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          Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are 

devastating and fatal degenerative diseases. ALS is the most common motor neuron 

disease and FTD represents an estimated 10%-20% of all dementia cases. The 

discovery in 2011 that the C9orf72 gene mutation is the major genetic cause of both 

ALS and FTD provided a molecular link for these two diseases. Both loss of function 

and gain of function hypotheses have been proposed for the disease mechanisms. Loss 

of function mechanisms focus on loss of the C9orf72 protein, whose function was 

largely unknown back then. Gain of function mechanisms focus on toxicity from C9orf72 

repeat RNA or from dipeptide repeat proteins produced by repeat-associated on-ATG 

translation.  

         This thesis work has examined the normal molecular and cellular functions of 

C9orf72 as well as its associated protein Smcr8, and how partial depletion of C9orf72 

affects the cellular and behavioral functions under the gain of toxicity background. I 

have examined the roles of the C9orf72/Smcr8 complex in autophagy and axonal 

transport. C9orf72/Smcr8 complex associates with the ULK1/ATG13/FIP200 complex. 

Loss of C9orf72 or Smcr8 disrupts autophagy induction and autophagy flux. Smcr8 



deficient mice exhibit motor behavioral deficits, axonal swellings and autophagosome-

lysosomal accumulations. Combining the Smcr8 deficient mouse model with a C9orf72 

deficient mouse model, I discovered that C9orf72 deficiency exacerbates the lysosomal 

and axonal deficits of Smcr8 deficient mice. Time-lapse imaging revealed roles of 

C9orf72 and Smcr8 in axonal transport of autophagosomes. These studies have 

uncovered potential functions of C9orf72 in maintaining motor neurons, which may be 

masked by its interactor Smcr8. 

         To understand how loss of function of C9orf72 affects neurodegeneration in the 

disease conditions, I crossed the C9orf72 deficient mouse model with a C9ALS/FTD 

gain of function mouse model. C9orf72 haploinsufficiency exacerbated the motor, social 

and cognitive deficits of the gain of function mouse model. Mechanistic studies revealed 

more severe axonal swellings at the neuromuscular junctions and increased dipeptide 

repeat accumulations due to partial loss of C9orf72 function in the gain of function 

background. These experiments have filled the gap between the loss- and gain-of-

function and provided the field with a broader picture of the disease mechanisms and 

potential therapeutic targets. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

“I regard the brain as a computer which will stop working when its components fail.”  

– Stephen Hawking. 

1.1. Overview 

            As we age, the brain, which serves as an integrator of life experiences, are 

exposed to occasional acute insults including trauma, infections, or toxins. Aging 

neurons accumulate various neuropathological proteins, such as amyloid-b and TDP-

43(De Jager et al., 2018). Because neurons cannot divide and they survive a long time, 

inadequate protein quality-control and degradation pathways leads to accumulation of 

defective organelles, misfolded and aggregated proteins, which leads to cellular 

dysfunction, loss of synaptic connections, and brain damage. Neurodegenerative 

diseases cause progressive loss of memory and cognitive impairments or affect a 

person’s ability to move, speak and breathe. They affect millions of people worldwide 

and pose major challenges for societies with rapid aging populations. Frontotemporal 

dementia (FTD) is a progressive neurologic syndrome with psychiatric prodrome, 

neuropsychiatric symptoms and language difficulties. It is the second most common 

form of dementia in those younger than 65 years, with a prevalence of 15 to 22/100,000 

(Bott et al., 2014; Young et al., 2017). Amyotrophic lateral sclerosis (ALS) is the most 
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common motor neuron disease in adults and is characterized by degeneration of motor 

neurons in the brain and spinal cord and eventual loss of voluntary muscular function 

(Yedavalli et al., 2018). The average age of onset of ALS is currently 58-60 years and 

the average survival from onset to death is 3-4 years (Talbott et al., 2016). In 2011, a 

hexanucleotide GGGGCC repeat expansion in the C9orf72 gene was discovered to be 

the most frequent genetic cause of both diseases in Europe and North America 

(DeJesus-Hernandez et al., 2011; Renton et al., 2011). Although the C9ORF72 locus 

has been well researched on the gain of toxicity of RNA foci and poly-dipeptide resulting 

from the expanded repeats (Wen et al., 2014; May et al., 2014; Mizielinska et al., 2014), 

little is known about the normal function of C9orf72, and how the loss of function 

mechanisms interact with the gain of toxicity pathways.  

         To advance the field in understanding the C9orf72 ALS/FTD disease at the 

molecular, cellular and system level, and to provide insights about potential therapeutic 

targets for clinical treatment of the disease, I have been focusing my efforts on the 

following aspects: (1) The role of C9orf72/Smcr8 complex in autophagy; (2) 

Smcr8 deficiency disrupts axonal transport-dependent lysosomal function and promotes 

axonal swellings; (3) C9orf72 haploinsufficiency promotes neurodegeneration and 

behavioral deficits of a C9ALS/FTD mouse model. 

 

1.2. Autophagy, axonal transport and neurodegenerative diseases 

1.2.1 Autophagy 

           Autophagy is the major intracellular degradation system by which cytoplasmic 

materials are delivered to and degraded in the lysosome (Mizushima &  
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Figure 1.1. The autophagy pathway. From Kemball et al., 2010. 

Komatsu, 2011) (Figure 1.1). Autophagy-inducing signals (for example, amino acid 

starvation and pathogen infection) initiate formation of the isolation membrane (or 

'phagophore') (Shibutani et al., 2015). Under normal growth conditions, mTORC1 

associates with the Ulk1/2-Atg13-FIP200 complex, via direct interaction between raptor 

and Ulk1/2 (Hosokawa et al., 2009). The active mTOR phosphorylates Atg13 and 

Ulk1/2 (Ganley et al., 2009; Hosokawa et al., 2009; Jung et al., 2009), thereby 

suppressing Ulk1/2 kinase activity. Under starvation conditions or when mTORC1 

activity is pharmacologically inhibited, these sites are rapidly dephosphorylated 

(Sebastian et al., 2011). The activated Ulk1/2 autophosphorylates and phosphorylates 

both FIP200 and Atg13, which in turn leads to translocation of the entire complex to the 

pre-autophagosomal membrane (phagophore) (Chan et al., 2007; Chang & Neufeld, 

2009; Hara et al, 2008; Ganley et al., 2009; Hosokawa et al., 2009; Jung et al., 2009). 

Then bulk cytoplasmic material is sequestered into the phagophore, which expands 

around the cargo and finally forms a sealed, double-membrane vesicle known as the 

autophagosome (Hollenstein & Kraft, 2020). Autophagosomes either fuse with late 

endosomes to form amphisomes, which then fuse with lysosomes, or they fuse directly 

with lysosomes to form autolysosomes (Nakamura & Yoshimori, 2017), leading to the 
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degradation of the intra-autophagosomal contents by lysosomal proteases (Tanida et 

al., 2005). 

1.2.2 Methods to monitor and measure autophagy 

            To accurately estimate autophagic activity, it is essential to determine 

autophagic flux, which is defined as the amount of autophagic degradation (Yoshii, S.R. 

& Mizushima, N., 2017). The mammalian autophagy protein, LC3, is a marker of 

autophagosomes. Soon after synthesis, nascent LC3 is processed at its C terminus by 

Atg4 and becomes LC3-I, which has a glycine residue at the C-terminal end (Mizushima 

et al., 2010). Upon induction of autophagy, the exposed glycine of LC3-I is conjugated 

by Atg7 (an E1-like activity), Atg3 (an E2-like conjugating activity) and by Atg12-Atg5-

Atg16L multimers (E3-like ligase activity) to the highly lipophilic 

phosphatidylethanolamine (PE) moiety to generate LC3-II (Mizushima, 2007; 

Nakatogawa et al., 2009; Barth et al., 2010). This allows the association of LC3-II with 

the autophagosome (Kabeya et al., 2000).  

         The polyubiquitin-binding protein p62/SQSTM1 is a classical receptor of 

autophagy (Liu, W.J. et al., 2016). It binds directly to Atg8/LC3 to facilitate degradation 

of ubiquitinated protein aggregates by autophagy (Pankiv et al., 2007). 

Autophagosomes either fuse with late endosomes to form amphisomes, which then fuse 

with lysosomes, or they fuse directly with lysosomes to become autolysosomes (Shuhei 

N. & Tamotsu Y., 2017; Berg et al., 1998; Fader et al., 2008). Endo-lysosomal 

organelles, including late endosomes, lysosomes, amphisomes, and autolysosomes are 

labeled by Lamp-1 (Cheng et al., 2018; Cheng et al., 2018). After fusion of the 
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autophagosomes with the lysosomes, p62 and LC3-II are degraded together with the 

contents of the autophagosomes (Yoshii, S.R. & Mizushima, N., 2017). 

         LC3 and p62 turnover is a reliable indicator of autophagic flux. In the early phase 

of autophagy, autophagy induction will lead to increase in LC3-II level, and suppression 

of autophagy initiation will lead to decrease in LC3-II. In the late stage, block of 

autophagosome-lysosome fusion and/or block of degradation in autolysosomes will lead 

to increase of LC3-II. The level of SQSTM1 is strictly regulated by continuous 

degradation by basal autophagy. Impairment of autophagy causes massive 

accumulation of SQSTM1 (Sahani et al., 2014). mCherry-GFP-LC3 is a marker to 

monitor the late phase of autophagy flow. When fused to the autophagic marker LC3, 

GFP fluorescence is quenched upon fusion between autophagosome and lysosome 

due to the low lysosomal pH, while mCherry remains fluorescent until degradation by 

lysosomal proteases (Hundeshagen et al., 2011). Owing to this pH-dependent 

quenching of the GFP-LC3 fluorescence, only mCherry-LC3 can be detected in 

autolysosomes (i.e. these appear red only), whereas autophagosomes can be 

visualized by both fluorophores (i.e. these appear yellow) (Lopez et al., 2018). 

Suppression of the late phase of autophagy will lead to an increase of yellow/red ratio. 

          Small-molecule modulators of autophagy that target different steps of the 

autophagic machinery can be used to monitor autophagy flow. Rapamycin stimulates 

autophagy through inhibition of MTOR (mammalian target of rapamycin) (Tekirdag et 

al., 2013). Bafilomycin A1 disrupts autophagic flux by inhibiting both acidification-

dependent lysosomal degradation and autophagosome-lysosome fusion (Mauvezin et 
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al., 2015). Leupeptin and pepstatin A are autophagy inhibitors that function by 

suppressing lysosomal proteases (Yang et al., 2013). 

1.2.3 Autophagy and neurodegenerative diseases 

         Neurons have unusually large extensions of dendritic and axonal cytoplasm. They 

face particular challenges in preventing dysfunctional organelles and cellular waste from 

accumulating over a lifetime without the aid of cell division, which mitotic cells can rely 

on to dilute these waste burdens (Nixon et al., 2013). Well-regulated protein quality 

control is necessary for the aging neurons. Failures in different steps of autophagy flow, 

including substrate sequestration and recognition, autophagosome formation, 

autophagosome-lysosome fusion and lysosome digestion, can lead to 

neurodegenerative diseases.  

          In late-onset diseases, the accumulation of misfolded proteins is a common 

pathological hallmark (Nobuhiro et al., 2018). Numerous autophagic vacuoles have 

been observed in dystrophic neurites of Alzheimer’s disease (AD) brains (Nixon et al., 

2005). AD-related PS1 mutations disrupt lysosomal function and promote neuronal loss 

(Lee et al., 2010). Beclin 1, a major player in autophagy induction, was reported to be 

downregulated in AD brains (Pickford et al., 2008). In amyotrophic lateral sclerosis 

(ALS) and Frontotemporal dementia (FTD) patients, insoluble protein aggregates have 

been found to accumulate in the brainstem, spinal cord, cerebellum, hippocampus, and 

frontal and temporal lobes, caused by mutations in superoxide dismutase 1 (SOD1), 

RNA-binding protein FUS, and TAR DNA-binding protein 43 (TDP43) (Andersen and Al- 

Chalabi, 2011). In Huntington’s disease, the ability of autophagosome vacuoles to 

recognize and trap cytosolic cargos is impaired due to the interaction between mutant 
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HTT and p62 (Martinez-Vicente et al., 2010). Efforts have been made to treat a diverse 

range of neurodegenerative diseases targeting autophagy. Compounds that stimulate 

autophagy induction or enhance lysosomal stability have been proven to be effective in 

attenuating disease progression for Alzheimer’s disease and Parkinson’s disease 

(Nixon et al., 2013). 

1.2.4 Axonal transport and autophagy 

           Neurons are highly polarized 

cells that form the basis of directed 

information flow within the nervous 

system (Jones et al., 2016). Each 

neuron consists of the cell body 

(soma), multiple dendrites and a 

long axon toward the next neuron or 

a target tissue. In humans, motor 

neuron soma can be as large as 

100 μm in diameter with axons 

projecting over 1 m to distal targets (Fabricius et al., 1994). Anterograde transport 

supplies distal axons with newly synthesized proteins and lipids, including synaptic 

components required to maintain presynaptic activity. Retrograde transport is required 

to maintain homeostasis by removing aging proteins and organelles from the distal axon 

for degradation and recycling of components (Maday et al., 2014). Axonal lysosome 

biogenesis arises from the fusion of lysosome precursors, including endosomes and 

autophagosomes, in distal regions of axons and their further maturation requires 
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retrograde transport to cell body proximal regions where luminal proteases can be most 

effectively delivered from the trans-Golgi network (Grutzendler et al., 2015) (Figure 1.2). 

         Microtubules provide the guiding tracks for motor movement along the axon. 

Kinesin superfamily motors traffic cargos along the axon in the anterograde direction, 

moving outward from the soma. The retrograde transport of cargos toward the soma is 

driven by a single motor, cytoplasmic dynein (Guedes-dias et al., 2019). Axonal 

transport can be divided into two categories: fast axonal transport, which is responsible 

for moving membrane-bound organelles (vesicles and mitochondria), and slow axonal 

transport, which drives the movement of cytoplasmic proteins (including various 

enzymes) and cytoskeletal proteins (microtubules and neurofilaments) (Lasek et al., 

1984).  

1.2.5 Axonal transport and neurodegenerative diseases 

         Mutations in different components of the axonal transport machinery, either from 

motor proteins, motor adaptors or regulators, can cause a range of neurodevelopmental 

and neurodegenerative diseases.  

         Alzheimer’s disease can be caused by various axonal transport deficits resulting 

from pathological forms of APP, tau, PS1 and amyloid- β (Millecamps et al., 2013). 

Transgenic mouse models of AD overexpressing mutant APP show impairment in 

retrograde transport of nerve growth factor and lysosomes (Salehi et al., 2006; 

Grutzendler et al., 2015).  

        Huntington's disease (HD) is also associated with axonal transport deficits. The 

polyglutamine (polyQ) expansions in the huntingtin (Ht) protein impair axonal transport 
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through inhibition of microtubule acetylation, activation of motor protein phosphorylation 

or loss of normal HTT function (Millecamps et al., 2013). 

       Amyotrophic lateral sclerosis – the most common motor neuron disease – is 

characterized by degeneration of spinal motor neurons, many of which show axonal 

swellings containing vesicles, lysosomes, mitochondria and intermediate filaments 

(Millecamps et al., 2013). The SOD1 genetic mutations reduce axonal transport of 

neurofilament and mitochondria through hyperactivation of p38, which phosphorylates 

kinesin light chains (Bosco et al., 2010; De Vos et al., 2007; Vande Velde et al., 2011).  

1.2.6 Cellular functions of DENN-domain containing proteins  

         The DENN (differentially expressed in normal and neoplastic cells) domain, 

comprised of a N-terminal longin domain, followed by DENN, and d-DENN domains, is 

a protein module conserved throughout evolution (Marat et al., 2011). In higher 

eukaryotes, proteins containing DENN-domains comprise a major GDP-GTP exchange 

factor (GEF) family for Rab GTPases, which are key regulators of membrane traffic 

pathways within eukaryotic cells (Wu et al., 2011). 

         In 2011 two groups reported that a (G4C2) repeat expansions in the first intron of 

the gene named C9orf72 were a common cause of both familial frontotemporal 

dementia (FTD) and amyotrophic lateral sclerosis (ALS) (Renton et al., 2011; DeJesus-

Hernandez et al., 2011). The encoded protein C9ORF72 was later found to be a 

potential DENN-type GEF, suggesting that C9ORF72 might be related to a specific 

Rab-dependent vesicular trafficking process (Zhang et al., 2012; Levine et al., 2013). 

Although C9ORF72 has been observed to be co-localized with Rab GTPases and was 

implicated in autophagy and proteasome-dependent processes (Farg et al, 2014), the 
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normal molecular and cellular function of C9ORF72 remains largely unknown. In 

Chapter 2, I focus on the roles of C9ORF72 and its associated protein SMCR8 in 

autophagy using knockout and knockdown cell lines.  

