot determine 

whether this effect is mediated through decreased mRNA stability or protein translation. 
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4.3.5 Status of other nBAF subunits with cytoplasmic accumulation of FUS 

 We next sought to determine whether other subunits of the nBAF complex were 

dysregulated in addition to Brg1. We assessed the expression of BAF53b and CREST, both of 

which are necessary for neuronal differentiation and have been shown to be involved in activity-

dependent dendritic outgrowth (Wu et al., 2007, Staahl et al., 2013). In the culture model, 

fluorescence intensity measurements of nuclear antibody labelling indicated a significant 

decrease in BAF53b expression with nuclear depletion/cytoplasmic accumulation of either WT 

or mutant FUS (Fig. 12A,B). Depletion of BAF53b also occurred in motor neurons of ALS 

autopsy specimens (see below Chapter 4.3.6). 

 Expression of BAF53b is suppressed by BAF53a, the protein present in neural progenitor 

BAF complexes; thus, an interesting possibility for loss of BAF53b expression would be re-

expression of BAF53a as a result of de-repression of its mRNA through regulation of its 3’UTR. 

To address this possibility, a BAF53a 3’UTR dsRed reporter plasmid was constructed (as 

described for the Brg1 3'UTR above) and was coexpressed with WT or mutant (P525L) FUS. 

Indeed, dsRed expression was high in neurons expressing mutant cytoplasmic FUS, but not in 

neurons expressing WT FUS (Fig. 12C), indicating de-repression of BAF53a expression. 

We also evaluated the presence of the CREST subunit, which is also important for nBAF 

function, is upregulated during neuronal differentiation, and has been shown to be mutated in 

certain cases of ALS (Chesi et al., 2013). Indeed, CREST was depleted from the nucleus of 

neurons with cytoplasmic FUS in the culture model (Fig. 12A,B) and in motor neurons of cases 

of fALS and sALS (Fig. 13). Thus, critical subunits of the nBAF complex are downregulated in 

neurons with cytoplasmic FUS, but ectopic expression of Brg1 alone was sufficient to mitigate 

the effect on dendritic architecture.  
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4.3.6 Brg1, BAF53b and CREST are depleted in motor neurons from ALS patients 

 In order to test the relevance of nBAF subunit depletion in culture models of ALS, Brg1, 

BAF53b and CREST expression was evaluated by immunohistochemistry in cross-sections of 

spinal cord from ALS and control autopsy cases (Fig. 13). In addition to familial ALS due to 

TDP43/FUS mutations, cytoplasmic inclusions of TDP43 in particular are found in other cases of 

ALS, including sporadic disease. To assess any relationship of nBAF subunit expression with 

TDP pathology, serial sections were labelled with BAF subunit and TDP43 antibodies. Brg1, 

BAF53b, and CREST were significantly depleted from the nuclei of ALS patients with 

C9ORF72 expansion, fALS patients carrying the A4V SOD1 mutation and of sALS patients with 

no known mutations, compared to control individuals dying from non-neurological causes (Fig. 

13). Interestingly, Brg1, BAF53b and CREST were depleted in motor neurons regardless of the 

presence or absence of TDP43 cytoplasmic inclusions (Fig. 14). The presence of FUS inclusions 

in autopsy tissue is rarer and more difficult to observe than TDP43 inclusions and was not 

ascertained in this post-mortem study.  

4.4: Determine overlapping pathological pathways between fALS6 and fALS10 

models 

4.4.1 Decreased H3K9/K14 acetylation with cytoplasmic accumulation of TDP43 

 Decreased H3K9/K14 acetylation was a primary end point in FUS-mediated toxicity in 

motor neurons (see Chapter 4.2.3) and is expected to have consequences to gene expression. In 

order to determine whether decrease histone 3 acetylation was a shared pathway with 

cytoplasmic accumulation of FUS and TDP43, neurons were injected with FLAG-tagged WT or 

mutant TDP43 encoding plasmids and double immunolabelled with H3K9/K14Ac and FLAG 

antibody. Indeed, neurons that had cytoplasmic accumulation of either WT or G348C TDP43 
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had a marked decrease in H3K9/K14Ac (Fig. 15A) as measured by decreased fluorescence 

intensity of H3K9/14 antibody labelling (Fig. 15A, B).  

4.4.2 nBAF subunit depletion in neurons with cytoplasmic accumulation of TDP43 

 Our observation that nBAF subunits are depleted in ALS patient motor neurons 

regardless of the causative genetic mutation made it very likely that nBAF subunits would also 

be depleted in our fALS10 model (note, we did not have samples from a fALS10 autopsy 

specimen to test). Motor neurons were microinjected with plasmids encoding WT or mutant 

TDP43 and immunolabelled with anti-FLAG and anti-Brg1, anti-BAF53b, or anti-CREST (Fig. 

16A). Indeed motor neurons expressing WT or mutant TDP43 showed a decrease in Brg1, 

BAF53b and CREST when either WT or mutant protein accumulated in the cytoplasm by day 3 

post-injection as indicated by decreases in antibody fluorescence intensity (Fig. 16B). These 

results indicate that nBAF subunit depletion is a shared pathogenic pathway between FUS and 

TDP43. 

4.4.3 Dendritic Attrition occurs in neurons expressing mutant TDP43 

TDP43 has many parallel functions with FUS. In Drosophila, overexpression of WT 

TDP43 increased dendritic branching, an effect not observed with expression of mutant TDP43.  

(Lu et al., 2009). Thus, alterations in dendritic morphology could be a common pathway shared 

by TDP43 and FUS leading to motor neuron dysfunction. To determine whether mutant TDP43 

expressing neurons also exhibit dendritic branching abnormalities in our culture model, we 

compared dendritic morphologies of cultured motor neurons expressing WT and mutant TDP43. 

Marked decrease in dendritic branching was measured in motor neurons expressing mutant 

TDP43, but not WT TDP43, compared to control neurons expressing mCherry (Fig. 17A). These 

results are different than those described by Lu et al., which could reflect differences in 



48 
 

experimental system. Like mutant FUS expressing neurons, this decrease in dendritic complexity 

was due to loss of intermediate and terminal branches indicated by the root, intermediate, 

terminal categorization in Sholl analysis (Supplementary Figure S3). Dendritic attrition induced 

by mutant TDP43 could be prevented by the same interventions as in the fALS model. Firstly, 

dendritic attrition was prevented by treatment of neurons expressing mutant TDP43 with 7.5M 

SAHA for three days (Fig. 17B). Secondly, co-overexpression of Brg1 along with mutant TDP43 

prevented mutant TDP43-induced dendritic attrition in motor neurons. Thus, common pathways 

affected by different genes could be targeted by common interventions. 
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Chapter 5: Discussion and Future 
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5.1: Moving onwards with a culture model of fALS6 

  The majority of fALS6 patients present with mutations at the C-terminal region of FUS 

containing the nuclear localization sequence (Lagier-Tourenne and Cleveland, 2009). 

