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ABSTRACT 

 

 Amyotrophic Lateral Sclerosis (ALS) is a progressive neurodegenerative disease 

affecting upper and lower motor neurons. Although many cellular processes such as 

cytoskeletal maintenance and synaptic function are disrupted in ALS, the molecular 

mechanisms by which these defects arise remain poorly understood. TDP-43, an RNA binding 

protein linked to the majority of ALS cases, is involved in multiple aspects of RNA metabolism. It 

is hypothesized that TDP-43 may sequester its mRNA targets into cytoplasmic stress granules 

during disease progression in turn, inhibiting their localization and/or translation. This work uses 

a Drosophila model of ALS based on TDP-43, to provide evidence for TDP-43’s role in 

translation regulation of specific mRNA targets. Using a combination of genetic, molecular, and 

imaging approaches this work has identified TDP-43 induced post-transcriptional alterations in 

futsch and hsc70-4 mRNAs. First, futsch/MAP1B is a TDP-43 mRNA target altered at the level 

of mRNA localization and translation. This results in microtubule instability at the NMJ as 

evidenced by an increased number of satellite boutons and decreased number of Futsch 

positive loops that are thought to indicate stable synaptic contacts. Furthermore, overexpression 

of Futsch mitigates defects in microtubule stability and TDP-43 dependent locomotor 

dysfunction and also increases lifespan. Second, this work shows that synaptic expression of 

Hsc70-4, a molecular chaperone critical for synaptic vesicle cycling is involved in multiple steps 

of the synaptic vesicle cycle, is reduced at the NMJ when TDP-43 is overexpressed in motor 

neurons. Using a combination of electrophysiology and FM1-43 dye uptake assays, this work 

shows that motor neuron expression of TDP-43 induces defects in synaptic vesicle endocytosis. 

Third, this work identifies Fragile X Protein (FMRP) as a neuroprotective protein partner of TDP-

43. FMRP overexpression remodels RNP granules, extracts TDP-43 from insoluble complexes, 

and restores the translation of specific TDP-43 targets. Together, these data provides evidence 

for translation dysregulation underlying microtubule instability and synaptic dysfunction in ALS 
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pathogenesis and identifies restoration of translation via remodeling RNP granules as a 

neuroprotective strategy to mitigate toxicity. 
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EXPLANATION OF THE DISSERTATION FORMAT 

 

 This work is in accordance with the Manual of Thesis and Dissertations of the University 

of Arizona and in accordance with the policies of the University of Arizona Graduate Program of 

Neuroscience. The work is presented in three chapters and four appendices. The first chapter 

reviews work done in the field and frames the question of the thesis work. This includes a 

review article in preparation (Appendix A). A book chapter describing the use of Drosophila for 

studying ALS is provided is also provided (Appendix B). Chapter two consists of present studies 

and includes two published manuscripts (Appendices C, D), and one manuscript in preparation 

(Appendix E). Chapter three discusses potential future directions.  

 

Contributions to the work: 

Introduction: 

Appendix A: Review article in preparation consists primarily of Alyssa Coyne’s work. Ben 

Zaepfel wrote the section pertaining to FUS.  

Appendix B: Book chapter for which Alyssa Coyne wrote the sections pertaining to FUS. Andres 

Morera wrote the remainder of the chapter and made the figures.   

Present Study: 

Appendix C: Alyssa Coyne performed immunoprecipitations, all qRT-PCR, VNC imaging, NMJ 

dissections and imaging, western blots, larval turning, lifespan analysis, subcellular 

fractionations, and all Drosophila data analysis. Bhavani Bagevalu Siddegowda optimized 

immunoprecipitation protocols. Patty Estes contributed to initial VNC dissections and NMJ 

dissections and imaging. Jeffrey Johannesmeyer and Antony Pearson performed polysome 

fractionations. Antony Pearson optimized polysome fractionation protocols. Scott Daniel wrote 

the R script used for lifespan analysis. Tina Kovalik and Robert Bowser performed post-mortem 

tissue staining and data analysis.  
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Appendix D: Alyssa Coyne performed larval turning, lifespan analysis, Drosophila primary motor 

neuron imaging, Drosophila immunoprecipitations, subcellular fractionations, western blots, 

qRT-PCR, NMJ dissections and imaging, live cell imaging, and all Drosophila data analysis. 

Shizuka Yamada and Linh Pham performed Drosophila eye imaging. Patty Estes and Donovan 

Lockwood cultured Drosophila primary motor neurons. Patty Estes conducted FRAP 

experiments. Bhavani Bagevalu Siddegowda optimized Drosophila immunoprecipitations. 

Michael Hart and Aaron Gitler performed and analyzed mammalian cell immunoprecipitation 

experiments. Benjamin Zaepfel and Jeffrey Johannesmeyer performed polysome fractionations. 

Joel Cassel and Allen Reitz performed and analyzed in vitro binding experiments. Brian 

Freibaum and J Paul Taylor contributed reagents.  

Appendix E: Alyssa Coyne performed immunoprecipitations, all qRT-PCR, subcellular 

fractionations, western blots, NMJ dissections and imaging, larval turning, lifespan analysis, 

FM1-43 dye uptake assays, and all Drosophila data analysis (with the exception of 

electrophysiology performed and analyzed by Meaghan Torvund and Konrad Zinsmaier). Ileana 

Lorenzini, Alexander Starr, and Rita Sattler conducted all human iPSC cell experiments. Ching-

Chieh Chou and Wilfried Rossoll performed mouse primary motor neuron experiments. Robert 

Rogers and Hiroshi Nishimune performed mouse NMJ experiments. Benjamin Zaepfel and 

Jeffrey Johannesmeyer performed polysome fractionations. Konrad Zinsmaier contributed 

reagents and insightful discussions.  

Ongoing Studies: Alyssa Coyne performed all experiments presented.  

 

 

My graduate advisor, Daniela C Zarnescu, made essential intellectual contributions to all 

manuscripts. Discussions with and support from members of the Zarnescu lab and collaborative 

labs provided important input to the work.  
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CHAPTER 1: INTRODUCTION 

 

 Amyotrophic Lateral Sclerosis (ALS) is a devastating, progressive, and fatal 

neurodegenerative disease affecting both upper and lower motor neurons. Patients typically die 

due to respiratory failure 2-5 years following diagnosis (Robberecht and Philips, 2013). Multiple 

genetic loci have been linked to ALS including Superoxide Dismutase (SOD1) (Rosen et al., 

1993), the RNA binding proteins TAR DNA Binding Protein (TDP-43) (Neumann et al., 2006, 

Sreedharan et al., 2008) and Fused in Sarcoma (FUS) (Kwiatkowski et al., 2009), and the 

recently identified repeat expansion in C9ORF72 (DeJesus-Hernandez et al., 2011, Renton et 

al., 2011). In addition, there are both genetic (Elden et al., 2010) and environmental risk factors 

that make some individuals more susceptible to ALS (Zufiria et al., 2016). However, the 

contribution of environment to the development and progression of ALS is primarily correlative 

and poorly understood.  

Although clinically indistinguishable, ALS falls into two categories: inherited or familial 

(fALS) and sporadic (sALS) ALS (Andersen and Al-Chalabi, 2011, Ling et al., 2013, Robberecht 

and Philips, 2013). In addition, ALS lies at one end of a spectrum of neurodegenerative disease, 

with the other end comprised of the genetically similar Fronto-Temporal Dementa (FTD). 

Specifically, many genetic loci that have been linked to ALS have also been linked to FTD (Ling 

et al., 2013, Robberecht and Philips, 2013). Furthermore, although ALS primarily affects motor 

neurons, a small subset of patients experience cognitive deficits reminiscent of FTD associated 

neurodegeneration (Ringholz et al., 2005, Wheaton et al., 2007).  

Based on the known functions of genes associated with ALS, multiple molecular 

mechanisms have been suggested (Robberecht and Philips, 2013). Following the discovery of 

mutations in SOD1, the first gene linked to ALS (Rosen et al., 1993), initial hypothesis 

surrounding disease manifestation focused on defects in proteostasis (Robberecht and Philips, 

2013). Since that time, mitochondrial dysfunction, cytoskeletal abnormalities, toxic 
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accumulations of RNA and protein, defects in autophagy, alterations in axonal transport, and 

synaptic failure have all been proposed as mechanisms preceding muscle denervation in the 

progression of ALS (Robberecht and Philips, 2013). However, the precise molecular 

mechanisms leading to alterations in these cellular processes remain largely unknown.  

The emergence of RNA binding proteins and C9ORF72 as major players in ALS, has 

lead to a paradigm shift that alterations in RNA metabolism may contribute to ALS pathogenesis 

(Lagier-Tourenne and Cleveland, 2009, Ling et al., 2013, Robberecht and Philips, 2013). 

Mechanistically, alterations in RNA metabolism may ultimately lead to defects in cellular 

processes disrupted in ALS pathogenesis. Thus, all proposed molecular mechanisms 

underlying disease are not mutually exclusive.  

Of the RNA binding proteins involved in ALS, TDP-43 is a major player. Mutations in 

TDP-43 are causative of ALS and wild-type TDP-43 is present in pathological aggregated in 

about 97% of ALS cases (Neumann et al., 2006, Sreedharan et al., 2008, Ling et al., 2013). 

Thus, elucidating the effects of wild-type and mutant TDP-43 on RNA metabolism and the 

precise mechanisms by which this regulation occurs is crucial to the understanding of disease 

progression. Moreover, identifying molecular mechanisms underlying ALS pathogenesis is likely 

to aid in the development of much needed therapeutics to treat this devastating 

neurodegenerative disease.   

A more thorough review of the literature pertaining to RNA metabolism in ALS is given in 

Appendix A. In addition, a review of contributions made to our understanding of ALS through the 

use of Drosophila models of disease is given in Appendix B.  

 

 

Appendix A: Failure to deliver and translate – new insights into RNA dysregulation in ALS  

Invited Review: Coyne AN, Zaepfel BL, Zarnescu DC. Failure to deliver and translate – new 

insights into RNA dysregulation in ALS. Frontiers in Neuroscience (special issue on RNA toxicity 
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mechanisms and therapeutic development in neurological and neuromuscular disorders). In 

preparation.  

 

 This review covers the findings surrounding altered RNA metabolism in ALS. Also 

discussed are the role of RNA binding proteins and C9ORF72 in ALS and the contributions that 

dysregulated RNA metabolism may have to neurodegenerative disease.  

 

Appendix B: Flies in motion: what Drosophila can tell us about Amyotrophic Lateral Sclerosis 

Invited Book Chapter: Morera AA, Coyne AN, Zarnescu DC (2013) Flies in motion: what 

Drosophila can tell us about Amyotrophic Lateral Sclerosis, book chapter, Motor Neuron 

Disease: Flying high (Nova publishers; Editor R. Cauchi) 

 

 This book chapter addresses the contributions that TDP-43 and FUS fly models of ALS 

have made to our understanding of ALS pathogenesis. 
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CHAPTER 2: PRESENT STUDY 

 

 The present study describes the identification of two mRNA targets of TDP-43 and the 

contribution of dysregulation of these mRNA targets to ALS pathology. First, motor neuron 

overexpression of TDP-43 alters the localization and translation of futsch mRNA resulting in 

architectural defects at the fly neuromuscular junction (NMJ) (see Appendix C). Second, this 

work identifies a genetic strategy for restoring the expression of mRNA targets to mitigate TDP-

43 toxicity. Co-overexpression of dFMRP remodels TDP-43 containing RNP complexes and 

restores the translation of futsch and hsc70-4 mRNAs (see Appendix D). Third, overexpression 

of TDP-43 in motor neurons causes reduced synaptic Hsc70-4 expression and defects in 

synaptic vesicle cycling at the fly NMJ (see Appendix E). Together, this work is described in 

published manuscripts in Appendices C, D and a submitted manuscript in Appendix E. A brief 

summary of these studies is given below.  

 

Appendix C: Futsch/MAP1B mRNA is a translational target of TDP-43 and is neuroprotective in 

a Drosophila model of ALS  

Published Article: Coyne AN, Bagevalu Siddegowda B, Estes PS, Johannesmeyer J, Kovalik T, 

Daniel SG, Pearson A, Bowser R, Zarnescu DC (2014) Futsch/MAP1B mRNA is a translational 

target of TDP-43 and is neuroprotective in a Drosophila model of ALS, J Neuroscience, 34(48): 

15962-74, PMID: 25429138 

 

 Although TDP-43 is involved in all aspects of RNA metabolism, its role in mRNA 

translation and the identification of specific and biologically significant targets remain largely 

unknown. In an effort to identify motor neuron translational targets of TDP-43, we find futsch 

mRNA to be altered post-transcriptionally by TDP-43. Using RNA Immunoprecipitations (RIP), 

we show that futsch mRNA is present in TDP-43 complexes in motor neurons. In addition, 
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polysome fractionations reveal a shift for futsch mRNA from actively translating polysome 

fractions to non-actively translating RNP fractions. Consequentially, Futsch protein expression is 

reduced at the Drosophila NMJ. In contrast, in both flies and postmortem ALS spinal cord tissue 

there is an accumulation of Futsch or MAP1B protein in motor neuron cell bodies. In flies, this 

likely occurs due to TDP-43 mediated defects in futsch mRNA localization thus, resulting in an 

accumulation in motor neuron cell bodies. However, Futsch protein expression is not increased 

to the same extent as futsch mRNA in motor neuron cell bodies of TDP-43 expressing larvae. 

Together with the results from polysome fractionations, this suggests that overexpression of 

TDP-43 in motor neurons alters the localization and translation of futsch mRNA. As a result of 

reduced Futsch protein expression at fly NMJs, we find alterations in NMJ architecture that are 

consistent with alterations in microtubule stability and are restored upon futsch overexpression 

in motor neurons. This work suggests that TDP-43 dependent alterations in futsch mRNA 

metabolism results in alterations in the microtubule cytoskeleton at the NMJ and may contribute 

to synaptic destabilization preceding denervation in ALS.    

 

Appendix D: Fragile X protein mitigates TDP-43 toxicity by remodeling RNA granules and 

restoring translation  

Published Article: Coyne AN, Yamada SB, Bagevalu Siddegowda B, Estes PS, Zaepfel BL, 

Lockwood DB, Pham LT, Hart MP, Cassel JA, Freibaum B, Boehringer AV, Taylor JP, Reitz AB, 

Gitler AD, Zarnescu DC (2015) Fragile X protein mitigates TDP-43 toxicity by remodeling RNA 

granules and restoring translation, Human Molecular Genetics, 24(24): 6886-98, PMID: 

26385636 

 

 TDP-43 associates with RNA stress granules. It is thought that during disease 

progression, TDP-43 can sequester its mRNA targets and protein partners into stress granules 

thereby preventing their normal cellular functions. In a candidate RNA binding protein screen, 
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we identified Drosophila Fragile X protein (dFMRP) as a strong genetic modifier of TDP-43 

toxicity. Specifically, dFMRP OE mitigates TDP-43 mediated locomotor dysfunction, reduced 

lifespan, and architectural defects at the NMJ. Mechanistically, we find that dFMRP OE is 

neuroprotective by remodeling TDP-43 containing RNP granules such that TDP-43’s solubility is 

increased. Using polysome fractionations we show that RNP remodeling leads to a restoration 

of translation for futsch mRNA, a previously established target of TDP-43. This work suggests 

that remodeling RNP granules is neuroprotective and identifies a potential therapeutic strategy 

for ALS. 

 

Appendix E: Post-transcriptional inhibition of Hsc70-4/HSPA8 expression leads to synaptic 

vesicle cycling defects in multiple models of ALS  

Appended Article: Coyne AN, Lorenzini I, Chou CC, Torvund M, Rogers RS, Starr A, Zaepfel 

BL, Johannesmeyer J, Nishimune H, Zinsmaier K, Rossoll W, Sattler R, Zarnescu DC (2016) 

TDP-43 alters synaptic Hsc70-4 expression and impairs synaptic vesicle cycling at the 

neuromuscular junction, to be submitted in December 2016 

 

 The identification of physiologically significant targets of TDP-43 is critical to thoroughly 

understand the molecular mechanisms underlying ALS. In this work we show that 

overexpression of wild-type and mutant TDP-43 in motor neurons reduces synaptic Hsc70-4 

levels at the fly NMJ. In addition, expression of the mammalian Hsc70/HSPA8 is reduced in 

primary motor neurons and at the NMJ of mutant TDP-43 expressing mice. In flies, 

immunoprecipitations and polysome fractionations reveal that disease associated mutant TDP-

43 alters synaptic Hsc70-4 expression via hsc70-4 mRNA sequestration and reduced 

translation. The critical role for Hsc70-4 as a molecular chaperone in synaptic vesicle cycling led 

us to investigate TDP-43 mediated alterations in synaptic function. FM1-43 dye uptake 

experiments reveal that overexpression of TDP-43 in motor neurons results in defects in 
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synaptic vesicle cycling. For mutant TDP-43, these are partially due to reduced synaptic Hsc70-

4 levels. Using a series of larval turning assays to assess locomotor function, we show that 

TDP-43 mediated defects in synaptic vesicle cycling may occur via both Hsc70 dependent and 

independent mechanisms. Furthermore, larval turning and FM1-43 dye uptake experiments 

suggest that motor neuron overexpression of TDP-43 impairs the activity of the Csp/Hsc70 

chaperone complex in maintaining normal dynamin function. This work provides evidence for 

altered homeostasis of critical synaptic proteins ultimately leading to defects in synaptic vesicle 

cycling when TDP-43 is overexpressed in motor neurons. 
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CHAPTER 3: ONGOING STUDIES 

 

A 4-aminoquinoline analog in neuroprotective in a Drosophila model of ALS 

 

A 4-aminoquinoline analog, here termed 776, has been shown to inhibit the binding of 

TDP-43 to TG oligonucleotides (Cassel et al., 2012, Cassel and Reitz, 2013) To determine if 

776 is neuroprotective in vivo, in our Drosophila model of ALS based on TDP-43, we conducted 

larval turning assays to assess locomotor function. These experiments showed that 776 

significantly suppresses locomotor dysfunction induced by overexpression of TDP-43 in motor 

neurons (Figure 1). 776 may bind to the C-terminus of TDP-43 (Cassel and Reitz, 2013) which 

mediates protein-protein interactions (Budini et al., 2014). Together, this suggests the potential 

for 776 to remodel RNP granules by interfering with the binding between TDP-43 and its protein 

or RNA partners. To test this possibility, we used larval turning assays to determine if 776 exerts 

its neuroprotective effects through a previously established TDP-43 partner, dFMRP (Coyne et 

al., 2015). Using a pharmacogenetic approach we assessed the effect of 776 on locomotor 

function when dFMRP was reduced by RNAi knockdown (FMRP RNAi) in the context of motor 

neuron overexpression of TDP-43. Reduction of FMRP significantly enhanced TDP-43 induced 

locomotor dysfunction (Figure 2) as we have previously shown (Coyne et al., 2015). 

Interestingly, 776 suppressed the increased locomotor dysfunction resulting from the reduction 

of dFMRP in the context of TDP-43WT (Figure 2A). In contrast, 776 had no effect on the larval 

turning time of animal expressing TDP-43G298S and FMRP RNAi (Figure 2B) suggesting that to 

exert its neuroprotective effects, 776 requires dFMRP in the context of TDP-43G298S.  

It is thought that 776 may bind to TDP-43’s RRM and C terminal domains as shown by 

competitive RNA and ubiquilin binding assays in vitro Recently, TDP-43 has been shown to bind 

to G quadruplex mRNAs (Ishiguro et al., 2016). Moreover, our collaborators, Drs. Liberty Moutal 

and May Khanna (Pharmacology) have shown that 776 inhibits the binding of TDP-43 to G 
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quadruplex RNAs in vitro (data not shown). Since 776 may also bind to TDP-43’s RRM domains 

and displace the binding of target oligonucleotides (Cassel and Reitz, 2013), together with the in 

vitro binding data, this suggest that 776 may exert its neuroprotective effects in part by altering 

TDP-43’s interactions with G quadruplex RNAs. C9ORF72 (C9) expanded repeat RNA that 

causes the most common form of familial ALS, forms G quadruplexes (DeJesus-Hernandez et 

al., 2011, Renton et al., 2011). Since wild-type TDP-43 pathology is present in C9 ALS cases 

(DeJesus-Hernandez et al., 2011, Renton et al., 2011), we hypothesized that 776 may modulate 

TDP-43 and C9 interactions in vivo. To test this, we again performed larval turning assays and 

found that co-overexpression of 288 G4C2 repeats in motor neurons enhanced TDP-43 

mediated locomotor dysfunction (Figure 3). 776 greatly suppressed the enhanced larval turning 

time induced by co-overexpression of wild-type or mutant TDP-43 and 288 G4C2 repeats (Figure 

3). Together with the in vitro binding data these data suggest that 776 may interfere with 

potential binding between TDP-43 and G quadruplexes formed by C9.   

We are currently performing subcellular fractionation experiments to determine whether 

776 remodels TDP-43 containing RNP complexes and alters TDP-43 solubility. In future 

experiments in collaboration with the Khana lab we aim to determine if 776 affects the binding of 

TDP-43, FMRP, C9 RNA, and G quadruplex RNAs. These experiments will establish the 

precise mechanism by which 776 is neuroprotective and whether it may prove useful as a 

therapeutic strategy. 

  

Figure 1: 776 suppresses TDP-43 mediated 
locomotor dysfunction. D42 Gal4 expression of 
TDP-43WT and TDP-43G298S results in locomotor 
dysfunction suppressed by 776. Genotypes and 
treatments as indicated on bottom. Larvae 
consumed food containing 0.1% DMSO (solvent 
control), 10µM 776 or 10µM negative control 
compound. A Two Way ANOVA was used to 
assess statistical significance. 
 
 
 



 21 

Figure 2: dFMRP is required for the neuroprotective effects of 776 in TDP-43G298S expressing larvae. (A-B) 
D42 Gal4 expression of TDP-43WT (A) and TDP-43G298S (B) results in locomotor dysfunction that is enhanced by 
reduction of dFMRP (FMRP RNAi). 776 suppresses TDP-43WT, FMRP RNAi induced locomotor dysfunction (A) and 
does not alter TDP-43G298S, FMRP RNAi mediated locomotor dysfunction (B). Genotypes and treatments as indicated 
on bottom. Larvae consumed food containing 0.1% DMSO (solvent control), 10µM 776 or 10µM negative control 
compound. A Two Way ANOVA was used to assess statistical significance. 
 

 
Figure 3: 776 suppresses locomotor dysfunction induced by co-overexpression of TDP-43 and C9ORF72 
RNA. (A-B) D42 Gal4 expression of TDP-43WT (A) and TDP-43G298S (B) results in locomotor dysfunction that is 
enhanced by 288 G4C2 RNA repeats. 776 suppresses TDP-43, 288 G4C2 RNA induced locomotor dysfunction (A-B). 
Genotypes and treatments as indicated on bottom. Larvae consumed food containing 0.1% DMSO (solvent control), 
10µM 776 or 10µM negative control compound. A Two Way ANOVA was used to assess statistical significance.        
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CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS 

 

While considerable effort has been made to identify transcriptional and splicing changes 

in gene expression induced by TDP-43 (Polymenidou et al., 2011, Sephton et al., 2011, 

Tollervey et al., 2011, Narayanan et al., 2013), little is known about TDP-43’s role in post-

transcriptional regulation of mRNA targets. In addition, many of these potential TDP-43 targets 

were identified from brain lysates and thus, may not accurately reflect motor neuron specific 

changes in gene expression. This work identifies two post-transcriptional mRNA targets of TDP-

43 whose expression is altered in motor neurons. Ultimately this deregulation contributes at 

least in part to altered microtubule stability and NMJ architecture (Coyne et al., 2014) as well as 

deficits in synaptic vesicle cycling. In turn, this work has provided a molecular understanding of 

two different disruptions in cellular processes that occur during ALS pathogenesis.  

In the future, to fully understand the molecular mechanisms underlying ALS, it will be 

important to identify additional motor neuron mRNA targets of TDP-43. It will be essential to 

pinpoint the precise steps in the cellular processes that the misregulation of these mRNA 

targets affects. For example, in this work we identified TDP-43 induced defects in synaptic 

vesicle cycling. However, this is a cellular process involving multiple steps and multiple players 

providing many opportunities for dysfunction to arise. Using electrophysiology, FM1-43 dye 

uptake, and genetic interactions, we show that TDP-43 expression likely disrupts synaptic 

vesicle endocytosis by compromising the ability of the Hsc70/Csp chaperone complex to 

maintain dynamin function. For disease associated mutant TDP-43, defects in synaptic vesicle 

cycling are due at least in part to a reduction in synaptic expression of Hsc70-4 and 

compromised Hsc70/Csp co-chaperone complex function as evidenced by the restoration of 

FM1-43 dye uptake when either Hsc70-4 or Csp were co-overexpressed with TDP-43G298S. In 

contrast, given that cysteine string protein (Csp), but not Hsc70-4, overexpression rescues TDP-

43WT induced defects in synaptic vesicle cycling, it is likely that in the context of TDP-43WT 
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overexpression, Csp functions independently of Hsc70-4. Csp has previously been shown to 

function independently of Hsc70-4 in the protection of evoked neurotransmitter release from 

thermal stress (Bronk et al., 2005). In the future, it would be interesting to determine if Csp can 

also function independently of Hsc70-4 in any aspect of synaptic vesicle endocytosis. 