 

1.3 C9orf72-ALS/FTD pathological mechanisms and animal models 

1.3.1 Pathological mechanisms of C9orf72-ALS/FTD 

         ALS is the most common motor neuron disease. It is a progressive disease that 

affects motor neurons in the brain and spinal cord (Hardiman et al., 2017). 

Frontotemporal dementia is a group of brain disorders that affect the frontal and 

temporal lobes of the brain. Symptoms include changes in social behavior, personality, 

and loss of language skills. The discovery of C9orf72 as the most common genetic 

mutations for familial ALS and FTD provided a molecular link for these two diseases. 

While the number of G4C2 repeat units in the DNA of healthy individuals is up to 25, the 

number of repeats in the DNA of ALS and FTD patients is usually 400 to several 

thousands (Leko et al., 2019, Rohrer et al., 2015).  

          The leading hypothesis in the field for the disease mechanism was gain of toxicity 

from the expanded repeats. The corresponding repeat-containing sense and antisense 

transcripts cause a gain of toxicity through the accumulation of the repeat-containing 

transcripts that fold into stable structures, forming RNA foci enriched with RNA-binding 

proteins in the nucleus (DeJesus-Hernandez et al., 2011; Zu et al., 2013; Martier et al., 

2019). These RNA foci sequester essential RBPs, impairing their ability to regulate their 

RNA targets and resulting in a range of RNA misprocessing events. Sense and 

antisense C9orf72 RNA repeats are translated by an unconventional form of translation, 
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repeat-associated non-AUG initiated translation (RAN translation), resulting in the 

synthesis of five dipeptide repeat protein (DPR) species; poly-GA, poly-GP, poly-GR, 

from the sense transcript and poly-GP, poly-PR and poly-PA, from the antisense 

transcript (Barker et al., 2017). These DPR disrupt pre-mRNA splicing (Yin et al., 2017), 

induce nucleocytoplasmic transport defects (Zhang et al., 2015), and increase oxidative 

stress and DNA damage (Lopez-Gonzalez et al., 2016).  

         It has also been shown that the expression levels of C9orf72 is reduced in the 

cerebellum, motor cortex, spinal cord and iPSNs of the C9ALS/FTD patients (Donnelly 

et al., 2013; Gijselinck et al., 2016), possibly due to histone trimethylation (Belzil et al, 

2013) and hypermethylation of C9orf72 promoter (Jackson et al., 2020; Gijselinck et al., 

2016).  Therefore, it is important to know the normal function of C9orf72 and how the 

“loss of function” mechanisms interact with “gain of function” mechanisms in the disease 

condition. 

1.3.2 C9orf72 knockout mouse models and their phenotypes 

          To test the “loss of function” hypothesis, several C9orf72 deficient mouse lines 

were generated independently by different labs. These C9orf72 knockout mouse 

models develop severe immune dysregulation. They show visibly enlarged cervical 

lymph nodes and spleens (O’Rourke et al., 2016; Burberry et al., 2016; Atanasio et al., 

2016; Jiang et al., 2016; Shao et al., 2019), and develop a robust immune phenotype 

characterized by increased expression of inflammatory cytokines (Burberry et al., 2016), 

myeloid expansion, T cell activation, and increased plasma cells (Atanasio et al., 2016). 

Moreover, they also show lysosomal accumulation and altered immune responses in 

macrophages and microglia, with age-related neuroinflammation (Shao et al., 2019; 
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O’Rourke et al., 2016). However, C9orf72 ablation causes no motor neuron 

degeneration and no to very mild motor deficit (Koppers et al., 2015; Jiang et al., 2016; 

Anatasio et al, 2016). 

         Because C9ORF72 forms a cognate protein complex with SMCR8 (Yang et al., 

2016; Ugolino et al., 2016; Amick et al. 2016; Sellier et al. 2016; Sullivan et al. 2016), 

we generated Smcr8 deficient mouse line. We saw similar immune dysregulation in 

Smcr8-/- mice as C9orf72-/- mice, including enlarged spleens and lymph nodes (Shao 

et al., 2019). Therefore, we hypothesized that C9orf72 and Smcr8 might have similar 

functions. In Chapter 3, I will focus on the role of Smcr8 in the motor system and how 

loss of C9orf72 in the background of loss of Smcr8 exacerbates the phenotypes of 

Smcr8-/- mice.  

1.3.3 C9orf72 gain of function animal models and their phenotypes 

          Efforts have been made to generate C9orf72 gain of function mouse models 

using C9orf72 bacterial artificial chromosome (BAC) from C9-ALS/FTD patient DNA. All 

these mouse models showed RNA foci and poly-dipeptide accumulations (Peters et al., 

2015; O’Rourke et al., 2015; Jiang et al., 2016; Liu et al., 2016), but they displayed little 

to mild neurodegeneration or motor behavioral deficits.  

        Peter et al. (2015) generated a C9orf72 BAC transgenic mouse line carrying a 

bacterial artificial chromosome containing exons 1 to 6 of the human C9ORF72 gene 

with approximately 500 repeats of the GGGGCC motif in the SJL/B6 background. The 

mice showed no overt behavioral phenotype, including normal survival, motor and 

cognitive functions, and no signs of neuromuscular junction degeneration, TDP-43 

accumulation or gliosis.  
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        O’Rourke et al. (2015) generated transgenic mice carrying a bacterial artificial 

chromosome (BAC) containing the full human C9orf72 gene with either a normal allele 

(15 repeats) or disease-associated expansion (∼100–1,000 repeats; C9-BACexp) in the 

C57BL/6J background. Despite early and widespread production of RNA foci and RAN 

dipeptides in C9-BACexp mice, behavioral abnormalities and neurodegeneration were 

not observed even at advanced ages, including no abnormalities seen in body weight, 

neuromuscular junction, grip strength, rotarod, open field testing, memory and novelty-

seeking behavior.  

         Jiang et al. (2016) generated a transgenic mouse line expressing a partial human 

C9orf72 gene with 450 repeats of (G4C2) in the C57BL6/C3H background. These mice 

showed age-dependent learning defects and increased anxiety levels. However, they 

showed no defects in social interaction, novel object recognition or fear conditioning. 

Importantly, multiple assays revealed no motor deficits or loss of motor neurons. 

         Liu et al. (2016) generated a BAC mouse model by expressing the full length of 

the human C9orf72 gene and a (G4C2)500 repeat in the background of FVB/NJ. 

Despite a subset (∼30%–35%) of the female transgenic mice developing an acute, 

rapidly progressive disease with hindlimb weakness and denervation of neuromuscular 

junctions, many of the mice were asymptomatic. This line was on FVB/NJ background, 

which suggests that the different genetic background could be one underlying cause for 

the observed phenotypes (Wen et al., 2017). 

         To unravel the contribution of the “loss of function” mechanisms and the “gain of 

toxicity” mechanisms in C9-ALS/FTD, we crossed C9orf72-/- mice with C9-BAC mice. 

We found that C9orf72 haploinsufficiency exacerbates the motor behavioral deficits 
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(Chapter 4), social behavioral deficits and cognitive deficits (Chapter 5) in the C9-BAC 

mice, suggesting that loss of function and gain of toxicity mechanisms are not mutually 

exclusive and may both contribute to the disease.  
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CHAPTER 2 

A C9ORF72/SMCR8-containing complex regulates ULK1 

 and plays a dual role in autophagy 
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Abstract 

         The intronic GGGGCC hexanucleotide repeat expansion in chromosome 9 open 

reading frame 72 (C9ORF72) is a prevalent genetic abnormality identified in both 

frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS). Smith-Magenis 

syndrome chromosomal region candidate gene 8 (SMCR8) is a protein with unclear 

functions. We report that C9ORF72 is a component of a multiprotein complex containing 

SMCR8, WDR41, and ATG101 (an important regulator of autophagy). The C9ORF72 

complex displays guanosine triphosphatase (GTPase) activity and acts as a guanosine 

diphosphate–guanosine 5′-triphosphate (GDP-GTP) exchange factor (GEF) for 

RAB39B. We created Smcr8 knockout mice and found that Smcr8 mutant cells exhibit 

impaired autophagy induction, which is similarly observed in C9orf72 knockdown cells. 

Mechanistically, SMCR8/C9ORF72 interacts with the key autophagy initiation ULK1 

complex and regulates expression and activity of ULK1. The complex has an additional 

role in regulating later stages of autophagy. Whereas autophagic flux is enhanced in 

C9orf72 knockdown cells, depletion of Smcr8 results in a reduced flux with an abnormal 

expression of lysosomal enzymes. Thus, C9ORF72 and SMCR8 have similar functions 

in modulating autophagy induction by regulating ULK1 and play distinct roles in 

regulating autophagic flux. 

 

 

 

 

 



 

 28 

 

Introduction 

           Frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS) are 

neurodegenerative disorders leading to dementia and loss of motor coordination (1, 2). 

The aberrant regulation of RNA and protein metabolism has been suggested to underlie 

the pathogenesis of these diseases (3). An expanded hexanucleotide repeat 

(GGGGCC) in a noncoding region of chromosome 9 open reading frame 72 (C9ORF72) 

has been identified as the most common cause of familial FTD and ALS (4–7). 

Proposed mechanisms of disease onset include RNA toxicity due to accumulation of 

transcripts containing the GGGGCC repeat, accumulation of aberrantly expressed 

peptides, and C9ORF72 loss of function (8–17). Knockout of C9orf72 in mice does not 

result in neurodegeneration but instead causes defects in macrophage and microglial 

function (18–20), suggesting that loss of function of C9orf72 alone is not sufficient to 

cause FTD-ALS. However, C9ORF72 mRNA levels are reduced in FTD-ALS patients, 

and microglial dysfunction is tightly connected with FTD-ALS pathogenesis (4, 6, 18, 21, 

22). These studies raise the possibility that haploinsufficiency of C9ORF72 could 

contribute to FTD-ALS diseases. It is important to understand the cellular functions of 

C9ORF72 and its mechanisms of action. 

 

          Autophagy is an evolutionarily conserved process characterized by engulfing 

cytoplasmic proteins or organelles into double-membrane vesicles called 

autophagosomes, which fuse with lysosomes to form autolysosomes primed for 

degradation (23–25). Autophagy is essential for cellular homeostasis because it 
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removes aggregates of misfolded proteins and/or defective organelles, provides energy, 

and recycles cellular components (25). Autophagy is a highly regulated and multistep 

process (24, 25), and its deregulation has been implicated in a variety of 

neurodegenerative diseases including FTD, ALS, Parkinson’s, Alzheimer’s, and 

Huntington’s disease (26, 27). ULK1, a mammalian homolog of autophagy-related 1 

(Atg1), forms a protein complex with FIP200, ATG13, and ATG101 to control autophagy 

initiation. After the initiation, Atg proteins are recruited to a membrane structure called 

the phagophore, which expands and fuses upon itself to form the autophagosome. The 

autophagosome is directed to and fuses with a lysosome, where the enclosed materials 

are degraded. Subsequently, the nutrients are released back into the cytosol for reuse. 

Accumulating evidence suggests that autophagy impairment at distinct regulatory steps 

may have different consequences for the pathogenesis of neurodegenerative diseases 

(26, 27). Therefore, it is crucial to understand the nature of defects in autophagy in 

individual neurodegenerative diseases. 

 

           Rab guanosine triphosphatases (GTPases) encode information about the state 

of membrane domains to control specific membrane trafficking events (28). Rabs are 

activated by specific guanine nucleotide exchange factors (GEFs). One of the emerging 

families of GEFs contains DENN (differentially expressed in normal and neoplastic cell) 

domains (29, 30). DENN domain–containing GEFs catalyze the dissociation of 

guanosine diphosphate (GDP) from the Rab GTPase followed by guanosine 5′-

triphosphate (GTP) exchange. The GTP-bound Rab is then activated and recruits its 

effectors to regulate membrane trafficking. Bioinformatics studies predict that C9ORF72 
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contains DENN domains (31, 32), suggesting its potential functions in membrane 

trafficking as a GEF factor. Indeed, it has been reported that C9ORF72 is associated 

with RAB1, RAB5, RAB7, and RAB11, and is involved in endocytosis and autophagy 

(33). A recent study shows that C9ORF72 functions as a GEF for RAB8A and RAB39B, 

and its depletion has a partial deleterious effect on autophagy (34). Despite these 

progresses, the specific steps C9ORF72 regulates in autophagy and the molecular 

mechanisms by which C9ORF72 confers this regulation remain unclear. 

         To gain insights into the biology of the C9ORF72 protein, we isolated C9ORF72-

containing complexes from human cells and characterized their functions. We found 

that C9ORF72 forms a protein complex with Smith-Magenis syndrome chromosomal 

region candidate gene 8 (SMCR8). Although it has been implicated in autophagy (35), 

the experimental evidence of SMCR8 functions is lacking. SMCR8 is also predicted to 

contain DENN domains and exhibits some homology with C9ORF72 (31, 32). We 

created Smcr8 knockout mice and found that mutant cells exhibit impaired autophagy 

induction, which is likewise observed in C9orf72 knockdown cells. Our mechanistic 

studies show that C9ORF72/SMCR8 interacts with the key autophagy initiation ULK1 

complex, and the interaction is enhanced under starvation conditions. 

C9ORF72/SMCR8 regulates the expression and activity of ULK1. Furthermore, we 

identified unique roles for this complex at the later stage of autophagy. Whereas 

autophagic flux is enhanced in C9orf72 knockdown cells, depletion of Smcr8 leads to a 

reduced flux with an abnormal expression of lysosomal enzymes. Thus, C9ORF72 and 

SMCR8 have similar functions in modulating autophagy induction by regulating ULK1 

and play distinct roles in regulating autophagic flux. 
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Materials and Methods 

Affinity purification of Flag-C9ORF72, Flag-SMCR8, and Flag-WDR41 

Expression constructs for Flag-C9ORF72, Flag-SMCR8, and Flag-WDR41 were 

individually cotransfected with a puromycin resistance plasmid into HEK293 cells. 

Protein complexes were purified (50 to 150 mg) from cytoplasmic extract (S100) with 

anti-Flag M2 affinity gel (Sigma). Two washes were performed using buffer A [20 mM 

tris-HCl (pH 7.9), 0.5 M KCl, 10% glycerol, 1 mM EDTA, 5 mM dithiothreitol (DTT), 0.2 

mM phenylmethylsulfonyl fluoride (PMSF), 0.5% NP-40] followed by one wash with 

buffer B [20 mM tris-HCl (pH 7.9), 0.1 M KCl, 10% glycerol, 1 mM EDTA, 5 mM DTT, 

0.2 mM PMSF]. Then, the affinity column was eluted with Flag peptide (400 μg/ml). 

Proteins were further separated with Superose 6 gel filtration chromatography. 

Fractions were examined by SDS-PAGE analysis, and fractions containing 

C9ORF72/SMCR8 were combined and concentrated with Millipore Amicon Ultra (100K). 

Purified proteins were snap-frozen in liquid nitrogen and stored at −80°C. 

 

Generation of Smcr8βgeo/βgeo mutant mice 

The Smcr8tm1(KOMP)Vlcg ES cells were obtained from the University of California, Davis, 

Knockout Mouse Project Repository. Smcr8 locus is partially replaced by a cassette 

containing lacZ-polyA followed by a loxP-flanked hUbCpro-neo-polyA sequence. The 

Mouse Genetic Core Facility at National Jewish Health at Denver, CO, performed the 

ES cell injections into C57BL/6N blastocysts. The chimeric offsprings were mated to 

129S1/SvImJ mice for germline transmission; germline-transmitted heterozygous 

females were crossed with CMV-Cre males to remove the Neo cassette. The PCR 
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primers used for genotyping are as follows: LacF, acttgctttaaaaaacctcccaca; Smcr8-R, 

tgaacgaagactgctgtgtttaccc; Smcr8-wtR, gtcagtgttttccactccgaagtcc; and Smcr8-wtF, 

agaagcctatgcggataatgagggg. All animals were handled according to protocols approved 

by the Institutional Animal Care and Use Committee at the University of Georgia, 

Athens. 