Cytoplasmic inclusions containing FUS have been observed in motor neurons of fALS and sALS 

patients (Deng et al., 2010), implicating altered trafficking and distribution of this hnRNP more 

generally in ALS pathogenesis. Furthermore, the degree to which ALS-linked FUS mutants 

accumulate in the cytoplasm of cultured cells generally correlates with severity of disease in 

patients (Bosco et al., 2010, Dormann et al., 2010). In addition, FUS plays a role in parallel 

cellular functions with TDP43 and TDP43 cytoplasmic accumulation is also a common 

pathological finding in ALS (Neumann et al., 2006, Mackenzie et al., 2007, Mackenzie et al., 

2010, Kabashi et al., 2011, Kryndushkin et al., 2011, Lattante et al., 2013). Thus, determining the 

mechanisms of toxicity manifested by cytosolic accumulation of these normally nuclear proteins 

could allow further insight to be gained of this complex disease. 

  To this end, we developed a primary culture model of fALS6 to determine the negative 

consequences of FUS cytoplasmic accumulation. Reminiscent of neuropathological findings 

(Kwiatkowski et al., 2009, Vance et al., 2009, Deng et al., 2010), FUS accumulated in the 

cytoplasm in the form of granular, linear and skein-like inclusions (Fig. 1A-G). Time-lapse 

imaging showed that these large inclusions formed by fusion of small inclusions, or growth into 

longer linear inclusions (see Tibshirani et al., 2015). These results support the observations made 

by Patel et al, which demonstrate that FUS granules have fluid like properties with the ability to 

fuse and, with time, grow long filamentous structures from these granules in vitro (Patel et al., 

2015). The presence of mutant FUS in the cytoplasm, and depletion from the nucleus, led to the 

complete depletion of endogenously expressed FUS in the nucleus (Fig. 1K,L). The effect 

observed could potentially be due to the sequestration of endogenous FUS in mutant FUS 
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inclusions as FUS is known to be prone to self-association via its low complexity sequences (Sun 

et al., 2011b, Kato et al., 2012b). Alternatively, FUS has been shown to regulate its own 

expression via alternative splicing of its own mRNA subjecting its own mRNA to the nonsense-

mediated degradation pathway (Zhou et al., 2013). Thus, overexpression of FUS could lead to a 

suppression of endogenously expressed FUS through this pathway and actually represent total 

FUS. 

  In addition to the R521C/G/H and P525L mutants that were examined in culture, the 

truncation mutant R495X was investigated in both cultured motor neurons and transgenic mice 

(Bosco et al., 2010, Waibel et al., 2013). Cytoplasmic FUS was increased in motor neurons 

expressing FUSR495X, both in the culture model and in transgenic mice, yet significant levels 

were retained in the nucleus (This mutant was both nuclear and cytoplasmic in over 40% of 

neurons in the culture model and almost all spinal motor neurons in the transgenic mice) (Fig 2B 

and Fig. 7). Thus, despite missing the nuclear localization sequence in the deleted C-terminus, 

FUSR495X can be imported into the nucleus, as previously reported by Bosco et al. (Bosco et al., 

2010). 

  Neurons expressing mutant FUS did not undergo apoptosis (Fig. 1M) and had a viability 

curve comparable to WT FUS overexpression controls during the period of the experiment. 

However, mutant FUS-expressing neurons did undergo significant dendritic retraction (Fig. 1N-

P), a common neuropathological finding in ALS (Nakano and Hirano, 1987, Karpati et al., 1988, 

Takeda et al., 2014), which could represent an early manifestation of mutant FUS toxicity and 

lead to significant loss of vital connections with higher order neurons and other neurons along 

the neuraxis leading to motor neuron dysfunction. Time-lapse imaging of neurons expressing 

mutant FUS indicated that the dendritic attrition observed is truly due to dendritic retraction 
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rather than a failure of neurons to develop dendrites (data not shown). Similar dendritic attrition 

occurred in motor neurons expressing mutant TDP43, although some loss of viability was 

observed over the same time period in this model (Kabashi et al., 2010). 

 

  Conversely, motor neurons expressing mutant SOD1 have mostly died during this time 

period (Durham et al., 1997, Roy et al., 1998, Tradewell et al., 2011, Cha et al., 2014, Tran et al., 

2014) reflecting that motor neuron physiology can be altered through multiple and distinct 

pathways. Indeed,  our lab has shown that dysregulation of calcium homeostasis is a major factor 

contributing to mutant SOD1 toxicity (Roy et al., 1998, Tradewell et al., 2011), but does not 

occur in neurons expressing mutant FUS or TDP43 (Tran et al., 2014). Of note, dendritic 

attrition was also observed in our culture model of fALS1 (data not shown), indicating that 

despite differences in disease mechanisms, dendritic attrition is a common outcome.  Since loss 

of motor neurons occurs much more slowly in the FUS (fALS6) and TDP43 (ALS10) culture 

models, they provide a good opportunity to study pre-lethal mechanisms of motor neuron 

dysfunction.   

5.2: Evidence for transcriptional dysregulation through changes in histone marks 

  We previously reported that asymmetric arginine dimethylation (ADMA) of FUS by 

PRMT1 is a strong regulator of FUS nucleocytoplasmic shuttling and that both WT and FUS 

mutants interact with PRMT1 (Tradewell et al., 2012), findings also reported by other labs (Du et 

al., 2011, Dormann et al., 2012, Yamaguchi and Kitajo, 2012, Scaramuzzino et al., 2013).  In the 

present study, we further developed the primary culture model in which WT or mutant human 

FUS is expressed in motor neurons of dissociated spinal cord cultures (Tradewell et al., 2012) 
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and investigated how the interaction of PRMT1 and FUS might lead to loss of nuclear function 

of PRMT1 and contribute to toxicity.   

  Using primary spinal cord cultures, we demonstrated that nuclear depletion of FUS 

correlated with a loss of PRMT1 function in the nucleus, leading to downregulation of 

transcription through loss of major histone modifications. PRMT1 was depleted from the nucleus 

of cultured motor neurons with cytoplasmic endogenous FUS or ectopically expressed mutant 

(R521H, R521G, P525L or R495X) or WT human FUS (Fig. 2). Although there was a definite 

and statistically significant shift in PRMT1 localization to the cytoplasm in motor neurons 

expressing FUSR495X, nuclear depletion of PRMT1 was not as complete as in cultured neurons 

expressing FUSR521H or FUSP525L. This could be influenced by the continued presence of nuclear 

FUS in neurons expressing FUSR495X.   