Furthermore, it is possible that TDP-43 expression may also affect the formation of clathrin 

coated pits as suggested by genetic interaction experiments. This work identifies a narrow 

range of specific steps in the synaptic vesicle cycle, which may aid in the development of more 

targeted therapeutic strategies.  

To further our understanding of ALS, it will be important to identify additional biologically 

significant and disease relevant post-transcriptional gene expression changes induced by TDP-

43. An ongoing project in the Zarnescu lab employs a method known as Translating Ribosome 

Affinity Purification (TRAP) (Heiman et al., 2014) aimed at identifying motor neuron specific 

mRNA targets of TDP-43. TDP-43 is likely to post-transcriptionally regulate the localization and 

expression of multiple genes. As a result, it is important to identify the top candidates to pursue 

for more in depth studies. The most important mRNA targets are likely to be those that influence 

cellular processes prominently disrupted in ALS such as RNA metabolism, axonal transport, and 

synaptic function.       

It will also be critical to determine whether expression of TDP-43’s targets is also altered 

in other models of ALS and in humans. Although wild-type TDP-43 pathology is present in the 

vast majority of ALS cases regardless of etiology (Ling et al., 2013), the importance of its 

contribution to ALS pathology still remains to be known. In our fly model, overexpression of 

TDP-43WT is similar to ALS cases with TDP-43 pathology due to its cytoplasmic mislocalization 

(Estes et al., 2011, Estes et al., 2013, Coyne et al., 2015). Given the similarity between wild-

type and mutant TDP-43 mediated phenotypes, it is likely that cytoplasmic mislocalization of 

wild-type TDP-43 has a significant contribution to ALS progression. However, to further our 

understanding of ALS and to aid in the development of therapeutics, it will be useful to know if 
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the same mRNAs are altered in other ALS models such as the most common form of familiar 

ALS, C9ORF72 (DeJesus-Hernandez et al., 2011, Renton et al., 2011) and if the regulation 

employs similar post-transcriptional mechanisms. Moreover, to determine the disease relevance 

of TDP-43’s mRNA targets, it is essential to establish whether their expression is altered in 

humans either through the use of iPSC models or postmortem tissue samples.   

Given the overlap between ALS and FTD, it will also be interesting to determine if TDP-

43 induced alterations in RNA metabolism are similar amongst different cell types (ie motor 

neurons vs cortical neurons). As TDP-43 and other ALS associated genes are ubiquitously 

expressed, one can speculate that TDP-43 may have cell type specific mRNA targets which in 

turn may contribute to the motor neuron specific nature of ALS and explain cell type specific 

vulnerability. In contrast, in cortical neurons, TDP-43 may have a different repertoire of mRNA 

targets thus leading to FTD specific phenotypes. Supporting this notion, while the expression of 

the Hsc70/HSPA8 molecular chaperone is reduced in mouse primary motor neurons expressing 

mutant TDP-43, preliminary data suggests that in mouse primary cortical neurons, expression is 

increased (Ching-Chieh Chou and Wilfried Rossoll, data not shown). 

Many previous studies have shown that TDP-43 associates with stress granules 

(Colombrita et al., 2009, Liu-Yesucevitz et al., 2010, Dewey et al., 2011, Parker et al., 2012), 

membraneless cytoplasmic structures where mRNAs are sequestered away from translation to 

allow for cellular recovery (Buchan, 2014, Protter and Parker, 2016). It is hypothesized that 

under prolonged exposure to cellular stressors, TDP-43 and its mRNA targets and protein 

partners may become trapped in persistent stress granules with the potential to evolve into 

pathological aggregates (Ramaswami et al., 2013). Although our data suggests that mutant 

TDP-43 sequesters hsc70-4 mRNA into insoluble cytoplasmic complexes leading to reduced 

translation, it is unknown whether this is the case other mRNA targets of TDP-43. Furthermore, 

TDP-43 may play a more direct role in translation regulation. Indeed mass spectrometry 

analysis has revealed that TDP-43 associates in a complex with many components of the 
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translation machinery (data not shown;(Freibaum et al., 2010)). In future studies it will be 

essential to our understanding of TDP-43’s role in RNA metabolism to determine the precise 

mechanism by which TDP-43 regulates the translation of its mRNA targets.  

To directly regulate mRNA translation, TDP-43 may interact with translation initiation 

factors, translation elongation factors, or ribosomes. It remains to be determined whether TDP-

43 directly binds to such proteins though mass spectrometry suggests that TDP-43 may at least 

form a complex with ribosomal and cap binding proteins (data not shown;(Freibaum et al., 

2010)). As many of these proteins are also present in stress granules (Buchan and Parker, 

2009), genetically or pharmacologically inhibiting stress granule formation will be crucial to help 

distinguish between TDP-43’s direct and indirect effects on mRNA translation. Phosphorylation 

of eIF2α is thought to be one of the initiating events of stress granule formation (Buchan and 

Parker, 2009). PERK is a kinase known to phosphorylate eIF2α (Anderson and Kedersha, 

2002). Thus, pharmacological treatment with a PERK inhibitor or genetic manipulation of PERK 

or eIF2α may prove useful as experimental techniques to reduce stress granule formation. 

Inhibiting the formation of stress granules, while it may have effects on cellular viability, will be 

essential to determine what role if any TDP-43 plays in the direct regulation of translation via its 

association with ribosomal and cap binding proteins.   

To identify specific translation factors associated with TDP-43 during active translation, it 

may prove useful to perform polysome fractionations followed by immunoprecipitations for TDP-

43. TDP-43 complexes in both actively translating polysome and non-actively translating RNP 

fractions could then be sent for mass spectrometry analysis. This approach would allow for the 

identification of TDP-43’s protein partners during active translation. This knowledge will 

contribute to the understanding of a role for TDP-43 in direct regulation of translation.   

 Given the proposed link between stress granules and pathological aggregates seen in 

disease (Liu-Yesucevitz et al., 2010, Ramaswami et al., 2013), targeting aberrant and persistent 

stress granules may prove useful as a therapeutic strategy. Indeed, treatment with a PERK 
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inhibitor, mitigated TDP-43 toxicity in flies and rat primary neurons (Kim et al., 2014). Although 

treatment with this inhibitor reduced levels of phosphorylated eIF2α (Kim et al., 2014), the 

specific effect on TDP-43 positive stress granules in unknown. In this work, we show that 

dFMRP overexpression is neuroprotective by increasing the solubility of TDP-43 perhaps 

through the remodeling of RNP granules. Ultimately, this results in alleviated translation 

inhibition of TDP-43 mRNA targets (Coyne et al., 2015). This work suggests that therapeutic 

strategies aimed at remodeling RNA granules and restoring the translation of mRNA targets 

may alleviate ALS symptoms. 
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Abstract 

Amyotrophic Lateral Sclerosis (ALS) is a progressive and fatal neurodegenerative disease 

affecting both upper and lower motor neurons. The molecular mechanisms underlying disease 

pathogenesis remain largely unknown. Multiple genetic loci including genes involved in 

proteostasis and ribostasis have been linked to ALS shedding some light on potential 

mechanisms underlying disease. The identification of the RNA binding proteins TDP-43 and 

FUS as causative factors of ALS resulted in a paradigm shift centered on the study of RNA 

dysregulation as a major mechanism of disease. More recently, studies of the newly discovered 

C9ORF72 repeat expansion lend further support to the notion of dysregulation of RNA 

metabolism as a key factor underlying ALS. RNA binding proteins are involved in all aspects of 

RNA metabolism ranging from splicing, transcription, transport, storage within RNA/protein 

granules, and translation. How these processes are affected by disease associated mutations 

are just beginning to be understood. Considerable work has gone into the identification of 

splicing and transcription defects resulting from mutations in RNA binding proteins associated 

with disease. More recently, defects in RNA transport and translation have been shown to be 

involved in the pathomechanism of ALS. A central hypothesis in the field is that disease causing 

mutations lead to the persistence of RNA/protein complexes known as stress granules. Under 

times of prolonged cellular stress these granules sequester specific mRNAs preventing them 

from translation, and can evolve into pathological aggregates. Here we will review recent efforts 

directed at understanding stress granule dynamics and identifying the mRNA targets altered at 

the level of transport and translation in ALS.  
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Amyotrophic Lateral Sclerosis (ALS) is a progressive and fatal neurodegenerative disease. 

Affecting both upper and lower motor neurons, ALS culminates in the inability to coordinate 

muscle movements with death due to respiratory failure typically within 2-5 years after diagnosis 

(Andersen and Al-Chalabi, 2011, Robberecht and Philips, 2013). Although clinically 

indistinguishable, 10% of ALS cases are classified as familial (FALS) and the remaining 90% 

are sporadic (SALS) (Andersen and Al-Chalabi, 2011, Ling et al., 2013, Robberecht and Philips, 

2013).  

Although, ALS is primarily a motor neuron disease, it belongs to a spectrum of 

neurodegenerative diseases comprising ALS and the related Fronto-Temporal Lobar 

Degeneration (FTD). About 15% of ALS patients display cognitive deficits reminiscent of FTD 

and 15% of FTD patients have ALS symptoms (Ringholz et al., 2005, Wheaton et al., 2007). 

Consistent with this observation are findings that many of the same genetic loci linked to ALS 

have also been linked to FTD (Ling et al., 2013, Robberecht and Philips, 2013).  

 In 1993, Superoxide Dismutase (SOD1), became the first gene found to be causative of 

ALS (Rosen et al., 1993). Since that time, multiple other genetic loci have been linked to ALS 

including those involved in proteostasis, cytoskeletal arrangement, and RNA metabolism 

(Robberecht and Philips, 2013, Peters et al., 2015). Furthermore, both genetic and 

environmental risk factors have been linked to ALS (Zufiria et al., 2016). However, the 

contribution of the environment to ALS pathology is correlative and poorly understood. Based on 

the known functions of these genes, multiple disease pathomechanisms have been proposed 

(Lagier-Tourenne and Cleveland, 2009, Robberecht and Philips, 2013). Notably, initial 

hypotheses following the discovery of SOD1 were centered around altered proteostasis 

(Robberecht and Philips, 2013). However, the identification of TDP-43, FUS, and C9ORF72 has 

led to a paradigm shift towards the dysregulation of RNA metabolism as a causative factor of 

ALS (Ling et al., 2013).  
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 Dysregulation of RNA metabolism can occur at multiple levels of RNA processing 

including transcription, splicing, mRNA transport, and translation (Lagier-Tourenne and 

Cleveland, 2009, Ling et al., 2013, Robberecht and Philips, 2013). In addition, TDP-43, FUS, 

and C9ORF72 dipeptide repeats associate with stress granules under times of cellular stress 

(Bentmann et al., 2013, Lee et al., 2016, Maharjan et al., 2016). Stress granules sequester 

proteins and mRNA and inhibit translation of specific transcripts to allow for the cell to recover 

from stress (Anderson and Kedersha, 2009, Buchan, 2014, Protter and Parker, 2016). It is 

thought that aberrant formation and persistence of stress granules can seed the formation of 

pathological aggregates in disease. In doing so, proteins and mRNAs become trapped and 

unable to perform their normal functions, which in turn leads to defects in RNA expression 

(Ramaswami et al., 2013). 

As ALS progresses, multiple cellular processes are disrupted ultimately leading to 

synaptic failure and muscle denervation (Robberecht and Philips, 2013). However, the 

mechanisms underlying ALS pathogenesis remain poorly understood. Elucidating primary 

defects in RNA metabolism that lead to ALS pathogenesis is critical for our understanding of 

disease progression. Here we will review what is known about RNA metabolism in ALS and 

discuss how dysregulation of RNA processing steps may contribute to disease.   

 

RNA Binding Proteins in ALS 

TAR DNA Binding Protein (TDP-43) 

TDP-43 is a DNA and RNA binding protein containing nuclear localization and export signals 

(NLS, NES), two RNA recognition motifs (RRM1-2), and a glycine rich C-terminal prion like 

domain (Ou et al., 1995, Cushman et al., 2010, King et al., 2012). RNA binding and the RRM1 

domain are required for toxicity (Voigt et al., 2010, Ihara et al., 2013) lending support to the 

notion that regulation of RNA metabolism contributes to disease. While the RRM domains 

mediate interactions with RNA and DNA, the C terminal domain mediates protein – protein 
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interactions (Budini et al., 2014). Originally identified as a marker of pathology (Neumann et al., 

2006), mutations in TDP-43 have also been found to be causative of ALS (Kabashi et al., 2008, 

Sreedharan et al., 2008). The majority of ALS associated mutations lie within the C terminal 

domain and have been shown to increase TDP-43’s intrinsic propensity to aggregate in vitro 

and in yeast (Johnson et al., 2009). As wild-type TDP-43 pathology is linked to ~97% of ALS 

cases regardless of etiology (Ling et al., 2013), understanding both the normal function and 

involvement in disease for both wild-type and mutant TDP-43 is crucial to understanding ALS 

pathogenesis.  

Transcription and Splicing 

TDP-43 has been shown to repress the transcription of both the HIV-1 gene in vitro (Ou et al., 

1995) and the testis-specific mouse acrv1 gene in vivo (Lalmansingh et al., 2011). In addition, in 

mammalian neurons TDP-43 localizes to sites of transcription and splicing within the nucleus 

and is absent from areas of silent heterochromatin (Casafont et al., 2009). It was recently shown 

that mechanistically, TBPH, the Drosophila homolog of TDP-43, binds to nascent RNA 

transcripts to stabilize cohesin and Nipped B binding to DNA, thus facilitating transcription of 

target genes (Swain et al., 2016). Specifically, TBPH and Lark, another RNA binding protein, 

bind to UG rich repeats within target genes to recruit cohesion and Nipped B (Swain et al., 

2016).  

In addition to its role in transcriptional regulation, TDP-43 was first shown to play a role 

in splicing by causing skipping of specific exons within the CFTR gene (Buratti et al., 2001, 

Buratti et al., 2004). Furthermore, loss of TBPH appears to alter the splicing of the calcium 

channel cacophony in Drosophila (Chang et al., 2014). Interestingly, TDP-43’s many protein 

partners include those involved in pre-mRNA splicing (Sephton et al., 2011).  

 In vitro binding and RNA sequencing approaches have revealed that TDP-43 binds to 

UG rich sequences and regulates the expression and splicing of multiple targets (Buratti and 

Baralle, 2001, Polymenidou et al., 2011, Sephton et al., 2011, Tollervey et al., 2011, Narayanan 
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et al., 2013). Many of these genes encode proteins involved in RNA processing or synaptic 

function (Polymenidou et al., 2011, Sephton et al., 2011, Narayanan et al., 2013). Furthermore, 

TDP-43 binds to and regulates the expression of its own transcript (Ayala et al., 2011, 

Polymenidou et al., 2011). To autoregulate its expression, TDP-43 binds to the 3’ UTR of its 

own mRNA ultimately resulting in RNA instability (Ayala et al., 2011, Polymenidou et al., 2011). 

Moreover, TDP-43 has been shown to bind and regulate the expression of other genes involved 

in ALS, FTD, and related neurodegenerative diseases such as FUS, Tau, ataxin, and 

progranulin (Polymenidou et al., 2011, Sephton et al., 2011, Tollervey et al., 2011). Interestingly, 

genes with large intronic regions and those encoding proteins involved in synaptic activity are 

most affected by loss of TDP-43 in mouse brain (Polymenidou et al., 2011). The transcription or 

splicing dysregulation of genes involved in RNA processing or disease could compound TDP-

43’s effects on RNA metabolism. In addition, alterations in genes encoding synaptic proteins 

may contribute to synaptic dysfunction seen in ALS. Additionally, TDP-43 differentially regulates 

the expression of TIA-1 and G3BP (McDonald et al., 2011), both of which are core components 

of stress granule (Kedersha and Anderson, 2007). A reduction in TDP-43 by siRNA causes an 

increase in TIA-1 and decrease in G3BP protein and mRNA expression in HeLa cells. In turn, 

stress granule number and size are reduced (McDonald et al., 2011). Ultimately, as non-

persistent stress granules are though to be protective (Wolozin, 2012), this could impact the 

ability of the cell to recover from normal levels of cellular stress.   

 A hallmark of ALS is the mislocalization of TDP-43 from the nucleus to the cytoplasm 

(Ling et al., 2013), which suggests a nuclear loss of function and cytoplasmic gain of function 

may contribute to ALS pathogenesis. Disease associated TDP-43 mutants are thought to retain 

their splicing activity in both mammalian cell lines and human ALS fibroblasts (Colombrita et al., 

2015) suggesting that cytoplasmic redistribution of TDP-43 is at least in part responsible for 

splicing defects seen in disease.  Consistent with this notion, cytoplasmic expression of TDP-43 

results in alterations in the expression of genes that encode factors regulating chromatin 
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assembly and the function of lysosomes (Amlie-Wolf et al., 2015). In contrast, expression of an 

FTD associated TDP-43 C-terminal fragment in cells causes abnormal CFTR splicing (Igaz et 

al., 2009). Upon nuclear loss of TDP-43, there is a significant alteration in RNA splicing as well 

as expression of components of the spliceosome (Highley et al., 2014). This suggests that 

depletion of TDP-43 from the nucleus results in defects in splicing that are two fold either as a 

direct consequence of loss of TDP-43 regulation or via dysregulation of essential components of 

the splicing machinery. In contrast, in mice expressing disease associated mutant TDP-43Q331K 

primarily restricted to the nucleus, there are evident alterations in splicing. For some RNA 

targets this appears to be a loss of normal TDP-43 splicing function, while for other targets a 

gain of splicing function is observed (Arnold et al., 2013). This data suggests that mutant TDP-

43 may alter gene expression at the level of splicing beginning in very early stages of disease.      

mRNA transport 

In addition to binding to and altering gene expression for loci encoding synaptic proteins 

(Polymenidou et al., 2011, Sephton et al., 2011, Narayanan et al., 2013), TDP-43 can be 

visualized within mouse synaptic terminals (Narayanan et al., 2013) and in fly motor neuron 

axons (Alami et al., 2014) suggesting that TDP-43 may bind to synaptic mRNA transcripts and 

transport them to distal locations. Indeed, TDP-43 is present in axonal RNP granules that traffic 

in a microtubule dependent manner. In these granules, TDP-43 transports cognate mRNA 

targets such as neurofilament light (NEFL) mRNA to distal axonal regions (Alami et al., 2014). 

Disease associated mutations in TDP-43 disrupt this axonal trafficking in primary cortical and 

human motor neurons (Alami et al., 2014). Furthermore, TDP-43 forms a complex with and 

alters the localization of futsch mRNA in Drosophila (Coyne et al., 2014). In addition, recently 

TDP-43 has been shown to bind G quadruplex forming mRNAs and transport them into distal 

neurites. Disease associated mutations in TDP-43 once again disrupt this process as they no 

longer bind and transport G quadruplex containing mRNAs (Ishiguro et al., 2016). These data 
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suggest that TDP-43 regulates the transport of its mRNA targets in RNP granules along axons 

in neurites for local translation. 

Stress Granules and Translation 

TDP-43 is not only found localized with its mRNA targets in neuritic RNP granules (Alami et al., 

2014, Ishiguro et al., 2016), but under times of cellular stress and in disease, also associates 

with stress granules (Colombrita et al., 2009, Liu-Yesucevitz et al., 2010, Dewey et al., 2011, 

Parker et al., 2012). Stress granules are transient, dynamic, membraneless cytoplasmic 

structures that form in response to cellular stress to allow for the upregulation of mRNA 

translation for genes involved in cellular recovery (Anderson and Kedersha, 2009). Importantly, 

TDP-43 associates with stress granules via direct protein – protein and RNA dependent 

interactions (Liu-Yesucevitz et al., 2010) and the RRM1 domain and C-terminal residues 216-

315 are both necessary for TDP-43 incorporation into stress granules (Colombrita et al., 2009). 

While TDP-43 is not required for stress granule formation, it alters their dynamics (Dewey et al., 

2011, McDonald et al., 2011, Liu-Yesucevitz et al., 2014). Specifically, loss of TDP-43 results in 

slowed stress granule formation by altering the expression of TIA-1 and G3BP, core 

components of stress granules essential for their assembly (Kedersha and Anderson, 2007).  

Disease associated mutations in TDP-43 increase stress granule size and subsequently 

reduce the mobility of stress granules in mammalian cells and rat hippocampal neurons. In 

contrast, wild-type TDP-43 expression results in the formation of more stress granules; 

however, their size and mobility remain unchanged (Dewey et al., 2011, Liu-Yesucevitz et al., 

2014). Although the mechanism by which mutant TDP-43 alters stress granule dynamics 

remains unknown, it is plausible that cytoplasmic misolcalization, the interaction between 

disease associated mutant TDP-43 and stress granule components (Bentmann et al., 2013) and 

its propensity to aggregate (Johnson et al., 2009) lead to its pathological accumulation. In 

addition, wild-type TDP-43 during its normal cytoplasmic functions may be able to more 

dynamically interact with existing stress granules, thus their size remains unchanged. In 
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contrast, in the 97% of ALS cases with wild-type TDP-43 pathology (Ling et al., 2013), the 

aberrant mislocalization of TDP-43 to the cytoplasm via unidentified mechanisms may result in 

irreversible accumulation into stress granule due to the increased presence of wild-type TDP-43 

in the cytoplasm.   

It is hypothesized that prolonged exposure to cellular stress in disease leads to the 

accumulation of cytoplasmic stress granules which may evolve into pathological aggregates 

(Ramaswami et al., 2013). In disease CNS human tissue, TDP-43 co-localizes with multiple 

stress granule markers including TIA-1 and eIF3 (Liu-Yesucevitz et al., 2010) supporting this 

hypothesis. Persistent stress granules and aggregates are thought to sequester RNA binding 

proteins such as translation initiation factors and TDP-43 and their mRNA targets in turn 

preventing their translation and potentially contributing to disease progression (Ramaswami et 

al., 2013). It has been reported that in flies overexpressing TDP-43, levels of phosphorylated 

eIF2α are increased (Kim et al., 2014). Phosphorylation of eIF2α causes translation initiation 

complexes to accumulate into stress granules (Thomas et al., 2011). Furthermore, 

pharmacological inhibition of eIF2α phosphorylation reduces toxicity in Drosophila and rat 

primary neurons (Kim et al., 2014). Together, these studies suggest that TDP-43 may induce a 

cascade of events affecting stress granule formation and kinetics, which can ultimately affect 

translation.  

In mammalian cells, TDP-43 forms a complex with multiple components of the 

translational machinery (Freibaum et al., 2010) suggesting that in addition into incorporation into 

stress granules, TDP-43 may have a more direct role in the regulation of translation. Indeed, 

TDP-43 regulates the translation of futsch mRNA (Coyne et al., 2014) through binding to the 

5’UTR (Romano et al., 2016). Futsch is a microtubule associated protein which shares 

homology with the mammalian MAP1B (Hummel et al., 2000, Roos et al., 2000). Ultimately, 

alterations in futsch mRNA metabolism lead to microtubule instability at the Drosophila synapse 

(Coyne et al., 2014). Furthermore, TDP-43 and its protein partner FMRP (Yu et al., 2012, Coyne 
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et al., 2015, Majumder et al., 2016) share mRNA targets and co-repress the translation of rac1, 

map1b, and gluR1 mRNAs (Majumder et al., 2016). Interestingly, overexpression of FMRP 

mitigates TDP-43 induced toxicity by remodeling TDP-43 containing RNP granules and 

restoring the translation of specific mRNA targets (Coyne et al., 2015). Though TDP-43 may 

directly bind to and regulate the translation of some of its mRNA targets (Romano et al., 2016), 

it is likely that the translation of other mRNAs is altered via sequestration into stress granules 

during disease progression. In addition, the mechanism by which TDP-43 may interact with 

proteins involved in translation initiation to directly regulate or sequester mRNA transcripts 

remains to be identified. In addition, additional studies are needed to determine if mRNA 

translation is directly affected by TDP-43 or a consequence of stress granule formation and 

mRNA sequestration.  

 

C9ORF72 RNA Based Mechanisms in ALS 

In 2011, GGGGCC (G4C2) repeat expansions in the C9ORF72 (C9) gene were found to be 

causative of ALS and FTD (DeJesus-Hernandez et al., 2011, Renton et al., 2011). C9 repeat 

expansions are the most common cause of familial ALS/FTD (Ling et al., 2013). It is though that 

C9 toxicity may be a result of three mechanisms including haploinsuffiency, RNA gain of 

function, and dipeptide repeat protein toxicity (Wen et al., 2016). G4C2 repeat expansions have 

been shown to form toxic cytoplasmic RNA foci as well as four species of RAN translated 

dipeptide repeats (poly-GA, poly-GR, poly-PA, and poly-PR), both of which may contribute to 

toxicity at least in part via the sequestration of other cellular proteins and RNAs (Ling et al., 

2013, Wen et al., 2016). Since its discovery, considerable effort has been made towards the 

elucidation of mechanisms underlying C9 mediated toxicity and multiple studies point towards a 

dysregulation of RNA metabolism as a considerable factor in C9 disease pathogenesis. 

Gene Expression and Splicing 
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RNA sequencing experiments have revealed that C9 repeat expansions result in altered gene 

expression in different brain regions from ALS patients as well as lymphblastoid cell lines 

(Cooper-Knock et al., 2015, Prudencio et al., 2015). Interestingly, while some of these changes 

are distinct from sALS samples, many were shared among C9 and sALS samples (Prudencio et 

al., 2015) suggesting the potential for mechanistic overlap in all ALS cases. In addition, knock-

down of C9 results in decreased TIA-1 and HuR transcript levels (Maharjan et al., 2016) 

suggesting a role for C9 in the transcription of stress granule related genes. Furthermore, 

dipeptide repeat inclusions have been shown to colocalize with both heterochromatin and the 

transcriptional repressor H3K9me2 (Schludi et al., 2015), suggesting that C9 dipeptides may 

play a more direct role in regulation and gene expression and strengthening the link between C9 

and altered transcription. 