 

Constructs 

For RFP-SMCR8, the SMCR8 gene was cloned into the pTag-RFP-N vector using the 

primers ggctcgagatgatcagcgcccctgac and ccgaattcggattttatacaaaaagct. For RFP-

WDR41, the WDR41 gene was cloned into the pTag-RFP-N vector using the primers 

ggctcgagatgttgcgatggctgatc and ccgaattcggacagcaaggtataagtc. For the GFP-C9ORF72, 

the C9ORF72 gene was cloned into the pCAG–enhanced GFP vector using the primers 

gaattcatgtcgactctttgccca and ggtaccgtaaaagtcattagaacatc. For His-RAB39B, the 

RAB39B gene was cloned into the His vector using the primers 

aactcgaggaggccatctggctgtacca and ttaagcttctagcacaaacatctcctct. C9orf72 shRNA 

constructs were derived from the pLKO.1 vector using the targeting sequence 

gtgcagagaaagtaaataa and ggcctacactctttcatct. SMCR8 shRNA constructs were derived 

from the pLKO.1 vector using the targeting sequences ttacttctctttgcggattat and 

caagagctctcggccgaattt. 
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Antibodies 

The following antibodies were used: rabbit anti-C9ORF72 (sc-138763, Santa Cruz 

Biotechnology), rabbit anti-SMCR8 (ab121682, Abcam), rabbit anti-WDR41 (sc-137922, 

Santa Cruz Biotechnology), rabbit anti-ATG101 (SAB4200175, Sigma), rabbit anti-

ATG13 (13468, Cell Signaling), rabbit anti-ULK1 (8054, Cell Signaling), rabbit anti–

phospho-ULK1 (6888, Cell Signaling), rabbit anti-p62 (5114, Cell Signaling), rabbit anti-

RFP (R10367, Invitrogen), mouse anti-LC3 (0231-100/LC3-5F10, Nanotools), rabbit 

anti-LC3 (PM036, MBL), mouse anti–cathepsin D (AF1029, R&D Systems), rat anti–

cathepsin L (MAB9521, R&D Systems). 

 

GEF assay 

For loading with GDP, 1 μM His-RAB39B protein in 110 mM NaCl, 50 mM tris-HCl (pH 

8.0), 1 mM EDTA, 0.8 mM DTT, and 0.005% Triton X-100 was incubated with 50 μM 

BODIPY-GDP (Invitrogen) for 60 min at 30°C. Then, 0.1 μM preloaded RAB39B 

proteins were incubated with 7.5 nM C9ORF72 complex or control without C9ORF72 

complex in the buffer containing 110 mM NaCl, 50 mM tris-HCl (pH 8.0), 12 mM MgCl2, 

0.8 mM DTT, and 2 mM GDP solution for 7 min. As a positive control, preloaded 

RAB39B was incubated with 20 mM EDTA in the above solution. The fluorescence 

intensity was recorded with Synergy H4 Hybrid Multi-Mode Microplate Reader. The 

fluorescence intensity after equilibration with excess EDTA was defined as 100% 

exchange. 
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MEF isolation 

MEFs were isolated from E15.5 wild-type and Smcr8 mutant embryos, as described 

(63), and cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 15% fetal 

bovine serum (FBS) and penicillin/streptomycin (50 μg/ml). 

 

Cell culture and lentivirus infection 

To knock down SMCR8 in HEK293 cells or C9orf72 in N2A cells, cells were cultured in 

DMEM with 10% FBS plus penicillin/streptomycin (50 μg/ml). Around 60% confluent, 

cells were infected by lentiviruses expressing SMCR8 or C9orf72 shRNA followed by 

puromycin (2 μg/ml) selection for 72 hours before experiments. To examine 

autophagsome numbers or autophagic flux, GFP-LC3 or mCherry-GFP-LC3 plasmids 

were transfected into HEK293 or N2A cells using jetPRIME transfection reagents after 

puromycin (2 μg/ml) selection for 48 hours. Twenty-four hours after plasmid 

transfection, cells were fixed with 4% paraformaldehyde followed by immunostaining 

using antibodies against GFP or mCherry. For starvation, ~80% confluent, MEFs were 

infected by lentiviruses expressing C9orf72 shRNA followed by puromycin (2 μg/ml) 

selection for 72 hours before experiments. Smcr8 mutant or C9orf72 knockdown MEFs 

were cultured in DMEM with 15% FBS, washed with PBS, and then cultured in amino 

acid–free DMEM (United States Biological) for 3.5 hours before immunostaining using 

antibodies against LC3 (PM036, MBL). To induce autophagy with rapamycin, Smcr8 

mutant or C9orf72 knockdown MEFs cultured in DMEM with 15% FBS were treated with 

rapamycin (0.1 μM) for 3.5 hours before protein lysate collection. To monitor the effects 

of blocking lysosomal degradation, Smcr8 mutant or C9orf72 knockdown MEFs were 
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treated with lysosome inhibitors (LP) (100 μM each) for 3.5 hours before protein lysate 

collection. 

 

Immunoprecipitation 

HEK293 or N2A cells were transfected with plasmids, as indicated in the figures, and 

cultured for 36 hours before protein lysate collection. Cells were lysed in lysis buffer [50 

mM tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, and 1 tablet 

protease inhibitor (Roche) per 10 ml]. Cell debris was pelleted at 12,500 rpm for 10 min 

at 4°C, and the supernatant was incubated with primary antibodies overnight at 4°C. 

The lysates with antibodies were incubated with M2 or anti-GFP beads for 2 hours, 

followed by washing of the immunoprecipitates three times with lysis buffer and elution 

of bound proteins in SDS-PAGE sampling buffer at 100°C for 10 min. Western blots 

were performed using the antibodies described above. 

 

 

 

 

 

 

 

 

 

 



 

 36 

Results 

C9ORF72 forms a protein complex with SMCR8, WDR41, and ATG101 

           We developed a human embryonic kidney (HEK) 293 cell–derived stable cell line 

expressing Flag-C9ORF72 protein. The cytoplasmic extract enriched for the Flag-

C9ORF72 protein was affinity-purified using Flag resin to examine C9ORF72-

associated proteins. A Flag–green fluorescent protein (GFP) HEK293 stable cell line 

was used as a control. Flag-C9ORF72 affinity eluate was subjected to SDS–

polyacrylamide gel electrophoresis (SDS-PAGE) followed by silver staining (Fig. 1A). 

The C9ORF72 eluate was enriched for several proteins in association with C9ORF72. 

The individual bands were extracted from the gel and subjected to mass spectrometry. 

This analysis revealed the identification of SMCR8, WDR41, and ATG101 proteins with 

similar peptide coverage (~60%) to that of C9ORF72, reflecting a near-stoichiometric 

presence (Fig. 2.1A and table 2.S1). The ULK1/FIP200/ATG13/ATG101 protein 

complex controls autophagy initiation (36–38). ATG101 is a binding partner of ATG13, 

interacts with ULK1, and regulates autophagy (39, 40). Mass spectrometry analysis of 

C9ORF72-associated proteins identified ATG13 and ULK1 with the coverage of ~26 

and ~32%, respectively (table 2.S1). Proteins at 68, 55, and 50 kD were respectively 

identified as SKB1, α-tubulin, and MEP50, which are common contaminants of Flag 

affinity purification (Fig. 2.1A, Flag-GFP, shown as asterisks). Together, these results 

suggest that C9ORF72, SMCR8, WDR41, and ATG101 form a protein complex, which 

is associated with the ULK1 complex and is potentially involved in autophagy.  

          Next, we subjected the cytoplasmic Flag-C9ORF72 affinity eluate to size 

exclusion chromatography. After analysis of column fractions using silver stain and  
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Figure. 2.1. Isolation of C9ORF72-associated proteins. 

 

(A) Silver staining analysis of Flag affinity–purified fractions from cytoplasmic extracts of 
Flag-GFP and Flag-C9ORF72 HEK293 cell lines. Asterisks indicate common 
contaminants of Flag purification (SKB1, α-tubulin, and MEP50). Flag-C9ORF72–
associated proteins as identified by mass spectrometry are indicated. MW, molecular 
weight; IP, immunoprecipitation. (B) Superose 6 gel filtration fractions from C9ORF72 
cytoplasmic Flag affinity purification. Fractions were resolved by 4 to 12% SDS-PAGE 
and analyzed by silver staining (top) and Western blot with corresponding antibodies 
(bottom). The gel filtration purification scheme and fraction numbers are indicated on 
the top. (C and D) Purification of the WDR41-associated proteins from a HEK293 stable 
cell line expressing Flag-WDR41. Gel filtration fractions and Flag eluates were resolved 
on a 4 to 12% SDS-PAGE gel, followed with silver staining (left) and Western blot with 
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corresponding antibodies (right). The gel filtration purification scheme and fraction 
numbers are indicated on the top. WDR41-associated proteins and molecular markers 
are indicated. 
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Western blot analysis, C9ORF72 protein coeluted with SMCR8, WDR41, and ATG101 

in fractions 26 to 30, reflecting a complex of ~600 kD (Fig. 2.1B). A fraction of Flag-

C9ORF72 also eluted at a lower molecular mass; SMCR8 and WDR41 did not appear 

to comigrate with this fraction of C9ORF72 (Fig. 2.1B). To further confirm the presence 

of C9ORF72 protein in a large protein complex in the cytoplasm, we developed 

HEK293-derived stable cell lines expressing Flag-WDR41 or Flag-SMCR8 protein. Flag 

affinity purification from cytoplasmic fractions followed by gel filtration chromatography 

revealed the presence of a similar-sized protein complex containing Flag-WDR41, 

SMCR8, C9ORF72, and ATG101 in fractions 26 through 30, corresponding to a 

complex of ~600 kD (Fig. 2.1C). Western blot analysis confirmed the coexistence of 

SMCR8, C9ORF72, and ATG101 in fractions 26 to 30 (Fig. 2.1D). A similar protein 

complex was also identified using a HEK293 cell line expressing the Flag-SMCR8 

protein (fig. S2.1). Thus, our biochemical purification studies show that C9ORF72 forms 

a protein complex with SMCR8, WDR41, and ATG101. 

The C9ORF72 complex exhibits a GTPase activity and acts as a GEF for RAB39B 

Previous bioinformatics analyses of protein motifs in C9ORF72 and SMCR8 identified a 

conserved DENN domain region in both proteins (31, 32). DENN domain–containing 

proteins are suggested to function as GEFs to activate Rab GTPases and regulate 

membrane trafficking (28–30). We reasoned that a Rab GTPase might loosely 

associate with the C9ORF72 protein complex. To test this hypothesis, we decided to 

use the protein complex from the fractions of the Flag-WDR41 gel filtration. WDR41 

contains a WD-repeat domain, which often functions as a scaffold for protein interaction 

(41). Because of this, we reasoned that Flag-WDR41 could be more effective to pull the  
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Figure. 2.2. The C9ORF72 complex displays a GTPase activity and acts as a GEF 
for RAB39B. 

 
(A) GTPase assays were performed using WDR41 gel filtration fractions with [α-
32P]GTP. The guanine nucleotides were separated by thin-layer chromatography plate. 
The positions of [α-32P]GTP and [α-32P]GDP are indicated on the right. (B) GTPase 
assay with Flag affinity–purified eluates from different Flag-tagged proteins in the 
C9ORF72 complex. Free [α-32P]GTP and Flag-GFP elutes were treated as controls. [α-
32P]GTP and [α-32P]GDP are indicated on the right. (C and D) GFP-RAB39B, Flag-
C9ORF72, or DENN domain–depleted C9ORF72ΔDENN was transfected into N2A 
cells. C9ORF72 proteins or RAB39B proteins were immunoprecipitated with M2 beads 
(anti-Flag) (C) or anti-GFP beads (D) followed by Western blot analyses using 
antibodies as listed. IB, immunoblot. (E) GEF assay of C9ORF72 protein complex and 
RAB39B. Purified His-tagged RAB39B proteins were preloaded with fluorescence-
labeled BODIPY-GDP followed by addition of control or C9ORF72 protein complex. 
Fractions without C9ORF72 complex serve as the negative control. C9ORF72 complex 
promotes the release of GDP from RAB39B, suggesting its GEF activity against 
RAB39B. 
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associated GTPase activity compared to using Flag-C9ORF72 or Flag-SMCR8 

fractions. We subjected the fractions of the Flag-WDR41 gel filtration to a GTPase 

assay (Fig. 2.2A). This study showed a peak of GTPase activity eluting in fractions 26 

and 28 (Fig. 2.2A), coincident with the peak of the C9ORF72/SMCR8-containing 

complex (Fig. 2.1, B to D). We also found GTPase activity in a smaller molecular weight 

complex (fraction 34), reflecting an interaction between WDR41 protein and a putative 

Rab GTPase in a lower molecular range (Fig. 2.2A). To further confirm the GTPase 

activities associated with C9ORF72 protein complex, we generated stable Flag cell lines 

for ATG101 in HEK293 cells. Analysis of Flag affinity eluates from these stable cell lines 

similarly showed the presence of a specific and robust GTPase activity associating with 

C9ORF72-containing complexes (Fig. 2.2B). These data suggest that the C9ORF72 

complex displays a GTPase activity. 

       To identify potential Rab GTPases associated with the C9ORF72 complex, we 

performed co-IP studies. Among the six candidate GTPases examined, including 

RAB33, RAB35, RAB39A, RAB39B, RAB31, and RAB24, we found that RAB31, 

RAB33, and RAB39B exhibit interactions with C9ORF72 (fig. S2.2A). Because 

mutations in RAB39B cause intellectual disability and early-onset Parkinson’s diseases 

(42, 43), we decided to focus on RAB39B for further investigations. Reciprocal co-IP 

analyses confirmed that C9ORF72 interacts with RAB39B (Fig. 2.2, C and D). In 

contrast, we failed to detect the interaction between SMCR8 and RAB39B under the 

same experimental conditions (fig. S2.2B). Emerging evidence suggests that DENN 

domains directly interact with Rab GTPases (29). To test whether the DENN domain of 

C9ORF72 is required for its interactions with RAB39B, we deleted the DENN domain 
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and found that the interaction between C9ORF72 and RAB39B is abolished (Fig. 2.2C). 

These studies suggest that C9ORF72 interacts with RAB39B in a DENN domain–

dependent manner. To determine whether the C9ORF72/SMCR8 complex functions as 

a GEF for RAB39B, we performed an in vitro activity assay (44). The His-tagged 

RAB39B protein was purified and preloaded with fluorescence-labeled BODIPY-GDP. 

Measurement of the release rate of BODIPY-GDP shows that the C9ORF72 protein 

complex strongly promotes GDP release from RAB39B (Fig. 2.2E), indicating that the 

C9ORF72/SMCR8 complex functions as a GEF for RAB39B. 

C9ORF72 interacts with SMCR8 in a DENN domain–dependent manner 

        To examine whether C9ORF72 interacts with SMCR8 and WDR41 in cells other 

than HEK293, we performed co-IP studies in N2A cells, a mouse neuroblastoma cell 

line. Experimental results confirmed the interaction between C9ORF72 and SMCR8 or 

WDR41 in N2A cells (Fig. 2.3, A and B). Because DENN domains directly interact with 

Rab GTPases, in addition to serving as GEF enzymes (29), we examined the 

importance of DENN domains in protein interactions within the C9ORF72 complex. 

Deletion of the DENN domain in SMCR8 abolished its interaction with C9ORF72, but 

not with WDR41 (Fig. 2.3C). In contrast, both SMCR8’s and WDR41’s interactions with 

C9ORF72 are lost upon the deletion of C9ORF72 DENN domain (Fig. 2.3D). It is 

possible that DENN-depleted C9ORF72 or SMCR8 cannot fold correctly. These results 

suggest that the DENN domains are essential for the interaction between C9ORF72 

and SMCR8. 

          Next, we examined whether C9orf72 colocalizes with Smcr8 or Wdr41. Because 

commercially available antibodies failed to detect the endogenous localization of  
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Figure. 2.3. C9ORF72 interacts with SMCR8 in a DENN domain–dependent 
manner. 

 
(A and B) Flag-tagged SMCR8 or WDR41 was transfected into N2A cells. SMCR8 or 
WDR41 proteins were immunoprecipitated with M2 beads (anti-Flag) followed by 
Western blot analysis using antibodies against endogenous C9ORF72. (C) Flag-tagged 
full-length or DENN domain–deleted SMCR8 was transfected into HEK293 cells. 
SMCR8 proteins were immunoprecipitated with M2 beads (anti-Flag) followed by 
Western blot analysis using antibodies against C9ORF72 or WDR41. (D) Flag-tagged 
full-length or DENN domain–deleted C9ORF72 constructs were transfected into 
HEK293 cells. C9ORF72 proteins were immunoprecipitated with M2 beads (anti-Flag) 
followed by Western blot analysis using antibodies against SMCR8 or WDR41. (E) 
GFP-tagged C9ORF72 was cotransfected with red fluorescent protein (RFP)–tagged 
SMCR8 or WDR41 into N2A cells. Confocal micrographs of N2A cells stained with 
antibodies against GFP (C9ORF72; green) and RFP (SMCR8 or WDR41; red). Hoechst 
stains the nuclei (blue). Scale bars, 10 μm. (F) GFP-tagged DENN domain–depleted 
C9ORF72 was cotransfected with RFP-tagged SMCR8 into N2A cells (upper panels). 
GFP-tagged C9ORF72 was cotransfected with RFP-tagged DENN domain–depleted 
SMCR8 into N2A cells (lower panels). Confocal micrographs of N2A cells stained with 
antibodies against GFP (C9ORF72ΔDENN or C9ORF72; green) and RFP (SMCR8 or 
SMCR8ΔDENN; red). Hoechst stains the nuclei (blue). Scale bars, 10 μm. 
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C9orf72 and Smcr8 in mouse cells, we constructed GFP-tagged C9ORF72 as well as 

RFP-tagged SMCR8 and WDR41. In addition to the nucleus, C9ORF72 is 

predominantly detected in the cytoplasm of N2A cells (Fig. 2.3E). Immunostaining 

results show that C9ORF72 is colocalized with both SMCR8 and WDR41 in the 

cytoplasm of N2A cells (Fig. 2.3E). To determine whether loss of the interaction 

between C9ORF72 and SMCR8 in the co-IP studies above is due to the aberrant 

localization of DENN domain depleted C9ORF72 or SMCR8, we examined cellular 

localization of C9ORF72ΔDENN and SMCR8ΔDENN. We found that DENN domain 

depletion does not significantly change their cellular distributions (Fig. 2.3F). These 

studies suggest that C9ORF72 colocalizes with SMCR8 and WDR41, and C9ORF72 

interacts with them in a DENN domain–dependent manner. 