  The mechanism underlying loss of nuclear PRMT1 is unclear. PRMT1 does not 

necessarily maintain association with FUS even though ADMA by PRMT1 is important for FUS 

trafficking and the two proteins can be co-immunoprecipitated (Du et al., 2011, Tradewell et al., 

2012, Yamaguchi and Kitajo, 2012, Scaramuzzino et al., 2013). PRMT1 was clearly not 

recruited to synapses with endogenous FUS (Fig. 2G), nor was it associated with cytoplasmic 

inclusions of WT or mutant human FUS in motor neurons (Fig. 2D,E). In contrast, others have 

reported that some PRMT1 was associated with inclusions of truncated FUS, as well as being 

diffusely cytoplasmic, and in stress granules in oxidatively challenged SH-SY5Y cells 

(Yamaguchi and Kitajo, 2012).  In addition, PRMT1 and PRMT8 accumulated in inclusion 

bodies in COS cells expressing FUS mutants (Scaramuzzino et al., 2013). There are 10 known 

alternatively spliced PRMT1 isoforms, only one of which, PRMT1v2, contains a nuclear export 
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signal (Goulet et al., 2007). Shifting the proportion of alternatively spliced variants to PRMT1v2 

cannot be excluded as an alternative explanation for the observed loss of nuclear PRMT1. 

  Redistribution of PRMT1 observed in the culture model was validated in vivo in mice. 

PRMT1 was predominantly nuclear in spinal motor neurons of non-transgenic mice and 

transgenic mice carrying the human FUSWT transgene, but both nuclear and cytoplasmic in 

FUSR495X transgenic mice, similar to the distribution of FUS (Fig. 7). This pattern was consistent 

with observations in cultured motor neurons (this study) and HEK-293 cells (Bosco et al. (2010) 

(i.e., increased cytoplasmic FUS/PRMT1, but considerable retention in the nucleus) and with the 

very mild phenotype of these mice, only detected by EMG.  

  Unfortunately, we could not reliably assess the distribution of PRMT1 in human tissue, 

or whether it is mislocalized to the cytoplasm in neurons of ALS patients. By 

immunohistochemistry, PRMT1 was cytoplasmic in spinal motor neurons in the archived control 

tissue tested (spinal cord from individuals dying of non-neurological causes). A study in mice 

comparing PRMT1 distribution with time of processing demonstrated that postmortem interval 

before tissue fixation is the most likely reason for its cytoplasmic distribution in control autopsy 

tissue (Fig. 8). Best results were obtained using perfusion fixation with paraformaldehyde or 

cryopreservation; distribution of PRMT1 was compromised even with immediate immersion 

fixation in formalin or paraformaldehyde. Similarly, endogenous PRMT1 was not retained in the 

nuclear fraction upon subcellular fractionation of cultured cells (Tibshirani, unpublished data) 

suggesting that interaction with its substrates is transient or labile. Loss of nuclear PRMT1 under 

these circumstances could be explained by compromised integrity of the nuclear membrane 

leading to leakage of small, soluble proteins such as PRMT1 into the cytoplasm and/or loss of 

energy-dependent protein interactions (Boisvert et al., 2003). Although isoform switching to 
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PRMT1v2 is a possibility in living cells, it seems unlikely postmortem. These experiments stress 

the importance of determining postmortem effects on cellular processes being investigated in 

such specimens. 

  Decreased H4R3Me2 and H3K9/K14Ac resulted from nuclear depletion of FUS and 

PRMT1 (Fig. 3, 4A,B). The normal function of FUS includes recruiting HDAC1 to sites of 

induced DNA damage and this process is perturbed in cells expressing mutant FUS (Wang et al., 

2013). However, we observed decreased H3K9/K14Ac when endogenous FUS or either WT or 

R521H FUS were depleted from the nucleus, indicating this decrease was inherent upon the 

localization of FUS rather than brought on by a functional consequence of the mutation.  

  Decreased H4R3Me2 and H3K9/K14Ac had consequences on transcriptional activity. 

BrU-incorporation into RNA was reduced in motor neurons with cytoplasmic endogenous 

FUS/PRMT1 compared to those with nuclear FUS/PRMT1, indicating this was a normal 

physiological process with FUS trafficking (Fig. 5).  The data are more than correlative. 

Reduction of PRMT1 expression has physiological consequences to motor neurons that relate to 

the ALS phenotype.  These include reduction in mitochondrial size (Tradewell et al., 2012) and 

dendritic branching (Supplementary Figure S2).  

  Overall, the data indicate that PRMT1 redistribution could be a normal consequence of 

FUS localization. This conclusion is supported by the coincidence of FUS and PRMT1 

localization in motor neurons of developing spinal cord cultures and those subjected to osmotic 

shock by treatment with sorbitol, both conditions associated with increased cytoplasmic 

distribution of endogenous FUS. It is possible that reducing the neuron’s transcriptional activity 

while FUS delivers its cargo mRNAs to synapses could be an adaptation to prevent the 

production of excessive RNAs until the return of FUS to the nucleus. Regardless, should 
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depression in transcription be sustained, as in pathological retention of FUS brought on by 

mutation or long term stress, consequences for neuronal function would be expected, particularly 

related to synaptic and dendritic maintenance.  A difference between redistribution of 

endogenous FUS and ectopically expressed human FUS was the condensation of chromatin in 

the latter (Fig. 1J, 3A, 4A, 12A). This could reflect a difference in trafficking kinetics, a 

hypothesis being investigated, or other consequences of disrupted nuclear function of FUS. 

Regardless, chromatin condensation was not associated with apoptosis (neurons were not 

TUNEL-positive, Fig. 1M).  

In summary, our results point to a sustained loss of nuclear PRMT1 function as a 

contributing mechanism of mutant FUS toxicity in ALS. Loss of nuclear PRMT1 correlated with 

cytoplasmic mislocalization of FUS and was associated with changes in histone marks linked to 

transcriptional inhibition. The extent to which this repression is general or affects particular gene 

families remains to be determined.  Given that FUS itself can affect transcription of a large 

number of genes by binding to RNA polymerase (Schwartz et al., 2012), its redistribution to the 

cytoplasm could, through a physiological process, influence transcription both directly and 

indirectly through PRMT1. Although cycling of PRMT1 between the nucleus and the cytoplasm 

is a normal physiological process, sustained loss of nuclear PRMT1 would be expected to have 

significant consequences on neuronal function in the context of pathological cytoplasmic FUS 

accumulation in ALS.  

5.3: Dysregulation of chromatin remodeling complexes: A common pathway in ALS? 

5.3.1 nBAF subunit depletion 

Following our observations with nuclear PRMT1 depletion in our fALS6 culture model, 

we investigated the possibility that other FUS-interacting partners residing in the nucleus were 
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mislocalized. To further investigate this possibility and other epigenetic mechanisms of dendritic 

attrition, we evaluated the localization of another FUS-interacting partner identified by our lab 

and others, Brg1, the main DNA-helicase found in the nBAF chromatin remodeling complex 

responsible for neuronal differentiation and activity-dependent outgrowth. Interestingly, unlike 

PRMT1, Brg1 was depleted from the nucleus rather than mislocalized to the cytoplasm in 

neurons with cytoplasmic FUS (Fig. 9A,B). Again, this depletion was observed with cytoplasmic 

accumulation of either WT or mutant FUS, suggesting once again that this observation is a 

manifestation dependent on FUS localization, which is magnified by its aberrant retention in the 

cytoplasm, with downstream consequences to dendritic morphology.  