Of the genes differentially expressed in C9 ALS, in lymphoblastoid cell lines, a significant 

fraction of those genes fall into the category of RNA splicing (Cooper-Knock et al., 2015). In 

addition to differential gene expression, RNA sequencing studies have identified extensive 

splicing defects in C9 ALS resulting in multiple types of alternative splicing events (Prudencio et 

al., 2015). While another study suggested that the overall number of splicing events is unaltered 

in C9 lymphoblastoid cells, the nature of splicing events appears to be altered by C9 (Cooper-

Knock et al., 2015) supporting the notion of alterations in alternative splicing. Furthermore, C9 

RNA foci sequester the RNA binding protein and known regulator of splicing, hnRNP H (Lee et 

al., 2013, Conlon et al., 2016). As a result, RNA targets of hnRNP H are misspliced in ALS 

patient brain samples (Conlon et al., 2016) which could in turn effect toxicity and disease 

progression. Notably, it has been shown that dysregulation of RNA splicing could at least in part 

contribute to disease severity (Cooper-Knock et al., 2015).  

Among the many gene expression changes, there are alterations in genes linked to both 

ALS and RNA metabolism such as FUS (Prudencio et al., 2015). Furthermore, in induced 

pluripotent stem cell (iPSC) models of ALS, there is a redistribution of TDP-43 from the nucleus 
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to the cytoplasm (Zhang et al., 2015) which may in turn alter TDP-43’s nuclear regulation of its 

RNA targets. In addition, mass spectrometry suggests that C9 RNA foci sequester proteins 

containing RNA recognition motifs involved in splicing, translation, and nuclear RNA export 

(Cooper-Knock et al., 2014, Rossi et al., 2015). As a result, C9’s effect on gene expression 

could be two fold; either by directly regulating gene expression or via RNA foci mediated 

sequestration of proteins involved in RNA metabolism.  

Stress Granules and Translation 

More recently, C9ORF72, like TDP-43 and FUS, has been linked to stress granules (Lee et al., 

2016, Maharjan et al., 2016). Multiple stress granule proteins were identified in poly-GR and 

poly-PR dipeptide repeat complexes in mammalian cells (Lee et al., 2016). In Drosophila, many 

of these stress granule proteins exhibit functional interactions with dipeptide repeats by 

enhancing or suppressing fly eye degeneration (Lee et al., 2016). Upon induction of cellular 

stress in mammalian cells and primary cortical neurons, C9 localizes to G3BP1, HuR, and TIA-1 

positive stress granules. Furthermore, overexpression of C9, expression of pathogenic G4C2 

repeat expansions, or expression of poly-GR or poly-PR dipeptides induces the spontaneous 

formation of stress granules (Rossi et al., 2015, Lee et al., 2016, Maharjan et al., 2016). Though 

overexpression of C9 does not alter stress granule assembly or disassembly (Maharjan et al., 

2016), expression of poly-GR or poly-PR dipeptides in mammalian cells results in a persistence 

of stress granules (Lee et al., 2016) suggesting that stress granule disassembly is 

compromised. C9 seems to be required for stress granule formation as CRISPR/Cas9 

knockdown of C9 resulted in reduced stress granule formation following stress induction in 

mammalian cells (Maharjan et al., 2016).  Mechanistically, knock-down of C9 reduces protein 

and transcript levels of the stress granule proteins TIA-1, HuR, and G3BP1 (Maharjan et al., 

2016) likely affecting the formation of stress granules.  

 One component of stress granules is non-translating RNAs (Anderson and Kedersha, 

2009). Thus, it is likely that alterations in stress granule formation or dynamics affects mRNA 
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translation. Poly-GR and poly-PR dipeptides form a complex with ribosomal proteins and 

translation initiation and translation elongation factors such as TDP-43, eIF3A, eEF1A, RPL7A 

(Kanekura et al., 2016, Lee et al., 2016). The interaction between poly-PR and RNA binding 

proteins is partially dependent on RNA (Lee et al., 2016), indicating that these interactions likely 

occur within RNA – Protein complexes. In addition, expression of poly-GR and poly-PR 

dipeptide repeats seems to inhibit global translation (Kanekura et al., 2016, Lee et al., 2016). In 

addition, C9 RNA foci also form a complex with regulators of translation and reduced global 

translation (Rossi et al., 2015). Together, these studies suggest that the association of C9 with 

stress granules influences mRNA translation though the precise mechanism remains unknown.   

Nucleocytoplasmic Shuttling and RNA localization 

Multiple groups have identified defects in nucleocytoplasmic transport as a pathogenic 

mechanism in C9 ALS models (Freibaum et al., 2015, Jovicic et al., 2015, Zhang et al., 2015, 

Boeynaems et al., 2016). Not only do many genes involved in nucleocytoplasmic transport alter 

C9 toxicity, but the nuclear – cytoplasmic ratio of key regulators of this transport process are 

altered in C9 models of ALS (Zhang et al., 2015). Additionally, C9 repeat expansions cause 

nuclear mRNA accumulation (Rossi et al., 2015). It is hypothesized that these defects may 

contribute to the mislocalization of proteins such as TDP-43 early in the cascade of pathogenic 

events (Zhang et al., 2016). In turn, this could further impact RNA metabolism.  

 

Concluding Remarks 

RNA processing defects are prevalent in the pathogenesis of ALS. TDP-43, FUS, and 

C9ORF72 share common defects in gene expression and post-transcriptional gene regulation. 

Most importantly, alterations at any level of RNA processing ultimately affect protein expression 

or localization and contribute to disease progression. Furthermore, though TDP-43, FUS, and 

C9ORF72 may affect all aspect of RNA metabolism, it is important to note that the effects are 
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likely multi-fold. Specifically, these disease-associated loci may alter the expression of genes 

themselves involved RNA processing thus, compounding their effects on RNA metabolism.  

Though RNA processing defects seem to be a major player in ALS pathogenesis, the 

precise mechanisms by which they occur remains largely unknown particularly in regards to 

post-transcriptional RNA processing. To further understand mechanisms underlying ALS it will 

be important to understand how each of these ALS associated genes regulates and contributes 

to the dysregulation of RNA metabolism. In the future it will also be important to identify 

additional RNA targets whose expression is altered in disease and the cellular processes 

affected by this dysregulation. In addition, it would be interesting to determine common and 

divergent RNA targets in different models of ALS. This will assist in the development of 

therapeutic strategies that may be effective for all or only subsets of ALS patients.  
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ABSTRACT 
 

Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disorder with a prevalence of 1 
in 30,000 individuals. Generally diagnosed between 40 and 70 years of age, ALS is accompanied by 
progressive loss of motor neuron function and a life expectancy of 2-5 years. Although age is considered to 
be the highest risk factor for ALS, it is clear that the disease has a genetic basis and may also be influenced 
by environmental factors. Familial ALS (fALS) affects 10% of patients and has been linked to several loci, 
the most common of which is C9ORF72, a gene of unknown function. The remaining 90% of ALS cases 
are sporadic (sALS) and remain poorly understood, although some loci have been linked to both fALS and 
sALS. In recent years a dramatic shift in our thinking about ALS has been catalysed by findings that the 
RNA binding proteins TAR DNA binding protein 43 (TDP-43) and fused in sarcoma/translocated in 
liposarcoma (FUS/TLS) constitute markers of pathology and when mutated, neural degeneration occurs in 
human patients. Studies in a wide range of model systems including worms, flies, zebrafish and rodents 
support the notion that alterations in these RNA binding proteins and RNA metabolism cause motor neuron 
disease. Together with the recent discovery of GGGGCC repeat expansions in C9ORF72, these studies led 
to the hypothesis that ALS is a disease of RNA dysregulation. Here we will review the contributions of the 
fruit fly Drosophila melanogaster to our understanding of ALS with a focus on TDP-43, FUS/TLS and 
RNA dysregulation as a disease mechanism.  

 
Keywords: Drosophila, ALS, motor neuron disease, TDP-43, FUS, RNA binding proteins 
 
 

INTRODUCTION 
 
Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s disease, is a 
neurodegenerative disease with an incidence of 2 in 100,000 people (Roman, 1996). Without a 
clear diagnostic test, patients are identified mainly by ruling out a host of other ALS-like 
disorders. Although examples of young-adult onset have been reported, most patients are 
diagnosed in their forties or later in life (Cleveland and Rothstein, 2001; Gouveia and de 
Carvalho, 2007; Logroscino et al., 2005). Those affected by this devastating disease suffer 
progressive muscle atrophy due to degeneration of upper and lower motor neurons, leading to 
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paralysis and death within 2-5 years of diagnosis. Interestingly, about 20% of all ALS patients 
also exhibit FrontoTemporal Lobar Degeneration (FTLD), a related neurodegenerative disorder 
with overlap at the pathology level (Banks et al., 2008). The clinical presentation of ALS is 
heterogeneous, which is in part, a reflection of the complex genetic and environmental factors 
linked to this disease. At this time there is no cure for ALS and the only available treatment, 
Riluzole, is at best palliative (Miller et al., 2012).  
Familial ALS (fALS) affects approximately 10% of patients and has been linked to several 
genes, including the recently discovered C9ORF72,which is thought to be responsible for 
~37.6% of fALS cases (DeJesus-Hernandez et al., 2011; Majounie et al., 2012; Renton et al., 
2011). The remaining 90% of ALS cases are sporadic (sALS) and remain poorly understood, 
although some loci have been linked to both fALS and sALS (Alexander et al., 2002). A plethora 
of studies have focused on superoxide dismutase 1 (SOD1) the first locus to be identified as 
causative of ALS (Rosen et al., 1993).SOD1, an enzyme responsible for converting superoxide 
radicals (by-products of oxidative phosphorylation in the mitochondria) into hydrogen peroxide 
and molecular oxygen, plays an important role in preventing cellular damage during times of 
oxidative stress. SOD1 mutations are found in ~20% of all fALS and ~1% of sALS cases, while 
altered expression of wild-type SOD1 has been found in a significant fraction of sporadic cases 
(reviewed in Andersen, 2006). 
Interestingly, ALS has been linked to several different genes encoding proteins of sometimes 
seemingly unrelated or even unknown functions, as is the case with the recently identified 
C9ORF72 locus. In addition to C9ORF72 and SOD1, these include alsin, senataxin, 
VAMP/synaptobrevin-associated protein B (VAPB), P150 dynactin, angiogenin, fused in 
sarcoma/translocated in liposarcoma (FUS/TLS, referred herein as FUS), and TAR DNA binding 
protein 43 (TDP-43) (Beleza-Meireles and Al-Chalabi, 2009; Lagier-Tourenne and Cleveland, 
2009). Based on the known functions of these loci and extensive pathological studies in autopsy 
samples and model organisms, ALS appears to be the result of defects in several cellular 
processes including oxidative stress, intracellular transport, RNA metabolism and apoptosis 
(reviewed in Beleza-Meireles and Al-Chalabi, 2009; Lagier-Tourenne and Cleveland, 2009). 
How these diverse processes converge on a common path to motor neuron disease remains an 
open question. A combination of molecular and genetic approaches, both in vitro and in vivo, 
using a host of model systems is being employed to elucidate the mechanisms by which 
individual gene mutations and other, non-genetic factors lead to ALS (Joyce et al., 2011; 
McDonald et al., 2011; Tovar et al., 2009).  
In recent years a dramatic shift in our thinking about ALS has been catalysed by findings that 
the RNA binding proteins TDP-43 and FUS constitute markers of pathology and when mutated, 
neural degeneration occurs in human patients (Colombrita et al., 2011; Kabashi et al., 2008; 
Kwiatkowski et al., 2009; Sreedharan et al., 2008; Vance et al., 2009). Studies in models 
including yeast, worms, flies, zebrafish and mouse support the notion that alterations in these 
RNA binding proteins and RNA metabolism cause motor neuron disease (Couthouis et al., 
2011; Estes et al., 2011; Kabashi et al., 2011; Lanson et al., 2011; Li et al., 2010; Liachko et al., 
2010; Lu et al., 2009; Ramesh et al., 2010; Wegorzewska et al., 2009). Together with the recent 
discovery of GGGGCC repeat expansions in the noncoding region of C9ORF72, these studies 
support the emerging hypothesis that ALS is a disease of RNA dysregulation (DeJesus-
Hernandez et al., 2011; Lagier-Tourenne and Cleveland, 2009; Renton et al., 2011). 
A plethora of genetic and clinical studies indicate that ALS is a complex disease with a clear 
genetic basis although epigenetics and environmental factors are also thought to play a role 
(Ahmed and Wicklund, 2011; Horner et al., 2008). Genome Wide Association Studies (GWAS) 
have contributed to the identification of several loci linked to ALS and have provided insights 
into the genetic complexity of the disease (reviewed in Valdmanis et al., 2009). Elegant genetic 
studies in yeast and flies identified functional interactions between TDP-43 and ataxin 2, which 
led the way to the discovery that ataxin 2 is a susceptibility factor for ALS in human patients 
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(Elden et al., 2010). These findings underscore the importance of studies in model systems, 
which can provide critical insights into the mechanisms by which individual gene mutations and 
mutation combinations contribute to ALS. Furthermore, model systems can help elucidate the 
complexity of gene networks and cellular pathways involved in disease that could be later 
validated in patients. It is only through a concerted collaboration between basic scientists, 
human geneticists and clinicians that we can expect major progress in ALS research and 
therapeutics in the coming years. 
 
 

ALS IN MODEL ORGANISMS: YEAST TO MICE 
 
Some of the early models of ALS based on SOD1 were developed in mice (Gurney, 1997) and 
rats (Howland et al., 2002; Nagai et al., 2001). These transgenic rodent models expressing 
mutant human SOD1 recapitulate many of the disease features seen in human ALS patients, 
including muscle atrophy, upper and lower motor neuron degeneration, disease-associated 
cytoplasmic inclusions in neurons, and higher mortality(Gurney et al., 1996). Other organisms in 
which SOD1-based ALS has been modelled include dog (Awano et al., 2009), zebrafish 
(Ramesh et al., 2010), fruit fly (Watson et al., 2008), worm (Gidalevitz et al., 2009; Wang et al., 
2009) and yeast (Nishida et al., 1994).These different models have distinct advantages as well 
as limitations that need to be carefully considered.  
Recently, models of ALS based on TDP-43 and FUS have also been generated in model 
systems ranging from yeast to worms to flies, fish and rodents (Couthouis et al., 2011; Estes et 
al., 2011; Kabashi et al., 2011; Laird et al., 2010; Lanson et al., 2011; Li et al., 2010; Liachko et 
al., 2010; Lu et al., 2009; Wegorzewska et al., 2009). Although some discrepancies exist 
between these models, overall they recapitulate several aspects of ALS including 
neurodegeneration, TDP-43 aggregation, locomotor dysfunction and reduced survival. Here we 
will review the contributions of the fruit fly Drosophila melanogaster to our understanding of ALS 
with a focus on TDP-43, FUS and RNA dysregulation as a disease mechanism.  
 
 
Current Hypotheses for ALS 
 
Similar to other neurodegenerative diseases, including Alzheimer’s disease and Parkinson’s 
disease, ALS pathology is accompanied by ubiquitin-positive cytoplasmic aggregates within 
neurons, with shapes ranging from round to fusiform (Neumann, 2009). This led to the 
hypothesis that ALS is a proteinopathy and suggested that protein misfolding, possibly as a 
result of cellular stress, is a potential toxic mechanism.  
As with other neurodegenerative disorders, the significance of protein aggregates remains 
unclear and evidence exists to support both a toxic as well as a protective role for these 
abnormal intracellular structures (Young, 2009). Importantly, age, which is the highest risk factor 
for ALS, correlates with reduced proteostasis and increased potential for protein misfolding and 
aggregation.  
This model is supported by several findings including the propensity of TDP-43 and FUS to 
aggregate in vitro (Johnson et al., 2009; Sun et al., 2011) and their association with cytoplasmic 
puncta in cell models (Liu-Yesucevitz et al., 2010; McDonald et al., 2011). In addition, TDP-43 
and FUS harbour prion domains that are involved in aggregation and thus are likely to be 
relevant to the pathology of ALS (Gitler and Shorter, 2011).  
Oxidative stress has offered a particularly attractive model for SOD1 cases where toxicity has 
been proposed to stem from free radical accumulation. This mechanism however, remains 
uncertain due to lack of consistent evidence for oxidative damage (reviewed in Rothstein, 2009). 
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Defects in axonal transport, which are typically found in neural degeneration were also linked to 
ALS via mutations in dynactin, a subunit of the motor protein dynein (Munch et al., 2004).  
Additional hypotheses include an imbalance in trophic factors such as VEGF, which is thought 
to be neuroprotective (Dodge et al., 2010; Kulshreshtha et al., 2011; Shimazawa et al., 2010; 
Tovar-y-Romo and Tapia, 2012; Wang et al., 2007) and synaptic hyperexcitability, likely due to 
an inability of glial cells to buffer excess glutamate within the synaptic cleft (Foran and Trotti, 
2009; Vucic and Kiernan, 2009).  
 
 
RNA Dysregulation in ALS 
 
Although the proteinopathy hypothesis, primarily driven by the overwhelming pathological 
evidence for cytoplasmic aggregates, has dominated the field, recent gene discovery studies 
point to the involvement of RNA binding proteins including TDP-43 and FUS, both of which 
associate with intracellular inclusions and also act as causative agents of disease (Kabashi et 
al., 2008; Kwiatkowski et al., 2009; Sreedharan et al., 2008; Vance et al., 2009). TDP-43 was 
found to be a major component of cytoplasmic inclusions in motor neurons of non-SOD1 fALS 
and sALS cases (Neumann et al., 2006).  
Notably, TDP-43and FUS positive inclusions have been found in a wider spectrum of 
neurodegenerative disorders including FrontoTemporal Lobar Degeneration and Alzheimer’s 
disease (reviewed in Baloh, 2012; Blair et al., 2010; Gitler and Shorter, 2011).Extensive 
mutation analyses in ALS patients showed that TDP-43 and FUS are linked to 4-5% of fALS and 
2% of sALS cases across ethnicities (reviewed in Colombrita et al., 2011; Lagier-Tourenne and 
Cleveland, 2009).  
Although at this time we do not fully understand how TDP-43 and FUS function in motor 
neurons or the surrounding glial cells and how mutations in these RNA binding proteins lead to 
motor neuron disease, new details are emerging on their connection to various aspects of RNA 
regulation including RNA splicing, export, stability and translation(reviewed in Lagier-Tourenne 
and Cleveland, 2009).  
The discovery of TDP-43 and FUS together with the involvement of additional RNA binding 
proteins (senataxin, angiogenin) and RNA itself (C9ORF72 noncoding expanded repeats) in 
ALS, has led to a repositioning of hypotheses now centered on RNA-based mechanisms. 
Notably, this newly emerging hypothesis and the protein aggregation model are not necessarily 
mutually exclusive and may be interconnected at the molecular level by multiprotein/RNA 
complexes known as RNA granules that have been proposed to act as precursors of protein 
aggregates (Dewey et al., 2011; Parker et al., 2012).  
 
 
TAR DNA Binding Protein (TDP-43) 
 
The RNA binding protein TDP-43 has first captured the attention of the ALS field due to its 
identification as a component of cytoplasmic inclusions in neurons and the surrounding glia 
(Maekawa et al., 2009; Neumann et al., 2006; Tan et al., 2007). Originally identified as a 
transcriptional repressor of HIV-1, TDP-43 consists of two RNA recognition motifs (RRM1, 2) 
and a glycine-rich domain within the C-terminus (Figure 1, Ou et al., 1995). Its cellular functions 
are just beginning to be understood and include in addition to transcriptional repression, pre-
mRNA splicing, miRNA biogenesis and apoptosis (Figure 2, reviewed in Banks et al., 2008). In 
vitro assays and RNA sequencing approaches have shown that TDP-43 binds with high affinity 
UG-rich sequences and regulates splicing of numerous mRNA targets (Ayala et al., 2011; 
Buratti and Baralle, 2001; Polymenidou et al., 2011; Sephton et al., 2011; Tollervey et al., 2011). 
TDP-43 is ubiquitously expressed and co-localizes with Survival of Motor Neuron (SMN) and 
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Gemin proteins in the nucleus. In hippocampal neurons, TDP-43 associates with cytoplasmic 
RNA granules and co-localizes with Fragile X mental retardation protein (FMRP), Staufen and 
HuD in an activity-dependent manner, suggesting that TDP-43 may regulate synaptic plasticity 
in vivo by regulating synaptic mRNAs(Fallini et al., 2012; Wang et al., 2008). Recently, 
individual TDP-43 mutations have been shown to differentially regulate stress granule formation 
in various cell lines subjected to cellular stress (Dewey et al., 2011; Liu-Yesucevitz et al., 2010; 
McDonald et al., 2011). RNA granules play critical roles in post-transcriptional gene expression 
and are comprised of large RNA/protein complexes that can be visualized as cytoplasmic 
puncta. Among these, stress granules represent foci of RNA storage that form in response to 
cellular stress and correlate with translation inhibition (Anderson and Kedersha, 2009). 
The majority of TDP-43 mutations found in ALS patients represent amino acid substitutions that 
are thought to increase TDP-43 phosphorylation and caspase cleavageof the C-terminus 
followed by proteasome-mediated degradation (Kabashi et al., 2008; Rutherford et al., 2008; 
Sreedharan et al., 2008; Xu et al., 2010). It has been proposed that overwhelming the 
proteasome degradation machinery may lead to the accumulation of TDP-43 C-terminal 
fragments in the cytoplasm, which have been shown to be toxic through a gain of function 
mechanism (Zhang et al., 2009). More work is needed to elucidate the mechanisms by which 
these individual alterations in TDP-43 lead to motor neuron disease and degeneration. 
Interestingly, proteomic analyses of the TDP-43 complex indicate that its protein partners, which 
are enriched in components of the splicing and translational machinery do not differ between 
wild-type and A315T or M337V variants (Freibaum et al., 2010). In keeping with this 
observation, several different TDP-43 variants (i.e., wild-type, A382T, Q331K and M337V) 
exhibit comparable binding affinity for specific mRNA targets (Colombrita et al., 2012). Using 
biochemical purification approaches coupled with microarray analyses or RNA sequencing, 
several RNAs associated with TDP-43 have been identified (Colombrita et al., 2012; 
Polymenidou et al., 2011; Sephton et al., 2011; Tollervey et al., 2011). These include numerous 
splicing targets containing (TG)n sequences, with a clear preference for RNAs with long introns 
(Polymenidou et al., 2011; Tollervey et al., 2011). Given its presence in cytoplasmic inclusions 
and the identification of several mutations linked to ALS, TDP-43 has emerged as a common 
denominator for the majority of clinical cases known to date (Banks et al., 2008; Neumann, 
2009) and this suggests that TDP-43’s involvement in motor neuron disease extends beyond its 
role in pre-mRNA splicing. The identification of TDP-43-associated RNA targets linked to 
disease as well as synaptic function and neuronal development position TDP-43 as a player not 
only in specific aspects of RNA regulation but also in the various cellular processes in which its 
targets are involved. For example, knock-out (KO) mice lacking TDP-43 exhibit alterations in fat 
metabolism (Chiang et al., 2010) while the Drosophila homolog of TDP-43, TBPH has been 
identified in a genome wide RNAi screen for genes involved in neuronal development (Sepp et 
al., 2008). It will be interesting to see what specific targets mediate these developmental and 
physiological roles of TDP-43 outside of its involvement in neural degeneration.  
 
 
Fused in Sarcoma (FUS) 
 
Analysis of brain and spinal cord tissues from patients with ALS has led to the discovery of the 
presence of FUS mutations resulting in cytoplasmic inclusions in neurons and glial cells 
(Kwiatkowski et al., 2009; Vance et al., 2009). FUS, initially discovered for its role in human 
sarcoma, is part of the TET/FET family of proteins that also includes Ewing’s Sarcoma protein 
EWSR1 and TATA-binding protein associated factor TAF15 (reviewed in Gitler and Shorter, 
2011). At the structural level, FUS contains an N-terminal domain with a QGSY region, a 
glycine-rich region, and RRM domain, several RGG repeats, and a zinc finger motif in the C-
terminus (Figure 1). The majority of the missense mutations associated with ALS are located in 
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the nuclear localization signal (NLS) region of the C-terminus (Kwiatkowski et al., 2009; Vance 
et al., 2009). Although the full function(s) of FUS are still not fully understood, several reports 
demonstrate its involvement in transcription, pre-mRNA splicing, and local translation at the 
synapse (Figure 2 and reviewed in Colombrita et al., 2011; Lagier-Tourenne and Cleveland, 
2009). In hippocampal neurons, FUS has been shown to be involved in mRNA transport to 
dendritic spines and to control spine morphology, presumably by regulating local protein 
synthesis of specific targets (Fujii et al., 2005; Fujii and Takumi, 2005).  

 

Figure 1. TDP-43 and FUS are nucleocytoplasmic shuttling proteins containing RNA binding domains.  

Mutations in the NLS domain impair the protein’s ability to localize to the nucleus and as a 
result, FUS is targeted to the cytosol, consistent with the discovery of cytoplasmic inclusions 
observed in post-mortem ALS samples. NLS mutations have also been show to promote the co-
localization of FUS with stress granules in the cytoplasm of cells including neurons and glial 
cells (Bosco et al., 2010; Gal et al., 2011). Recently, biochemical purification and gene profiling 
approaches have identified CAGGACAGCCAG motifs as FUS-specific targets (Colombrita et 
al., 2012; Lagier-Tourenne et al., 2012). 
 