Autophagy induction is compromised in Smcr8-deficient cells 

        Autophagy is known to be the basic mechanism of delivering cytoplasmic contents 

to the lysosomes for degradation (24, 25). The ULK1/FIP200/ATG13 protein complex 

controls autophagy initiation (36–38). Because C9ORF72/SMCR8 is associated with 

ULK1/ATG13 in our mass spectrometry analysis of C9ORF72-associated proteins (table 

2.S1), we examined Smcr8’s potential involvement in autophagy. We generated two 

SMCR8 lentiviral short hairpin RNA (shRNA) constructs. Western blot and reverse 

transcription polymerase chain reaction (RT-PCR) analyses confirmed that SMCR8 

shRNA1 and shRNA2 display ~85 to 90% knockdown efficiency with high specificities 

(fig. 2.S3, A to C). Microtubule-associated protein 1 light chain 3 (LC3) protein 

expression has been widely used to monitor autophagy. LC3-I is a proteolytically 

processed form and is finally modified into the phosphatidylethanolamine (PE)–  
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Figure. 2.4. Autophagy induction is compromised in Smcr8-deficient cells. 

 
(A) HEK293 cells infected with lentiviruses expressing control shRNA, SMCR8 shRNA1, 
or SMCR8 shRNA2 were cultured 72 hours before protein lysate collection. The cell 
lysates were subjected to Western blot analyses using antibodies as indicated. (B) 
Quantification of LC3-II/actin ratio. Error bars represent SEM of three measurements 
from three independent experiments; *P < 0.05 (Student’s t test). (C) Confocal imaging 
of GFP-LC3 expression in SMCR8 knockdown HEK293 cells using antibodies against 
GFP. Hoechst stains the nuclei (blue). Scale bars, 10 μm. (D) Quantification of GFP-
LC3–positive puncta per cell in (C). Error bars represent SEM of three independent 
experiments; ~100 GFP-positive cells were randomly selected for each experiment. *P 
< 0.05 (Student’s t test). (E) Confocal microscope images of wild-type and Smcr8 
mutant MEFs stained with antibodies against LC3 (green) under normal or starvation 
conditions. Hoechst stains the nuclei (blue). Scale bars, 10 μm. (F) Quantification of 
LC3-positive puncta per cell in (E). Error bars represent SEM of three independent 
experiments; ~100 cells were randomly selected for each experiment. *P < 0.05 
(Student’s t test). Two-way analysis of variance (ANOVA) detects a significant decrease 
in the magnitude of up-regulation of LC3-positive puncta after starvation in Smcr8 
mutant MEFs compared to that in wild-type MEFs (P < 0.05). (G) Western blot analysis 
of LC3 expression. Wild-type or Smcr8 mutant MEFs were treated with dimethyl 
sulfoxide (DMSO) or rapamycin (0.1 μM) for 3.5 hours before protein lysate collection. 
β-Actin serves as the loading control. (H) Quantification of LC3-II/actin ratio from (G). 
Error bars represent SEM of three measurements from three independent experiments; 
*P < 0.05 (Student’s t test). n.s. represents no significant difference in LC3-II expression 
between DMSO and rapamycin treatment in Smcr8 mutant MEFs. Two-way ANOVA 
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detects a significant decrease in the magnitude of LC3-II up-regulation after rapamycin 
treatment in the Smcr8 mutant MEFs compared to wild-type MEFs (P < 0.05). 
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conjugated form, LC3-II (45). Knockdown of SMCR8 results in a significant increase in 

LC3-II protein levels relative to actin (Fig. 2.4, A and B). LC3 or GFP-tagged LC3 has 

been used to monitor autophagy at cellular levels by examining LC3-positive puncta 

(45). We examined autophagosome formation by staining GFP-LC3–positive puncta 

and found that there is a significant increase in puncta numbers per cell in SMCR8 

knockdown cells compared to controls (Fig. 2.4, C and D). These data suggest that 

SMCR8 is involved in autophagy. 

         To further understand Smcr8’s functions, we created a mouse model using 

embryonic stem (ES) cells in which the Smcr8 gene has been disrupted by the β-geo 

reporter gene. We isolated mouse embryonic fibroblasts (MEFs) from Smcr8 mutant 

embryos. RT-PCR and Western blot analyses confirmed the depletion of Smcr8 at both 

mRNA and protein levels. Increased LC3-II levels in Smcr8-deficient cells could be due 

to increased autophagy induction or a block of autophagsome maturation. Amino acid 

starvation blocks mammalian target of rapamycin (mTOR) signaling and therefore 

induces autophagy by releasing mTOR signaling–mediated inhibition (25, 46). To 

determine whether autophagy induction is enhanced in Smcr8 mutant cells, we 

performed amino acid starvation experiments in MEFs. Immunostaining results show 

that LC3-positive puncta numbers are increased in Smcr8 mutant cells compared to 

controls (Fig. 2.4, E and F), which is consistent with SMCR8 shRNA knockdown studies 

(Fig. 2.4, C and D). Whereas puncta numbers per cell are increased in both wild-type 

and mutant MEFs under starvation, the magnitude of increase is significantly less in 

Smcr8 mutant MEFs compared to that in wild-type MEFs (Fig. 2.4, E and F), suggesting 

that autophagy induction is compromised in Smcr8 mutant cells. To further examine 
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autophagy induction, we used rapamycin treatment to induce autophagy followed by 

Western blot analysis of LC3 expression. Rapamycin treatment results in autophagy 

induction reflected by induced expression of LC3-II in wild-type MEFs (Fig. 2.4, G and 

H). However, LC3-II levels are not significantly increased in Smcr8 mutant MEFs after 

rapamycin treatment (Fig. 2.4, G and H). Together, these results suggest that 

autophagy induction is compromised in Smcr8 mutant cells. 

C9orf72 knockdown disrupts autophagy induction 

Previous studies have implicated C9ORF72 in autophagy, but which step it regulates in 

autophagy remains unclear (33). To determine whether C9orf72 performs similar 

functions as Smcr8 in regulating autophagy induction, we generated two lentiviral 

C9orf72 shRNA constructs, which both effectively knock down C9orf72 expression (fig. 

S3D). We did not observe functional differences between these two shRNAs; therefore, 

we used C9orf72 shRNA1 in our studies. To determine how C9orf72 regulates 

autophagy, we performed Western blot analyses in MEFs. We found that the LC3-

II/actin level is significantly reduced in C9orf72 knockdown cells (Fig. 2.5, A and B), 

suggesting a reduced number of autophagsomes. Reduced autophagsomes could be 

due to a decrease in autophagy induction or an enhanced autophagic flux. To determine 

whether C9orf72 regulates autophagy initiation, we used rapamycin to induce 

autophagy in MEFs. Rapamycin treatment results in a significant increase in LC3-II 

levels in control cells but not in C9orf72 knockdown cells (Fig. 2.5, A and B). Next, we 

examined LC3-positive puncta numbers. Control MEFs exhibit a significant increase in 

puncta numbers per cell under starvation conditions (Fig. 2.5, C and D). In contrast, 

C9orf72 knockdown MEFs exhibit normal puncta numbers under starvation compared to  
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Figure. 2.5. C9orf72 knockdown disrupts autophagy induction. 

 
(A) Western blot analysis of LC3 expression. MEF cells infected with lentiviruses 
expressing control or C9orf72 shRNA were treated with DMSO or rapamycin (0.1 μM) 
for 3.5 hours before protein lysate collection. β-Actin serves as the loading control. (B) 
Quantification of LC3-II/actin ratio. Error bars represent SEM of three measurements 
from three independent experiments; *P < 0.05 (Student’s t test). n.s. represents no 
significant difference in LC3-II expression between DMSO and rapamycin treatment 
in C9orf72 knockdown MEFs. Two-way ANOVA detects a significant decrease in the 
magnitude of LC3-II up-regulation after rapamycin treatment in the C9orf72 knockdown 
MEFs compared to that in wild-type MEFs (P < 0.05). (C) Confocal imaging of MEFs 
stained with antibodies against LC3 (green). MEF cells were infected with lentiviruses 
expressing control or C9orf72shRNA followed by starvation. Hoechst stains the nuclei 
(blue). Scale bars, 10 μm. (D) Quantification of LC3-positive puncta per cell in (C). Error 
bars represent SEM of three independent experiments; ~100 cells were randomly 
selected for each experiment. *P < 0.05 (Student’s t test). (E) Western blot analysis of 
LC3 expression. Wild-type or Smcr8mutant MEF cells were infected with lentiviruses 
expressing control or C9orf72 shRNA as indicated followed by DMSO or rapamycin (0.1 
μM) treatment for 3.5 hours before protein lysate collection. β-Actin serves as the 
loading control. (F) Quantification of LC3-II/actin ratio. Error bars represent SEM of 
three measurements from three independent experiments; *P < 0.05 (Student’s t test). 
n.s. represents no significant difference in LC3-II expression between DMSO and 
rapamycin treatment. Two-way ANOVA detects a significant decrease in the magnitude 
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of LC3-II up-regulation after rapamycin treatment in the C9orf72 knockdown, Smcr8 
mutant, and C9orf72/Smcr8 double depletion MEFs compared to that in wild-type MEFs 
(P < 0.05). 
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normal culture conditions (Fig. 2.5, C and D). Together, these results suggest that 

autophagy induction is impaired in C9orf72 knockdown cells. Last, we examined 

autophagy induction in both C9orf72- and Smcr8-deficient cells. Rapamycin treatment 

failed to promote autophagy induction in C9orf72, Smcr8, or C9orf72/Smcr8 double-

deficient MEFs, although autophagy is significantly induced in wild-type MEFs (Fig. 2.5, 

E and F). Together, these studies suggest that autophagy induction is compromised in 

C9orf72, Smcr8, and C9orf72/Smcr8 double-depleted cells. 

The C9ORF72/SMCR8 complex regulates ULK1 

In mammalian cells, ULK1 forms a protein complex with FIP200/ATG13 regardless of 

nutrient status (36). During normal nutrient conditions, mTOR complex 1 phosphorylates 

Ser757 on ULK1, which results in repressing autophagy initiation (37, 38, 47). Under 

starvation, mTOR-mediated inhibition of autophagy is released, resulting in autophagy 

induction. Because our mass spectrometry data show that C9ORF72/SMCR8 is 

associated with ULK1 (table 2.S1), we hypothesized that C9ORF72/SMCR8 regulates 

autophagy induction by affecting the expression or activity of ULK1. To test this 

hypothesis, we attempted to confirm the interaction between the C9ORF72/SMCR8 

complex and ULK1/ATG13. We expressed C9ORF72 or SMCR8 alone or in 

combination in HEK293 cells. Endogenous ULK1 and ATG13 are coimmunoprecipitated 

with C9ORF72 when it is expressed together with SMCR8, but this co-IP is drastically 

reduced when C9ORF72 is expressed alone (Fig. 2.6A). Furthermore, the interaction 

between C9ORF72/SMCR8 and ULK1/ATG13 is enhanced under amino acid starvation 

conditions (Fig. 2.6A). Together, these results suggest that C9ORF72/SMCR8 interacts 

with the ULK1/ATG13 complex, which is facilitated by starvation conditions. 
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Figure. 2.6. The C9ORF72/SMCR8 complex regulates ULK1. 

 
(A) The interaction between C9ORF72/SMCR8 complex with ULK1 is enhanced under 
starvation conditions. Flag-C9ORF72 and RFP-SMCR8 were transfected into HEK293 
cells with or without amino acid starvation for 1 hour before protein lysate collection. 
C9ORF72 protein was immunoprecipitated with M2 beads (anti-Flag) followed by 
Western blot analyses using antibodies as listed. (B) Western blot analysis of Ulk1 
expression in wild-type or Smcr8 mutant MEFs. β-Actin serves as the loading control. 
(C) Quantification of Ulk1 expression relative to actin. Error bars represent SEM of three 
measurements from three independent experiments; *P < 0.05 (Student’s t test). (D) 
Ulk1 protein in wild-type or Smcr8 mutant MEFs was immunoprecipitated with Ulk1 
antibodies followed by Western blot analyses. IgG, immunoglobulin G. (E) 
Quantification of relative Ulk1 and Atg13 protein levels. Error bars represent SEM of 
three measurements from three independent experiments; *P < 0.01 (Student’s t test). 
(F) Western blot analysis of phospho-Ulk1 (p-Ser757) expression. Wild-type or Smcr8 
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mutant MEFs were treated with DMSO or rapamycin (0.1 μM) for 3.5 hours before 
protein lysate collection. (G) Quantification of phospo-Ulk1 (p-Ulk1)/actin ratio. Error 
bars represent SEM of three measurements from three independent experiments; *P < 
0.05 (Student’s t test). (H) Western blot analysis of phospho-Ulk1 (p-Ser757) 
expression. Wild-type or Smcr8 mutant MEFs were infected with lentiviruses expressing 
control or C9orf72 shRNA constructs. β-Actin serves as the loading control. (I) 
Quantification of relative levels of phospho-Ulk1. Error bars represent SEM of three 
measurements from three independent experiments; *P < 0.05 (Student’s t test). 
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        To determine whether Ulk1 protein level is altered in Smcr8 mutant cells, we 

performed Western blot analyses and found that Ulk1 protein is significantly enhanced 

in mutant MEFs (Fig. 2.6, B and C). IP of endogenous Ulk1 in Smcr8 mutant cells 

shows markedly enhanced protein levels of Ulk1 and Atg13 (Fig. 2.6, D and E). It is 

possible that Smcr8 masks the epitope that Ulk1 antibody recognizes; therefore, Smcr8 

depletion results in a more efficient IP of Ulk1. Together, these results suggest that 

Smcr8 is required for normal levels of Ulk1 and Atg13. Phosphorylation of Ser757 on 

Ulk1 controls autophagy initiation (37, 38, 47). The increased protein level of Ulk1 and 

defective autophagy induction in Smcr8 mutant cells prompted us to test whether Ulk1 

phosphorylation is also altered in mutant MEFs. Indeed, phosphorylated Ulk1 (phospho-

Ulk1) is significantly enhanced in Smcr8 mutant MEFs (Fig. 2.6, F and G). In rapamycin-

treated cells, phospho-Ulk1 levels are also significantly increased (Fig. 2.6, F and G), 

which is consistent with the impaired autophagy induction in Smcr8 mutant cells (Fig. 

2.4, E to H). Next, we examined phospho-Ulk1 expression in C9orf72 knockdown cells. 

In contrast to the up-regulation of phospho-Ulk1 in Smcr8 mutant MEFs, C9orf72 

knockdown results in a decrease in phospho-Ulk1; C9orf72/Smcr8 double depletion 

leads to an intermediate level of phospho-Ulk1 in MEFs (Fig. 2.6, H and I). Together, 

these results suggest that the C9ORF72 and SMCR8 regulate autophagy induction by 

modulating ULK1 through distinct mechanisms. 

Autophagic flux is defective in Smcr8-deficient cells 

          Autophagy induction is reduced (Fig. 2.4, E to H), but the autophagsome 

numbers are increased in Smcr8 mutant cells reflected by increased LC3-II levels (Figs. 

2.4, G and H, and 2.5, E and F), suggesting that autophagsome maturation is defective  
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Figure. 2.7. Autophagic flux is defective in Smcr8-deficient cells. 