Genetic or pharmacological knock-down of Brg1 function indicated that Brg1 is required 

for maintenance of motor neuron dendritic morphology (Fig. 9C-E). On the other hand,  other 

groups reported that cortical neurons with knockdown of nBAF function (either knockdown of 

key nBAF subunits or by expression of CREST with ALS-associated mutations) did not exhibit 

dendritic retraction under normal conditions but, rather showed a defect in dendritic outgrowth 

upon depolarization with KCl treatment (Wu et al., 2007, Chesi et al., 2013). The difference 

from our results could be due to differences in cell type, intrinsic activity or stage of 

development. Motor neurons are tonically active, generating trains of action potentials, which 

could reflect different requirements for Brg1. Motor neurons in our culture model have reached a 

more advanced state of maturation including highly developed dendritic branches, whereas 

cortical and hippocampal cultures used in the other studies were much younger (approximately 5 

days in vitro) and the ability to extend dendrites was being evaluated. Thus, neurons could have 

different requirements for nBAF function at different developmental stages or at different basal 

activity levels.  
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 nBAF subunit depletion was not restricted to Brg1 in our fALS6 culture model. Indeed 

we observed depletion of other critical nBAF subunits, BAF53b and CREST, shown to be 

required for neuronal differentiation and dendritic outgrowth (Wu et al., 2007, Yoo et al., 2009, 

Staahl et al., 2013, Vogel-Ciernia et al., 2013). Co-overexpression of Brg1 completely prevented 

mutant FUS-induced dendritic attrition in motor neurons on day 3 post-injection (Fig. 10). This 

result was surprising since Brg1 overexpression did not prevent decreases in H3K9/K14 

acetylation, a major substrate for the bromodomains of Brg1 (Shen et al., 2007), nor did it 

prevent depletion of BAF53b and CREST on day 3 (data not shown). Thus, though Brg1 is being 

overexpressed, the nBAF complex is not expected to function without H3K9/K14 acetylation or 

the presence of these nBAF subunits. We therefore hypothesize that the effect of Brg1 

overexpression on the rescue of mFUS dendritic attrition is due to the build-up of pro-dendritic 

factors before depletion of H3Ac, BAF53b and CREST. Indeed, evaluation of neuronal dendritic 

morphology in motor neurons co-expressing Brg1 and mutant FUS on day 6 post-injection (3 

days after observed decreases in H3Ac and nBAF subunits) demonstrated severe dendritic 

retraction comparable to neurons expressing mutant FUS alone. Thus, in order to maintain 

dendritic morphology, neurons must maintain expression of all components of the nBAF 

complex.  

5.3.2 Mechanisms of nBAF subunit depletion 

Initially we chose to study Brg1 because we (and others) had identified it as a FUS-

interacting partner and we hypothesized that its distribution would be altered with the expression 

of mutant FUS, like PRMT1. However, the results suggest changes in the expression of Brg1 as 

a response to loss of nuclear FUS and or its cytoplasmic retention rather than a shift in Brg1 

distribution because it is bound to FUS.  
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Unlike endogenously expressed Brg1, plasmid-derived Brg1 was stably maintained in the 

nucleus despite the presence of cytoplasmic FUS. While investigating explanations for this 

difference we observed that mutant FUS, but not WT FUS, represses the expression of mRNA 

transcripts containing Brg1 specific 3’UTRs (Fig. 11), suggesting a post-transcriptional 

regulatory mechanism for mutant FUS induced Brg1 depletion. It is yet unknown whether this 

decrease in protein expression is due to sustained repression of translation or whether Brg1 

3’UTR containing transcripts are targeted for degradation. In situ hybridization experiments, 

RNA live imaging and metabolic labelling experiments are in progress in a collaborative study to 

address this question. It is not yet clear how Brg1 and FUS work together in the nucleus to 

modulate gene expression patterns. 

In non-neuronal cells, BAF53b expression is thought to be repressed by BAF53a 

expression. In neuronal cells, miR9/9* and miR124 are expressed and bind to BAF53a 3’UTR 

and target it’s mRNA for degradation (Yoo et al., 2009). Using the same reporter system, we 

observed that de-repression of BAF53a 3’UTR containing RNA transcripts occurs in neurons 

expressing mutant FUS, but not in neurons expressing WT FUS (Fig. 12C).  A subject for future 

study would be to determine if this effect is due to miR9/9* and miR124 being downregulated 

with expression of mutant FUS. De-repression of BAF53a expression is a potential mechanism 

for BAF53b depletion and is an interesting observation for two reasons: 1) FUS could influence 

nBAF subunit depletion both directly, as is the case for Brg1, and indirectly as could be the case 

for BAF53b through re-expression of BAF53a, 2) If BAF53a is in fact re-expressed in neurons, 

this finding could suggest that the nBAF subunit composition is shifting towards an immature 

composition observed in neural progenitor cells and that neurons expressing mutant FUS could 

be de-differentiating or at least losing their neuronal identity. Unfortunately, due to an 



60 
 

unavailability of antibodies that recognize BAF53a and not BAF53b we could not confirm our 

findings by assessing protein levels of BAF53a. Further investigation on the nBAF subunit 

composition and expression of neuronal markers in mutant FUS expressing neurons is needed to 

address these questions. 

5.3.3 Common pathways in ALS revealed 

The genetic heterogeneity of ALS has imposed challenges in identifying a common 

pathological pathway leading to motor neuron dysfunction. Multiple mutations in nBAF subunits 

are linked to autism spectrum disorders which are disorders linked to improper development and 

formation of dendrites (Halgren et al., 2012, Neale et al., 2012, Tsurusaki et al., 2012). nBAF 

complex dysfunction was not yet implicated in adult onset disease until the discovery of CREST 

mutations in ALS trios (Chesi et al., 2013). In evaluating the expression of nBAF subunits in 

ALS autopsy tissue to validate our findings in culture, we observed that dysregulation of the 

nBAF complex could potentially be a common disease pathway in ALS. We observed depletion 

of Brg1, BAF53b and CREST in motor neurons of ALS patients, but not in non-neurological 

controls (Fig. 13). This observed depletion was irrespective of patient genotype as depletion was 

observed in patients with C9ORF72 expansions, SOD1 A4V and sALS patients with no known 

ALS-causing mutations. Depletion of nBAF subunits occurred in neurons with or without 

TDP43 pathology as neurons with nuclear TDP43 still demonstrated loss of nBAF subunits (Fig. 

14). It is possible that some TDP43 pathology is unable to be detected due to hidden antigens in 

the pathological aggregates. Another possibility is that motor neurons present in ALS patients 

activate stress response pathways that bypass the requirement for TDP43 cytoplasmic 

accumulation and lead to depletion of these subunits. The continued presence of nuclear TDP43 

in some neurons also demonstrates that nBAF subunit depletion is likely specific and not due to a 

general suppression of protein expression. In conclusion nBAF complex dysregulation is a 
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convergent mechanism in ALS that could potentially be targeted for therapeutic intervention; 

however, the fact that the nBAF complex requires the presence of all subunits in order to 

function and that the depletion of these subunits could be mechanistically different between 

subunits presents quite a challenge to this effect. 