 
TDP-43 and FUS – Shared and Distinct Features 
 
At the sequence level, both TDP-43 and FUS contain RNA binding domains and harbour NLS 
and NES (nuclear export signal) domains that permit nucleocytoplasmic shuttling (Figure 1). At 
the functional level, both TDP-43 and FUS have been implicated in similar RNA processing 
steps including transcription, splicing, association with the miRNA machinery as well as mRNA 
transport, transcript stabilization and local translation (Figure 2 and reviewed in Colombrita et 
al., 2011; Lagier-Tourenne and Cleveland, 2009). In addition, both TDP-43 and FUS have been 
shown to associate with RNA stress granules. A major difference between the two proteins is 
that while both wild-type and mutant TDP-43 variants associate with stress granules, in the case 
of FUS, only the mutant forms co-localize with stress granule markers (Bosco et al., 2010; Liu-
Yesucevitz et al., 2010; McDonald et al., 2011). In addition to differences indirect binding 
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sequences their targets are also mostly distinct with the exception of 45 transcripts that are 
down-regulated in the absence of either TDP-43 or FUS (Lagier-Tourenne et al., 2012). 
Immunoprecipitation experiments indicate that TDP-43 and FUS associate in a protein complex 
in whole brains or HEK cells (Freibaum et al., 2010; Kim et al., 2010; Sephton et al., 2011) but 
not in motoneuronal NSC-34 cells (Colombrita et al., 2012). Given their participation in similar 
RNA processing steps and their involvement in ALS, these findings are somewhat surprising 
and suggest cell-type and context specific interactions between TDP-43 and FUS. 
In addition to an NLS and an NES, TDP-43 contains two RNA Recognition Motifs, RRM1 and 
RRM2 and a C-terminus glycine-rich region, which harbours the majority of disease linked 
mutations as well as a prion domain (Gitler and Shorter, 2011). FUS contains a Q/G/S/Y rich 
region followed by a glycine-rich region, which also harbours a prion domain (Gitler and Shorter, 
2011). The C-terminus half of FUS contains an RNA recognition motif (RRM), an RGG rich 
region harbouring a Zinc finger motif as well as a second prion domain in addition to an NES 
and NLS (Gitler and Shorter, 2011).  
Disease linked mutations in FUS cluster within the NLS. Domains defined according to 
http://www.uniprot.org and predicted nuclear export signals defined according to 
http://www.cbs.dtu.dk/services/NetNES.  
Indeed, with the exception of one report of FUS positive inclusions in a patient harbouring the 
G298S mutation within TDP-43, pathological inclusions contain either one or the other but not 
both (Davidson et al., 2012; Deng et al., 2010). While it is possible that interactions between 
TDP-43 and FUS are context dependent, these findings raise questions about the functional 
relationship between the two proteins and about where in the pathway that leads to neuronal 
dysfunction they may intersect. Using genetic interaction approaches, experiments in 
Drosophila have shown that the FUS homolog cabeza (caz) and the TDP-43 homolog, TBPH 
may function in a common pathway with caz acting downstream of TBPH (Wang et al., 2011). 
 

 

Figure 2. Both TDP-43 and FUS are implicated in similar steps of RNA processing.  

A. Regulation of transcription. TDP-43 has been demonstrated to bind TG-rich promoter regions 
of target genes, inhibiting transcription, as in the case of mouse acrv1 and SP-10 genes 
(Abhyankar et al., 2007). FUS/TLS is also involved in transcriptional regulation, having been 
shown to be recruited to the promoter region of cyclin D1 by non-coding RNAs induced by DNA 
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damage (Wang, 2008; Lalmansingh et al., 2011). Also, evidence of association of FUS to the 
TFIID complex implicates it in general transcriptional regulation (Bertolotti et al., 1998). B. pre-
mRNA splicing. Recent studies demonstrated that TDP-43 binds to numerous pre-mRNA 
splicing targets containing (UG)n sequences, with a clear bias for RNAs with long introns, and 
likely participates in splicing of these targets (Ayala et al., 2011; Buratti and Baralle, 2001; 
Polymenidou et al., 2011; Sephton et al., 2011; Tollervey et al., 2011). There is also strong 
evidence indicating that FUS participates in pre-mRNA splicing as it has been found to be part 
of the spliceosome (Hartmuth et al., 2002; Zhou et al., 2002). C. miRNA processing. TDP-43 
and FUS/TLS are thought to be involved in miRNA processing, as both bind to Drosha (Gregory 
et al., 2004), and TDP-43 interacts with the Dicer complex (Kawahara and Mieda-Sato, 2012). 
D. mRNA transport. Both TDP-43 and FUS proteins are shown to transport mRNA to dendritic 
spines in hippocampal neurons, suggesting that they may also be involved in transporting target 
mRNAs throughout the cell (Fujii et al., 2005; Fujii and Takumi, 2005). E. Stress granules. FUS 
and TDP-43 have also been shown to localize to stress granules, which are associated with 
repression of translation (Bosco et al., 2010; Colombrita et al., 2009; Liu-Yesucevitz et al., 2010; 
McDonald et al., 2011). F. Regulation of local translation. Through regulation of mRNA transport 
and stress granule formation, FUS and TDP-43 may also regulate local translation (Liu-
Yesucevitz et al., 2011; Wang et al., 2008). 
 
 
Modelling ALS in Drosophila 
 
In recent years Drosophila melanogaster has proven to be a powerful model system for studying 
the basic biology of human disease genes as well as elucidating the mechanisms of disease. 
Notably, about 75% of the known human disease genes have homologs in Drosophila (Reiter et 
al., 2001). Although obvious differences exist between flies and humans, the conservation of 
cellular and developmental signalling pathways lends a clear advantage for employing 
Drosophila to elucidate the basic biology of genes and to generate models of human disease. A 
recent example of success lies with modelling the most common form of inherited mental 
retardation, Fragile X syndrome, which led to the identification of novel neuroanatomical and 
functional phenotypes as well as interacting genes and small molecules with therapeutic 
potential (Chang et al., 2008; Jin et al., 2004; McBride et al., 2005; Wan et al., 2000; Zarnescu 
et al., 2005). The Drosophila model offers an unparalleled set of genetic tools that allow for 
tissue specific and temporal controlled expression of genes of interest; these could be wild-type 
or mutant alleles linked to human disease, or RNAi constructs for gene knock-down (Brand and 
Perrimon, 1993; McGuire et al., 2003; Roman et al., 2001). In addition, clonal analysis 
approaches allow for loss- and gain-of-function as well as lineage studies (Lee and Luo, 1999; 
Pignoni and Zipursky, 1997; Xu and Rubin, 1993). The use of these sophisticated genetic tools 
has helped uncover novel components and functions of the EGFR/Ras, Notch and other 
signalling pathways, which in turn has advanced our knowledge of human biology and 
mechanisms of disease (Doroquez and Rebay, 2006; Hu and Li, 2010). Recently, Drosophila 
has proven its usefulness as a tool for drug discovery (reviewed in Pandey and Nichols, 2011). 
Together with the relatively low costs involved and a short generation time (10-12 days at 25oC), 
Drosophila offers powerful tools for gene and drug discovery as well as elucidating the 
pathophysiological mechanisms underlying various diseases in humans.  
 
 
TDP-43 and FUS in Drosophila 
 
There are two TDP-43 orthologues in the fly genome, TBPH and CG7804 (Estes et al., 2011). 
Interestingly, CG7804 lacks the entire C-terminus domain that harbours the majority of 
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missense mutations in TDP-43 and is thought to play a major role in disease (Pesiridis et al., 
2009). Although at this time it is not clear what the precise function or evolutionary significance 
of CG7804 is, it shares 41.5% amino acid identity to TBPH and 34.5% to TDP-43 (Estes et al., 
2011). Interestingly, loss-of-function of TBPH is sufficient to cause motor neuron and ALS-like 
phenotypes (Feiguin et al., 2009). FUS has a single orthologue in Drosophila, namely caz, 
which shares 53% amino acid identity with its human counterpart (Wang et al., 2011).  
 
 
TDP-43 Based Models of ALS in Flies 
 
Initial studies focused on elucidating the requirement of TBPH in motor neurons using loss-of-
function approaches. Hypomorphic and null alleles of TBPH exhibit smaller larval 
neuromuscular junctions (NMJs), adult climbing defects and reduced longevity. Importantly, 
expressing human TDP-43 in motor neurons only, rescue these phenotypes indicating that 
TBPH and TDP-43 are functionally conserved (Feiguin et al., 2009). Several groups took a 
reverse translational approach, whereby either wild-type or mutant human TDP-43, were 
overexpressed in various types of neurons including photoreceptors, motor, dendritic 
arborisation (da) or mushroom body neurons (Elden et al., 2010; Estes et al., 2011; Hanson et 
al., 2010; Lanson et al., 2011; Li et al., 2010; Lu et al., 2009; Miguel et al., 2011; Ritson et al., 
2010; Voigt et al., 2010; Wang et al., 2011). These experiments showed that TDP-43 
overexpression is neurotoxic and leads to neuronal degeneration, locomotor dysfunction and 
reduced survival, all of which are remarkably similar to the human disease. Notably, mutations 
in TDP-43 that affect the RRM1 domain and its RNA binding ability exhibit milder phenotypes, 
suggesting that RNA binding is required for toxicity (Voigt et al., 2010). 
An important question in the field concerns the role of the C-terminal domain of TDP-43 in 
disease. It has been proposed that the missense mutations found in human patients, the 
majority of which reside in the C-terminus, promote caspase cleavage, which in turn leads to 
accumulation of C-terminal fragments in aggregates. While experiments in mammalian cells 
have provided support to this model, with the exception of one report (Gregory et al., 2012), all 
other in vivo studies using C-terminus overexpression did not produce any obvious phenotypes 
(Estes et al., 2011; Li et al., 2010; Voigt et al., 2010; Yang et al., 2010). It will be interesting to 
see whether this is a fly-specific response or perhaps, a reflection of the increased ability of the 
whole organism to handle excess C-terminal fragments compared to cultured cells. 
TBPH/TDP-43 Localization and Toxicity: Loss of Nuclear Function or Gain 
of Cytoplasmic Function? 
Endogenous TBPH appears to localize primarily to the nucleus, while both nuclear, perinuclear 
and some cytoplasmic puncta containing TBPH have been observed upon overexpression 
(Estes et al., 2011; Hazelett et al., 2012; Lin et al., 2011). This is not unlike studies of human 
TDP-43, which appears restricted to the nucleus when expressed at endogenous levels but 
associates with cytoplasmic granules upon overexpression in mammalian neurons (McDonald 
et al., 2011; Xu et al., 2010). In keeping with this observation, upon overexpression in 
Drosophila motor neurons, TDP-43 is primarily restricted to the nucleus although some reports 
of axonal TDP-43 also exist (Estes et al., 2011; Li et al., 2010; Lu et al., 2009). These 
discrepancies could, in part, be explained by differences in levels of expression between various 
published models. Interestingly, when expressed in the developing neuroepithelium, TDP-43 
associates with cytoplasmic puncta within axons, which may be due to a differential response of 
photoreceptor neurons compared to motor neurons (Estes et al., 2011). 
A major question remains whether toxicity is conferred by TDP-43 in the nucleus, cytoplasm or 
both. In other words, is toxicity due to a loss of nuclear function or a gain of cytoplasmic 
function? This issue has been elegantly addressed in flies by expressing TDP-43 mutants that 
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lack either the NLS or the NES (Miguel et al., 2011; Ritson et al., 2010). These experiments 
showed that cytoplasmic TDP-43 is sufficient to generate neurotoxic phenotypes and that in 
motor neurons, cytoplasmic TDP-43 (DDP- TDP-43) is more toxic than nuclear TDP-43 (DDP- 
TDP-43).Together, these data suggest that TDP-43 expression is toxic both in the nucleus and 
the cytoplasm and support a gain of cytoplasmic function model (Miguel et al., 2011; Ritson et 
al., 2010). Notably, these as well as several studies using disease-linked variants found that 
cytoplasmic puncta are not a prerequisite for toxicity (Estes et al., 2011; Hanson et al., 2010; 
Miguel et al., 2011). Genetic interaction experiments between human TDP-43 and Drosophila 
TBPH result in an enhancement of the ALS-like phenotypes, which provides further support to 
the model that TDP-43 overexpression mimics a loss-of-function (Estes et al., 2011). In 
contrast, a recent transcriptome analysis using TBPH loss-of-function and overexpression 
showed that these two conditions affect gene expression in very different ways (Hazelett et al., 
2012). Surprisingly, although phenotypically these conditions are rather similar, at the molecular 
level there were only 57 transcripts commonly changed between TBPH loss-of-function and 
overexpression. Collectively, these localization, phenotypic and genetic interaction studies 
coupled with bioinformatics suggest that the overexpression of TDP-43 variants (wild-type or 
mutant) shares both loss- and gain-of-function features. Elucidating what aspects of TDP-43 
function are impacted in these models that recapitulate the pathology remarkably well, will 
provide much needed insights into the pathophysiology of ALS.  
 
TDP-43 Cytoplasmic Puncta: RNA Stress Granules or Protein Aggregates? 
While in mammalian models TDP-43 has been clearly associated with RNA stress granules, it 
remains to be seen what types of RNA granules if any, contain TDP-43 in flies (McDonald et al., 
2011). The role of RNA stress granules is to pull specific mRNAs from the translational pool 
under less favourable environmental conditions and protect them from degradation for some 
period of time (Anderson and Kedersha, 2009). At the same time, biochemical and pathological 
studies indicate that TDP-43 associates with insoluble aggregates (Voigt et al., 2010).Could 
these two cellular structures be connected? While it is tempting to speculate that RNA stress 
granules may be precursors of protein aggregates, it is possible that these two structures 
represent distinct entities (Dewey et al., 2012). More work is needed to address this important 
aspect of ALS pathophysiology. 
 
Reduced Survival and Locomotor Dysfunction 
A hallmark of ALS is a progressive reduction in locomotor function and reduced survival. 
Importantly, both loss-of-function and overexpression approaches in the Drosophila model show 
that this feature is well recapitulated. Removal of TBPH from motor neurons specifically using 
RNAi results in larval and adult locomotor dysfunction (Estes et al., 2011; Feiguin et al., 2009; Li 
et al., 2010; Voigt et al., 2010). Interestingly, overexpression of TDP-43 variants in motor 
neurons produces similar effects with TBPH loss, which lends further support to the notion that 
phenotypically, TDP-43 overexpression resembles a loss-of-function condition. Notably, some 
differences between wild-type and mutant TDP-43 variants have begun to emerge. For 
example, while one study found that mutant TDP-43 exerts more severe phenotypes compared 
to wild-type (Guo et al., 2011), others reported that wild-type TDP-43 is more toxic than mutant 
variants when expressed at comparable levels (Estes et al., 2011; Lu et al., 2009; Voigt et al., 
2010). Thus while all TDP-43 variants exhibit various levels of toxicity in flies, phenotypic 
nuances among different alleles may provide useful insights into the mechanisms of disease.  
 
Neuroanatomical Phenotypes 
Another major feature of ALS pathology involves neuroanatomical defects accompanied by 
denervation at the NMJ and more recently, evidence for axonal growth abnormalities (Fallini et 
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al., 2012). Loss of TBPH results in under grown NMJs characterized by fewer synaptic boutons 
(Feiguin et al., 2009). As with the locomotor function studies, overexpression of either wild-type 
or mutant human TDP-43 also leads to smaller NMJs, consistent with a loss-of-function 
mechanism (Estes et al., 2011; Godena et al., 2011; Li et al., 2010). At least one report finds 
that wild-type TDP-43 overexpression generates bigger NMJs while mutant TDP-43 has no 
effect, suggesting a gain of function mechanism (Wang et al., 2011). Despite some differences 
in the net effect of TDP-43 on NMJ growth, which could be explained in part by genetic 
background effects, these findings indicate that TBPH/TDP-43 modulate the morphology of the 
larval NMJ synapse. A notable difference between Drosophila and mammalian models is the 
lack of obvious denervation and motor neuron degeneration at least at the larval stage when 
these experiments were performed. Future studies involving adult NMJs as well as physiological 
recordings from the synaptic terminals are likely to provide additional insights into the precise 
role of TDP-43 and FUS in the morphology and function of neuromuscular synapses.  
 
 
Drosophila Models of ALS Based on FUS  
 
Several recent studies have sought to determine the role of FUS and the mechanisms 
underlying FUS pathology in ALS using flies as a model (Chen et al., 2011; Lanson et al., 2011; 
Miguel et al., 2012; Sasayama et al., 2012; Wang et al., 2011; Xia et al., 2012). Loss-of-function 
and overexpression approaches have shown that caz/FUS plays a role in both locomotion and 
the growth of the NMJ synaptic terminal (Chen et al., 2011; Lanson et al., 2011; Sasayama et 
al., 2012; Wang et al., 2011; Xia et al., 2012). caz is ubiquitously expressed and loss-of-function 
approaches using either RNAi knock-down or classical deletions result in lethality, which 
supports the notion that Caz, like TBPH is required for the survival of the organism (Sasayama 
et al., 2012). Overexpression of wild-type and disease variants of human FUS in the Drosophila 
eye leads to a progressive degenerative phenotype accompanied by a loss of ommatidia 
organization. In motor neurons, FUS overexpression leads to architectural defects at the NMJ 
synapse, locomotor dysfunction and reduced survival, which resemble essential features of ALS 
pathology (Lanson et al., 2011; Sasayama et al., 2012; Wang et al., 2011; Xia et al., 2012).  
 
FUS Subcellular Localization and Toxicity 
Recent studies aimed at examining the role of FUS mutations in ALS have shown that wild-type 
FUS is primarily nuclear while mutant FUS localizes to the cytoplasm, which is consistent with 
the inclusions found in disease pathology(Kwiatkowski et al., 2009; Lanson et al., 2011; Miguel 
et al., 2012; Vance et al., 2009). Its cytoplasmic localization is required for toxicity as disease 
mutants lacking the NES ( ΔNES FUS) exhibit reduced ALS-like phenotypes (Lanson et al., 
2011). Evidence also exists that the nuclear localization of FUS is critical for toxicity (Xia et al., 
2012). As with TBPH, caz loss-of-function results in locomotor impairment, suggesting a loss-of-
function mechanism (Sasayama et al., 2012). Thus while the FUS overexpression phenotypes 
are consistent with a gain of toxicity, it remains unclear whether the human disease is caused 
by a loss of nuclear function, gain of cytoplasmic toxicity or both.  
 
Locomotor Phenotypes and Lifespan Effects 
Neuronal specific knock-down of caz using RNAi results in impaired locomotor activity albeit it 
has no apparent effect on lifespan (Sasayama et al., 2012).On the other hand, complete loss of 
caz function using a null allele leads to severe locomotor defects affecting both walking and 
flying as well as decreased lifespan (Wang et al., 2011). Importantly, neuronal specific 
expression of caz in a null mutant background rescued most but not all locomotor phenotypes, 
suggesting that control of locomotor function is partly intrinsic to motor neurons. Furthermore, 
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human wild-type FUS overexpression in caz mutant neurons rescued locomotion defects but 
mutant FUS linked to fALS did not (Wang et al., 2011). When overexpressed in wild-type motor 
neurons, all FUS variants (wild-type and mutants) led to severe locomotor dysfunction in adult 
flies (Xia et al., 2012). 
 
Neuroanatomical Defects 
Loss-of-function studies show that Caz is required for proper morphology at the larval NMJ 
(Sasayama et al., 2012; Wang et al., 2011). Although the structure of the synaptic boutons 
themselves appears unaltered, loss of caz leads to undergrown synapses, containing fewer 
synaptic boutons (Sasayama et al., 2012). As with TDP-43, FUS overexpression in motor 
neurons is neurotoxic. While some report a disorganization of motor neurons and a reduced 
NMJ area accompanied by a decrease in the number of small and large axonal boutons (Xia et 
al., 2012), others report an increase in the number of synaptic boutons or no change when FUS 
is overexpressed(Lanson et al., 2011; Wang et al., 2011). As with TDP-43, despite some 
differences between various studies, it is clear that FUS is required to regulate the architecture 
of the NMJ synapse. 
 
 
Pathways and Networks 
 
One the strongest assets of Drosophila as a model for human disease is the power of the 
genetic toolbox. The ability to sort through biochemically identified candidate targets and 
partners to determine functional interactions in vivo represents a major strength of the fly model. 
While full genome genetic and drug screens have yet to be published, several genetic 
interactions have been reported in the fly models of TDP-43 and FUS. Importantly, TDP-43 and 
FUS exhibit genetic interactions with each other, suggesting that at least some functional 
partners are common (Lanson et al., 2011; Wang et al., 2011). 
In keeping with the RNA dysregulation hypothesis, TAF15, an RNA binding protein with a 
domain structure similar to that of FUS has recently been reported to co-localize with TDP-43 in 
pathological inclusions and to mimic several ALS features with the TDP-43 fly model (Couthouis 
et al., 2011). It would not be surprising for several other RNA binding proteins to exhibit similar 
interactions with TDP-43 and FUS. Identifying which of the known protein partners can modify 
TDP-43 or FUS neurotoxicity may be critical for the development of future therapeutic 
strategies. 
Additional genetic interactions reported for TDP-43 include the HSP70 chaperone, the caspase 
inhibitor P35, which suppress photoreceptor neurodegeneration as well as a dominant negative 
construct of the small proteasome subunit, which enhances TDP-43 phenotypes (Estes et al., 
2011). These findings provide further evidence that the TDP-43 Drosophila model recapitulates 
not only pathological features but also exhibits in vivo interactions with well-established 
pathways including protein folding, apoptosis and proteasome mediated-degradation. Similar to 
TDP-43, the eye neurotoxicity induced by FUS in the retina is alleviated by overexpression of 
the HSP70 (HSPA1L) chaperone that has also been shown to mitigate polyglutamine-mediated 
neurodegeneration (Miguel et al., 2012; Warrick et al., 1999). 
In recent years, the discovery of novel genetic and environmental factors for neurodegenerative 
disorders have led to the emergence of multi-hit models for neurodegeneration, similar to 
Weinberg’s breakthrough cancer models (Hanahan and Weinberg, 2000). Thus perhaps it is not 
surprising to discover that mutations in ataxin 2 accompany TDP-43 mutations in patients, 
making ataxin 2 a risk factor for ALS (Elden et al., 2010). Similarly, the Type 1, inositol 1,4,5 
Triphosphate (IP3) Receptor, ITPR1, a ER resident, IP3 gated Ca2+ channel, which has been 
previously linked to cerebellar ataxia, modulates TDP-43’s nucleocytoplasmic shuttling and its 
clearance by autophagy (Kim et al., 2012; van de Leemput et al., 2007). Another example 
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providing support to the multi-hit model is Valosin Containing Protein (VCP), an ATP-ase 
involved in segregating ubiquitinated substrates from large protein complexes and linked to 
inclusion body myopathy associated with Paget’s disease of bone and frontotemporal dementia, 
which interacts genetically with TBPH (Ritson et al., 2010). This functional interaction was 
identified in an unbiased screen for VCP modifiers and suggests that VCP toxicity is mediated 
by TDP-43, as evidenced by the redistribution of TDP-43 from the nucleus to the cytoplasm, 
which is consistent with inclusions containing TDP-43 in inclusion body myopathy associated 
with Paget’s disease of bone and frontotemporal dementia patients.  
Another emerging theme is that TDP-43 and FUS may regulate the stability of the microtubule 
network and possibly affect the transport processes dependent on the microtubule cytoskeleton, 
which is one of the current ALS hypotheses. For example, HDAC6, a histone deacetylase 
implicated in transcriptional control as well as acetylation of tubulin has been shown to be a 
target of TDP-43 (Polymenidou et al., 2011). In human cells, TDP-43 and FUS compete for 
binding HDAC6 mRNA, which supports the notion that they act in a common pathway to 
regulate HDAC6 controlled processes (Kim et al., 2010). At the larval NMJ, the microtubule 
associated protein MAP1B/Futsch, which like HDAC6 acts to stabilize microtubules, is reduced 
in TBPH mutants, providing a possible explanation for the observed undergrowth of the synaptic 
terminals (Feiguin et al., 2009; Godena et al., 2011).  
Recently, RNA sequencing approaches using loss-of-function and overexpression conditions 
identified significant changes in transcripts linked to the Wnt and BMP pathways, suggesting 
that TBPH/TDP-43 may regulate the output of these pathways in the nervous system (Hazelett 
et al., 2012).  
 