 
(A) Confocal imaging of HEK293 cells infected by lentiviruses expressing control or 
SMCR8 shRNA. Double-tagged LC3 (mCherry-GFP-LC3) protein was used to indicate 
autophagic flux. The percentage of yellow dots, which maintains both GFP and mCherry 
signal, out of total red dots is listed in the merged figures. Values represent SEM of 
three independent experiments; ~50 cells were randomly selected for each statistical 
analysis. *P < 0.05 (Student’s t test). (B) Western blot analysis of p62 expression. β-
Actin serves as the loading control. (C) Quantification of p62 protein levels relative to 
actin. Error bars represent SEM of three measurements from three independent 
experiments; *P < 0.05 (Student’s t test). (D and F) Western blot analyses of LC3 (D) or 
p62 (F) expression in MEFs. MEFs were cultured in normal conditions or treated with 
lysosome inhibitors LP (100 μM each) for 3.5 hours before protein lysate collection. β-
Actin serves as the loading control. (E and G) Quantification of LC3-II levels relative to 
actin (E) and p62 levels relative to actin (G). Error bars represent SEM of three 
measurements from three independent experiments; *P < 0.05 (Student’s t test). n.s. 
represents no significant difference of LC3-II or p62 expression. Two-way ANOVA 



 

 56 

detects a significant decrease in the magnitude of LC3-II or p62 up-regulation after LP 
treatment in Smcr8 mutant MEFs compared to that in wild-type MEFs (P < 0.05). (H and 
J) Western blot analysis of cathepsin D (H) or cathepsin L (J) expression. β-Actin serves 
as the loading control. CtsDp, procathepsin D; CtsDm, mature cathepsin D; CtsLp, 
procathepsin L; CtsLm, mature cathepsin L. (I and K) Quantification of cathepsins D or 
L expression. Error bars represent SEM of three measurements from three independent 
experiments; *P < 0.05 (Student’s t test); n.s. represents no significant difference 
detected. 
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in Smcr8-deficient cells. Autophagosome accumulation could be due to a blockage of 

autophagic flux (24, 25). We used double-tagged LC3 proteins (mCherry-GFP-LC3) to 

monitor autophagic flux. Simultaneous expression of mCherry and GFP results in yellow 

signals under physiological pH, whereas an acidic environment in the autolysosome 

quenches the GFP signal and results in exclusively red signals (24, 45). We found that 

the yellow dot/total red dot ratio is 50.1 ± 2.8% in control cells, whereas the yellow 

dot/total red dot ratio is higher at 68.0 ± 4.2% in SMCR8 knockdown cells (Fig. 2.7A), 

suggesting that relatively less GFP signal is quenched in knockdown cells. These 

results indicate that autophagsome maturation is compromised in Smcr8-deficient cells, 

which is consistent with LC3-II accumulation in Smcr8-deficient cells (Figs. 2.4, A, B, G, 

and H, and 2.7, D and E). Next, we examined a well-defined autophagy substrate, p62 

(48). Consistent with an impaired degradation function of autophagsome, p62 is 

significantly accumulated in Smcr8-deficient cells (Fig. 2.7, B, C, F, and G). Together, 

these results suggest that Smcr8 depletion results in a defective autophagic flux. 

          Lysosomal degradation is mainly mediated by cysteine and aspartyl protease, 

which are inhibited by leupeptin and pepstatin, respectively. If an increased LC3-II level 

is due to the enhancement of autophagy induction, blocking lysosomal degradation 

using leupeptin and pepstatin A (LP) should result in a further increase of LC3-II levels. 

However, if an increased LC3-II level is because of defective autophagsome maturation, 

blocking lysosomal degradation using LP will not further increase LC3-II levels (45). To 

confirm that increased LC3-II levels are due to defective autophagsome maturation and 

not autophagy induction enhancement in Smcr8 mutant cells, we treated MEFs for 3.5 

hours with lysosomal inhibitors (LP). This treatment leads to a significant accumulation 
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of endogenous LC3-II, reflecting blockage of LC3-II degradation after lysosomal inhibitor 

(LP) treatment in control cells (Fig. 2.7D). However, there is no significant further 

increase of LC3-II levels in Smcr8 mutant cells (Fig. 2.7, D and E). Consistent with a 

blockage of autophagsome maturation, LP treatment fails to cause further accumulation 

of p62 in Smcr8 mutant cells (Fig. 2.7, F and G). Together, these results suggest that 

Smcr8 depletion results in defective autophagsome maturation and impaired 

autophagosome degradation. 

          The defective autophagsome maturation could be due to a block in 

autophagsome-lysosome fusion or lysosomal degradation. We failed to detect a 

significant alteration in autophagosome-lysosome fusions in Smcr8 mutant MEFs. 

Therefore, we examined lysosomal degradation. Cathepsins D and L are widely used as 

reporter molecules for trafficking and maturation of lysosomal hydrolases (49, 50). 

Cathepsins D and L are synthesized as preprocathepsins D and L, which are converted 

into procathepsins D and L in the endoplasmic reticulum (ER) after signaling peptides 

are removed. Procathepsin D (52 kD) and procathepsin L (36 kD) are generated in the 

ER transit from the trans-Golgi and are transported to late endosomes and lysosomes. 

Encountering the acidic environment in lysosomes, procathepsin D undergoes further 

proteolytic processing into a 44-kD form and finally into the 32-kD mature form. 

Procathepsin L is processed into a 24-kD mature form (49, 50). In wild-type MEFs, the 

procathepsin D 52-kD band was barely visible, and the dominant signals were from 44-

kD procathepsin D and 32-kD mature cathepsin D bands (Fig. 2.7H). In Smcr8 mutant 

MEFs, the mature cathepsin D level is significantly increased (Fig. 2.7, H and I). For 

cathepsin L, both procathepsin L and mature cathepsin L levels were significantly 
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increased in Smcr8 mutant MEFs (Fig. 2.7, J and K). The increased amounts of 

cathepsins D and L in Smcr8 mutant cells indicate either an increase in their synthesis 

or a decrease in their degradation, which is often observed when lysosomal function is 

disrupted (51–53). Together, the defective autophagic flux could be due to a block of 

lysosomal degradation in Smcr8 mutant cells. 

C9orf72 knockdown results in an increase in autophagic flux 

         Because C9ORF72 and SMCR8 are within a protein complex, we asked whether 

autophagic flux is also compromised in C9orf72 knockdown cells. We used double-

tagged LC3 proteins (mCherry-GFP-LC3) to monitor autophagic flux (45). Surprisingly, 

C9orf72 knockdown results in a significant decrease in the ratio of yellow to red puncta 

(Fig. 2.8, A and B). These results suggest that autophagic flux is enhanced in C9orf72 

knockdown cells, which is opposite to the reduced autophagic flux in Smcr8-depleted 

cells (Fig. 2.7A). Next, we measured p62 expression and found that p62 is not 

significantly changed in C9orf72 knockdown cells compared to controls (Fig. 2.8, C and 

D). Whereas increased autophagic flux may lead to more efficient degradation of 

autophagy substrate p62, autophagy induction is compromised in C9orf72 knockdown 

cells (Fig. 2.5), which leads to more p62 accumulation. The combined alterations in 

autophagy induction and autophagic flux may result in normal p62 expression levels in 

C9orf72 knockdown cells. The protein level of p62 is slightly increased in 

C9orf72/Smcr8 double-depleted cells (Fig. 2.8, C and D). Together, these results 

suggest that autophagic flux is enhanced in C9orf72-deficient cells. 

       Altered autophagic flux and degradation could be due to changes in lysosomal 

integrity. Next, we examined lysosomal integrity by monitoring the expression of  
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Fig. 2.8. C9orf72 knockdown results in an increase in autophagic flux. 

 
(A) Confocal imaging of GFP-mCherry expression in N2A cells infected with lentiviruses 
expressing control or C9orf72 shRNA. (B) Quantification of the percentage of yellow 
dots, which maintains both GFP and mCherry signal, out of total red dots. Values 
represent SEM of three independent experiments; ~50 cells were randomly selected for 
each statistical analysis. *P < 0.05 (Student’s t test). (C) Western blot analyses of p62 
expression. Wild-type or Smcr8 mutant MEFs were infected with lentiviruses expressing 
control or C9orf72 shRNA followed by 72 hours of culture before protein lysate 
collection. β-Actin serves as the loading control. (D) Quantification of p62 levels relative 
to actin. Error bars represent SEM of three measurements from three independent 
experiments; *P < 0.05 (Student’s t test). n.s. represents no significant difference 
detected. (E and G) Western blot analysis of cathepsin D (E) or cathepsin L (G) 
expression in the control or C9orf72 knockdown MEFs. β-Actin serves as the loading 
control. (F and H) Quantification of cathepsins D or L expression. Error bars represent 
SEM of three measurements from three independent experiments; *P < 0.05, ***P < 
0.001 (Student’s t test); n.s. represents no significant difference detected. 
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cathepsins D and L. In C9orf72 knockdown MEFs, the mature cathepsin D level is 

slightly increased, whereas its precursor level appears normal (Fig. 2.8, E and F). In 

contrast, both procathepsin L and mature cathepsin L levels were significantly increased 

in C9orf72 knockdown MEFs (Fig. 2.8, G and H). Together, these results suggest that 

enhanced autophagic flux could be due to an increased lysosomal degradation in 

C9orf72 knockdown cells. 

 

Discussion 

         To gain insights into the biology of the C9ORF72 protein, we isolated C9ORF72-

containing complexes from human cells and characterized their functions. We found 

that C9ORF72 forms a protein complex with SMCR8, WDR41, and ATG101. Here, we 

investigated C9ORF72/SMCR8’s functions in regulating autophagy and its action 

mechanisms. 

           Our studies provide novel insights into C9ORF72/SMCR8’s functions and its 

action mechanisms. First, in addition to forming a protein complex as reported (34, 54), 

we found that C9ORF72, SMCR8, WDR41, and ATG101 proteins exhibit similar peptide 

coverage (~60%) based on mass spectrometry analysis, reflecting a near-stoichiometric 

presence. In addition, C9ORF72 interacts with SMCR8 and WDR41 in a DENN 

domain–dependent manner. Starvation condition facilitates the interaction between 

C9ORF72/SMCR8 and ULK1. Our gel filtration identifies ATG101 as a component 

within the C9ORF72 complex, which could further aid in understanding this protein 

complex’s functions. ULK1/ATG13/FIP200/ATG101 complex acts as a key upstream 

factor to initiate autophagy (37, 38). It has been reported that Atg101 is essential for 
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autophagy initiation; Atg101 binds to Atg13 and is required for its protein stabilization; 

Atg101 is responsible for recruiting downstream factors to the autophagosome 

formation sites (39, 40, 55). Future studies should reveal if and how the 

C9ORF72/SMCR8 complex regulates ATG101/ATG13 protein stabilization and 

ATG101’s functions in recruiting downstream autophagy factors. Second, the 

C9ORF72/SMCR8 complex has dual functions in autophagy by modulating both 

autophagy initiation and autophagic flux. Autophagy induction is compromised in Smcr8 

mutant cells. SMCR8 is associated with and regulates the autophagy initiation factor 

ULK1. These data suggest that SMCR8 has a direct role in regulating autophagy 

initiation. However, it remains possible that a high baseline in autophagsome number is 

due to defective lysosomal degradation, which ultimately results in aberrant autophagy 

induction. Third, C9ORF72 and SMCR8 have overlapping and distinct functions, 

although they are within the same protein complex. C9orf72 or Smcr8 depletion results 

in impaired autophagy induction. However, phospho-Ulk1 expression is enhanced in 

Smcr8 mutant MEFs and is decreased in C9orf72 knockdown MEFs, suggesting that 

they have different mechanisms to regulate autophagy initiation. In addition, studies 

using double-tagged LC3 protein show that autophagic flux is enhanced in C9orf72 

knockdown cells and is reduced in Smcr8 mutant cells. One potential explanation as to 

why C9ORF72 and SMCR8 have distinct functions in autophagy is because they 

interact with and activate different downstream Rab GTPases. Indeed, we found that 

C9ORF72 interacts with and activates RAB39B, but SMCR8 does not interact with 

RAB39B under the same experimental conditions. Future studies should further reveal 
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the mechanisms underlying these overlapping and distinct functions of 

C9ORF72/SMCR8. 

            Our studies have important implications for C9ORF72-related 

neurodegeneration diseases. It has been reported that C9orf72 depletion alone in mice 

is not sufficient to cause motor neuron diseases (13, 19). The fact that C9ORF72 and 

SMCR8 form a protein complex and have overlapping functions in autophagy raises the 

possibility that Smcr8 has compensatory effects on C9orf72 loss of function. Future 

studies should examine whether double knockout of C9orf72 and Smcr8 causes 

autophagy defects in neurons. Given the importance of autophagy in the central 

nervous system (25, 56, 57), it is also important to determine whether double-knockout 

C9orf72/Smcr8 causes neurodegeneration due to defective autophagy in neurons. 

Multiple independent studies show that C9orf72 ablation in mice results in defective 

immune functions. It will be interesting to determine whether Smcr8 mutant mice also 

exhibit dysregulation of immune functions, which could be exacerbated in the 

C9orf72/Smcr8 double-knockout background. Because neurodegeneration is influenced 

by innate immune system and inflammation (58, 59), future studies should reveal if and 

how dysregulation of C9ORF72/SMCR8-mediated immune functions contributes to 

neurodegenerative diseases. 

          There are several reports about the C9ORF72 protein complex and its 

involvement in autophagy (34, 54, 60, 61). Our studies have revealed novel information 

about C9ORF72/SMCR8 complex functions compared to these recent studies. We 

found that ATG101 is a major component of C9ORF72 protein complex, which leads to 

the finding that C9ORF72 positively regulates ULK1 and autophagy initiation. 
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Furthermore, we showed that C9orf72 plays a role in autophagic flux. Most notably, our 

studies using MEFs from Smcr8 knockout mice demonstrate that Smcr8 has dual roles 

in autophagy initiation and autophagic flux. Overall, our studies suggest that C9ORF72 

and SMCR8 have distinct and overlapping functions at different steps of autophagy. It 

has been reported that a long form of C9ORF72 (C9-L) and not the short form of 

C9ORF72 (C9-S) interacts with SMCR8 and WDR41 (61, 62). C9-L, but not C9-S, is 

decreased in the frontal cortex of patients with FTD (61). Our gel filtration results show 

that a longer, but not shorter, form of C9ORF72 comigrates with SMCR8, WDR41, and 

ATG101 (Fig. 2.1B), suggesting that the longer form of C9ORF72 regulates autophagy. 

Future studies should determine whether C9-L and C9-S have different cellular 

functions relevant to the FTD diseases. Our co-IP experiments failed to detect the 

interaction between SMCR8 and RAB39B. However, Sellier et al. (34) showed an 

interaction between SMCR8 and RAB39B, and the presence of SMCR8 is essential for 

the complex to interact with RAB39B. These discrepancies could be because we 

performed studies in the N2A cells, whereas their co-IP was done in the HEK293 cells. 

Future studies should determine whether C9ORF72 and SMCR8 have differential 

interactions with other Rab GTPases and their functional importance. 
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Supplemental Figure 2.S1. Isolation of SMCR8-associated proteins. 

 

(A and B) Silver staining analysis of Flag affinity purified fractions from cytoplasmic 
extracts of Flag-GFP and Flag-SMCR8 HEK293 cell lines. Asterisks indicate common 
contaminants of Flag purification (SKB1, a-tubulin and MEP50). Flag-SMCR8 
associated proteins as identified by mass spectrometry are indicated. (B) Superose 6 
gel filtration fractions from SMCR8 cytoplasmic flag affinity purification. Fractions were 
resolved by 4-12% SDS-PAGE and analyzed by silver staining (Top) and western blot 
with corresponding antibodies (Bottom). 
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Supplemental Figure 2.S2. Identify C9orf72- or SMCR8-associated Rab GTPases. 

 

(A) Individual GFP-tagged Rab GTPase constructs were transfected into N2A cells. 
GTPase proteins were immunoprecipitated (IP) with GFP beads followed by western 
blot analyses using antibodies against C9orf72. (B) Flag-tagged SMCR8 and GFP-
tagged RAB39B were transfected into N2A cells. SMCR8 proteins were 
immunoprecipitated (IP) with m2 beads (anti-Flag) followed by western blot analyses 
using antibodies against GFP. 
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Supplemental Figure 2.S3. Characterization of SMCR8 and C9orf72 shRNA 
constructs. 

 
(A) Western blot analysis of SMCR8 expression in HEK293 cells transfected with 
control, SMCR8 shRNA1, or SMCR8 shRNA2 constructs. b-actin serves as the loading 
control. (B) RT-PCR analysis of SMCR8 mRNA in HEK293 cells transfected with 
control, SMCR8 shRNA1, or SMCR8 shRNA2 constructs. (C) HEK293 cells transfected 
with control, SMCR8 shRNA1, or SMCR8 shRNA1 plus Flag-SMCR8 DNA followed by 
western blot analyses using antibodies as indicated. b-actin serves as the loading 
control. (D) RT-PCR analysis of C9orf72 mRNA in N2A cells infected with lentiviruses 
expressing control, C9orf72 shRNA1, or C9orf72 shRNA2. 
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Supplemental Table 2.S1. Polypeptide composition through Flag-C9ORF72 
immunopurification by mass spectrometry. 
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CHAPTER 3 

Smcr8 deficiency disrupts axonal transport-dependent lysosomal function and promotes 

axonal swellings and gain of toxicity in C9ALS/FTD mouse models 
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Abstract 

         G4C2 repeat expansions in an intron of C9ORF72 cause the most common 

familial amyotrophic lateral sclerosis and frontotemporal dementia (collectively, 

C9ALS/FTD). Mechanisms and mediators of C9ALS/FTD pathogenesis remain poorly 

understood. C9orf72 and Smcr8 form a protein complex. Here, we show that expression 

of Smcr8, like C9orf72, is reduced in C9ALS/FTD mouse models and patient tissues. 