5.4: Identifying shared pathways between FUS and TDP43 

Cytosolic accumulation of TDP43 is another common finding in ALS and FTLD. In 

addition, FUS and TDP43 have overlapping functions in several pathways involving RNA 

regulation (Lagier-Tourenne and Cleveland, 2009). For example, FUS and TDP43 both regulate 

HDAC6 mRNA levels (Kim et al., 2010). In a zebrafish animal model, WT FUS rescued the 

motor phenotype observed in a TDP43 knock-out but not vice-versa, demonstrating that FUS 

could potentially act downstream of TDP43 (Kabashi et al., 2011). Dendritic branching defects 

have also been observed in Drosophila neurons overexpressing mutant but not WT TDP43 (Lu et 

al., 2009). Indeed, expression of mutant TDP43 in motor neurons led to a significant reduction in 

dendritic branching compared to WT expressing neurons (Fig. 17A) similar to neurons in our 

fALS6 model.  

Like in our fALS6 model, cytosolic accumulation of TDP43 led to depletion of Brg1, 

BAF53b and CREST (Fig. 16) and re-introduction of Brg1 prevented the dendritic attrition 

observed (Fig. 17B), which suggests a common pathway of nBAF complex dysregulation 

between FUS and TDP43. In addition, decreases in H3 acetylation with cytoplasmic 

accumulation of TDP43 (Fig. 15) also occurred suggesting that transcriptional repression by 

alterations in histone modifications is another common pathway between these two hnRNPs. 

Whether this decrease in H3 acetylation is a result of shifting the distribution of PRMT1 directly 

is unknown. PRMT1 does not methylate TDP43; however, PRMT1 can be immunoprecipitated 
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with TDP43 (Finelli et al., 2015). Alternatively TDP43 directly interacts with FUS (Kim et al., 

2010, Kryndushkin et al., 2011) and could influence PRMT1 localization indirectly through 

altering the localization of FUS. Regardless, the data point to histone hypoacetylation as a 

common factor in fALS6 and fALS10 pathogenesis that could be targeted with epigenetic drugs 

to maintain transcription.   

5.5: Conclusion 

This thesis reveals multiple lines of evidence for epigenetic consequences of FUS 

mislocalization. Retraction of dendrites, a major phenotype of neurons in our culture model as 

well as in ALS patients would be expected to lead to lost connections with higher order neurons 

and loss of motor neuron connectivity in the neural network for motor control. Underlying 

dendritic attrition, many levels of epigenetic consequences of FUS mislocalization are operating 

including alterations of histone modifications, dysfunction of nBAF chromatin remodeling 

complexes and sequence-specific repression and de-repression of protein expression through 

post-transcriptional regulation of mRNA transcripts. The combination of all of these changes 

illustrates the multiple points of regulation that FUS has on the transcriptomic profile of the cell 

with effects on cell fate. Some of these consequences are also apparent in other culture models of 

ALS and ALS patients giving broader implication to our findings. Thus, it is imperative that 

these mechanisms be taken into account when evaluating therapeutics for the disease whose 

mechanism of action is to alter gene expression in motor neurons in an effort to upregulate the 

expression of prosurvival genes. 
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Figures 

Figure 1. Mutant human FUS forms granular, linear and skein-like neuronal cytoplasmic 

inclusions and depletes nuclear endogenous FUS. 

(A to G) Immunolabelling of cultured motor neurons with anti-FLAG antibody on Day 3 (A-C) 

or Day 6-7 (D to G) after intranuclear microinjection of indicated plasmids.  Arrows in A to C 

point to motor neuron nuclei. Mutant FUS was retained in the cytoplasm in the form of granular 

inclusions on Day 3 post-injection (A-C), and formed linear, donut, and skein-like inclusions by 

6 days,  as illustrated in the neurons shown in (D to G). (E) 3D reconstruction of skein-like 

inclusions of eGFP-FUS from (D). (H to K) Double-label of a motor neuron expressing FLAG-

FUSR521H with anti-FLAG and anti-FUS to visualize both human and total FUS. Endogenous 

FUS is visible in the nuclei of background cells, but not in the motor neuron with only 

cytoplasmic FLAG labelling. (L) Fluorescence intensity profiles of anti-FLAG, anti-FUS and 

Hoechst labelling from profile line drawn on the motor neuron in K, demonstrating co-

distribution of FLAG and FUS labelling, and thus human FUS with endogenous FUS. Scale bar 

= 20 µm. (M) TUNEL assay was performed on neurons injected with FUSR521H plasmid. 

Neurons with cytoplasmic FUS and condensed chromatin were not positive for TUNEL staining 

indicating intact DNA. Treatment of cultures with DNAse was used as a positive control; 

negative control was no treatment. Scale bar = 20 µm. (N) Total sholl analysis comparing 

dendritic branching of neurons expressing either WT, mutant FUS or pcDNA3 empty vector on 

Day 3 post-injection. “S.D.” indicates a significant difference (p<0.05) between mutant FUS and 

empty vector control. (O) Categorization of sholl curve shown in M, into Root, Intermediate and 

Terminal segments. “S.D.” indicates a significant difference (p<0.05, Welch’s t-test) between 

mutant FUS and empty vector control. (P) Further characterization of dendritic morphology. *** 

indicates significant difference compared to empty vector control (p<0.001, Student’s t-test).   
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Figure 1. 
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Figure 2. Co-distribution of PRMT1 and FUS. 

(A) Double-label of cultured motor neurons with antibodies to FUS and PRMT1. Distribution of 

PRMT1 mimicked that of endogenous, WT and mutant human FUS. Arrows point to motor 

neurons. Scale bar = 50 µm. (B and C) Quantitation of FUS and PRMT1 localization in neurons 

either uninjected (n=6 cultures 17-62 neurons per culture) or injected with indicated FUS 

plasmids (n=3 cultures per condition, 11-77 neurons per culture). Asterisks indicate significant 

shift in distribution from the nucleus to cytoplasm compared to endogenous proteins in 

uninjected neurons *p<0.05, **p<0.01, ***p<0.001; t-test. (D and E) PRMT1 was not recruited 

to mutant FUS granular, linear and skein-like inclusions. Scale bars = 50 µm and 20 µm, 

respectively. (F and G) Co-labelling of either FUS or PRMT1 with synaptophysin. Neurons with 

cytoplasmic PRMT1/FUS were selected to determine whether cytoplasmic PRMT1 is recruited 

to synapses.  Large arrows in F point to two dendrites emerging from the cell body to the left.  