 

CONCLUSION: CHALLENGES AND OPPORTUNITIES 
 
The past years since the first reports of TDP-43 mutations in fALS and sALS patients (Kabashi 
et al., 2008; Sreedharan et al., 2008; Van Deerlin et al., 2008) have seen an avalanche of 
studies aimed at elucidating the basic biology of TDP-43 and the underlying mechanisms of 
disease. The discovery of FUS followed shortly (Kwiatkowski et al., 2009; Vance et al., 2009), 
which prompted a repositioning of ideas in the field and led to the emergence of the RNA 
dysregulation hypothesis (Lagier-Tourenne and Cleveland, 2009).Does the fly provide a good 
model for ALS and for studying these new hypotheses? The sceptics remain concerned about 
the gulf between the fly model and humans. Eyebrows are still raised upon discussions of ALS 
(or other human disease) modelling in the tiny fruit fly. The evidence however stands to 
demonstrate that there are remarkable similarities between the fly phenotypes and ALS 
pathology. These include among others, locomotor dysfunction and reduced lifespan, which are, 
after all, the main problem with this devastating disease.  
There are of course caveats that we need to be mindful of, including the overexpression 
paradigms used by most models and the differences in glial biology, especially when 
considering that glia seems to play a major role in motor neuron disease (Howland et al., 2002). 
However, when one considers the strengths of the fly model, they weigh a lot heavier than the 
caveats. For example, the ability to express or knock-down genes in a tissue, cell-type and even 
temporal-specific manner, allows us to address why various types of neurons are differentially 
affected in neurodegenerative disorders. Furthermore, the genetic toolbox offers multiple 
strategies for unbiased genetic and drug screens. 
Given the high degree of conservation between flies and humans, these screens provide a 
relatively high-throughput means of discovering genes and compounds with therapeutic promise 
in humans. Most surely, we will see data coming from such endeavours in the coming years.  
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So what have we learned from the fruit fly models? First, loss-of-function studies demonstrate 
the requirement of TDP-43 and FUS during development as well as proper neuronal function 
afterwards. Thus, there may be a previously unappreciated developmental component for this 
neurodegenerative disease. Second, we learned that fALS and sALS mutations in TDP-43 and 
FUS affect motor neurons intrinsically, in ways that mimic their effects in humans, i.e., their 
function and survival are compromised. Furthermore, genetic interactions in the fly confirmed 
that suspected cellular pathways are functionally important in ALS. These include protein 
folding, proteasome-mediated degradation, apoptosis and microtubule organization.  
A major difference between fly models of ALS and human pathology remains, specifically, 
according to most studies, the absence of ubiquitinated inclusions, which represent a hallmark 
of the disease. While the reason and significance for this apparent discrepancy remains to be 
seen, it is worth noting that the fly model unequivocally shows that cytoplasmic aggregates are 
not a prerequisite of motor neuron disease. This suggests that pathological inclusions are more 
likely to be a consequence rather than a cause for motor neuron dysfunction and death. In 
addition, this finding shifts the focus from cytoplasmic aggregates to other aspects of disease 
pathophysiology, including neuroanatomical and synaptic function defects.  
How far can the fly model ”fly”? Even the most passionate Drosophila geneticists will probably 
agree that while the fly provides a rapid and efficient evaluation of the pathways relevant to 
disease, it is just the first step to developing strategies with therapeutic potential in humans. 
Perhaps a most reasonable approach is to learn as much as possible about the basic biology of 
ALS from the fly and other genetically amenable models ranging from yeast to zebrafish, then 
validate these findings in mammalian models, which have been the golden standard for 
advancing therapies to humans. 
A similar logic could be applied to drug screening: compounds identified as neuroprotective in 
the fly should be subjected to further testing and validation in rodent models. However, given 
the limited success of translating findings from mouse to humans at least when it comes to the 
SOD1 model and taking into the account the lack of therapies for ALS patients who face a rapid 
loss of motor function and death within 2-5 years of diagnosis, one has to ask: should we take 
the tiny fruit fly a little more seriously? 
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APPENDIX C 

 

Futsch/MAP1B mRNA is a translational target of TDP-43 and is neuroprotective in a Drosophila 

model of ALS 
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Pearson A, Bowser R, Zarnescu DC (2014) Futsch/MAP1B mRNA is a translational target of 
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APPENDIX D 

 

Fragile X protein mitigates TDP-43 toxicity by remodeling RNA granules and restoring 

translation 
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Supplemental Figure Legends: 

Supplemental Fig. 1. TDP-43 toxicity is not modulated by the addition of a second UAS 

element. (A-F) GMR Gal4 expression of TDP-43 variants: WT (B) and G298S (C), results in 

depigmentation, which is not altered by mCD8 RFP (E, F). GMR and mCD8 RFP expression 

alone do not result in depigmentation phenotypes (A, D). (G) D42 Gal4 expression of TDP-43 

variants WT and G298S results in increased larval turning time, which is unchanged by mCD8 

RFP. (H) D42 Gal4 expression of TDP-43 variants WT and G298S results in reduced adult 

survival time, which is unchanged by mCD8 RFP. 

 

Supplemental Fig. 2. dfmr150M enhances TDP-43 toxicity. (A-F) GMR Gal4 Expression of 

TDP-43 variants: WT (A) and G298S (C) results in depigmentation compared to controls (E) 

which is enhanced by dfmr150M (B, D). Note that dfmr150M has no phenotype on its own (F). (G) 

D42 Gal4 expression of TDP-43 variants WT and G298S results in increased larval turning time, 

which is enhanced by dfmr150M. 

 

Supplemental Fig. 3. TDP-43 is required for the neuroprotective effects of dFMRP OE. 

Larval turning time is increased upon knock down of endogenous TBPH (TBPHRNAi) and further 

increased upon knock down of dFMRP (dFMRPRNAi) or overexpression of dFMRP (dFMRP OE) 

in the context of TBPHRNAi.  

 

Supplemental Fig. 4. Varying dFMRP levels does not alter TDP-43 protein or transcript 

levels. (A) Western blots for TDP-43 levels with varying dFMRP dosage. Genotypes as 

indicated on bottom. Chicken anti-GFP was used to detect TDP-43 YFP. (B) Quantification of 

TDP-43 protein levels in the context of varying FMRP levels. Actin was used as a loading 

control for normalization. (C) qPCR for TDP-43 in the context of varying dFMRP levels.    
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Supplemental Fig. 5. dFMRP translation is not altered by TDP-43 expression. (A) Western 

blots for dFMRP levels in the context of TDPWT or TDPG298S compared to w1118 controls. 

Antibodies as indicated on left. Genotypes as indicated on bottom. (B) Quantification of dFMRP 

protein levels. Actin was used as a loading control for normalization. (C) qPCR for dfmr1 mRNA 

levels in the context of TDPWT or TDPG298S compared to w1118 controls. (D-F) qPCR for dFMR1 

mRNA distribution in polysome fractionation input (D), RNP fractions (E), and polysome 

fractions (F).   

 

Supplemental Fig. 6. TBPH and dFMRP colocalize in live primary motor neurons. (A-D) 

Cells expressing mCherry and dFMRP YFP. Note: dFMRP YFP puncta in neurites. (E-H) Cells 

co-overexpressing TBPHWT mCherry and dFMRP YFP. Note colocalized TBPH and dFMRP 

puncta in neurites. Scale bars: (A) 12 µm 

 

Supplemental Fig. 7. TDP-43 – FMRP interactions require RNA binding domain RRM1 and 

cytoplasmic TDP-43 localization and TDP-43 and FMRP bind in vitro. (A-F) GMR Gal4 

expression of TDP-43RRM variant (A) does not result in depigmentation, and remains unchanged 

upon dFMRP reduction (dFMRPRNAi; B) or overexpression (dFMRP OE; C) compared to 

controls (D-F). (G) D42 Gal4 expression of TDP-43RRM does not display a phenotype compared 

to controls and is unaffected by reduction of dFMRP. dFMRP OE in the context of TDP-43RRM 

results in locomotor dysfunction. (H) Immunoprecipitation of TDP-43 variants in HEK cells. 

Genotypes as indicated on the top. Antibodies used for immunoprecipitation (IP) or Western 

blots (WB) indicated on the right. (I) TDP-43RRM expressing cells, immunostained with anti-myc 

(to visualize myc-TDPRRM), anti-dFMR1 and anti-HRP antibodies. Note that TDPRRM is restricted 

to the nucleus. HRP labels neuronal membranes. Genotype as indicated on the left, 

immunostains on the top. (J) Saturation binding isotherms of FMRP (0.1 to 50 nM) binding to 

increasing concentrations of TDP-43 (8 nM (¡), 4 nM (¨), 2 nM (r), 1 nM (¯), or 0.5 nM (s)). 
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Linear regression plot of mean ± S.E.M. of Bmax (maximum binding capacities) values as shown. 

Scale bars: (I) 25 µm.  

 

Supplemental Fig. 8. Knock-down of dFMRP reduces the molecular mobility of TDP-43. 

(A) FRAP experiments indicate the effect of dFMRP RNAi on the kinetics of TDPWT and 

TDPG298S. Error bars represent 95% CI.  (B) Half Life for FRAP experiments.  

 

 

 

 

 

Supplemental tables: 

Table S1: Summary of TDP-43, dFMRP, and PABP Colocalization in Primary Motor 

Neurons 

 Cytoplasmic YFP TDPWT TDPG298S 

dFMRP – PABP 

Colocalization 

1.7% 6.2% 

P = 1.2 E-06 

6.4% 

P = 4.8 E-06 

TDP-43 – PABP 

Colocalization 

N/A 14.3 % 10.7% 

P = 0.05 

TDP-43 – dFMRP 

Colocalization 

N/A 3.8% 4.0% 

P = 0.76 

TDP-43 – dFMRP – PABP 

Colocalization 

N/A 5.0% 4.8% 

P = 0.80 

 



 113 

Values shown represent the percentage of colocalization between the proteins listed on the left. 

Student’s T test was used to calculate Pvalues. In the case of FMRP – PABP colocalization, 

Student’s T tests were performed to cytoplasmic YFP controls. In all other cases, Student’s T 

tests were performed between TDP-43 variants.  

 

Table S2: Quantification of TDP-43 and FMRP in polysome fractions.  

 TDP-43 (TBPH for w1118) 

 w1118 TDPWT  TDPG298S 

Input 1.24 +/- 0.06 1.04 +/- 0.02 1.15 +/- 0.12 

RNP 1.34 +/- 0.03 1.05 +/- 0.02 1.14 +/- 0.12 

40/60S 1.21 +/- 0.04 0.97 +/- 0.06 1.05 +/- 0.05 

80S 1.16 +/- 0.09 0.83 +/- 0.05 0.88 +/- 0.03 

2 polysomes 1.18 +/- 0.08 0.90 +/- 0.04 0.85 +/- 0.01 

3 polysomes 1.16 +/- 0.06 0.85 +/- 0.04 0.85 +/- 0.03 

4 polysomes 1.05 +/- 0.07 0.84 +/- 0.05 0.84 +/- 0.08 

5 polysomes 1.06 +/- 0.08 0.85 +/- 0.03 0.83 +/- 0.08 

6 polysomes 1.07 +/- 0.01 0.84 +/- 0.01 0.82 +/- 0.08 

 FMRP 

 w1118 TDPWT  TDPG298S 

Input 0.96 +/- 0.12 1.02 +/- 0.15 1.07 +/- 0.16 

RNP 1.26 +/- 0.12 1.21 +/- 0.07 1.26 +/- 0.19 

40/60S 1.08 +/-0.06 1.13 +/- 0.13 1.25 +/- 0.11 

80S 1.0 +/- 0.11 0.93 +/- 0.14 1.08 +/- 0.12 

2 polysomes 0.92 +/- 0.10 1.04 +/- 0.11 1.03 +/- 0.11 

3 polysomes 0.94 +/- 0.06 0.91 +/- 0.14 1.07 +/- 0.08 



 114 

4 polysomes 0.97 +/- 0.10 0.86 +/- 0.10 1.01 +/- 0.12 

5 polysomes 0.96 +/- 0.03 0.89 +/- 0.12 1.0 +/- 0.12 

6 polysomes 0.90 +/- 0.03 0.86 +/- 0.09 0.96 +/- 0.06 

 

Quantification of TDP-43 and FMRP protein distribution throughout the polysome gradient 

relative to S6 ribosomal protein distribution. Input corresponds to 3% of total lysate used for 

fractionation. 25 µg protein loaded per sample. 
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APPENDIX E 

 

Post-transcriptional inhibition of Hsc70-4/HSPA8 expression leads to synaptic vesicle cycling 

defects in multiple models of ALS  

Coyne AN, Lorenzini I, Chou CC, Torvund M, Rogers RS, Starr A, Zaepfel BL, Johannesmeyer 

J, Nishimune H, Zinsmaier K, Rossoll W, Sattler R, Zarnescu DC (2016) TDP-43 alters synaptic 

Hsc70-4 expression and impairs synaptic vesicle cycling at the neuromuscular junction, 

Submitted. 
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Summary:  

Amyotrophic Lateral Sclerosis (ALS) is a synaptopathy accompanied by the presence of 

cytoplasmic aggregates containing TDP-43, an RNA binding protein linked to ~97% of ALS 

cases. Using a Drosophila model of ALS, we show that TDP-43 overexpression in motor 

neurons results in decreased expression of the Hsc70-4 chaperone at the neuromuscular 

junction (NMJ). Mechanistically, mutant TDP-43 sequesters and regulates the translation of 

hsc70-4 mRNA in Drosophila. Expression of Hsc70-4’s ortholog, HSPA8 is also reduced in 

primary motor neurons and NMJs of mice expressing disease associated mutant TDP-43. 

Electrophysiology, imaging, and genetic interaction experiments reveal TDP-43 dependent 

defects in synaptic vesicle endocytosis. These deficits are caused in part by reduced dynamin 

function and can be rescued in the context of mutant TDP-43 by Hsc70-4 overexpression, in an 

ATPase dependent manner. We also find that Hsc70-4/HSPA8 expression is post-

transcriptionally reduced in C9ORF72 fly and human iPS models suggesting a common disease 

pathomechanism.  
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Introduction 

Amyotrophic Lateral Sclerosis (ALS) is a progressive neurodegenerative disease 

affecting upper and lower motor neurons for which there is no cure (Al-Chalabi et al., 2012; Ling 

et al., 2013; Robberecht and Philips, 2013). Several loci have been linked to ALS including 

C9ORF72 (DeJesus-Hernandez et al., 2011; Renton et al., 2011), SOD1 (Rosen et al., 1993), 

TDP-43 (Neumann et al., 2006; Sreedharan et al., 2008) and FUS (Kwiatkowski et al., 2009). 

This suggests the presence of multiple disease mechanisms ranging from defects in RNA 

metabolism to proteostasis and axonal transport among others (Lagier-Tourenne and 

Cleveland, 2009; Robberecht and Philips, 2013). Ultimately, all cases of ALS, regardless of 

etiology lead to a common outcome: denervation accompanied by muscle atrophy. The 

molecular mechanisms underlying the events that precede denervation and the interconnections 

between the various cellular processes affected throughout disease progression remain poorly 

understood.  

Although initial hypotheses of ALS pathology revolved around altered protein 

homeostasis (proteostasis) (Robberecht and Philips, 2013; Ruegsegger and Saxena, 2016), the 

recent identification of the C9ORF72 repeat expansion together with disease causing mutations 

in RNA binding proteins such as TDP-43 and FUS led to a paradigm shift pointing to 

dysregulation of RNA homeostasis (ribostasis) as a major disease pathomechanism (Colombrita 

et al., 2011; Janssens and Van Broeckhoven, 2013; Ling et al., 2013; Robberecht and Philips, 

2013). This hypothesis is supported by studies in several model organisms demonstrating that 

neurodegeneration results at least in part from defects in RNA metabolism caused by 

dysfunction of specific RNA binding proteins (Li et al., 2013; Ling et al., 2013; Wolozin, 2012). 

Of these, TDP-43 is viewed as a common denominator for the majority of ALS cases known to 

date; 2-3% of ALS patients harbor mutations in TDP-43  (Kabashi et al., 2008; Neumann, 2009; 

Sreedharan et al., 2008; Van Deerlin et al., 2008) and ~97 % of all ALS cases exhibit TDP-43 
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pathology regardless of etiology (Ling et al., 2013; Neumann et al., 2006). Thus, elucidating the 

mechanisms by which both wild-type and mutant TDP-43 cause neurodegeneration is essential 

to our understanding of ALS pathogenesis and the development of future therapeutic strategies.  

TDP-43 contains a nuclear localization (NLS) and a nuclear export (NES) signal, two 

RNA recognition motifs (RRM1,2), and a glycine rich, prion-like C-terminal domain. The majority 

of ALS causing mutations cluster within the C terminal domain and increase TDP-43’s intrinsic 

propensity for aggregation (Cushman et al., 2010; Johnson et al., 2009; King et al., 2012; Ou et 

al., 1995). In vitro binding and RNA sequencing studies have shown that TDP-43 binds with 

high affinity UG-rich sequences and regulates the splicing of several transcripts that encode 

synaptic proteins (Buratti et al., 2001; Polymenidou et al., 2011; Sephton et al., 2011; Tollervey 

et al., 2011). In addition, TDP-43 has been shown to be actively transported in motor neuron 

axons to regulate the localization and translation of specific mRNA targets (Alami et al., 2014; 

Coyne et al., 2014; Fallini et al., 2012). Under conditions of cellular stress TDP-43 associates 

with RNA stress granules (SG), which sequester specific mRNAs resulting in translation 

inhibition during times of cellular stress (Colombrita et al., 2009; Dewey et al., 2011; Elden et al., 

2010; Kim et al., 2014; Liu-Yesucevitz et al., 2010; McDonald et al., 2011).  

Knock-down or overexpression of wild-type or disease associated mutant TDP-43 in 

animal models recapitulates key aspects of ALS pathology including locomotor dysfunction, 

alterations in neuromuscular junction (NMJ) structure and synaptic function, and reduced 

survival (Couthouis et al., 2011; Da Cruz and Cleveland, 2011; Diaper et al., 2013; Estes et al., 

2011; Kabashi et al., 2011; Laird et al., 2010; Li et al., 2010; Liachko et al., 2010; Lu et al., 

2009; Miskiewicz et al., 2014; Wegorzewska et al., 2009). ALS and related neurodegenerative 

diseases culminate in synaptic degeneration. However, the molecular mechanisms that trigger 

synaptic failure remain poorly understood (Gillingwater and Wishart, 2013; Robberecht and 

Philips, 2013; Shahidullah et al., 2013).  

TDP-43 has previously been shown to associate with human Hsc70 (HSPA8) in a 
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complex in mammalian cells (Freibaum et al., 2010). Hsc70 proteins comprise a family of 

constitutive and ubiquitous molecular chaperones that function in protein folding, protein 

degradation, stress response, endosomal microautophagy, and chaperone-mediated autophagy 

(CMA) (Carman et al., 2013; Cuervo and Wong, 2014; Hartl et al., 2011; Liu et al., 2012; 

Stricher et al., 2013; Walters and Parker, 2015; Wang and Mao, 2014; Young et al., 2004). 

Consistent with its role in proteostasis, human Hsc70/HSPA8 has been implicated in 

neurodegeneration by colocalization with ubiquitin-positive inclusions in sporadic ALS 

(Watanabe et al., 2001). Among the multiple Hsc70 proteins in Drosophila (Craig et al., 1983; 

Palter et al., 1986; Perkins et al., 1990; Rubin et al., 1993), the clathrin-uncoating ATPase 

Hsc70-4 has well-established roles for synaptic function, specifically synaptic vesicle exo- and 

endocytosis, and is highly expressed in neurons and at the larval NMJ (Bronk et al., 2001; 

Chang et al., 2004; Chang et al., 2002; Craig et al., 1983; Zinsmaier and Bronk, 2001).  

The critical role of Hsc70-4 in synaptic vesicle cycling at the synapse led us to 

hypothesize that abnormal interactions between TDP-43 and Hsc70-4 may lead to early 

synaptic impairments prior to degeneration. Here we show that motor neuron overexpression of 

TDP-43 causes a reduction in synaptic Hsc70-4 levels and impairments in synaptic vesicle 

cycling at the Drosophila NMJ. Using electrophysiology and FM1-43 dye uptake experiments we 

show that defects in synaptic vesicle cycling are not due to deficits in synaptic vesicle 

exocytosis, but rather synaptic vesicle endocytosis. Similar to our findings in Drosophila, we 

also show that Hsc70/HSPA8 protein is reduced at the NMJ in TDP-43A315T mutant mice.  

To test the involvement of human Hsc70-4/HSPA8 in other forms of ALS, we examined 

its expression in disease models based on C9ORF72 G4C2 repeat expansion, the most common 

cause of familial ALS (DeJesus-Hernandez et al., 2011; Renton et al., 2011). Flies harboring 36 

G4C2 repeats (Mizielinska et al., 2014) and C9ORF72 patient derived iPSC motor neurons 

(Zhang et al., 2015) exhibit a post-transcriptional reduction in Hsc70-4/HSPA8 protein. 

Together, our findings uncover defects in synaptic vesicle endocytosis as a source of synaptic 
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dysfunction in TDP-43 and C9ORF72 mediated ALS. Furthermore, we identify a post-

transcriptional reduction in expression of the Hsc70-4/HSPA8 chaperone and provide a unifying 

view of the proteostasis and ribostasis mechanisms in ALS.   

 

Results 

Hsc70-4 protein and mRNA form a complex with TDP-43 in motor neurons in vivo 

TDP-43 has previously been shown to associate with human Hsc70 (HSPA8) in mammalian 

cells (Freibaum et al., 2010). To test whether this was also the case for the fly ortholog Hsc70-4, 

we performed immunoprecipitations (IPs) from Drosophila adults expressing TDP-43 in motor 

neurons (Figure 1A) followed by mass spectrometry (data not shown). We found that Hsc70-4 

associated with both wild-type TDP-43 (TDP-43WT) and ALS-associated mutant TDP-43 (TDP-

43G298S) complexes (22.9 and 30.1% sequence coverage respectively, Figure 1A). While Hsc70-

4 protein is present in both wild-type and mutant TDP-43 complexes, its interaction with TDP-

43G298S is significantly stronger (Figure 1A, Figure S1). These results confirm that endogenous 

fly Hsc70-4 associates with human wild-type and mutant TDP-43 in Drosophila motor neurons.   

 To determine whether hsc70-4 mRNA is present in TDP-43 complexes, we performed 

RNA immunoprecipitations (RIP) from Drosophila adults expressing TDP-43WT or TDP-43G298S in 

motor neurons followed by quantitative real-time PCR (qRT-PCR). Similar to what has been 

observed for Hsc70-4 protein, hsc70-4 mRNA was also strongly enriched in TDP-43G298S 

complexes (Figure 1B). In contrast, TDP-43WT complexes contained less hsc70-4 mRNA 

compared to TDP-43G298S (Figure 1B).  

It has been proposed that prolonged stress leading to neurodegeneration may cause 

TDP-43 to sequester its mRNA targets into insoluble, aggregate-like complexes thereby 

preventing their translation and normal function (Ramaswami et al., 2013). To test this 

hypothesis, we performed subcellular fractionations from third instar Drosophila larvae 

expressing TDP-43 in motor neurons to separate soluble from insoluble proteins and mRNAs. 
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Using qRT-PCR from each fraction, we found a significant enrichment of hsc70-4 mRNA in the 

insoluble fraction of animals expressing TDP-43G298S (Figure 1C). In contrast, hsc70-4 mRNA 

was found primarily in the soluble fraction of animals expressing TDP-43WT (Figure 1C). 

Together, this is consistent with hsc70-4 mRNA sequestration specifically by the disease 

associated mutant TDP-43. These data show that both Hsc70-4 protein and its cognate mRNA 

associate with TDP-43, albeit preferentially with mutant TDP-43G298S.  

     

Overexpression of ALS-associated mutant TDP-43 inhibits the translation of hsc70-4 

mRNA  

TDP-43G298S is more prone to aggregation than TDP-43WT (Johnson et al., 2009) suggesting that 

excessive TDP-43 protein aggregation may sequester hsc70-4 mRNA and impair its translation. 

To test this hypothesis, we performed polysome fractionations from adult Drosophila 

overexpressing TDP-43WT or TDP-43G298S in motor neurons. This approach affords the 

separation of actively translated mRNAs (polysome fraction) from non-actively translated 

mRNAs in the ribonucleoprotein particle (RNP) fraction. Using qRT-PCR we found that TDP-

43WT had no effect on the distribution of hsc70-4 mRNA in RNP or polysome fractions (Figure 

2B-C). However, TDP-43G298S expression resulted in a shift for hsc70-4 mRNA from actively 

translating polysomes to non-translated RNP fractions (Figure 2B-C). Given that no changes in 

overall hsc70-4 mRNA levels were detected in the whole animal (Figure 2A), these data suggest 

that TDP-43G298S impairs the translation of hsc70-4 mRNAs, by sequestering them into insoluble 

RNPs. In contrast, TDP-43WT did not affect hsc70-4 mRNA translation at least within the limits of 

sensitivity provided by polysome fractionations. 

 

TDP-43 expression reduces Hsc70-4 levels at the larval NMJ in Drosophila  

The translation inhibition of hsc70-4 mRNA by TDP-43G298S is consistent with the idea that 

impaired ribostasis may lead to motor neuron failure. It also predicts that Hsc70-4 levels are 
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likely reduced, which in turn may impair proteostasis in general and/or other specific synaptic 

functions of Hsc70-4 (Cuervo and Wong, 2014; Stricher et al., 2013; Uytterhoeven et al., 2015; 

Zinsmaier and Bronk, 2001). To test this, we examined Hsc70-4 protein levels in animals 

expressing TDP-43G298S in motor neurons. We found no effects in protein extracts derived from 

whole larvae or dissected ventral nerve cords (VNCs) (Figure 2D-E, G-H).  