Since Smcr8 is highly conserved between human and mouse, we evaluated the effects 

of Smcr8 downregulation in mice. Smcr8 knockout (KO) mice exhibited motor behavior 

deficits, which resemble those of C9ALS/FTD mouse models, and displayed axonal 

swellings in their spinal cords and neuromuscular junctions. These deficits are caused 

by impaired autophagy-lysosomal functions due to disrupted axonal transport in mutant 

motor neurons. Consistent with its interaction with C9orf72 and their downregulation in 

patient tissues, Smcr8 deficiency exacerbated autophagy-lysosomal impairment in 

C9orf72 KO mice. The disease relevance of Smcr8 downregulation was reflected by 

exacerbated axonal swellings and gain of toxicity pathology arising from Smcr8 

haploinsufficiency in a mouse model of C9ALS/FTD. Thus, our in vivo studies 

suggested that Smcr8 deficiency impairs axonal transport dependent autophagy-

lysosomal function and exacerbates axonal degeneration and gain of toxicity in 

C9ALS/FTD mouse models. 
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Introduction 

          Frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS) are 

neurodegenerative disorders that occur simultaneously in certain populations of patients 

(1, 2). G4C2 hexanucleotide repeat expansion in a noncoding region of the gene 

chromosome 9 open reading frame 72 (C9ORF72) is the most common cause of 

familial ALS and FTD (C9ALS/FTD) (3–6). C9ORF72-associated ALS accounts for 

around 40% of familial ALS and about 5–10% of sporadic ALS cases (4, 5). 

Haploinsufficiency of C9ORF72 protein is a key proposed disease mechanism, which 

may act in parallel with gain of toxicity from toxic RNAs of repeat transcription and 

dipeptide repeat proteins (DPRs) from repeat-associated non-AUG (RAN) translation (1, 

2). Consistent with this loss-of-function notion, C9ORF72 expression is reduced in 

C9ALS/FTD patient tissues (3, 5, 7, 8); haploinsufficiency of C9ORF72 is considered to 

contribute to the degeneration of motor neurons (MNs) derived from induced pluripotent 

stem cells of ALS patients (9); C9orf72 deficiency exacerbates motor behavior deficits 

of a C9ALS/FTD mouse model in vivo (10). Therefore, studying C9orf72 biology may 

provide new insights into pathogenesis of C9ALS/FTD from the perspective of loss-of-

function. 

 

          C9orf72 forms a protein complex with Smcr8 (11–17). They are both DENN 

domain-containing proteins (18, 19) and regulate autophagy, a lysosome-dependent 

degradation process (20, 21). Enlarged lysosomal sizes and impaired lysosomal 

degradation have been observed in cells deficient in C9orf72 or Smcr8 (22, 23). These 
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results suggest the possibility that autophagy-lysosomal function may be impaired in 

C9ALS/FTD. Interestingly, neither heterozygous nor homozygous knockout (KO) of 

C9orf72 in neurons leads to MN degeneration or motor deficits in mice at advanced 

ages (24). This raises the question whether and to what extent C9orf72’s functions are 

dysregulated in C9ALS/FTD in vivo. Consequently, the potential autophagy-lysosomal 

deficiency in C9ALS/FTD in vivo is unclear, and the mediators and underlying 

mechanisms remain poorly understood. 

 

          Using a C9ORF72 bacterial artificial chromosome (BAC) transgenic mouse model 

(C9-BAC) (25), we recently generated a genetic mouse model (C9orf72+/−;C9-BAC) of 

C9ALS/FTD with both loss- and gain-of-function features. We found that C9orf72 

deficiency and haploinsufficiency exacerbate motor behavior deficits of C9-BAC mice in 

a dose-dependent manner, and this occurs early in the course of pathogenesis (10). To 

investigate the mechanisms underlying these motor deficits, we examined Smcr8 and 

found that it, like C9orf72, is reduced in C9ALS/FTD mouse models and patient tissues. 

Smcr8 mutant mice developed motor behavior deficits, suggesting that Smcr8 

downregulation could be a mediator of motor deficits in C9orf72+/−;C9-BAC mice. 

Mechanistic studies revealed that Smcr8 deficiency disrupted axonal transport in MNs, 

impaired autophagy-lysosomal function, and led to abnormal axonal swellings in spinal 

cords and neuromuscular junctions (NMJs) in mice. These deficits were more severe in 

the background of C9orf72 KO. Smcr8 deficiency also exacerbated the accumulation of 

DPRs in C9-BAC mouse models, suggesting the interaction between loss- and gain-of-

function in the pathogenesis of C9ALS/FTD. 
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Materials and Methods 

Mice 

          To generate Smcr8βgeo/βgeo mutant mice, Smcr8tm1(KOMP)vlcg embryonic stem (ES) 

cells were obtained from the KO mouse project repository at the University of California, 

Davis. The majority of Smcr8 exon 1 was replaced by a cassette containing lacZ-polyA 

followed by a loxP-flanked hUbCpro-neo-polyA sequence. The Mouse Genetics Core 

Facility at National Jewish Health in Denver performed the ES cell injections into 

C57BK/6N blastocysts. The chimeric offsprings were mated to 129S1/SvImJ mice for 

germline transmission. Germline-transmitted heterozygous females were crossed with 

CMV-Cre males to remove the Neo cassette. Smcr8−/− mice were backcrossed into 

C57BL/6J for four generations. C9-BAC mice (Cat#: 029099) were ordered from 

Jackson laboratory, and were backcrossed into C57BL/6J for four generations. All 

animal studies were conducted under protocols approved by the Institutional Animal 

Care and Use Committee at the University of Georgia or University of Southern 

California. 

 

Mutant characterization, immunofluorescence staining and western blot analysis 

         Histological processing and immunohistochemical labeling of sections were 

performed as described previously (48, 49). Mice were anesthetized with CO2 and 

perfusion-fixed with 4% paraformaldehyde (PFA). Spinal cords were harvested and 

post-fixed in 4% PFA, washed with PBS and immersed in 25% sucrose overnight at 4°C 

followed by standard OCT embedding and coronal sectioning. The following primary 
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antibodies were used: anti-Lamp1 (1D4B, DSHB), anti-p62 (610 832, BD Biosciences), 

anti-160 kD NF Medium (ab65845, Abcam), anti-NF H, Nonphosphorylated (SMI 32, 

Biolegend), anti-beta Galactosidase (CGAL-45A-Z, Immune Systems), anti-GFAP 

(MAB3402, EMD Millipore), anti-Iba1 (019-19 741, Wako), anti-LC3 (5F10, NanoTools), 

Tuj1 (T3952, Sigma), ChAT (AB144P, EMP Millipore), GA (MABN889, Millipore) and 

poly GP (24494-1-AP, Proteintech). The secondary antibodies used were Alexa 488, 

Alexa 555 and Alexa 647 conjugated to specific IgG types (Invitrogen Molecular 

Probes). Axonal staining was performed by Bielschowsky staining with Hito 

Bielschowsky OptimStain™ Kit (Hito Biotec) according to the manufacturer’s protocol. 

X-gal activity was assessed by incubating sections with LacZ staining solution (1 mg/ml 

of X-gal, 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide and 2 mM MgCl2 

in PBS) overnight at 37°C. 

 

TEM 

           Spinal cords were fixed in 2% PFA plus 2.5% glutaraldehyde in 0.1 M Sodium 

Cacodylate buffer (PH = 7.4) for 24 h at 4°C. Tissues were embedded and sectioned for 

TEM by the Department of Pathology, EM Division at the University of Georgia. 

 

Mouse MN isolation, transfection and live imaging 

         Isolation and culture of spinal cord motoneurons from E 13.5 mice were performed 

as previously described (50). Spinal cords were isolated and dorsal root ganglia were 

removed carefully. MNs were enriched by lectin-based purification. Isolated cells were 

plated onto poly-DL-ornithine hydrobromide/laminin (Sigma) coated 35 mm glass 
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bottom culture dishes (MatTek). Cells were cultured in Neurobasal medium (Invitrogen) 

with 1 × B27 supplement (Invitrogen), 5% inactivated horse serum (Invitrogen), 1% 

Glutamax (Invitrogen) and 10 ng/ml CNTF at 37°C in a 5% CO2 incubator. Half the 

volume of culture medium was exchanged every 2 days. At 4 days in vitro (DIV4), 

neurons were transfected using NeuroMag transfection reagent (Oz Biosciences) as 

previously described (51). Briefly, 1 h before magnetofection, complete medium was 

replaced with serum-free Neurobasal/B27/Glutamax medium. Plasmid DNA (1.5 μg) 

was incubated with 4 μl Neuromag in 300 μl OptiMEM for 15 minutes, and then added 

drop-wise to the cultures. Cells were incubated on top of a magnetic plate (Oz 

Biosciences) for 15 minute and complete medium was restored after 1 h. For live cell 

imaging, 35 mm glass bottom dishes containing normal growth medium were mounted 

in a temperature-controlled stage and maintained at 37°C and 5% CO2 conditions. Cells 

were visualized at DIV6-9 on a Zeiss LSM 710 confocal microscope using a 100 × oil-

immersion lens. Digital images were acquired with a camera using ZEN software. Laser 

lines at 488 nm were used. Time-lapse sequences of 1024 × 1024 pixels were collected 

at 7.8 second intervals for 15 minutes. 

 

Transport analysis 

          Kymographs were generated using the Image J plugin Kymograph 

(https://www.embl.de//eamnet/html/kymograph.html). Net run speeds and lengths of 

vesicle movement were calculated by drawing a slope from the beginning to the end of 

the run on the kymograph. The transport direction was manually determined: vesicles 

were classified as retrograde (moved ≥ 1.5 μm in the retrograde direction), anterograde 



 

 88 

(moved ≥ 1.5 μm in the anterograde direction) or stationary (moved < 1.5 μm during the 

duration of the 15-minute video). The percentage motility of vesicles along the axon 

(retrograde, anterograde or stationary) was calculated as a percentage of the total 

number of imaged vesicles per neuron. The instantaneous velocities were quantified by 

Image J’s TrackMate v3.4.2 plugin (52), and stalls were defined as a vesicle with 

velocity < 0.1 μm/s for ≥8 s. The numbers of stalls per trace were calculated with a 

custom Python script. 

 

NMJ analysis 

          Muscles were fixed for 10 minutes in freshly prepared PBS containing 4% (w/v) 

PFA. After washing with PBS, further connective tissues were detached from the 

muscles, and individual fibers were carefully teased apart to facilitate antibody 

penetration. Muscles were permeabilized with 2% Triton X-100 in PBS for 30 minute 

and then blocked in 4% BSA and 1% Triton X-100 in PBS for 30 minutes. Samples were 

incubated overnight at 4°C in blocking solution with α-Bungarotoxin, Alexa Fluor™ 488 

conjugate (1:500 dilution), and primary antibodies against NF (2H3, 1: 70 dilution) and 

Lamp-1 (1D4B, 1:70 dilution) to visualize the AChRs, axons and lysosomes. The 

following day, muscles were washed three times for 10 minute each in PBS before 

incubation for 2 h with AlexaFluor 555 and 647 secondary antibodies and α-

Bungarotoxin, Alexa Fluor™ 488 conjugate in PBS in the dark. Last, muscles were 

washed three times for 10 minute each in PBS and mounted on slides with coverslips. A 

Leica TCS SP8 microscope was used to image the NMJs with Z-stacks at 3 μm 

intervals. 
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Behavioral testing 

        The experimenter was blind to the animal’s genotype during all tests. Open filed 

test was performed using an overhead SMART video tracking system (Panlab), which 

measures distance traveled, time spent in each zone, and speed. The apparatus 

consisted of a gray open top plastic box (w × d × h: 45 × 45 × 40 cm) divided into four 

equal arenas. After a 2 h acclimatization to the behavioral testing room, each animal 

was placed in the center of the open field and left undisturbed for 30 minutes. The 

apparatus was wiped between trials with a 70% ethanol solution. For rotarod test, an 

accelerating rotarod (Panlab) was used to analyze motor coordination and balance. 

Mice were trained three times on the rotarod with 4 rpm/minute speed 1 day before 

testing. During test conditions, we measured the latency (time) to the mouse falling from 

the rotating beam while ramping up the speed from 4 to 40 rpm over a 5-minute trial 

period. Mice were given four trials per day, with an intertrial interval of 20 minutes. The 

average of the three trials was used to evaluate latency to fall. For grip strength, the grip 

strength of front paws was measured using a grip strength meter (Bioseb). Each mouse 

was held by the tail and lowered toward the apparatus. Front paws were allowed to 

grasp the assembly. The mouse was then pulled backward in the horizontal plane until 

the pull-bar was released. The trial was repeated four times, and the force generated by 

pulling the animal away from the wire mesh was recorded. 
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Results 

Smcr8 is downregulated in C9ALS/FTD mouse models and patient tissues 

         C9orf72 dose reduction exacerbates motor deficits of C9-BAC mice at an early 

stage (10), when C9-BAC mice display no behavior deficits (25). To investigate 

mechanisms underlying these motor deficits, we focused on Smcr8. Smcr8 and C9orf72 

form a protein complex that regulates autophagy-lysosomal functions (11–17). They 

stabilize each other; Smcr8 protein level is reduced in C9orf72-deficient cells (13, 15, 

26). However, it remains unknown whether the Smcr8 protein level changes under 

pathological conditions in which C9orf72 protein is partially lost. Therefore, we 

examined Smcr8 expression in spinal cords from C9-BAC mice with different C9orf72 

dose reductions. Western blot analyses confirmed C9orf72 protein dose reduction with 

or without the presence of C9-BAC (Fig. 3.1A and B). Interestingly, Smcr8 protein levels 

were reduced accordingly in response to C9orf72 dose reduction. In contrast, the level 

of Atg101, another complex-associated protein, did not change (Fig. 3.1A and B) (12), 

suggesting the specificity of Smcr8 downregulation. 

          To investigate whether Smcr8 downregulation exists at the mRNA level, we 

performed RT-PCR analyses and found that there were no significant changes of Smcr8 

mRNA levels (Fig. 3.1C). These results suggest that Smcr8 downregulation may occur 

post-transcriptionally. To determine whether SMCR8 downregulation occurs in patient 

tissues, we performed western blot analyses using postmortem patient brain tissues. As 

reported in published data (3, 4, 7), C9ORF72 protein levels were reduced in patient 

brain lysates (Fig. 3.1D). Consistent with Smcr8 downregulation from mouse models, 

SMCR8 protein expression was also decreased in patient brain tissues (Fig. 3.1D).  
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Figure 3.1. Smcr8 downregulation in C9ALS/FTD and mutant mouse generation. 

 

 (A) Western blot analysis of protein expression in spinal cords. β-Actin serves as the 
loading control. (B) Quantification of protein levels of Smcr8 and other proteins in spinal 
cords. (C) RT-PCR analysis of Smcr8 mRNA expression. (D) Western blot analysis of 
the protein expression of Smcr8, C9orf72 and Atg101 in C9ALS/FTD patient brain 
tissues. β-Actin serves as the loading control. (E) Diagram of the generation of 
Smcr8−/− mutant mice. (F) Western blot analysis confirmed the absence of Smcr8 
protein in mutant mice. β-actin serves as the loading control. (G) LacZ staining of 
coronal sections from 2-month-old heterozygous mice shows Smcr8 expression in 
spinal cord. Scale bars: 100 μm. Data are presented as mean ± SEM from three 
independent experiments containing one WT and one mutant mice in each experiment 
(n = 3). Statistical analyses were performed with one-way ANOVA with Bonferroni’s post 
hoc test (***P < 0.001, n.s. represents no significant difference detected). 
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Together, our studies revealed a Smcr8 protein reduction in C9ALS/FTD mouse models 

and patient brain tissues. 

Smcr8 deficient mice exhibit motor behavior deficits 

         To investigate the importance of Smcr8 downregulation, we generated Smcr8 null 

mice in which the majority of Smcr8 exon 1 was replaced by a LacZ cassette (Fig. 