Endogenous FUS, but not PRMT1 was recruited to synapses. Arrow heads point to some areas of 

FUS/synaptophysin colocalization. Scale bar = 10 µm. (H) Quantification of endogenous FUS 

and PRMT1 localization in cultured motor neurons at two stages of development of spinal cord 

cultures. Asterisks indicate significantly different distribution at 4 compared to 2 weeks, 

**p<0.01, ***p<0.001; (t-test, n=3 per condition, 30-256 neurons per culture). More neurons 

have cytoplasmic FUS/PRMT1 as they develop and establish synaptic connections. (I) 

Quantification of endogenous FUS and PRMT1 localization in motor neurons in control cultures 

or cultures treated with 0.4 M sorbitol for 2 hrs showing significant redistribution of both 

proteins from the nucleus to the cytoplasm with osmotic stress. Asterisks indicate significant 

difference compared to control, *p<0.05, **p<0.01, ***p<0.001; (t-test, n=3 per condition, 28-

58 neurons per culture).  
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Figure 2. 
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Figure 3.  Decreased H4R3 ADMA in motor neurons with cytoplasmic FUS. 

(A) Double-labelling of motor neurons expressing either WT or mutant FUS, with antibodies to 

FLAG and asymmetrically dimethylated H4R3 (H4R3Me2). Arrows point to motor neuron 

nuclei.  (B) Mean fluorescence intensity of H4R3Me2 antibody labelling corresponding to 

localization of FUS. Presented are means ± S.E.M. of data collected in n=38 neurons expressing 

FUSWT and n=18 neurons expressing FUSR521H. ***significantly different from distribution when 

FUS was nuclear, p<0.001; t-test. Scale bar = 20µm.  
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Figure 4. H3K9/K14 acetylation is decreased in neurons with cytoplasmic FUS, 

downstream of H4R3 methylation. 

(A) Double-labelling of motor neurons, expressing either WT or mutant FUS, with antibodies to 

FLAG and acetylated H3K9/K14 (H3K9/K14Ac) demonstrating decreased H3K9/K14 

acetylation in neurons with cytoplasmic FUS.  Arrows point to motor neuron nuclei. Presented 

are means ± S.E.M. of data collected in n=43 neurons expressing WT FUS and n=32 neurons 

expressing R521H FUS. (B) Mean fluorescence intensity of H3K9/K14Ac labelling 

corresponding to localization of FUS. Asterisks indicate significantly different compared to 

neurons with nuclear FUS, (***p<0.001, Student’s t-test). (C) Western blot of purified histones 

from cultures treated with 20 µM AMI-1 (PRMT inhibitor), demonstrating a significant decrease 

in H3 acetylation, indicated by densitometric measurements of H3K9/K14Ac bands (n=3 per 

condition), at 24 hrs of treatment. Coomassie stained sister gel shows consistent levels of histone 

proteins among treatment groups. Asterisks indicate significantly different compared to untreated 

cultures, (*p<0.05, Student’s t-test). (D) Reduction in H4R3Me2 and H3K9/K14Ac in motor 

neurons after 24 hrs exposure to 20 µM AMI-1 (**p<0.01, Student’s t-test), presented as mean 

fluorescence intensity ± S.E.M. of antibody labelling in nuclei of motor neurons with nuclear 

FUS. (E and F) Mean fluorescence intensity of H3K9/K14Ac and H4R3Me2 labelling of 

neurons expressing R521H-FUS in control cultures (vehicle treated) or cultures treated with the 

HDAC inhibitor, SAHA. SAHA significantly preserved H3 acetylation, but did not prevent 

decreases in H4R3 methylation in neurons with cytoplasmic FUS. Asterisks indicate 

significantly different compared to vehicle treated (***p<0.001, Student’s t-test); number of 

neurons evaluated is indicated on the graphs).  
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Figure 4. 
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Figure 5.  RNA synthesis is decreased in neurons with cytoplasmic FUS and following 

inhibition of PRMT activity by AMI-1. 

(A) Mean fluorescence intensity of anti-BrdU antibody labelling of neurons incubated with 5 

mM BrU for 2 hrs to assess BrU incorporation in newly synthesized RNA. Transcriptional 

activity was reduced in neurons with cytoplasmic FUS (n=14) compared to those with nuclear 

FUS (n=12). (B) Transcriptional activity was also reduced in neurons with nuclear FUS treated 

with AMI-1 (n=9) compared to untreated (n=13). (*p<0.05, ***p<0.001, Student’s t-test). 

 

 

 

 

  



71 
 

Figure 6. Treatment with SAHA prevents dendritic attrition in neurons expressing mutant 

FUS. 

Dendritic morphology measurements of neurons expressing mutant FUS +/- 7.5M SAHA on 

day 3 post-injection. mCherry + pcDNA3 was used as an injection control. Presented are means 

± S.E.M. of the data. “S.D.” indicates significant difference between R521G DMSO and 

mCherry DMSO. (p<0.05; Welch’s t-test). Asterisks indicate significant difference between 

R521G DMSO and mCherry DMSO (***p<0.001; Student’s t-test). 
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Figure 6. 

 



73 
 

Figure 7.  Co-distribution of PRMT1 with FUS in murine spinal motor neurons in situ in 

non-transgenic, and WT and mutant FUS transgenic mice. 

Double immunolabelling of cross-sections of spinal cord from non-transgenic mice (A to C: 154 

days old, line PX78 littermate), FUSWT transgenic mice (D to E: 163 days old, line PWT17) and 

FUS495X transgenic mice (F to I: 154 days old, line PX78; J to L: 378 days old, line PX78) with 

mouse anti-FUS (sc-47711) and rabbit anti-PRMT1. PRMT1 distribution paralleled FUS, being 

nuclear in motor neurons of non-transgenic mice and FUSWT transgenics, but to varying degrees 

cytoplasmic as well as nuclear in neurons of FUSR495X mice. Scale bar = 20 µm. 

  



74 
 

Figure 7. 

  



75 
 

 

Figure 8.  PRMT1 is depleted from the nucleus in archived autopsied human spinal cord 

and in mouse spinal cord fixed after postmortem interval. 

(A) Cross section of postmortem spinal cord from a non-neurological control case (immersion 

fixed and paraffin embedded after excision) immunolabelled with antibody to PRMT1 and 

counterstained with hematoxylin. Note that PRMT1 is cytoplasmic rather than the expected 

nuclear distribution. Image to the right is a higher magnification of the boxed area in the left 

image. (B) Mouse spinal cord was excised and fixed by immersion in buffered neutral formalin 

immediately either after euthanasia or 6 hrs postmortem. Cross-sections from paraffin embedded 

tissue were labelled with antibody to PRMT1 or FUS. Note that the loss of nuclear PRMT1 with 

postmortem interval, despite persistence of nuclear FUS.  Scale bar = 20 µm.  
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Figure 9: Brg1 is depleted in neurons expressing mutant FUS and is required for 

maintenance of dendritic branching. 