To assess Hsc70-4 protein levels specifically at synaptic terminals of neuromuscular 

junctions (NMJs), we co-immunostained larval NMJ preparations for Hsc70-4 and HRP. TDP-

43G298S expression in motor neurons significantly decreased Hsc70-4 levels in synaptic boutons 

in comparison to controls (43% decrease, p<0.001, Figure 2J L, M) while muscle Hsc70-4 levels 

remained unchanged (Figure 2O, Figure S2D, F). Furthermore, we found no changes in 

transcript levels in whole larvae, VNCs, or NMJ preparations (Figure 2F, I, N) suggesting that 

the regulation of hsc70-4 mRNA by TDP-43 is post-transcriptional. Although we cannot 

eliminate the possibility that Hsc70-4 protein transport or stability at the NMJ may be altered by 

TDP-43G298S expression, taken together with the polysome fractionation results, our findings 

suggest that TDP-43G298S expression reduces Hsc70-4 levels cell autonomously by impairing 

hsc70-4 mRNA translation.  

Similar to our results for TDP-43G298S, we found no changes in Hsc70-4 protein levels in 

whole larvae or VNCs (Figure 2D-E, G-H) of animals expressing TDP-43WT in motor neurons. At 

synaptic terminals of the NMJ, we found that motor neuron expression of TDP-43WT resulted in a 

small but significant decrease in Hsc70-4 levels compared to controls (14% decrease, p<0.001, 

Figure 2J, K, M). Hsc70-4 expression in muscle (Figure 2O, Figure S2D-E) as well as hsc70-4 

transcript levels in whole larvae, VNCs, and NMJ preparations remained unchanged (Figure 2F, 

I, N). Taken together, both mutant and wild-type TDP-43 expression in motor neurons 

decreases Hsc70-4 levels at synaptic terminals albeit this appears to arise from distinct 

mechanisms.  
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Overexpression of disease-associated mutant TDP-43 reduces Hsc70/HSPA8 levels in 

mouse primary motor neurons  

Having identified reduced synaptic expression of Hsc70-4 in our fly model of ALS, we next 

wanted to determine if Hsc70/HSPA8 levels were also altered in a mammalian model of ALS. 

To evaluate Hsc70/HSPA8 levels, we transfected mouse primary motor neurons with GFP 

tagged TDP-43WT, TDP-43Q331K, TDP-43M337V or GFP alone and performed immunostainings for 

Hsc70/HSPA8 in growth cones and motor neuron cell bodies. Expression of TDP-43WT had no 

effect of Hsc70/HSPA8 levels in growth cones or cell bodies (p>0.05, Figure 3B, F, I, J). 

However, TDP-43Q331K or TDP-43M337V overexpression significantly reduced Hsc70/HSPA8 

levels in growth cones by 39% and 41%, respectively (p<0.01, Figure 3G, H, J). Hsc70/HSPA8 

immunofluorescence was also reduced in cell bodies of mouse motor neurons expressing TDP-

43Q331K or TDP-43M337V (12% decrease for TDP-43Q331K, p<0.05, Figure 3C, I, and 33% decrease 

for TDP-43M337V, p<0.001, Figure 3D, I). These data indicate that, similar to what has been 

observed in the fly model, Hsc70/HSPA8 levels are reduced in mammalian primary motor 

neurons overexpressing disease associated mutant TDP-43.  

 

Hsc70/HSPA8 expression is reduced at the NMJ in TDP-43A315T mutant mice 

We next asked whether levels of mammalian Hsc70/HSPA8 are also reduced at NMJs of TDP-

43 mutant mice, similar to what was seen in Drosophila (Figure 2K-M). To address this, 

dissected mouse NMJs were immunostained for Hsc70/HSPA8 and postsynaptic acetylcholine 

receptors (AChR). These experiments showed that synaptic Hsc70/HSPA8 immunoreactivity  

was significantly decreased by 21% at NMJs expressing TDP-43A315T in comparison to controls 

(p<0.05, Figure 3K-M). Taken together, these data indicate that disease associated mutant 

TDP-43 reduces levels of Hsc70/HSPA8 at NMJs of both flies and mice.  

 

Hsc70-4 overexpression mitigates TDP-43 mediated motor neuron toxicity in flies 
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We next asked whether the reduced levels of Hsc70-4 at NMJs may contribute to the locomotor 

and lifespan defects induced by TDP-43 expression in motor neurons of Drosophila (Coyne et 

al., 2014; Coyne et al., 2015; Estes et al., 2011; Estes et al., 2013). Co-expression of Hsc70-4 

with either TDP-43WT or TDP-43G298S in motor neurons significantly improved locomotor function 

for both wild-type and mutant TDP-43 larvae, as indicated by a faster turning time (see 

Experimental Procedures, Figure 4A). Co-expression of Hsc70-4 also significantly increased 

lifespan from 33 to 45 days and from 28 to 55 days for TDP-43 WT and TDP-43G298S expressing 

animals, respectively (p<0.001, Figure 4B-C). Notably, suppression of TDP-43 toxicity by 

Hsc70-4 co-expression was not due to a reduction in TDP-43 protein or mRNA levels (Figure 

S3). As with TDP-43G298S, Hsc70-4 co-expression also suppressed the locomotor dysfunction 

induced by overexpression of disease-associated TDP-43Q331K or TDP-43M337V in Drosophila 

motor neurons (Figure S4C), which supports the notion that different disease-associated 

mutations within the C-terminal domain of TDP-43 employ similar mechanisms (Figure S4C, 

Figure 4M). Importantly, co-expression of the Hsc70-4 related protein Hsc70-3 or the Hsc70 

interacting protein Hsp90 (Hsp83) had no effect on TDP-43 induced locomotor dysfunction 

(Figure S5). Taken together, these findings suggest that a specific loss of synaptic Hsc70-4 

activity may at least in part underlie the toxic effects of wild-type and mutant TDP-43 expression 

in motor neurons in Drosophila.   

 To determine which individual synaptic functions of Hsc70-4 are affected by TDP-43WT 

and TDP-43G298S overexpression, we co-expressed TDP-43 with chaperone-dead (Hsc70-4D10N) 

or endosomal microautophagy-dead (Hsc70-43KA) mutant Hsc70-4 (Uytterhoeven et al., 2015). 

In contrast to the mitigating effect of Hsc70-4WT, co-expression of either Hsc70-4D10N or Hsc70-

43KA enhanced TDP-43WT mediated locomotor dysfunction (Figure S4A). Interestingly, when 

Hsc70-4D10N or Hsc70-43KA were co-expressed with TDP-43G298S, neither had a statistically 

significant effect (Figure S4B)., possibly because Hsc70-4 function is already severely 

compromised in the context of mutant TDP-43 (43% reduction in synaptic levels, Figure 2). 
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These results suggest that TDP-43 may compromise both the molecular chaperone and the 

endosomal microautophagy activities of Hsc70-4. 

  

Overexpression of TDP-43 in motor neurons impairs synaptic vesicle endocytosis  

Given the various critical synaptic roles of Hsc70-4 in synaptic vesicle (SV) cycling like the 

uncoating of clathrin-coated SVs in cooperation with auxilin, maintaining SNARE complex 

assembly and dynamin oligomerization in cooperation with cysteine string protein (Csp), and 

degradation of synaptic proteins by endosomal microautophagy (Bronk et al., 2001; Burgoyne 

and Morgan, 2015; Chang et al., 2004; Chang et al., 2002; Eisenberg and Greene, 2007; Jiang 

et al., 2000; Uytterhoeven et al., 2015; Zhang et al., 2012; Zinsmaier and Bronk, 2001), we 

hypothesized that the reduced synaptic levels of Hsc70-4 induced by wild-type and mutant TDP-

43 may impair synaptic function. 

 We have previously shown that motor neuron expression of wild-type or mutant TDP-43 

decreases the number of synaptic boutons at larval NMJs  (Coyne et al., 2014; Estes et al., 

2013) and increases their size (Coyne and Zarnescu, unpublished observations), similar to 

mutations that cause impaired membrane retrieval during synaptic vesicle endocytosis (Smith et 

al., 2008; Verstreken et al., 2002). Importantly, we do not observe a reduction in the number of 

active zones for neurotransmitter release when TDP-43 is expressed in motor neurons (Figure 

S6A-H). Furthermore, TDP-43 overexpression in motor neurons does not alter the intensity or 

area occupied by Csp within synaptic boutons (Figure S6I-P) suggesting that total number of 

synaptic vesicles lies within normal range. 

To test whether wild-type or mutant TDP-43 expression in motor neurons affects 

synaptic transmission, we recorded spontaneous and evoked excitatory postsynaptic potentials 

(EPSPs) of larval NMJs of muscle 6. In comparison to control, neither TDP-43 WT nor TDP-

43G298S expression had an effect on spontaneous or stimulus-evoked EPSP amplitudes (Figure 

4D-F). Accordingly, quantal content of evoked neurotransmitter release was normal (Figure 4G).  
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 Next, we examined synaptic vesicle cycling by performing FM1-43 dye uptake assays at 

the larval NMJ (see Experimental Procedures, (Kuromi and Kidokoro, 2005)). Prolonged 

stimulation (5 minutes) with 90 mM K+ showed that, in comparison to controls, TDP-43WT and 

TDP-43G298S overexpression significantly reduced FM1-43 dye uptake by 33 ± 1.8% and 39 ± 

2.1%, respectively (p<0.001, Figure 4H-J, P). Subsequent K+ stimulation to unload FM1-43 dye 

from boutons showed no difference between TDP-43 mutant NMJs and controls (Figure S7A-

C). Taken together, our electrophysiology and FM1-43 dye uptake/unloading results indicate 

that TDP-43 overexpression does not affect exocytosis but causes defects in synaptic vesicle 

endocytosis.  

 

The chaperone activity of Hsc70-4 is required to mitigate synaptic vesicle cycling defects 

caused by TDP-43G298S 

We next asked whether Hsc70-4 overexpression can mitigate TDP-43 induced defects in FM1-

43 dye uptake. When overexpressed in a wild-type background or together with TDP-43WT, 

Hsc70-4 had no effect on FM1-43 dye uptake at the NMJ (p>0.05, Figure 4K-L, Q). In contrast, 

co-overexpression of Hsc70-4 with TDP-43G298S strongly suppressed the defects in FM1-43 dye 

uptake induced by TDP-43G298S overexpression (p<0.001, Figure 4M, Q). To determine whether 

the chaperone activity of Hsc70-4 is required for its protective effect, we overexpressed 

chaperone-dead Hsc70-4 (Hsc70-4D10N; (Uytterhoeven et al., 2015)) and found that it does not 

alter FM1-43 dye uptake deficits induced by TDP-43 (p>0.05, Figure 4O-Q) and has no effect 

on its own, when expressed in a wild-type background (p>0.05, Figure 4N, Q). These data 

suggest that TDP-43WT overexpression induces synaptic vesicle endocytosis defects that are at 

least in part independent of Hsc70-4. Furthermore, our data show that the chaperone activity of 

Hsc70-4 is required to mitigate TDP-43G298S dependent reduction in synaptic vesicle endocytosis 

at the NMJ. 
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TDP-43 mediated locomotor dysfunction is sensitive to changes in clathrin homeostasis 

Hsc70-4 has multiple roles as a molecular chaperone for synaptic vesicle exo- and endocytosis 

that are dependent on DNAJ co-chaperones including Csp and auxilin (Kampinga and Craig, 

2010; Liu et al., 2012; Zinsmaier and Bronk, 2001). To determine the mechanisms underlying 

Hsc70-4 dependent and -independent phenotypic effects of TDP-43 overexpression, we used 

larval turning assays to examine the effects of various mutations affecting critical steps of 

clathrin-mediated endocytosis and synaptic vesicle cycling. 

 First, we co-overexpressed clathrin heavy chain (CHC) from a genomic transgene 

(Kasprowicz et al., 2014) or clathrin light chain (CLC) from a UAS transgene (Chang et al., 

2002). While individual overexpression of CHC or CLC in motor neurons had no effect on larval 

turning time, co-overexpression with TDP-43WT or TDP-43G298S significantly enhanced TDP-43 

induced locomotor dysfunction (Figure 5A-B). These results suggest that TDP-43 expressing 

motor neurons are more sensitive to alterations in clathrin homeostasis.   

To gain further mechanistic insights, we manipulated the fly homolog of the clathrin 

adaptor AP180, Lap180 (Like Adapter Protein 180, (Zhang et al., 1998)) and auxilin (Eisenberg 

and Greene, 2007; Lemmon, 2001; Rothnie et al., 2011), which mediate clathrin coat formation 

and dissociation, respectively. RNAi-mediated knock-down of Lap180 in motor neurons (57% 

decrease by qPCR, data not shown, (Ni et al., 2009)) had no effect on its own but in 

combination with wild-type or mutant TDP-43 overexpression significantly enhanced locomotor 

dysfunction induced by TDP-43 (Figure 5C). This result, again, indicates a higher sensitivity of 

TDP-43 overexpression in motor neurons to alterations in clathrin-mediated endocytosis.  

  

Auxilin does not alter TDP-43 locomotor phenotypes 

Hsc70’s molecular chaperone activity critically requires DNAJ proteins, which transition Hsc70-

ATP to the ADP-bound state to stabilize client interactions (Jiang et al., 2007; Kampinga and 

Craig, 2010). At synaptic terminals Hsc70’s chaperone function in synaptic vesicle exo- and 



 137 

endocytosis is facilitated by the DNAJ proteins Csp on synaptic vesicles and auxilin on clathrin-

coated vesicles (Kampinga and Craig, 2010; Liu et al., 2012; Zinsmaier and Bronk, 2001). Since 

TDP-43 locomotor phenotypes are sensitive to changes in clathrin levels, we first tested 

whether TDP-43 overexpression impairs auxilin/Hsc70 mediated clathrin uncoating of synaptic 

vesicles. Overexpression of auxilin (Eun et al., 2008) had no effect on larval turning on its own 

or in combination with wild-type and mutant TDP-43 (Figure 5D). Similarly, reducing overall 

levels of auxilin by RNAi-mediated knock down (55% decrease in expression by qPCR, data not 

shown, (Ni et al., 2009)) had no effect on its own or in combination with TDP-43 overexpression 

(Figure 5E). This suggests that the synaptic defects induced by wild-type or mutant TDP-43 

expression are unlikely due to a compromised Auxilin/Hsc70 clathrin uncoating activity.  

 

Csp levels and chaperone activity modulate TDP-43 mediated locomotor dysfunction  

Next, we tested for genetic interactions with Csp, which recruits Hsc70-4 to a chaperone 

complex on synaptic vesicles ensuring proper assembly of SNARE and dynamin complexes 

during synaptic vesicle exo- and endocytosis, respectively (Chandra et al., 2005; Tobaben et al., 

2001; Zhang et al., 2012; Zinsmaier, 2010; Zinsmaier et al., 1994). Overexpression of Csp in a 

wild-type background from a genomic transgene (increasing Csp dosage by one copy) 

(Zinsmaier et al., 1994) had no effect while a UAS transgene significantly increased larval 

turning time (Figure 5F-G). The greater effect of the UAS transgene is likely due to its high 

expression levels that cause neurodegeneration and early death (Nie et al., 1999). Co-

overexpression of TDP-43WT or TDP-43G298S with genomic Csp restored larval turning time to 

control levels (Figure 5F) while co-overexpression of Csp from a UAS transgene had no 

significant effect on TDP-43WT or TDP-43G298S dependent locomotor defects (Figure 5G). These 

data indicate that when co-expressed, Csp and TDP-43 antagonize each other to a degree that 

is highly sensitive to Csp levels. As a result, when Csp is expressed beyond a certain threshold, 

it fails to be protective. 
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 Csp’s J domain promotes the ATPase activity of both Hsc70 and Hsp70, which is 

abolished by mutations in the HPD motif and J domain (Braun et al., 1996; Bronk et al., 2005; 

Chamberlain and Burgoyne, 1997; Zhang et al., 1999). Overexpression of J domain mutant 

CspH45Q (Bronk et al., 2005) in a wild-type background had no effect on larval turning (Figure 

5H). However, co-overexpression with either TDP-43WT or TDP-43G298S strongly enhanced TDP-

43 induced locomotor dysfunction (Figure 5H). Taken together, these results suggest that 

overexpression of wild-type and mutant TDP-43 impairs the activity of the Csp/Hsc70-4 

chaperone complex.  

 

Overexpression of Csp/Hsc70-4’s client dynamin mitigates TDP-43 induced locomotor 

dysfunction  

Csp/Hsc70-4 chaperone activity maintains synaptic vesicle endocytosis by ensuring proper 

oligomerization of the GTPase dynamin (Rozas et al., 2012; Zhang et al., 2012). Once a critical 

mass is reached, oligomerization activates dynamin’s GTPase activity, which in turn pinches or 

pops off newly formed synaptic vesicles from the plasma membrane (Haucke et al., 2011; Jahn 

and Fasshauer, 2012; Ramachandran, 2011). To determine whether TDP-43 overexpression 

affects Csp/Hsc70-4’s chaperone activity targeting dynamin, we tested whether overexpression 

of Drosophila dynamin (shibire) may restore TDP-43 induced locomotor defects. While 

overexpression of shibire alone had no effect on larval turning (Figure 5I) co-overexpression 

with TDP-43WT or TDP-43G298S in motor neurons suppressed TDP-43 toxicity and restored 

normal locomotor function compared to controls (Figure 5I). Notably, none of the mRNAs 

encoding the examined synaptic vesicle cycle proteins were enriched in wild-type or mutant 

TDP-43 complexes, or were translationally dysregulated, as suggested by polysome 

fractionations (Figure S8).  
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Overexpression of the Hsc70-4’s co-chaperone Csp and its client dynamin suppresses 

synaptic vesicle cycling defects induced by TDP-43 in motor neurons  

To determine whether overexpression of wild-type and mutant TDP-43 indeed impairs Csp’s 

endocytic role to maintain normal dynamin activity, we tested if the genomic Csp construct can 

restore TDP-43 dependent FM1-43 dye uptake defects at larval NMJ (Figure 4D-F, M, Figure 

5J-L, S). We found that overexpression of either Csp from a genomic transgene or dynamin 

alone had no effect on K+ induced FM1-43 dye uptake in comparison to control (p>0.05, Figure 

5J, M, P, S). Co-expression of Csp fully restored the defect in FM1-43 dye uptake induced by 

TDP-43WT or TDP-43G298S overexpression to control levels (Figure 5N-O, S). Similarly, co-

overexpression of dynamin also fully suppressed the defect in FM1-43 dye uptake induced by 

wild-type and mutant TDP-43 overexpression to control levels (Figure 5Q-S). Taken together, 

these data suggest that overexpression of wild-type or mutant TDP-43 impairs the activity of the 

Csp/Hsc70 complex in maintaining normal dynamin function for synaptic vesicle endocytosis.  

 

Overexpression of Hsc70-4 attenuates the aggregation of TDP-43WT but not TDP-43G298S 

So far, we have established that mutant TDP-43 overexpression in motor neurons impairs 

ribostasis of hsc70-4 mRNA, which in turn causes specific defects in proteostasis that converge 

on the synaptic GTPase dynamin. Because of the general role of Hsc70-4 for clearance of 

misfolded or aggregated proteins (Cuervo and Wong, 2014; Liu et al., 2012; Stricher et al., 

2013; Urushitani et al., 2004; Zetterstrom et al., 2011), we hypothesized that Hsc70-4 

overexpression may influence TDP-43 aggregation. To examine this possibility, we performed 

subcellular fractionations from Drosophila larvae co-overexpressing wild-type or mutant TDP-43 

with Hsc70-4 in motor neurons and quantified the amount of TDP-43 in the soluble (low salt, 

LS), sarkosyl soluble (Sark), and urea soluble (Urea) fractions. Interestingly, Hsc70-4 co-

overexpression significantly reduced the amount of TDP-43WT in the Urea fraction and increased 

the amount of TDP-43WT in the more soluble Sark fraction (p<0.01 and p<0.05 respectively, 
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Figure 6A, E). Notably, Hsc70-4 overexpression had no significant effect on the solubility of the 

ALS-associated mutant TDP-43G298S (Figure 6B, E), despite its neuroprotective effects on TDP-

43G298S induced locomotor and lifespan phenotypes (Figure 4A-C). These data suggest that 

Hsc70-4 overexpression primarily reduces protein aggregation of TDP-43WT, which in turn 

improves larval locomotion and lifespan but not synaptic vesicle endocytosis. In contrast, for 

disease associated TDP-43G298S, while Hsc70-4 overexpression does not affect TDP-43 

aggregation, it mitigates synaptic vesicle endocytosis, locomotor dysfunction and lifespan 

reduction suggesting a different utilization of Hsc70-4 chaperone activity by disease associated 

mutant TDP-43. 

Conversely, TDP-43WT or TDP-43G298S overexpression in motor neurons did not affect 

the solubility of endogenous Hsc70-4 at the larval stage (Figure 6C, D). However, aged adult 

flies (7 days) exhibited a significant increase in insoluble Hsc70-4 protein for both wild-type and 

mutant TDP-43 (p<0.001, Figure 6D, G). Adults expressing TDP-43WT also showed a 

corresponding decrease of Hsc70-4 protein in the Sark fraction in comparison to controls 

(p<0.001, Figure 6D, G). These data suggest an age-dependent sequestration of Hsc70-4 by 

insoluble cytoplasmic RNA/protein complexes, as previously observed in samples of sporadic 

ALS patient (Watanabe et al., 2001). 

Co-overexpression of Hsc70-4 with TDP-43WT significantly decreased the amount of 

insoluble Hsc70-4 in the urea fraction (p<0.001, Figure 6D, G) and increased the amount of 

Hsc70-4 in the more soluble Sark fraction in comparison to individual TDP-43WT expression 

(p<0.001, Figure 6D, G). This effect on Hsc70-4 solubility mirrored the effects on TDP-43WT 

solubility when both proteins were co-overexpressed. Thus, these data suggest that in the 

context of TDP-43WT, overexpression of Hsc70-4 may mitigate toxicity by improving the 

proteostasis of both TDP-43 and Hsc70.    
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C9ORF72 repeat expansions reduce Hsc70-4/HSPA8 levels and induce defects in 

synaptic vesicle cycling 

Having established defects in synaptic expression of Hsc70-4 and synaptic vesicle cycling in a 

TDP-43 based fly model of ALS, we next sought to determine if similar defects were also 

present in C9ORF72 (C9) repeat expansion models (DeJesus-Hernandez et al., 2011; Renton 

et al., 2011) C9 ALS cases exhibit wild-type TDP-43 pathology (DeJesus-Hernandez et al., 

2011) and thus, may share Hsc70-dependent synaptic impairments observed in the TDP-43WT 

fly model.  

Using a fly model of C9 ALS (Mizielinska et al., 2014) containing 36 G4C2 repeats, we 

detected no alterations in Hsc70-4 expression in dissected VNCs (Figure 7A-B). However, 

overexpression of 36 G4C2 repeats in motor neurons caused a significant decrease in Hsc70-4 

levels in synaptic boutons of larval NMJs (21% reduction, p<0.001, Figure 7E-F). There was no 

change in hsc70-4 mRNA transcript levels in dissected VNCs or NMJ preparations (Figure 7C-

D). Hsc70-4 protein levels in muscles were also normal (Figure 7H). Together, these data 

indicate that expression of C9 repeat expansions impairs Hsc70-4 protein expression post-

transcriptionally and cell autonomously in motor neurons.  

 To determine if Hsc70/HSPA8 expression was also altered in a human C9 model of 

ALS, we used induced pluripotent stem cells (iPSCs) derived motor neurons. In comparison to 

controls, Hsc70/HSPA8 levels were reduced in the soma and dendrites of C9 iPSC motor 

neurons by 57% and 32%, respectively (p<0.001, Figure 7I, J). Similar to the fly model, there 

was no significant change in hsc70-4 mRNA in C9 iPSC motor neurons compared to controls 

(Figure 7K). This suggests that, Hsc70 expression is post-transcriptionally down-regulated in C9 

ALS human motor neurons. 

 Since the defect in Hsc70-4 levels in C9 models of ALS is reminiscent of that seen in the 

TDP-43 fly model, we hypothesized that C9 repeat expansions may also disrupt synaptic vesicle 

cycling. To test this possibility, we performed FM1-43 dye uptake experiments at the fly NMJ. 
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Overexpression of 36 G4C2 repeats in motor neurons caused a significant decrease in FM1-43 

dye uptake compared to G4C2 3X controls (53 ± 4.4% reduction, p<0.001, Figure 7L-M). 

Together, these data suggest that both TDP-43 and C9ORF72 model of ALS share common 

features of post-transcriptionally reduced Hsc70 expression accompanied by defects in synaptic 

vesicle cycling.  

 

Discussion 

ALS is a synaptopathy like other neurodegenerative disorders including Parkinson’s and 

Alzheimer’s disease (Gillingwater and Wishart, 2013; Wishart et al., 2006). However, the 

mechanisms underlying synaptic dysfunction and neurodegeneration remain poorly understood. 

TDP-43, which is linked to  the majority of ALS cases is known to associate with RNA stress 

granules (SG) that sequester specific mRNAs and reduce their translation during stress 

(Colombrita et al., 2009; Dewey et al., 2011; Elden et al., 2010; Kim et al., 2014; Liu-Yesucevitz 

et al., 2010; McDonald et al., 2011). Collectively, these studies have suggested that by 

associating with RNA SG, TDP-43 plays a role in maintaining both proteostasis and ribostasis 

by controlling the expression of target mRNAs and sequestration of protein partners. Because of 

its central role in ALS pathogenesis, understanding the molecular mechanisms underlying TDP-

43 mediated neurodegeneration, and defining its mRNA targets and their mode of regulation is 

expected to provide a deeper understanding of disease pathophysiology and identify novel 

therapeutic targets.  