3.1E). Western blot analyses confirmed the absence of Smcr8 proteins in the 

homozygous mutant mice (Fig. 3.1F); therefore, we refer to these mice as Smcr8−/−. To 

guide our functional studies, we examined Smcr8’s expression pattern by performing X-

gal staining. We found that Smcr8 was ubiquitously expressed in the spinal cords and in 

different brain regions including the cerebral cortex, hippocampus and cerebellum (Fig. 

3.1G, Fig. 3.S1A). Immunohistochemical (IHC) staining revealed that Smcr8 was 

expressed in the cytoplasm of NeuN-positive neurons (Fig. 3.S1B), including SMI32-

labeled MNs (Fig. 3.S1C). 

         Smcr8−/− mice were fertile, viable and displayed no visiable developmental 

defects. Offspring from heterozygous matings were born in the expected Mendelian 

ratios. To assess motor behaviors, we examined motor strength by measuring forelimb 

grip strength. Smcr8−/− mice exhibited a decrease in motor strength compared to WT 

controls, in both males and females, at 9 months of age (Fig. 3.2A). Grip strength 

deficits could be detected at 3, 9 and 12 months of age (Fig. 3.2B). After detecting grip 

strength deficits in both sexes, we focused on female mice because C9-BAC female 

mice exhibited more consistent behavior deficits than male mice (25). To measure 

motor coordination and motor learning, we performed an accelerating rotarod test. 

Smcr8+/− and Smcr8−/− mice had a significant reduction in latency to fall compared to  
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Figure 3.2. Smcr8 KO mice exhibit motor behavior deficits. 

 
(A) Forelimb grip strength assay on 9-month-old WT (n = 9 females, 13 males) and 
Smcr8−/− (n = 8 females, 12 males) mice. (B) Forelimb grip strength is reduced in 
Smcr8−/− (n = 11) female mice compared to WT Smcr8+/+ (n = 10) mice at 3, 9 and 12 
months of age. (C) Rotarod assay reveals the decreased latency to fall in Smcr8−/− 
(n = 11) female mice compared to WT Smcr8+/+ (n = 10). Smcr8−/−mice exhibited a 
decreased rate of motor learning in the rotarod test over a 4-day test period compared 
to WT controls. (D) Representative traces showing the paths of mice in the open field 
chambers (snapshots taken at 5-minute intervals). (E) Smcr8−/− (n = 12) mutant mice 
traveled less distance (5-minute interval) compared to Smcr8+/+ (n = 10) control mice. 
(F) Smcr8−/− (n = 12) mutant mice spent less time in the center of the open field 
chambers in every 5-minute trial compared to Smcr8+/+ (n = 10) control mice. Statistical 
analysis was performed by one-way ANOVA analysis with Bonferroni correction; n.s. 
represents no significant difference detected (*P < 0.05, **P < 0.01 and ***P < 0.001). 
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age-matched WT controls (Fig. 3.2C). WT mice exhibited an increased trend of latency 

to fall in the rotarod test over a 4-day test period, indicating an active learning process 

during this period of time (Fig. 3.2C). In contrast, Smcr8−/− mice failed to display an 

increase in latency to fall, suggesting motor learning deficits. Open field analyses 

revealed that Smcr8−/− mice had a decrease in the total distance traveled and the 

percentage of time spent in the center (Fig. 3.2D–F). Together, these results suggest 

that Smcr8 deficiency developed motor behavior deficits in mice. 

Smcr8 deletion disrupts autophagy-lysosomal degradation and leads to axonal 

swellings 

           To identify the cellular basis of motor deficits in Smcr8−/− mutant mice, we first 

examined the central nervous system in 7-month-old mice. H&E staining did not reveal 

obvious loss or disorganization of major brain or spinal cord regions; NeuN-positive 

neurons were not lost in the cortex or spinal cord of Smcr8−/− mice. Next, we assessed 

nerve fibers in spinal cords using Bielschowsky silver impregnation analysis, which is 

used for the visualization of neuronal processes including axons. Although swollen 

neuronal processes were seldom detected in WT controls, there was a robust increase 

in swollen neuronal processes in mutant spinal cords (Fig. 3.3A and B). We used 

antibodies against neurofilament (NF) to label axons. Smcr8−/− spinal cords exhibited 

mainly NF-positive swellings (white arrowheads in Fig. 3.3C). These results suggest 

that these neuronal processes were of axonal origin; therefore, we refer to them as 

axonal swellings. Statistical analysis revealed that axonal swellings increased as age 

advanced in Smcr8−/− spinal cords (Fig. 3.3D). 
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Figure 3.3. Impaired autophagy-lysosomal degradation leads to axonal swellings 
in Smcr8−/− mice. 

 

(A) Bielschowsky silver impregnation analyses revealed swelling neuronal processes in 
7-month-old mutant spinal cords. Individual spheroid structures are enlargements of 
black boxed areas. Scale bars: 20 μm. (B) Quantification of numbers of swollen 
neuronal processes in spinal cord sections. (C) Representative imaging of spinal cords 
stained with antibodies against NF (NF, green). White arrowheads represent axonal 
swellings. Hoechst stains nuclei. Scale bars: 10 μm. (D) Quantification of NF-positive 
axonal swellings per mm2 in the spinal cords. Two-way ANOVA analysis with 
Bonferroni correction detected a significant difference between 2.5 and 7 months. (E, G, 
I) Confocal imaging of spinal cord sections stained with antibodies against NF (NF, 
green), LC3 (green), Lamp1 (red) and p62 (red). White arrowheads indicate axonal 
swellings, LC3-positive aggregates, or p62 puncta. Scale bars: 10 μm. (F, H, J) 
Quantification of Lamp1-positive puncta outside of perinuclear areas per cell (F), the 
number of p62 puncta per cell (H), and the number of LC3+ aggregate per cell (J). (K) 
Smcr8−/− mice display NMJ swellings stained with antibodies against NF (NF, red) and 
AChR (green). White arrowheads indicate swelling NMJs. (L) Quantification of numbers 
of NMJ swellings in Smcr8−/− mice. For all the experiments, error bars represent SEM 
using measurements averaged from ≥3 sections of each mutant mice (n = 3). Statistical 
analyses were performed with non-parametric Mann-Whitney test (*P < 0.05, **P < 0.01 
and ***P < 0.001). 
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         Smcr8 is a lysosome-associated protein and regulates autophagy-lysosomal 

functions (12, 13). Massive accumulation of Lamp1-positive axonal lysosomes has been 

reported in patients with neurodegenerative conditions (27). Therefore, we examined 

Lamp1 and found that it mainly co-localized with NF in the axonal swellings (Fig. 3.3E), 

and was barely detected in GFAP-labeled astrocytes and Iba1-labeled microglia (Fig. 

3.S2A and B). Lamp1-positive aggregate numbers were significantly increased in 

mutants (Fig. 3.3F). Lamp1-positive aggregates in mutant spinal cords were scattered in 

the cytoplasm without the perinuclear concentration seen in WT (Fig. 3.3E), suggestive 

of immature lysosome precursors with deficient degradation capacity. In support of this 

notion, Smcr8−/− spinal cords displayed abnormal accumulation of p62, a substrate and 

receptor of autophagy degradation (Fig. 3.3G and H). Mutant spinal cords also exhibited 

an increase in the numbers of LC3-positive aggregates, which co-localize with Lamp1 

(Fig. 3.3I and J). These results suggested impaired autophagy-lysosomal degradation 

coupled with axonal swellings in Smcr8−/− spinal cords. To determine whether these 

deficts occur at the axonal terminals of MNs, we examined the NMJs. The presynaptic 

terminals of mutant MNs exhibited swellings with NF accumulation (white arrowheads, 

Fig. 3.3K). Quantification confirmed that the numbers of axonal swellings were 

significantly increased in mutant NMJs (Fig. 3.3L). 

         To further investigate autophagy-lysosomal deficits, we examined axons using 

transmission electron microscopy (TEM) for the presence of autophagic vacuoles (AVs). 

Multiple criteria have been used to define AVs, including size, the presence of a double 

membrane, and the existence of multiple membrane-derived structures within a single 

vacuole (28). WT spinal cords had axonal structures that appeared typical, with no  
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Figure 3.4. Transmission electronic microscopy (TEM) study reveals swollen 
axons with organelle accumulation in mutant spinal cords. 

 

(A) Representative TEM imaging of axons in WT spinal cords. Scale bar: 400 nM. (B) 
TEM images of mutant spinal cords showing an axonal swelling filled with double-
membrane autophagosomes (green arrowhead) and multiple mitochondria (black 
arrowheads) in mutants. Scale bars: 400 (left panel), and 200 nM (right panel). (C) A 
typical axonal swelling filled with large numbers of lysosome-like organelles at different 
maturation stages. Red arrowheads represent late stage-autolysosomes containing 
degraded organelles; green arrowheads represent autophagosomes in the early stage 
of autophagy. Scale bars: 400 (left panel) and 200 nM (right panel). 
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abnormal accumulation of organelles or vesicles (Fig. 3.4A). In contrast, Smcr8−/− spinal 

cords displayed swollen axons accompanied by large numbers of accumulated 

organelles and vesicles, including mitochondria (black arrows in Fig. 3.4B), double-

membrane AVs containing engulfed organelles in the early stages of autophagy (green 

arrowheads in Fig. 3.4B and C), and late-stage autolysosomes containing degraded 

organelles (red arrowheads in Fig. 3.4C). Together, these results suggest that Smcr8 

deletion disrupted autophagy-lysosomal degradation and led to axonal degeneration 

characterized by dystrophic neurites. 

Axonal transport is disrupted in Smcr8−/− MNs 

          Our previous mass spectrometry studies revealed that the C9orf72/Smcr8 

complex associates with Dynein (12). Dynein is the major motor that drives retrograde 

transport of autophagosomes from the distal axons to somas of neurons (29, 30). 

Disruption of dynein-mediated axonal transport leads to autophagic stress and axonal 

terminal enlargement (31, 32), which were observed in Smcr8−/− mice. Therefore, we 

hypothesized that Smcr8 promotes axonal transport, disruption of which leads to 

impaired autophagy-lysosomal functions and axonal swellings. To test this hypothesis, 

we examined axonal transport of GFP-LC3-labeled autophagosomes in mouse spinal 

MNs using time-lapse imaging approaches. In WT MNs, autophagosomes appeared as 

smooth vesicular structures distributed evenly along neuronal processes. In contrast, 

they were clustered in Smcr8−/− MNs (Fig. 3.5A and B). Time-lapse imaging revealed 

that autophagosomes in WT MNs exhibited robust motility along the processes, with a 

predominant retrograde direction. However, the net run speed and run length of 

autophagosomes were significantly reduced in Smcr8−/− MNs (Fig. 3.5C and D). The  
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Figure 3.5. Axonal transport is disrupted in Smcr8−/− MNs. 

 
(A, B) Representative time-lapse images and corresponding kymographs of GFP-LC3-
labeled autophagosome transport in spinal MNs isolated from E13.5 spinal cords. 
Individual autophagosomes marked by white triangles show robust retrograde transport 
in WT and diminished motility in mutant MNs. Scale bars: 2 μm. (C) Quantification of net 
run speed in WT (n = 126) and Smcr8−/− (n = 120) MNs. (D) Quantification of total run 
length in WT (n = 145) and Smcr8−/− (n = 87) MNs. (E) Quantification of stall numbers 
per trace in WT (n = 109) and Smcr8−/− (n = 125) MNs. (F) Quantification of the 
percentages of retrograde, anterograde, and stationary transport in WT (n = 20) and 
Smcr8−/− (n = 18) MNs. Error bars represent SEM of ≥5 independent experiments with 
more than five mice per group (n > 5). Statistical analyses were performed with non-
parametric Mann-Whitney test (*P < 0.05, ***P < 0.001, n.s. represents no significant 
difference detected). 
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stall numbers per trace were increased in mutant MNs (Fig. 3.5E). Smcr8−/− MNs had a 

significantly reduced percentage of retrograde transport accompanied by an increased 

percentage of stationary autophagosomes (Fig. 3.5F). Thus, Smcr8 deletion disrupted 

axonal transport in MNs, which could result in autophagy-lysosomal impairment and 

axonal swellings in mutant mice. 

C9orf72 loss of function exacerbates autophagy-lysosomal  

deficits in Smcr8 mutant mice 

         C9orf72 depletion in neurons failed to generate neurodegeneration or motor 

deficits (24); C9orf72’s neuronal functions remain unknown. C9orf72 and Smcr8 form a 

protein complex and belong to the same DENN (differentially expressed in neoplastic 

versus normal cells) domain family (18, 33). Therefore, we hypothesized that Smcr8, 

which has robust neuronal function as described above, may compensate for the loss of 

C9orf72 in C9orf72−/− neurons. To test this hypothesis, we deleted C9orf72 in the 

background of Smcr8−/− mice. We examined axonal integrity and autophagy-lysosomal 

functions by performing side-by-side comparisons of spinal cords from WT, C9orf72−/−, 

Smcr8−/− and C9orf72−/−;Smcr8−/− double knockout (dKO) mice. In contrast to Smcr8−/− 

mice, C9orf72−/− mutant spinal cords displayed no significant changes in the numbers of 

Lamp1-positive organelles (Fig. 3.6A and B), NF aggregates (Fig. 6C and D), or p62 

puncta (Fig. 3.6E and F). However, in the background of Smcr8−/−, C9orf72 deletion 

promoted deficits in the numbers of Lamp1- and p62-positive puncta as well as NF 

aggregates (Fig. 3.6B, D, and F). Together, these results suggest that C9orf72 

deficiency exacerbates autophagy-lysosomal deficits and axonal swellings in Smcr8−/− 

spinal cords. 
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Figure 3.6. Smcr8 deficiency exacerbates autophagy-lysosomal impairment in 
C9orf72−/− spinal cords. 

 
(A, C, E) Representative confocal imaging of spinal cords from wild type (WT), 
C9orf72−/−, Smcr8−/− and C9orf72−/−;Smcr8−/− dKO mice at 7 months of age. Coronal 
sections were stained with antibodies against Lamp1 (red), NF (green), or p62 (green). 
Hoechst stains nuclei. White arrowheads represent axonal swellings with the co-
localization of Lamp1 and NF. Scale bars: 20 μm. (B, D, F) Quantification of Lamp1-
positive puncta per cell, numbers of NF aggregates per mm2 area, or numbers of p62-
positive puncta per cell (F). All data are presented as mean ± SEM using measurements 
averaged from ≥3 sections of each mutant mice (n = 3). Statistical analyses were 
performed with one-way ANOVA with Bonferroni correction’s post hoc test (*P < 0.05, 
**P < 0.01); n.s. represents no significant difference detected. 
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          Next, we extended our studies to the axonal terminals of MNs by focusing on 

diaphragm NMJs in 7-month-old mice. Similar to WT animals, C9orf72−/− diaphragms 

presented with normal NMJ morphology. NF-labeled presynaptic terminals were able to 

form synapses appropriately with AChR-positive postsynaptic terminals without Lamp1-

positive organelle accumulation (Fig. 3.7A–C), while the size of NMJ axonal terminal 

was slightly increased in C9orf72−/− mice (Fig. 3.7E). Smcr8−/− mice exhibited multiple 

NMJ abnormalities, including an increase in the numbers and sizes of axonal terminals 

(Fig. 3.7D and E). In comparison to Smcr8−/− single mutants, dKO mice displayed a 

significant increase in the number of axonal swellings per NMJ receptor as well as an 

increase in the axonal terminal sizes (Fig. 3.7D and E). Together, these results suggest 

that C9orf72 has neuronal functions in promoting autophagy-lysosomal degradation, 

which are similar to and dominated by Smcr8 under physiological conditions. 

Smcr8 deficiency promotes axonal swellings of NMJs in C9-BAC mouse models 

          C9orf72 deficiency promotes motor behavior deficits in a gain-of-function mouse 

model of C9ALS/FTD (10), but the underlying mechanisms remain unknown. C9orf72 

stabilizes its interaction protein Smcr8 (13, 15); Smcr8 expression is reduced in mouse 

models and patient tissues of C9ALS/FTD. Smcr8 deficiency is sufficient to disrupt 

autophagy-lysosomal functions and lead to axonal swellings and motor deficits, which 

resemble phenotypes in C9orf72+/−;C9-BAC mice. Therefore, we hypothesized that 

Smcr8 deficiency promotes autophagy-lysosomal impairment and leads to axonal 

swellings in C9-ABC mice. To test this hypothesis, we crossed Smcr8 deficient mice 

with C9-BAC mice, and focused our analyses on age-matched WT, Smcr8+/−, C9-BAC, 

and Smcr8+/−;C9-BAC mice. Impaired autophagy-lysosomal function led to axonal  
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Figure 3.7. C9orf72 deficiency promotes terminal axon degeneration of Smcr8−/− 
NMJs. 