(A) Double immunolabel of neurons expressing WT or mutant FUS on day 3 post-injection with 

anti-FLAG/anti-Brg1 antibodies. Arrow head points to nuclei depleted of Brg1. Scale bar = 

20m (B) Quantitation of fluorescence intensity from the Brg1 antibody in the nucleus of 

neurons expressing either WT or mutant FUS. Presented are means ± S.E. of the data. Asterisks 

indicate significant difference compared to WT nuclear FUS. *p<0.05, **p<0.01, ***p<0.001; 

(t-test). (C) Representative images of neurons expressing mCherry either alone or in the presence 

of PFI-3 or Brg1 shRNA expression. Scale bar = 30m. (D) Sholl curves of neurons treated with 

vehicle or varying concentrations of PFI-3. Presented are means ± S.E.M. of the data. “S.D.” 

indicates significant difference compared to vehicle treated neurons (p<0.05, Welch’s t-test). (E) 

Sholl curve of neurons expressing mCherry either in the absence or presence of Brg1 shRNA or 

dominant-negative Brg1. Presented are means ± S.E.M. of the data. “S.D.” indicates significant 

difference compared to mCherry or scramble shRNA (p<0.05; Welch’s t-test). (F-G) 

Quantitation of other measures of dendritic morphology. Presented are means ± S.E.M. of the 

data. Asterisks indicate significant difference compared to respective controls (*** <0.001, t-

test).  
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Figure 9.  
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Figure 10. Co-overexpression of Brg1 prevents mutant FUS dendritic attrition 

(A) Representative images of neurons expressing mCherry along with pcDNA3 empty vector or 

mutant FUS +/- Brg1 overexpression. Scale bar= 30m (B) Measurements of dendritic 

morphology representing branching patterns of neurons from A. Presented are means ± S.E.M. 

of the data. “S.D.” indicates a significant difference compared to mCherry/pcDNA3 empty 

vector (p<0.05, Welch’s t-test). Asterisks indicate a significant difference compared to 

mCherry/pcDNA3 empty vector (***p<0.001, t-test). 
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Figure 11. mFUS regulates expression of Brg1 3’UTR containing transcripts 

(A) Plasmid map of dsRed-Brg1 3’UTR reporter expression system and multiple sequence 

alignment of scramble and Brg13’UTR sequences used (Multiple sequence alignment with 

hierarchical clustering, F. CORPET, 1988, Nucl. Acids Res., 16 (22), 10881-10890).  (B) 

Representative images of motor neurons expressing dsRed-Brg1 3’UTR along with either WT or 

mutant eGFP-tagged FUS 2 days post-injection. Scale bar = 20m (C) Fluorescence intensity of 

dsRed from cell bodies of neurons expressing dsRed-3’UTR (scramble or Brg1) with WT or 

mutant eGFP-tagged FUS. Asterisks indicate significant difference compared to WT FUS (*** 

p<0.001; t-test).  
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Figure 12. BAF53b and CREST are also depleted in mFUS containing neurons. 

(A) Double immunolabel of neurons expressing WT or mutant FUS with anti-FLAG and either 

anti-BAF53b and anti-CREST antibodies on day 3 post-injection. Outline shows nuclei depleted 

of nBAF subunits. Scale bar = 20m. (B) Fluorescence intensity of anti-BAF53b or anti-CREST 

antibodies from the nucleus of neurons expressing WT or mutant FUS on day 3 post-injection. 

Asterisks indicate significant difference compared to WT nuclear FUS (** p<0.01, ***p<0.001). 

(C) Representative images of neurons expressing dsRed-BAF53a 3’UTR along with WT or 

mutant eGFP-tagged FUS on day 2 post-injection. Quantitation of dsRed fluorescence intensity 

from the cell bodies of these neurons is shown. Asterisks indicate significant difference 

compared to WT (*** p<0.001).  
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Figure 12. 
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Figure 13. nBAF subunits are depleted in ALS autopsy tissue  

Immunohistochemistry on control and ALS (fALS C9, sALS or A4V SOD1) human spinal cord 

using antibody to (A) Brg1, (B) BAF53b or (C) CREST. SMI32 antibody was used as a neuronal 

marker, motor neurons being strongly labelled. Arrow heads point to neuronal nuclei depleted of 

nBAF subunits. Scale bar = 16m   
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Figure 13. 
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Figure 14. nBAF subunit depletion is independent of TDP43 inclusions in ALS patient 

autopsy tissue. 

Immunohistochemistry was performed on control and ALS (sALS) human autopsy spinal cord 

using (A) anti-Brg1, (B) anti-BAF53b and (C) anti-CREST antibodies. SMI32 was used as a 

neuronal marker. Serial sections were also labelled with anti-TDP43 to observe presence of 

nuclear TDP43 or TDP43 positive inclusions. For each nBAF subunit, a neuron with or without 

TDP43 cytoplasmic inclusions is shown to illustrate that expression of nBAF subunits is reduced 

in neurons regardless of TDP43-positive inclusions. Scale bar = 16m 
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Figure 14. 

 



86 
 

 

 

Figure 15. Decreased H3K9/14Ac in neurons with cytoplasmic TDP43. 

 (A) Double-labelling of motor neurons expressing either WT or mutant TDP43, with antibodies 

to FLAG and acetylated histone 3 (H3K9/14Ac) on day 3 post-injection. (B) Mean fluorescence 

intensity of H3K9/14Ac antibody labelling corresponding to localization of TDP43. Presented 

are means ± S.E.M. of data collected in n=36 neurons expressing TDP43WT and n=27 neurons 

expressing TDP43G348C.  Asterisks indicate significant difference compared to nuclear WT 

TDP43 (***p<0.001; t-test). Scale bar = 20 µm  
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Figure 16. nBAF subunit depletion in neurons with cytoplasmic TDP43. 

(A) Double immunolabelling of neurons expressing WT or mutant TDP43 with anti-FLAG and 

anti-Brg1, anti-BAF53b or anti-CREST on day 3 post-injection. Scale bar = 20m. (B) 

Fluorescence intensity measurements from nBAF subunit antibodies in the area of the nucleus of 

neurons expressing WT or mutant FUS. Presented are means ± S.E.M. of data. Asterisks indicate 

significant difference compared to nuclear WT TDP43 (*p<0.05, **p<0.01, ***p<0.001; t-test). 
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Figure 16. 
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Figure 17. Mutant TDP43-induced dendritic attrition can be prevented by Brg1 

overexpression and SAHA treatment 

(A) Measurements of dendritic morphology of neurons expressing WT or mutant TDP43 for 

three days. Asterisks indicate significant difference compared to mCherry control (***p<0.001; 

Welch’s t-test). (B) Measurements of dendritic morphology of neurons expressing mutant 

TDP43 +/- human Brg1. “S.D.” indicates significance compared to mCherry control (p<0.05, 

Welch’s t-test). Asterisks indicate significant difference compared to mCherry control. (C) 

Measurements of dendritic morphology of neurons expressing mutant TDP43 +/- SAHA 

treatment. For all analyses, mCherry + pcDNA3 vector was used as an injection control.  “S.D.” 

indicates significant difference between mutant FUS DMSO and mCherry DMSO (p<0.05, 

Welch’s t-test). Asterisks indicate significant difference between mutant FUS DMSO and 

mCherry DMSO (***p<0.001; t-test). 
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Figure 17. 
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Supplementary Material Fig. S1.  Localization of PRMT1 in cultured motor neurons.  