 

Distinct mechanisms govern TDP-43 dependent regulation of Hsc70-4 expression and toxicity 

Using a Drosophila model of ALS based on TDP-43, we show that overexpression of ALS-

associated mutant TDP-43 in motor neurons sequesters hsc70-4 mRNA and reduces synaptic 

Hsc70-4 protein levels at larval NMJs. Hsc70/HSPA8 expression is also reduced in cell bodies 

and growth cones of cultured primary motor neurons and at NMJs of mice expressing mutant 
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TDP-43, suggesting that the relationship between TDP-43 and Hsc70 is evolutionarily 

conserved.  

TDP-43WT overexpression in fly motor neurons also leads to post-transcriptional 

reduction of synaptic Hsc70-4 levels at larval NMJs. However, immunoprecipitations (Figure 1B) 

and polysome fractionations (Figure 2A-C) suggest that this is unlikely due to increased hsc70-4 

mRNA sequestration and reduced translation. It is possible that the sensitivity of this assay is 

limited, or that subtle defects in RNA localization, protein stability or both result in reduced 

Hsc70-4 protein expression at the NMJ.    

Hsc70 is part of a neuroprotective synaptic network that maintains SV exo- and 

endocytosis and prevents neurodegeneration (Burgoyne and Morgan, 2015; Zinsmaier, 2010), 

which led us to hypothesize that alterations in Hsc70-4 expression may be detrimental to 

synaptic function. Indeed, using a combination of FM1-43 dye loading and unloading 

experiments together with electrophysiology, we find that overexpression of TDP-43WT or TDP-

43G298S in motor neurons leads to defects in synaptic vesicle endocytosis but not exocytosis. 

Although such phenotypes have been previously described in Parkinson’s disease (Xu et al., 

2016), to our knowledge this is the first report of a reduction in synaptic vesicle endocytosis at 

the NMJ in the context of TDP-43 toxicity. 

In the case of mutant TDP-43, co-overexpression of Hsc70-4 provides significant rescue 

of the FM1-43 dye uptake defect although, we note that this is not a full restoration to the levels 

observed in controls. Co-overexpression of chaperone-dead Hsc70-4D10N fails to mitigate TDP-

43G298S induced FM1-43 dye uptake defects suggesting that motor neuron expression of TDP-

43G298S reduces Hsc70-4 levels below a threshold that is necessary to maintain a molecular 

chaperone activity facilitating synaptic vesicle endocytosis/cycling.  

In contrast, for TDP-43WT, co-overexpression of Hsc70-4, while not sufficient to improve 

synaptic vesicle cycling, appears to mitigate toxicity by generally improving proteostasis as 

evidenced by our fractionation experiments. Specifically, Hsc70-4 overexpression reduces the 
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aggregation of TDP-43WT itself thus, leading to improved locomotor function and increased 

lifespan.    

 

Perturbations in the synaptic vesicle cycle/endocytosis highlight key TDP-43 dependent 

functional interactions between Hsc70-4, co-chaperone and client partners  

Co-overexpression of Csp, a co-chaperone of Hsc70-4 critical for stabilizing client binding (Jiang 

et al., 2007; Kampinga and Craig, 2010), significantly restores FM1-43 dye uptake to control 

levels for both TDP-43WT and TDP-43G298S. This is surprising given that Hsc70-4 co-

overexpression mitigated effects of TDP-43G298S but failed to rescue TDP-43WT mediated defects 

in endocytosis. A possible explanation for this result stems from the fact that Csp has also been 

shown to function independently of Hsc70-4 (Bronk et al., 2005). This suggests that Csp’s 

functions independent of Hsc70-4 may contribute to improved synaptic vesicle cycling when 

Csp and TDP-43WT are co-overexpressed in motor neurons. Since TDP-43WT reduced synaptic 

Hsc70-4 levels to a lesser extent than in the context of TDP-43G298S, it is also possible that 

Hsc70-4 overexpression alters the delicate balance of chaperone levels and pushes the system 

over a critical threshold thus failing to restore synaptic vesicle cycling. Co-overexpression of the 

GTPase dynamin, a client of the Csp/Hsc70-4 chaperone complex (Zhang et al., 2012), also 

significantly restores FM1-43 dye uptake to control levels for wild-type and mutant TDP-43. 

Together, this suggests that TDP-43 impairs the activity of the Csp/Hsc70 chaperone complex 

to maintain normal dynamin function. 

Using larval turning experiments, we show that motor neuron expression of TDP-43 is 

sensitive to clathrin levels. This could affect clathrin mediated endocytosis of synaptic vesicles 

and/or membrane proteins. Indeed, TDP-43 has recently been shown to cause defects in 

endosomal trafficking of receptors involved in neuronal growth and development (Deshpande et 

al., 2016; Schwenk et al., 2016). In addition, previous reports reveal that aggregation of mutant 

SOD1 or Huntingtin proteins inhibits clathrin-mediated endocytosis of receptors through 
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sequestration of Hsc70 (Yu et al., 2014). Although here we have not examined receptor or 

endosomal trafficking, together with these recent reports, our findings indicate that 

neurodegeneration results at least in part from defects in endocytosis and trafficking of multiple 

cellular components essential for neuronal survival. 

 

Towards a common, synaptic pathomechanism of disease  

Similar to what we found for TDP-43, we show that Hsc70-4/HSPA8 expression is reduced at 

synaptic terminals of C9 repeat expressing flies, and in cell bodies and dendrites of human C9 

iPSC motor neurons. Furthermore, we show that C9 repeat expansions in flies lead to defects in 

FM1-43 dye uptake. Although C9 iPSC motor neurons have increased cytoplasmic TDP-43 

staining (Zhang et al., 2015) and could reflect an ALS scenario reminiscent of TDP-43WT 

pathology, it remains unknown whether C9 ALS utilizes mechanisms similar or distinct from 

TDP-43 for regulating Hsc70 expression and synaptic vesicle cycling. Recent reports suggest 

that splicing and transcriptome alterations, including changes in synaptic gene expression, 

contribute to C9 ALS pathology (Cooper-Knock et al., 2015; Prudencio et al., 2015). Thus, it is 

possible that multiple mechanisms may be at play to alter Hsc70 expression as seen in both C9 

fly and iPSC models of ALS.      

 Although overexpression of either TDP-43WT or disease associated TDP-43G298S leads to 

similar phenotypes, our findings of hsc70-4 mRNA as a mutant specific sequestration and 

translation target suggests that the molecular mechanisms utilized by different TDP-43 variants 

are at least in part, distinct (see Model Figure 8). This knowledge could impact the development 

of therapeutic strategies that ought to take into consideration the specific mechanisms of toxicity 

associated with TDP-43WT, which is linked to >95% of ALS cases regardless of etiology as 

opposed to ALS associated mutant TDP-43 that only represents 2-3% of ALS cases. Taken 

together, our data suggest that post-transcriptional dysregulation of Hsc70-4 expression 

connects defects in ribostasis and proteostasis at synapses in ALS across multiple models. 
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Additionally, our findings that improving synaptic vesicle cycling through overexpression of 

Hsc70, its co-chaperone Csp or their client, dynamin highlight the synaptic vesicle cycle as a 

unifying therapeutic target in ALS and related neurodegenerative disorders where TDP-43 

pathology is present.  

 

Experimental Procedures  

 

Drosophila Genetics 

All Drosophila stocks and crosses were kept on standard yeast/cornmeal/molasses food at 22°C 

unless otherwise noted. Information on fly lines used for experiments can be found in the 

Supplemental Experimental Procedures.  

 

Larval Turning Assays 

Crosses were carried out at 22°C and wandering third instar larvae were placed on a grape 

juice plate. After a 30 second acclimation period, larvae were gently turned ventral side up. 

They were observed until they turned over (dorsal side up) and began making a forward motion. 

The time it took to complete this task was recorded for 30 larvae per genotype.  

 

Lifespan Analysis 

All crosses and surviving flies were maintained at 22°C. Newly eclosed males and females were 

kept separately and placed in a new vial every 7 days. 100 flies per genotype were assayed (10 

for muscle expression). Survival plots were generated using the survival and Hmisc packages in 

R and RStudio software.  

 

Electrophysiology 

Current-clamp recordings were made from muscle 6 in the anterior ventral abdomen of climbing 
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third-instar larvae, as described previously (Dawson-Scully et al., 2000). Dissections were made 

in a modified Ca2 -free HL-3 solution (Stewart et al., 1994). The composition was as follows (in 

mM): 70 NaCl, 5 KCl, 4 MgCl2, 10 NaHCO3, 5 trehalose, 5 HEPES, and 115 sucrose. For 

recordings, HL-3 solution was supplemented with 0.6 mM CaCl2 and continuously superfused 

over the preparation. To elicit a postsynaptic response, the segmental nerve was stimulated for 

0.1 ms at 2-3 times the stimulus amplitude required for a threshold response. Voltage signals 

were amplified with an Axoclamp 2B amplifier (Axon Instruments, Foster City, CA), filtered at 1 

kHz, and digitized at 5 kHz directly to disk with a DigiData 1200 interface and pClamp 8.0 

software (Axon Instruments). Evoked responses were analyzed with Clampfit 8.0 software 

(Axon Instruments), and spontaneous events were analyzed with the Mini Analysis Program 

(Synaptosoft, Leonia, NJ).  

 

FM1-43 Dye Uptake Assays 

FM1-43 dye uptake assays were modified from previously published protocols (Kuromi and 

Kidokoro, 2005; Verstreken et al., 2008).  Wandering third-instar larvae were filleted in Ca2+ free 

HL-3 saline and pinned out on Sylgard dishes. After dissection, larval fillets were briefly washed 

with Ca2+ free HL-3 saline and the anterior pin was relaxed. Larvae were then stimulated for 5 

minutes in HL-3 saline containing 4 µM FM1-43FX, 90 mM KCl, and 2 mM Ca2+. Following 

stimulation, larvae were extensively washed in Ca2+ free HL-3 saline and imaged using a Zeiss 

LSM 880 confocal microscope. NIH Image J software was used to calculate FM1-43 dye uptake 

area and dye intensity. FM1-43 dye uptake area was used for normalization.  

 

Cellular Fractionations and Western Blotting 

Cellular fractionations were adapted from previously described protocols (Estes et al., 2013; 

Liachko et al., 2010) and performed as described in the Supplemental Experimental 
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Procedures. RNA solubility fractionations were performed with a modified cellular fractionation 

protocol as described in the Supplemental Experimental Procedures.  

Western blots were performed as described (Coyne et al., 2014; Coyne et al., 2015) previously 

and in the Supplemental Experimental Procedures. Primary antibodies used for western blots 

were 1:3000 rabbit anti-Hsc70-4 (Konrad Zinsmaier), 1:6000 rabbit anti-GFP (Invitrogen), and 

1:5000 rabbit anti-β Actin (Cell Signaling).  

 

Immunoprecipitations  

Immunoprecipitations were performed from adult flies expressing TDP-43WT or TDP-43G298S in 

motor neurons as described in the Supplemental Experimental Procedures and using a 

previously published protocol (Coyne et al., 2014).  

 

Polysome Fractionations 

Polysome fractionations were conducted as previously described (Coyne et al., 2014; Coyne et 

al., 2015). 

 

qRT PCR 

qRT PCR was carried out as described in the Supplemental Experimental Procedures. An 

RNeasy kit (Qiagen) was used for RNA isolation. First strand cDNA synthesis was performed 

with a Superscript III cDNA synthesis kit (Invitrogen). qPCR reactions were carried out using 

SYBR Select Master Mix (Applied Biosystems) and an ABI 7300 Real Time PCR System 

(Applied Biosystems). Primer sequences can be found in the Supplemental Experimental 

Procedures. 

 

Immunohistochemistry and Confocal Imaging  

Drosophila larval NMJs were prepared as previously described (Estes et al., 2011; Estes et al., 
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2013) and in the Supplemental Experimental Procedures. Primary antibodies used were 1:50 

rabbit anti-Hsc70-4 (Konrad Zinsmaier), 1:300 mouse anti-DCSP2 (DSHB), and 1:50 mouse 

anti-Bruchpilot, NC82 (DSHB).  

 

Primary Neuron Culture and Transfection 

Primary motor neurons from spinal cords of mouse embryos were isolated and plated at day 

13.5 (Fallini et al., 2010). Cells were cultured in the glial conditioned medium (Neurobasal, 0.5 

mM Glutamax, 2% B27; Invitrogen) supplemented with 2% horse serum (Sigma), and 10 ng/ml 

each BDNF, CNTF, and GDNF (Peprotech). After 2 days, cells were transfected by 

magnetofection as previously described (Fallini et al., 2010) with expression plasmids encoding 

monomeric green fluorescent protein (GFP) fused to human wild-type (WT) and mutant TDP-43 

(Q331K, M337V) (Chou et al., 2015). Cells were fixed 24 hrs after transfection. 

 

Cell Staining, Image Acquisition, and Analysis 

Cells were fixed with 4% paraformaldehyde at room temperature, permeabilized with 0.2% 

Triton X-100 and blocked with 5% BSA. Mouse anti-Hsc70 and chicken anti-neurofilament 

antibodies (Abcam) were incubated overnight at 4°C. Cy3- and Cy5-conjugated secondary 

antibodies (Jackson ImmunoResearch) were incubated for 1 hr at room temperature. 

Fluorescent imaging was acquired using an epifluorescent microscope (Ti, Nikon) with Z-stack. 

Image stacks were deconvolved (AutoQuant, Media Cybernetics) and analyzed using ImageJ 

software (National Institutes of Health). For fluorescent analysis, motor neuron cell bodies and 

10 µm segments of the axonal growth cones were analyzed.  

 

Human iPSC Motor Neuron Differentiation  

Control iPSC and C9 iPSC cells (>30 repeats) were differentiated to motor neurons as 

described by previous studies (Donnelly et al., 2013; Zhang et al., 2015). Demographic 
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information can be found in the Supplemental Experimental Procedures. These cells were co-

cultured on top of a confluent monolayer of mouse cortical astrocytes prepared from post-natal 

day 0-1 mouse pups. 

 

Immunocytochemistry for Hsc70/HSPA8 in iPSC Motor Neurons  

Day 55 neurons were fixed and immunostained for dendritic marker Map2 (synaptic systems, 

1:1500) and Hsc70 (abcam 1:500). A zeiss LSM 800 was used to image the cells followed by 

imaris imaging software analysis to quantify the average SUM intensity of Hsc70 in dendrites 

and neuronal cell body. 

 

Mouse NMJs 

Animals: Wild-type (Jackson Laboratory, 000664, C57Bl/6J) and Prp-TDP-43A315T (Jackson 

Laboratory, 010700, B6.Cg-Tg (Prnp-TARDBP*A315T)95Balo/J) male mice were euthanized at 

age P120 and P85, respectively. Mice received food and water ad libitum. Prp-TDP-43A315T mice 

were fed jellified food to mitigate intestinal dysmotility phenotype as recommended by the 

Jackson Laboratory. All procedures were approved by the University of Kansas Medical Center 

Institutional Animal Care and Use Committee (IACUC). 

Immunohistochemistry: Experiments we conducted as previously described (Chen et al., 2011; 

Chen et al., 2012; Nishimune et al., 2004) and in the Supplemental Experimental Procedures. 

Antibodies used were 1:1000 mouse anti-Hsc70 (Abcam, clone 13D3), and 1:5000 Alexa 594 

conjugated α-bugarotoxin (Invitrogen). 

Image Analysis and Statistics: Epifluorescent images were obtained using a Nikon Eclipse 80i 

microscope (objective lens: 100 x, numerical aperture 1.49) and analyzed using MetaMorph 

software (version 7.1.2.0, Molecular Devices) and images were analyzed as described in the 

Supplemental Experimental Procedures.  
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Statistical Analyses 

Statistical analyses were performed using the appropriate t test or ANOVA model with Tukey’s 

post hoc test. For cellular fractionations, Fisher’s test was used. Statistics were performed using 

GraphPad Prism software version 7.0 (GraphPad Software). Lifespan statistical analysis was 

done using the log-rank test in R. All data shown are mean ± SEM. * p < 0.05, ** p < 0.01, *** p 

< 0.001, n.s. not significant. 
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Figure Legends 

Figure 1. Hsc70-4 protein and mRNA are enriched in TDP-43G298S complexes in motor 

neurons. (A) Immunoprecipitation (IP) of TDP-43 variants expressed in motor neurons in 

Drosophila adults. Genotypes and antibodies used for IP as indicated on top. Antibodies used 

for western blot (WB) indicated on right. (B) qPCR for hsc70-4 mRNA in immunoprecipitated 

TDP-43 complexes. (C) qPCR for hsc70-4 mRNA in soluble and insoluble complexes in the 

context of TDP-43 variants.  

 

Figure 2: hsc70-4 mRNA is a translation target of TDP-43G298S and Hsc70-4 protein 

expression is reduced at synaptic terminals of TDP-43 expressing animals. (A-C) qPCR 
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for hsc70-4 mRNA in input (A), RNP (B), and polysomes (C) from flies expressing TDP-43WT 

and TDP-43G298S in motor neurons compared to controls. (D) Western blot for Hsc70-4 levels in 

whole larvae expressing TDP-43 in motor neurons. Genotypes as indicated on bottom. Actin 

was used as a loading control. (E) Quantification of Hsc70-4 protein levels from western blots 

represented as a ratio to D42>w1118 controls. (F) qPCR for hsc70-4 mRNA in whole larvae of 

animals expressing TDP-43WT or TDP-43G298S in motor neurons versus controls. (G) Western 

blot for Hsc70-4 levels in VNCs of TDP-43 expressing larvae. Genotypes as indicated on 

bottom. Actin was used as a loading control. (H) Quantification of Hsc70-4 protein levels from 

western blots represented as a ratio to D42>w1118 controls. (I) qPCR for hsc70-4 mRNA in VNCs 

of animals expressing TDP-43WT or TDP-43G298S in motor neurons versus controls. (J-L) Single 

confocal sections of synaptic boutons in neuromuscular junction preparations immunostained 

for Hsc70-4 and the neuronal membrane marker Hrp from larvae expressing TDP-43WT (K), and 

TDP-43G298S (L) compared to w1118 controls (J). Antibodies as indicated on left. (M) 

Quantification of Hsc70-4 intensity in synaptic boutons normalized to bouton area. Note p<0.001 

for TDP-43WT vs TDP-43G298S. (N) qPCR for hsc70-4 mRNA in NMJ preparations of animals 

expressing TDP-43WT or TDP-43G298S in motor neurons versus controls. (O) Quantification of 

Hsc70-4 intensity in muscle normalized to muscle area. Scale bars (J-L) 5 µm, 1 µm.     

 

Figure 3. Hsc70/HSPA8 expression is reduced in mutant TDP-43 expressing mouse 

primary motor neurons and at synaptic terminals of mouse NMJs. (A-D) Representative 

fluorescence images of cell bodies from primary motor neurons transfected with expression 

constructs for GFP (A-A’’’) or GFP-tagged TDP-43WT (B-B’’’), TDP-43Q331K (C-C’’’), or TDP-

43M337V (D-D’’’) as indicated on left. Cells were stained with anti-Hsc70 (red) and neurofilaments 

(NF) (magenta) antibodies. Antibodies and stains as indicated on top. (E-H) Representative 

fluorescence images of growth cones from primary motor neurons expressing GFP (E-E’) or 

GFP-tagged TDP-43WT (F-F’), TDP-43Q331K (G-G’), or TDP-43M337V (H-H’) as indicated on left. 
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Cells were stained with anti-Hsc70 (red) and neurofilaments (NF) (magenta) antibodies. 

Antibodies as indicated on top. (I-J) Quantification of fluorescent intensity (a.u) of Hsc70 in the 

cell body (I) and growth cones (J). Statistical analysis was performed with one-way ANOVA and 

Tukey’s post hoc test (three independent experiments, *P < 0.05, **P < 0.01, ***P < 0.001). Cell 

body: GFP (n = 57), TDP-43 WT (n = 49), TDP-43 Q331K (n = 42), TDP-43 M337V (n = 49); 

Growth cone: GFP (n = 30), TDP-43 WT (n = 24), TDP-43 Q331K (n = 35), TDP-43 M337V (n = 

36). Graphs represent mean and SEM. (K-L) Epifluorescent images of mouse NMJs 

immunostained for Hsc70/HSPA8 and AChR. Genotypes as indicated on left and antibodies as 

indicated on top. (M) Quantification of Hsc70/HSPA8 intensity from NMJs. 3 animals per 

genotype and 21 NMJs per animal were used in analysis. Scale bars (A) 10 µm, (K) 20 µm. 

 

Figure 4. TDP-43 expression results in defects in synaptic vesicle endocytosis that are 

suppressed by Hsc70-4 in a variant dependent manner. (A) D42 Gal4 expression of TDP-

43WT or TDP-43G298S results in increased larval turning time which is mitigated by 

overexpression of Hsc70-4. (B-C) D42 Gal4 expression of TDP-43 variants WT (B) and G298S 

(C) results in reduced lifespan. Overexpression of Hsc70-4 increases lifespan for both TDP-

43WT (B) and TDP-43G298S (C). (D) Representative electrophysiology traces of EJPs. Genotypes 

as indicated on top. (E-G) EJP amplitude (E), mEJP amplitude (F), and quantal content (G) 

measurements from electrophysiology recordings. Genotypes as indicated on bottom. (H-P) 

Confocal images of FM1-43 dye uptake in synaptic boutons of Drosophila larvae after 5 min of 

stimulation with 4 µM FM1-43FX in HL-3 saline containing 90 mM KCl, and 2 mM Ca2+. 

Genotypes as indicated on top and left. (Q) Quantification of FM1-43 dye uptake normalized to 

total FM1-43 uptake area. Note there is an 18 ± 1.8% reduction in FM1-43 dye uptake for TDP-

43G298S, Hsc70-4 OE compared to w1118 controls (p<0.001). Scale bar (D) 10 µm.  
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Figure 5. Factors involved in Hsc70-4 independent and dependent steps of synaptic 

vesicle cycling modulate TDP-43 toxicity. (A-I) D42 Gal4 expression of TDP-43 WT or 

G298S results in increased larval turning time which is enhanced upon expression of genomic 

clathrin heavy chain (A), overexpression of clathrin light chain (B), reduced expression of Lap 

(Like Adapter Protein 180, Lap RNAi, C), or overexpression of the Csp J domain mutant CspH45Q 

(H), and suppressed upon genomic expression of cysteine string protein (F) or overexpression 

of dynamin (shibire, I). Overexpression of wild-type Csp (G) or auxilin clathrin binding and J 

domains (D) or reduction in auxilin (Auxilin RNAi, E) does not alter TDP-43 toxicity. (J-R) 

Confocal images of FM1-43 dye uptake after 5 min of stimulation with 4 µM FM1-43FX in HL-3 

saline containing 90 mM KCl, and 2 mM Ca2+. Genotypes as indicated on top and 

left.  (S) Quantification of FM1-43 dye uptake normalized to total FM1-43 uptake area. Scale bar 

(J) 10 µm. 

 

Figure 6. TDP-43WT insolubility is reduced by overexpression of Hsc70-4 and Hsc70-4 

insolubility is increased in an age dependent manner. (A-B) Solubility studies of third instar 

larvae show the distribution of TDP-43WT (A) and TDP-43G298S (B) in low salt (LS), sarkosyl 

(Sark), and Urea containing fractions alone and in the context of Hsc70-4 overexpression. (C) 

Solubility studies of third instar larvae show Hsc70-4 distribution in LS, Sark, and Urea 

Fractions. (D) Solubility studies of 7 day old adults show Hsc70-4 distribution in LS, Sark, and 

Urea Fractions. (E) Quantification of TDP-43WT and TDP-43G298S levels in LS, Sark, and Urea 

fractions normalized to input. (F) Quantification of Hsc70-4 levels in LS, Sark, and Urea 

fractions from larval fractionations normalized to input. (G) Quantification of Hsc70-4 levels in 

LS, Sark, and Urea fractions from adult fractionations normalized to input.   

 

Figure 7. C9ORF72 repeat expansions cause reduced Hsc70-4/HSPA8 expression and 

defects in synaptic vesicle cycling. (A) Western blot for Hsc70-4 levels in VNCs of G4C2 
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expressing larvae. Genotypes as indicated on bottom. Actin was used as a loading control. (B) 

Quantification of Hsc70-4 protein levels from western blots represented as a ratio to G4C2 3X 

controls. (C) qPCR for hsc70-4 mRNA in VNCs from animals expressing G4C2 36X in motor 

neurons versus G4C2 3X controls. (D) qPCR for hsc70-4 mRNA in NMJ preparations from 

animals expressing G4C2 36X in motor neurons versus G4C2 3X controls. (E-F) Single confocal 

sections of synaptic boutons in neuromuscular junction preparations immunostained for Hsc70-

4 and the neuronal membrane marker Hrp from larvae expressing G4C2 36X (F) compared to 

G4C2 3X controls (E). Antibodies as indicated on left. (G) Quantification of Hsc70-4 intensity in 

synaptic boutons normalized to bouton area. (H) Quantification of Hsc70-4 intensity in muscle 

normalized to muscle area. (I) Confocal images of human iPS motor neurons immunostained for 

DAPI, the dendritic marker Map2, and Hsc70/HSPA8. Genotypes as indicated on left and 

antibodies as indicated on top. (J) Quantification of Hsc70/HSPA8 intensity in the soma and 

dendrites of human iPS motor neurons. (K) qPCR for Hsc70/HSPA8 mRNA in human iPS motor 

neurons. (L) Confocal images of FM1-43 dye uptake after 5 min of stimulation with 4 uM FM1-

43FX in HL-3 saline containing 90 mM KCl, and 2 mM Ca2+. Genotypes as indicated on left. 