 

(A) Double labelling of cultured neurons with anti-FUS/anti-PRMT1 antibodies. PRMT1 

localization was scored as nuclear, both nuclear and cytoplasmic, or cytoplasmic and quantified as 

presented in Fig. 2. Scale bar = 10 µm. 

 

 (B) Scoring of PRMT1 localization in uninjected neurons and neurons injected with FITC-

Dextran, showing that the microinjection procedure has no effect on PRMT1 localization. 
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Supplementary Fig. S2. Dendritic attrition is a consequence of PRMT1 knockdown.  

Motor neurons were injected with Scramble shRNA or PRMT1 shRNA pool along with mCherry 

to visualize cell morphology. Measurements of dendritic morphology were performed using 

Bonfire. Images taken after 3 days using a 10x objective were exported to 8-bit .tif images. Cell 

body and dendrites were traced using the semi-automated ImageJ tracing plugin, NeuronJ 

(http://www.imagescience.org/meijering/software/neuronj/). Branching points were designated 

using NeuroStudio and measurements of dendritic morphology were performed with Bonfire using 

the resulting .swc file. Significance was determined using a Welch's t-test. 

Neurons expressing PRMT1 shRNA showed decreased dendritic branching as indicated by (A) 

mCherry epifluorescence and (B and C) Sholl analysis compared to scramble shRNA. (B) Sholl 

curve shows fewer dendritic branches distant from the cell body with PRMT1 knockdown. (C) 

Knockdown of PRMT1 decreased the average number of processes per cell as well as total 

dendritic output. Asterisks indicate significant difference from scramble shRNA-injected neurons, 

*p<0.05, **p<0.01, ***p<0.001. Scale bar = 30 µm.  

 

http://www.imagescience.org/meijering/software/neuronj/
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Supplementary Figure S3. Dendritic attrition in mutant TDP43 expressing motor neurons. 

Motor neurons were injected with pcDNA3, WT TDP43 and mutant TDP43 along with mCherry 

to visualize cell morphology and imaged on day 3 post-injection. Shown is the root, intermediate 

and terminal categorization of the sholl analysis. “S.D.” indicates significant difference 

compared to mCherry only control (p<0.05; Welch’s t-test)  
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Sequences for G-Blocks ordered for 3’UTR experiments: 
*Yellow = 3’UTR sequence 

 

Brg1 3’UTR 

GGAGTTCAAGTCCATCTACATGGCCAAGAAGCCCGTGCAGCTGCCCGGCTACTACTA

CGTGGACTCCAAGCTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAGC

AGTACGAGCGCGCCGAGGGCCGCCACCACCTGTTCCTGTAGTGATCAaccagacattcctgag

tcctgaccccgaggcgctcgtcccagccaagatggagtagcccttagcagtgatgggtagcaccagatgtagtttcgaacttggagaactg

tacacatgcaatcttccacatttttaggcagagaagtataggcctgtctgtcggccctggcctggcctcgagtctctaccagcattaactgtcta

gagaggggacctcctgggagcaccatccacctccccaggccccagtcactgtagctcagtggatgcatgcgcgtgccggccgctccttgt

actgtatcttactggacagggccagctctccaggaggctcacaggcccagcgggtatgtcagtgtcactggagtcagacagtaataaattaa

agcaatgacaagccacGAATTCGCGGCCGCGACTCTAGATCATAATCAGCCATACCACATTT

GTAGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACAT

AAAATGAATGCA 

Scramble sequence for Brg1 UTR#1 

GGAGTTCAAGTCCATCTACATGGCCAAGAAGCCCGTGCAGCTGCCCGGCTACTACTA

CGTGGACTCCAAGCTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAGC

AGTACGAGCGCGCCGAGGGCCGCCACCACCTGTTCCTGTAGTGATCAagtatccattgtggtag

gcgggagagacctctgagtacatctggcgcgcgcaaaccccgagccgtccatgacctcgtagaagacttactttcaggtcgctggagcgc

aacggcctaaggttattagggaatcgacgtgcatcccagccctaccgatgcgacacaactccgcctctaggtagcgttatttaccaagtgcg

gatatttttttgacaaggcgactaggccgcggcgaagcggcagtgtggcgccgccttcagcgcggagaccgataatccccaagccggga

ccttagactaacaaccctaatacgccgttattgtcgtatctaggtacggacacatgatctacgcgtttcaatgccgacctaatccactcgctctc

cattggcgagagcgctaGAATTCGCGGCCGCGACTCTAGATCATAATCAGCCATACCACATTT

GTAGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACAT

AAAATGAATGCA 

Scramble sequence for Brg1 UTR #2 

GGAGTTCAAGTCCATCTACATGGCCAAGAAGCCCGTGCAGCTGCCCGGCTACTACTA

CGTGGACTCCAAGCTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAGC

AGTACGAGCGCGCCGAGGGCCGCCACCACCTGTTCCTGTAGTGATCAgcccggagacttccg

ggagctaccccggcatcgagaacgcttcttctggtgaaaaactgtcaagcgttgtcgcagcaaatgagctgcctaagcgatatctccgacg

ccgcggacaaagggagattagagggcttgaccgttaatcaagcctcatcactgttgcgaaaggcggtacctggtgggcgacacctcgcgt

cgcctttccaggaagacataccagtgcaaatatcccgttttgctacaatgagttacacactaggaggtggcactagtcgatcgtgggctgaca

tgggtagcagcgccgctggatttggttgacacgcctcaccgcatcttcgcgcctagcaacacaaacgcttcagaggcacaccttactctcac

acgctatgtccctgtttccGAATTCGCGGCCGCGACTCTAGATCATAATCAGCCATACCACATTT

GTAGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACAT

AAAATGAATGCA 
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BAF53a 3’UTR  

 

GGACATCACCTCCCACAACGAGGACTACACCATCGTGGAGCAGTACGAGCGCGCCG

AGGGCCGCCACCACCTGTTCCTGTAGTGATCAgggctccaccctgcctgcccgtcacctcaacgtctgtagct

ttagtacactcaggaaaagatgaccatcttttgtagaatgtttatacatgtttgcatatttcaatttccacttaaattttttaaggctttaactggctcta

taaattaaatgagtttgtgctttccttgaaatgcacttattcttattacaggcattttataattttgtatgaatgtctattttctctaaatattttgctttcagt

aagtactctccagctctcctgggggttggttggtggaattactctgtattgacaagtacaagttactgcctatgctttgtaccttaggctacaaaa

ctaaataaaaatcactactgtcctagaagcgtgctggatttgtctgtgtgactggctgctgtcagcgctgcttctaccattacttgatgtggggaa

gcaatcactgactaccagtgtccacatccctttcctgctaacaattatgtatatggataattcacctgcatGAATTCGCGGCCGCG

ACTCTAGATCATAATCAGCCATACCACATTTGTAGAGG 

 

 