(M) Quantification of FM1-43 dye uptake normalized to total FM1-43 uptake area. Scale bars (E-

F) 5 µm, 1 µm, (I) 10 µm, (L) 10 µm.  

 

Figure 8. A model for TDP-43 and Hsc70-4 interactions. (A) In controls, TDP-43 does not 

sequester mRNA targets or protein partners leading to normal levels of mRNA translation and 

synaptic proteins at the NMJ. As a result, synaptic vesicle cycling occurs as normal. (B) Motor 

neuron expression of TDP-43 results in decreased synaptic expression of Hsc70-4 and defects 

in Hsc70 dependent and independent steps of synaptic vesicle endocytosis. Mutant TDP-43 

sequesters hsc70-4 mRNA in insoluble complexes and inhibits its translation. Note: post-

transcriptional reduction in Hsc70 expression and synaptic vesicle cycling deficits are also 

present in C9ORF72 models of ALS. 
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Supplemental Figure Legends 
 
Supplemental Figure 1, Related to Figure 1: Hsc70-4 protein associates in a complex with TDP-43. 
Immunoprecipitation (IP) of TDP-43 variants expressed in motor neurons in Drosophila adults. Genotypes and 
antibodies used for IP as indicated on top. Antibodies used for western blot (WB) indicated on right. Multiple 
exposures for Hsc70-4 are shown for demonstration purposes. 
 
Supplemental Figure 2, Related to Figure 2: Hsc70-4 protein levels in muscle are unchanged upon TDP-43 
overexpression in motor neurons. (A) Western blot for Hsc70-4 levels in NMJ preparations of TDP-43 expressing 
larvae. Genotypes as indicated on bottom. Actin was used as a loading control. (B) Quantification of Hsc70-4 
protein levels from western blots represented as a ratio to D42>w1118 controls. (C) qPCR for hsc70-4 mRNA in NMJ 
preparations of animals expressing TDP-43WT or TDP-43G298S in motor neurons versus controls. (D-F) Confocal 
images of muscle from neuromuscular junctions of third instar larvae immunostained for Hsc70-4. Genotypes and 
antibodies as indicated on top. Scale bar (D) 10 µm. 
 
Supplemental Figure 3, Related to Figure 4: Hsc70-4 overexpression does not alter TDP-43 protein or mRNA 
levels. (A) Western blot for TDP-43 YFP from whole larval samples. Genotypes as indicated on bottom. Antibodies 
as indicated on left. Actin was used as a loading control. (B) Quantification of TDP-43 levels from western blots 
represented as a ratio to TDP-43WT and TDP-43G298S alone. (C) qPCR for tdp-43 mRNA in whole larval samples. 
Genotypes as indicated on bottom.   
 
Supplemental Figure 4, Related to Figure 4: Hsc70-4 variants modulate TDP-43 mediated locomotor 
dysfunction. (A) D42 Gal4 expression of TDP-43WT results in increased larval turning time that is suppressed by 
overexpression of Hsc70-4WT and enhanced by Hsc70-4D10N and Hsc70-43KA. (B) D42 Gal4 expression of  TDP-
43G298S results in increased larval turning time that is suppressed by overexpression of Hsc70-4WT and unaltered by 
Hsc70-4D10N and Hsc70-43KA. (C) D42 Gal4 expression of TDP-43 variants Q331K and M337V results in increased 
larval turning time that is suppressed by overexpression of Hsc70-4WT.  
 
Supplemental Figure 5, Related to Figure 4: Overexpression of Hsp83 or Hsc70-3 does not alter TDP-43 
mediated toxicity. (A) D42 Gal4 expression of TDP-43WT and TDP-43G298S results in increased larval turning time 
that is not altered by overexpression of Hsp83. (B) D42 Gal4 expression of TDP-43WT and TDP-43G298S results in 
locomotor dysfucntion that is not altered by overexpression of Hsc70-3. 
 
Supplemental Figure 6, Related to Figure 4: The distribution of the synaptic proteins cysteine string protein 
and bruchpilot are not altered by motor neuron expression of TDP-43 or upon co-overexpression with Hsc70-
4. (A-F) Confocal images of neuromuscular junctions from third instar larvae immunostained for Bruchpilot (NC82) 
and the neuronal membrane marker Hrp. Genotypes as indicated on top and left and antibodies as indicated on top. 
(A’-F’) Confocal images of neuromuscular junctions from third instar larvae immunostained for Bruchpilot (NC82). 
Genotypes as indicated on top and left and antibodies as indicated on top. (G) Quantification of active zones (NC82 
spots) normalized to bouton area. (H) Quantification of active zone intensity normalized to NC82 area and the 
number of NC82 spots. (I-N) Confocal images of neuromuscular junctions from third instar larvae immunostained 
for Cysteine String Protein (Csp) and the neuronal membrane marker Hrp. Genotypes as indicated on top and left 
and antibodies as indicated on top. (I’-N’) Confocal images of neuromuscular junctions from third instar larvae 
immunostained for Cysteine String Protein (Csp). Genotypes as indicated on top and left and antibodies as indicated 
on top. (O) Quantification of Csp area normalized to bouton area. (P) Quantification of Csp intensity normalized to 
Csp area and botuon area. Scale bars (A, I) 3 µm.  
 
Supplemental Figure 7, Related to Figure 4: TDP-43 expression does not affect FM1-43 dye unloading and 
Hsc70-4 co-expression restores Hsc70-4 protein levels at the NMJ.  (A-I) Confocal images of FM1-43 dye 
remaining in synaptic boutons after 10 min of stimulation in HL-3 saline containing 90 mM KCl and 2 mM Ca2+. 
Genotypes as indicated on top and left. (J) Western blot for Hsc70-4 levels in NMJ preparations. Genotypes as 
indicated on bottom. Actin was used as a loading control. (K) Quantification of Hsc70-4 protein levels from western 
blots represented as a ratio to D42>w1118 controls. Scale bar (A) 10 µm. 
 
Supplemental Figure 8, Related to Figure 5: Other genes involved in the synaptic vesicle cycle are not present 
in TDP-43 complexes and their distribution is unaltered in RNP and polysome fractions. (A) qPCR for clathrin 
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heavy chain (chc) mRNA in immunoprecipitated TDP-43 complexes. (B-D) chc mRNA in input (B), RNP (C), and 
polysome (D) fractions. (E) qPCR for clathrin light chain (clc) mRNA in immunoprecipitated TDP-43 complexes. 
(F-H) clc mRNA in input (F), RNP (G), and polysome (H) fractions. (I) qPCR for like adapter protein 180 (lap) 
mRNA in immunoprecipitated TDP-43 complexes. (J-L) lap mRNA in input (J), RNP (K), and polysome (L) 
fractions. (M) qPCR for cysteine string protein (csp) mRNA in immunoprecipitated TDP-43 complexes. (N-P) csp 
mRNA in input (N), RNP (O), and polysome (P) fractions. (Q) qPCR for shibire (dynamin) mRNA in 
immunoprecipitated TDP-43 complexes. (R-T) shibire mRNA in input (R), RNP (S), and polysome (T) fractions. 
(U) qPCR for auxilin mRNA in immunoprecipitated TDP-43 complexes. (V-X) auxilin mRNA in input (V), RNP 
(W), and polysome (X) fractions. 
 
 
 
Supplemental Experimental Procedures 
Drosophila Genetics 
Transgenic flies expressing human TDP-43 variants with C-terminal YFP tags were generated as previously 
described (Estes et al., 2011; Estes et al., 2013).  Untagged human TDP-43WT was obtained from J. Paul Taylor 
(Ritson et al., 2010) and untagged human TDP-43G298S was obtained from Takeshi Iwatsubo (Ihara et al., 2013). 
TDP-43Q331K and TDP-43M337V variants were obtained from Fen Biao Gao (Lu et al., 2009). The Gal4 driver used 
was the motor neuron driver D42 Gal4 (Gustafson and Boulianne, 1996). For controls, w1118, y1 w67c23; 
P{Cary}attP40 (Norbert Perrimon), or y'v'; P{caryP} attP40 (Bloomington Drosophila Stock Center) were crossed 
with the appropriate Gal4 driver. The following stocks were used to manipulate Hsc70-4: w;UAS Hsc70-4 (Konrad 
Zinsmaier, University of Arizona), UAS Hsc70-4WT, UAS Hsc70-4D10N, and UAS Hsc70-43KA (Uytterhoeven et al., 
2015). To manipulate cysteine string protein w1118, P[14-201.1];Cspx1 (Zinsmaier et al., 1994), UAS Cspu1/TM6B 
(Konrad Zinsmaier, University of Arizona), and w;UAS CspH45Q (Bronk et al., 2005) were used. Auxilin was 
manipulated with y[1]v[1];P{y[+t7.7]v[+t1.8]=TRiP.HMS01935}attp40 (Bloomington Drosophila Stock Center) 
and UAS dAux RFP. Dynamin was overexpressed with w-;;UAS shi WT TF ID115.5. Lap expression was reduced 
with y[1]v[1];P{y[+t7.7]v[+t1.8]=TRiP.HMS01939}attp40 (Bloomington Drosophila Stock Center). HA tagged 
genomic clathrin heavy chain (Kasprowicz et al., 2014) was used to manipulate CHC. Clathrin light chain was 
overexpressed with w[1118];P{w[=mC]=UAS-EGFP-CLC}3 (Bloomington Drosophila Stock Center). 
y[1]w[*];Pbac{y[+mDint2]w[+mC]=UAS-Hsp83.Z}VK00033 (Bloomington Drosophila Stock Center) was used to 
overexpress Hsp83 and w[126];P{w[+mC]=UAS-Hsc70-3.WT}B (Bloomington Drosophila Stock Center) was used 
to overexpress Hsc70-3. The following C9ORF72 transgenic lines were used: w[1118]; P{{y[+t7.7] w[+mC]=UAS-
GGGGCC.3}attP40 and w[1118]; P{{y[+t7.7] w[+mC]=UAS-GGGGCC.36}attP40 (Bloomington Drosophila Stock 
Center).    
 
Cellular Fractionations and Western Blotting 
25 wandering third-instar larvae or 25 7 day old adult males were homogenized in 200 µL low-salt buffer (LS) (10 
mM Tris, 5 mM EDTA, 10% sucrose, pH 7.5). Homogenates were briefly centrifuged at 2000 x g for 30 seconds. 
Fat and cuticle were discarded and 100 µL homogenate was kept as input. The remaining 100 µL homogenate was 
centrifuged at 25,000 x g for 30 min. The supernatant represents the LS fraction. The pellet was further extracted 
with 100 µL ionic detergent containing buffer (Sark) (10 mM Tris, 5mM EDTA, 1% sarkosyl, 10% sucrose, pH 7.5) 
and 180,000 x g for 20 min. The supernatant represents the Sark fraction. The remaining detergent insoluble pellet 
was solubilized in 100 µL urea containing buffer (Urea) (30 mM Tris, 7M urea, 2M thiourea, 4% CHAPS, pH 8.5). 
All buffers contained 7X complete protease inhibitor cocktail (Roche) supplemented with 0.5 mM PMSF to block 
proteolysis. Protein concentrations were calculated using Qubit (Invitrogen). 2X Laemmli buffer was added to 
individual fractions, and 20 mg of protein for each sample was resolved on 4-20% SDS-PAGE precast gradient gels 
(BioRad) and then transferred to a nitrocellulose membrane (BioRad) for Western blotting. The following primary 
antibodies were used: 1:6000 rabbit anti-GFP (Invitrogen), and 1:3000 rabbit anti-Hsc70-4 (Konrad Zinsmaier). The 
secondary antibody was 1:1000 goat anti-rabbit-conjugated-HRP (Thermo Scientific). Proteins were detected using 
SuperSignal West Femto Substrate (Thermo Scientific) and signal spanning the entire lane was quantified using NIH 
Image J software. TDP-43 or Hsc70-4 levels in individual fractions were normalized to input. Fisher’s exact test was 
used to determine statistical significance.  
RNA Solubility Fractionations: A modified cellular fractionation protocol was used. 10 wandering third-instar 
larvae or were homogenized in 100 µL low-salt buffer (LS) (10 mM Tris, 5 mM EDTA, 10% sucrose, pH 7.5). 
Homogenates were briefly centrifuged at 2000 x g for 30 seconds. Fat and cuticle were discarded and 25 µL 
homogenate was kept on ice as input. The remaining 75 µL homogenate was centrifuged at 25,000 x g for 30 min. 
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The supernatant represents the soluble fraction. The remaining pellet was solubilized in 75 µL urea containing buffer 
(30 mM Tris, 7M urea, 2M thiourea, 4% CHAPS, pH 8.5) and represents the insoluble fraction. All buffers were 
made in RNAse free water and contained 7X complete protease inhibitor cocktail (Roche) supplemented with 0.5 
mM PMSF to block proteolysis and 40 U/µL RNasin Plus (Promega). Fractions were then prepared for qRT PCR.  
Western Blots for Hsc70-4: Drosophila NMJ and VNC samples were prepared by filleting wandering third instar 
larvae in Ca2+ free HL-3 saline. Axons were cut just below the ventral nerve cord and retained with the body wall 
muscles, together comprising the NMJ preparation sample. The ventral nerve cord was collected and used as the 
VNC sample.  Preparations were homogenized in 2X Laemmli buffer. For whole larval samples, larvae were briefly 
washed in 1X PBS, flash frozen in liquid nitrogen, and then homogenized in 2X Laemmli buffer. All samples were 
resolved on 4-20% SDS-PAGE gradient gels (BioRad) and transferred on to a nitrocellulose membrane (BioRad). 
The primary antibodies used were: 1:3000 rabbit anti-Hsc70-4 (Konrad Zinsmaier), and 1:5000 rabbit anti-β Actin 
(Cell Signaling). The secondary antibodies used were: 1:1000 goat anti-rabbit conjugated HRP (Thermo Scientific), 
1:10,000 goat anti-rabbit IRDye 800 (Licor), or 1:10,000 goat anti-rabbit IRDye 680 (Licor). Detection was 
conducted with SuperSignal West Femto Substrate (Thermo Scientific) or the Licor Odyssey system and 
quantification performed using NIH Image J software. 
Western blots for TDP-43: Third instar wandering larvae were briefly washed in 1X PBS, flash frozen in liquid 
nitrogen, and homogenized in 2X Laemmli buffer and resolved as above. Western blots were conducted as above. 
The following primary antibodies were used: 1:6000 rabbit anti-GFP (Life Technologies) and 1:5000 rabbit anti-β 
Actin (Cell Signaling). The secondary antibody used was 1:1000 goat anti-rabbit conjugated HRP (Thermo 
Scientific). Proteins were detected with SuperSignal West Femto Substrate (Thermo Scientific) and quantification 
was performed as above. 
 
Immunoprecipitations 
Adult flies expressing TDP-43WT or TDP-43G298S in motor neurons using the D42 Gal4 driver were collected, frozen, 
ground into fine powder then resuspended in 3 mL of Lysis buffer  (50 mM HEPES pH 7.4, 0.5% Triton X-100, 150 
mM NaCl, 30 mM EDTA, 7X Protease Inhibitor Cocktail (Roche), 40 U/µL RNasin Plus (Promega), 0.2 mM 
(PMSF). Following homogenization the cell lysate was cleared of debris by centrifugation at 7,000 rpm for 10 min 
at 4°C. 50 µL of cleared lysate was kept on ice for RNA input and another 50 µL was set aside with 50 µL 2X 
Laemmli buffer added for protein input. 10 µg of Rabbit α GFP polyclonal antibody (Life Technologies) was added 
to remaining lysate and incubated for 2 hrs at 4°C. Next, Dynabeads Protein A were added and incubated for 2 hrs at 
4°C. 10 µg of Rabbit IgG (Roche) was used as a control. The Dynabeads Protein A immune complexes were washed 
3 times for 5 min each in wash buffer  (50 mM HEPES pH 7.4, 0.5% Triton X-100, 250 mM NaCl, 30 mM EDTA, 
40 U/µL Rnasin Plus. The immune complexes were collected, 50 µL resuspended in 1X Laemmli buffer and 
analyzed by immunoblotting using standard procedures. The remaining immune complexes (and previously set aside 
RNA input) were stored at -80°C for later RNA isolation. Protein samples were processed using the western blotting 
procedure described above. The following primary antiboides were used: 1:10,000 chicken α-GFP (Abcam) and 
1:3000 rabbit anti-Hsc70-4 (Konrad Zinsmaier). Secondary antibodies were: 1:10,000 donkey anti-chicken 
conjugated HRP (Thermo Scientific) and 1:1000 goat anti-rabbit conjugated HRP (Thermo Scientific). Proteins 
were detected with SuperSignal West Femto Substrate (Thermo Scientific).   
 
qRT PCR 
RNA Solubility: Following soluble vs insoluble fractionation, RNA was isolated from all fractions (input, soluble, 
insoluble) using an RNeasy Kit (Qiagen) with on-column DNase treatment. 500 ng RNA was used to perform first 
strand cDNA synthesis with a Superscript III cDNA synthesis kit (Invitrogen). qPCR reactions were conducted with 
SYBR Select Master Mix (Applied Biosystems) and an ABI 7300 Real Time PCR System (Applied Biosystems). 
Samples were prepared and run in triplicate. The following primers were used: TDP-43 and Hsc70-4 (See Primer 
Sequences). TDP-43 was used as the reference mRNA and fold change was calculated compared to each respective 
input using standard ΔΔCT method (Pfaffl, 2001). 
Immunoprecipiations: Following RNA immunoprecipitation, RNA was isolated from total lysate, IgG control IP or 
immunoprecipitated TDP-43 complex using an RNeasy Kit (Qiagen) with on-column DNase treatment. 500 ng RNA 
was used to perform first strand cDNA synthesis with a Superscript III cDNA synthesis Kit (Invitrogen). qPCR 
reactions were conducted with SYBR Select Master Mix (Applied Biosystems) and an ABI 7300 Real Time PCR 
System (Applied Biosystems). Samples were prepared and run in triplicate. The following primers were used: TDP-
43 and Hsc70-4 (See Primer Sequences). TDP-43 was used as the reference mRNA as Gpdh is not present in the 
TDP-43 complex and TDP-43 has previously been shown to bind its own mRNA (Ayala et al., 2011). Fold change 
was calculated compared to respective input.  
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Polysome Fractionations: following polysome fractionation, fractions corresponding to the RNP, 40/60S, and 80S 
peaks were pooled for RNA isolation from the “RNP” or untranslated fraction. RNA from 2+ polysomes was pooled 
as the “polysome” or actively translating fraction. RNA precipitation was carried out with Trizol (Life 
Technologies). First strand cDNA synthesis was performed from 500 ng RNA with a Superscript III cDNA 
synthesis kit (Invitrogen). qPCR reactions were conducted with SYBR select master mix (Applied Biosystems) and 
an ABI 7300 Real Time PCR System (Applied Biosystems). The following primers were used: Gpdh, Hsc70-4, 
Cysteine String Protein, Auxilin, Dynamin, Lap, Clathrin Heavy Chain, Clathrin Light Chain (See Primer 
Sequences). Samples were prepared and run in triplicate. Fractions were normalized to their respective inputs and 
fold changes were then calculated compared to w1118. 
Hsc70-4: NMJ, VNC, and whole larval samples were collected as described above for western blotting procedures. 
RNA was isolated using an RNeasy Kit (Qiagen) with on-column DNase treatment. 500 ng RNA was used to 
perform first strand cDNA synthesis with a Superscript III cDNA synthesis Kit (Invitrogen). qPCR reactions were 
conducted with SYBR Select Master Mix (Applied Biosystems) and an ABI 7300 Real Time PCR System (Applied 
Biosystems). Samples were prepared and run in triplicate. Primers used were Gpdh and Hsc70-4 (See Primer 
Sequences). Fold change was calculated compared to w1118 controls. 
TDP-43: Whole larval samples were prepared as above. RNA isolation, cDNA synthesis, qPCR and analysis were 
preformed as described above. Primers used were Gpdh and TDP-43 (See Primer Sequences).   
 
Primer Sequences 

Gene Name Primer Sequence 

TDP-43 F: ACAACCGAACAGGACCTG 
R: GGCTCATCTTGGCTTTGC 

Gpdh F: CCGCAGTGCTTGTTTTGCT 
R: TATGGCCGAACCCCAGTTG 

Hsc70-4 F: CCAGCCAGTTTGATCGAAGG 
R: GCAGGAGCTTTAGACATCTTG 

Cysteine String Protein F: GCAACGATATGCCAACGCATC 
R: ACCATATCTGGCGTGTAAGTGG 

Auxilin F: ATCGCCGAAGCCCAAGATG 
R: GGCGGTATAACTGGAACC 

Dynamin F: CCAGACCAGCTTATCGGAGG 
R: CGAGGTCCGATTTCCCTCAC 

Lap F: GCTGTAGGAGCCACAGGTTT 
R: CAGATTCAGCAGGGAGTGGG 

Clathrin Light Chain F: TCTTCGTGGCATAGAGAGCAC 
R: CTCCCAGAAGCTCACCCAAG 

Clathrin Heavy Chain F: CACACCTCTACCTTGTCTTGCAC 
R: GATCCCGACATTTGTGAGCTGT 

 
Immunohistochemistry and Imaging 
Drosophila NMJs: Wandering third instar larvae were filleted in Ca2+ free HL-3 saline, pinned out on Sylgard dishes 
and fixed in 3.5% formaldehyde in PBS, pH 7.2 for 30 minutes, then permeabilized with 0.1% Triton X-100. 
Blocking agent consisted of 2% BSA and 5% normal goat serum. The following antibodies were used: 1:50 rabbit 
anti-Hsc70-4 (Konrad Zinsmaier), 1:300 mouse anti-DCSP2 (DSHB), 1:50 mouse anti-Bruchpilot, NC82 (DSHB), 
1:500 anti-mouse Alexa 568 (Molecular Probes), 1:500 anti-mouse FITC (Molecular Probes), and 1:200 anti-HRP 
Cy5 (Molecular Probes) or 1:100 anti-Hrp Alexa 647 (Jackson). 1:300 Phalloidin-488 (Molecular Probes) or 1:300 
Rhodamine Phalloidin (Molecular Probes) were used to visualize muscles. Larval muscles 6-7, segment A3 were 
imaged using a Zeiss LSM 510 or Zeiss 880 confocal microscope. NIH Image J was used for analysis. Individual 
bouton analysis was done for both NC82 and Csp from 6-10 randomly selected boutons per NMJ preparation. 
Terminal boutons were not used in analysis. Hsc70-4 intensity in individual boutons was analyzed in single Z 
sections (0.38 µM thick). Individual bouton area was defined using Hrp and 65-80 boutons were analyzed per 
genotype. Hsc70-4 muscle intensity was measured from maximum intensity projections and muscle nuclei were 
excluded from the analysis.  
Mouse NMJs: Mice were fixed by transcardiac perfusion with 2% paraformaldehyde in phosphate-buffered saline 
(PBS). Muscles were removed and postfixed in the same fixative at room temperature, rinsed in PBS, cryoprotected 
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in 20% sucrose/PBS, frozen in Optimal Cutting Temperature compound (Sakura, Torrence, CA), and cut using a 
cryostat to obtain 20 µm thick longitudinal sections. Sections were blocked in PBS containing 2% bovine serum 
albumin, 2% normal goat serum, and 0.1% Triton. Sections were then sequentially incubated with Hsc70/HSPA8 
(Abcam 13D3 clone) at 1:1000 overnight at room temperature, washed with PBS, and incubated with a mixture of 
Alexa Fluor 488-conjugated IgM (Abcam) at 1:1000 and Alexa Fluor 594-conjugated α-bugarotoxin (α-BTX, 
Invitrogen) at 1:5000 dilution for 2 hours at room temperature. Sections were then washed with PBS and mounted 
with Vectashield (Vector, Burlingame, CA). No staining was observed when primary antibody was omitted and 
stained with secondary antibody alone. Epifluorescent images were obtained using a Nikon Eclipse 80i microscope 
(objective lens: 100 x, numerical aperture 1.49) and analyzed using MetaMorph software (version 7.1.2.0, Molecular 
Devices). NMJs were visualized using α-BTX to label postsynaptic acetylcholine receptors. To avoid potential 
complications caused by antibody penetration into the tissue sections, we imaged only en face NMJs in the 
superficial two-thirds of the section and averaged the data from a minimum of 21 NMJs over 6-8 sections for each 
animal and from 3 animals of each genotype. Quantification regions were defined by manually tracing around areas 
of α-BTX labeled en face NMJs that were in focus. These regions of interest were transferred to Hsc70 images, and 
mean signal intensity was measured within the region of interest. For representative images shown in figures, Tiff 
images were cropped and color channels separated using Adobe Photoshop CS6 (Adobe Systems, San Jose, DA). 
No other adjustments were made to the images.  
 
iPSC Line Demographics 

Cell Line Gender Age of Biopsy Diagnosis C9ORF72 
Repeat Length 

Figure 7 

Control 1 Female 53 Control <30 Staining and qPCR 
Control 2 Male 61 Control <30 qPCR 
Control 3 Male 76 Control <30 qPCR 
Control 4 Female 35 Control <30 qPCR 
Control 5 Male N/A Control <30 qPCR 
ALS 1 Male 56 C9ORF72 ALS 1150 Staining and qPCR 
ALS 2 Male 65 C9ORF72 ALS >620 qPCR 
ALS 3 Male 51 C9ORF72 ALS >30 qPCR 
ALS 4 Male 58 C9ORF72 ALS >1100 qPCR 
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