 
(A–C) Representative confocal imaging of diaphragms from wild type (WT), C9orf72−/−, 
Smcr8−/− and C9orf72−/−; Smcr8−/− dKO mice. Diaphragms from 7-month-old mice were 
stained with antibodies against NF (red), Lamp1 (blue), and acetylcholine receptor 
AChR (green). Hoechst stains nuclei. Inserts in top panels are enlargements of white 
boxed areas in individual panels. Scale bars: 50 μm. (D, E) Quantification of the 
numbers of axonal swellings associated with each AChR receptor, and sizes of axonal 
swellings. All data are presented as mean ± SEM using measurements averaged from 
≥3 muscle bundles of each mutant mice (n = 3). Statistical analyses were performed 
with one-way ANOVA with Bonferroni’s post hoc test; n.s. represents no significant 
difference detected (*P < 0.05, **P < 0.01). 
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Figure 3.8. Smcr8 deficiency promotes axonal swellings in C9-BAC mice. 

 

(A–D) Representative confocal imaging of 9-month-old mouse diaphragms stained with 
antibodies against NF (NF, red), and acetylcholine receptor AChR (green). White 
arrowheads represent NF-positive axonal swellings or Lamp1-positive puncta, which are 
rarely detected in WT controls. Upper right panels are enlargements of white boxed 
areas in merged panels. Scale bars: 10 (upper panels) and 20 μm (bottom panels). (E) 
Quantification of NMJs with swellings. All data are presented as mean ± SEM using 
measurements averaged from ≥3 muscle bundles of each mutant mouse (n > 3). 
Statistical analysis was performed by one-way ANOVA analysis with Bonferroni 
correction (*P < 0.05). 
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swellings. In comparison to WT, C9-BAC and Smcr8+/− mice exhibited an increase in the 

percentage of NMJs with axonal swellings (Fig. 3.8A–D), which was further exacerbated 

in Smcr8+/−;C9-BAC mice (Fig. 3.8E). Together, these results suggest that Smcr8 

deficiency promotes axonal swellings of NMJs in C9-BAC mouse models. 

Smcr8 deficiency exacerbates dipeptide repeat (DPR) abundance in C9-BAC mice 

          Gain of toxicity is attributed by DPRs from RAN translation in C9ALS/FTD (34, 

35). Transgenic mice containing C9ORF72 BAC from patient DNA have been generated 

to model gain-of-toxicity (25, 36–38). In addition to axonal swellings, we attempted to 

test whether Smcr8 deficiency promotes the accumulation of DPRs, which are toxic to 

neurons. It has been documented that the amount of inclusions for poly (PR) and poly 

(PA) are relatively rare in postmortem C9ALS/FTD patient brains (39, 40). Whereas the 

poly (GP) is considered to be benign, both poly (GR) and poly (GA) have been shown to 

be particularly toxic in various cell types and animal models (41–43). We focused our 

studies on poly (GA) and poly (GP). We barely detected poly (GA) staining in 7-month-

old WT mouse tissues. In contrast, age matched C9-BAC mouse spinal cords exhibited 

robust poly (GA) signals (Fig. 3.9A). The percentage of poly (GA)-positive cells was 

significantly increased in Smcr8+/−;C9-BAC mice compared to C9-BAC mice (Fig. 3.9B). 

Next, we examined poly (GP), and barely found poly (GP) staining in spinal cord tissues 

of 7-month-old WT mice (Fig. 3.9C). Age matched C9-BAC mice displayed an increase 

in the percentage of poly (GP)-positive cells, which was further increased by the Smcr8 

heterozygosity (Fig. 3.9D). Together, these results suggest that Smcr8 deficiency 

exacerbates the DPR gain of toxicity in C9-BAC mice. 
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Figure 3.9. Smcr8 deficiency exacerbates gain of toxicity in C9-BAC mice. 

 
(A) Representative imaging of coronal sections stained with antibodies against poly 
(GA) (green). Age-matched 7-month-old mice were used to prepare sections in the area 
of spinal cords. Scale bars: 5 μm. (B) Quantification of the percentage of cells with poly 
(GA) puncta out of total cells from 3 WT, 4 C9-BAC and 4 Smcr8+/−;C9-BAC mice. (C) 
Representative imaging of coronal sections stained with antibodies against poly (GP) 
(red). Age-matched 7-month-old mice were used to prepare sections in the area of 
spinal cords. Scale bars: 5 μm. (D) Quantification of the percentage of cells with poly 
(GP) puncta out of total cells from 4 WT, 4 C9-BAC and 3 Smcr8+/−; C9-BAC mice. Error 
bars represent SEM of four independent experiments. Statistical analyses were 
performed with one-way ANOVA with Bonferroni’s post hoc test (*P < 0.05, **P < 0.01 
and ***P < 0.001). 
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Discussion 

           Here, we discovered that Smcr8 deficiency disrupts MN axonal transport and 

lysosomal functions, leading to axonal swellings, which in turn contributes to motor 

behavior deficits in mice. The expression of Smcr8, like that of C9orf72, is reduced in 

mouse models and patient tissues. Smcr8 deficiency exacerbates axonal swellings and 

DPR gain of toxicity in C9-BAC mouse models, providing new insights into the 

pathogenesis of C9ALS/FTD. 

         Using genetic KO mouse models, for the first time, our studies discovered Smcr8’s 

neuronal and behavioral functions in vivo. Specifically, Smcr8 promotes autophagy-

lysosomal functions in MNs. It has been reported that local homeostasis of axon 

terminals, in comparison to dendrites or spines, is particularly vulnerable to autophagy 

impairment (45, 46). Indeed, progressive axonal dystrophic swellings were identified as 

early and pronounced deficits in Smcr8 mutant mice. Although Smcr8 is widely 

expressed, these axonal swellings were mostly detected in spinal cords and NMJs, not 

in different brain regions of mutant mice. These observations are consistent with the 

notion that MNs, with their unique long axons, are particularly vulnerable to the 

disruption of autophagy-lysosomal pathway (47). With progressive age, axonal 

swellings in Smcr8−/− mice become more severe, which correlates with motor behavior 

deficits in mutant mice. Multiple evidences suggest that NF-positive swellings are axon-

derived, including TEM studies and NMJs. Recent studies suggest that Lamp1-labeled 

lysosomal precursors, including endosomes and autophagosomes, are initiated at the 

distal tips of axons and mature via axonal transport toward proximal regions where 

luminal proteases can be effectively obtained (27, 29–31). We found that Smcr8 mutant 
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MNs exhibited disrupted axonal transport of autophagosomes, including reduced net 

run speed, run length and retrograde transport. Future studies should determine the 

mechanisms underlying the impaired axonal transport in Smcr8−/− MNs, such as 

potential deficits in motor activities, cargo loading, or cargo releasing. It is also important 

to investigate to what extent restoring axonal transport can rescue autophagy-lysosomal 

degradation and axonal swelling deficits in Smcr8−/− MNs. Overall, Smcr8 deletion 

impaired axonal transport and autophagy-lysosomal functions, which resulted in axonal 

swellings contributing to motor deficits in mutant mice. 

         Our Smcr8 studies provided new mechanistic insights into C9ALS/FTD 

pathogenesis from the loss-of-function perspective. We and others previously reported 

that C9orf72 and Smcr8 form a protein complex and regulate autophagy (11–17). 

Although these studies linked C9orf72 with autophagy, neuronal deletion of C9orf72 

failed to produce neurodegeneration and motor deficits in mice (24). Whether and how 

autophagy-lysosomal functions are impaired in C9ALS/FTD in vivo remain unknown. 

We found that expression of Smcr8, like C9orf72, is reduced in C9ALS/FTD mouse 

models and patient tissues; Smcr8 heterozygous or homozygous mice displayed motor 

deficits; Smcr8 heterozygosity exacerbated axonal swellings in C9-BAC mouse models. 

Therefore, these results provide the in vivo evidences that Smcr8 downregulation 

impaires the autophagy-lysosomal function, which in turn promotes axonal degeneration 

in C9ALS/FTD. In addition to axonal swellings, Smcr8 deficiency also exacerbated poly 

(GA) and poly (GP) gain of toxicity, highlighting the cross talk between loss- and gain-

of-function in the pathogenesis of C9ALS/FTD. It is possible that Smcr8 downregulation 

impaires the autophagy-lysosomal degradation of poly (GA)/(GP). Alternatively, Smcr8 
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deficiency may promote cellular stress and result in the increased DPR biogenesis. 

Future studies should identify mechanisms by which Smcr8 deficiency-mediated loss-of-

function interacts with gain of toxicity in C9ALS/FTD. 

        We uncovered C9orf72’s neuronal functions in promoting autophagy-lysosomal 

degradation. Whereas C9orf72 deletion alone produced no neurodegeneration or MN 

deficits, its absence in the background of Smcr8 KO exacerbated Lamp1-positive 

organelle accumulation, p62 elevation and axonal swellings in spinal cords as well as 

NMJ swellings, all of which were more severe in dKO than single Smcr8−/− mutant mice. 

These results suggest that C9orf72, like Smcr8, promotes autophagy-lysosomal 

functions and prevents axonal degeneration. C9orf72’s neuronal functions were 

manifested in the absence of Smcr8, suggesting that these neuronal functions are 

dominated by the presence of Smcr8 under physiological conditions. We speculate that 

Smcr8 has similar but more potent neuronal functions than C9orf72 in regulating 

autophagy-lysosomal degradation; they act in parallel, not in a single linear pathway, 

such that Smcr8 can compensate for the loss of C9orf72 but not vice versa. Overall, our 

studies provided the first comprehensive functional studies of Smcr8 in neurons in vivo, 

and uncovered C9orf72’s neuronal functions in autophagy-lysosomal pathway. 

Furthermore, Smcr8 deficiency exacerbates axonal swellings and gain of toxicity in C9-

BAC mice, suggesting of the interaction between loss- and gain-of-function in the 

pathogenesis of C9ALS/FTD. 
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Supplemental Figure 3.S1. Smcr8 expression pattern. 

 

(A) LacZ staining of coronal sections from 2-month-old heterozygous mice shows 
Smcr8 expression in cortex and hippocampus (white rectangle 1), cerebellum (white 
rectangle 2). Scale bars: 200 μm. (B) Confocal imaging of spinal cord sections from 2-
month-old heterozygous mice stained with antibodies against beta-galactosidase (b-gal, 
green) and NeuN (red). Hoechst stains nuclei (blue). Scale bar: 10 μm. (C) Smcr8 
expression in motor neurons revealed by confocal imaging of spinal cord sections 
stained with antibodies against b-gal (green) and SMI-32 (red). Hoechst stains nuclei 
(blue). Scale bars: 10 μm. 
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Supplemental Figure 3.S2. Lysosomal accumulations are barely co-localized with 
astrocytes and microglia. 

 

(A, B) Confocal imaging of 7-month-old spinal cord sections stained with antibodies 
against GFAP and Lamp1 (A), or Iba1 and Lamp1 (B). Scale bars: 10 μm. 
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CHAPTER 4 

C9orf72 deficiency promotes motor deficits of a C9ALS/FTD mouse model in a dose-

dependent manner 
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Introduction 

          G4C2 hexanucleotide repeat expansions in the first intron of C9ORF72 are the 

most common cause of familial amyotrophic lateral sclerosis (ALS) and frontotemporal 

dementia (FTD) (collectively, C9ALS/FTD) [4, 6, 11, 14]. Haploinsufficiency (loss-of-

function) of C9ORF72 protein is a key proposed disease mechanism which may act in 

parallel with gain-of-function mechanisms, including toxic RNAs from repeat 

transcription and dipeptide repeat proteins (DPRs) from repeat-associated non-AUG 

(RAN) translation [5, 9, 17]. However, the effect of C9orf72 deficiency in the background 

of gain-of-function has not been examined in vivo. Neither heterozygous nor 

homozygous knockout (KO) of C9orf72 in neurons leads to motor deficits in mice [8]. 

Recently, gain-of-function mouse models were generated using a C9ORF72 bacterial 

artificial chromosome (BAC) from C9ALS/FTD patient DNA under the control of the 

endogenous regulatory elements. Interestingly, three out of four of these C9-BAC 

transgenic mice did not develop motor behavior deficits, even at advanced ages [7, 12, 

13]. Since these C9-BAC mouse models contain elevated C9orf72 proteins from the 

endogenous mouse gene, we hypothesized that C9orf72 provides neuroprotective 

effects against motor deficits in C9-BAC mice. 
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Results 

         To test the hypothesis that C9orf72 provides a protective role in C9-BAC mice and 

investigate the in vivo significance of C9orf72 haploinsufficiency, we crossed C9orf72+/− 

mice with C9-BAC mice and examined the consequences of C9orf72 protein dose 

reduction (loss-of-function) in the background of C9-BAC (gain-of-function). We found 

that C9orf72 loss and haploinsufficiency exacerbate motor behavior deficits in a dose-

dependent manner, and this occurs early in the course of pathogenesis (4 months of 

age). Among the four published C9-BAC mouse models, we selected the one with 

motor deficits (we refer to this C9orf72 BACTg/+ model as the C9-BAC line here) [10]. To 

reduce C9orf72 protein levels at different doses, we crossed C9orf72+/− and C9-BAC 

mice for two generations. We isolated proteins from brain tissues and confirmed the 

expected C9orf72 protein dose reduction (Fig. 4.1a, Supplemental Figure 4.S1A). The 

unchanged protein level of Atg101, which is associated with the C9orf72/Smcr8 

complex based on our previous study [16], suggests the specificity of C9orf72 reduction 

(Fig. 4.1a, Supplemental Figure 4.S1A). 

          To study effects of C9orf72 deficiency on the motor behaviors of C9-BAC mice, 

we monitored a cohort of mice [20 WT (10 females + 10 males), 18 C9-BAC (11 females 

+ 7 males), 26 C9orf72+/−;C9-BAC (14 females + 12 males), and 19 C9orf72−/−;C9-BAC 

(10 females + 9 males)]. We excluded C9orf72+/− and C9orf72−/− mice for the following 

reasons: C9orf72 heterozygous and homozygous KO mice exhibited no 

neurodegeneration and motor deficits based on previous studies [8]; complete deletion 

of C9orf72, which does not occur in C9ALS/FTD patients, led to autoimmune disorders 

and reduced survival in mice [1], which may complicate large-scale behavior and  
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Figure. 4.1. C9orf72 dose is critical for motor deficits in C9ALS/FTD mouse 
models. 

 
(a) Western blot analysis of C9orf72 and Atg101 protein levels in 2-month-old mouse 
cortex. β-Actin serves as the loading control. (b, c) Accelerating rotarod test was 
performed on 4-month-old mice to examine the latency to fall of females (b) and males 
(c). C9orf72 deficiency decreases the latency to fall of C9-BAC female mice in a dose-
dependent manner. d A 4-consecutive-day rotarod assay reveals defective motor 
learning in C9orf72+/−;C9-BAC and C9orf72−/−;C9-BAC female mice in comparison to 
WT. e, f Grip strength test was performed to measure front paw strength in 4-month-old 
females (e) and males (f). All data are presented as mean ± SEM using numbers (n) of 
mice as indicated. Statistical analyses were performed with one-way ANOVA with 
Bonferroni’s post hoc test (*p < 0.05, **p < 0.01, ***p < 0.001, N.s represents no 
significant difference detected in measurement of 2d, 3d, or 4d in comparison to that of 
1d) 
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survival studies. We found that there were no significant differences among the four 

tested groups in their survival around 4 months, when behaviors were assessed. They 

also exhibited similar body weights, taking the sex of the mice into account 

(Supplemental Figure 4.S1B-1C). To examine their general anxiety levels, we 

performed an open field test [3]. C9-BAC mice with different C9orf72 levels behaved 

similarly in total distance traveled, distance traveled in the center, and time spent in the 

center (Supplemental Figure 4.S1E-1G). 

         We next examined their motor coordination and balance using an accelerating (4–

40 rpm in 5 min) rotarod test. Mice were given five trials per day, with an inter-trial 

interval of 20 min, for 4 consecutive days. A C9orf72 dose-dependent decrease in 

latency to fall was detected in C9-BAC female mice (Fig. 4.1b), and in C9-BAC male 

mice on day 4 of the rotarod assay (Fig. 4.1c). These results suggest that motor 

coordination is sensitive to C9orf72 protein levels in C9-BAC mice. We further analyzed 

motor learning in female mice. WT mice exhibited an increase in latency to fall over the 

course of 4 consecutive days, indicating active motor learning (Fig. 4.1d). Latency to fall 

of C9-BAC mice was increased on day 2 but dropped on days 3 and 4 (Fig. 4.1d). 

Importantly, there was no increase in latency to fall from day 1 to day 4 in 

C9orf72+/−;C9-BAC and C9orf72−/−;C9-BAC animals (Fig. 4.1d). These results suggest 

that C9orf72 deficiency impaired motor coordination and motor learning of C9-BAC mice 

in a dose-dependent manner. 

           To examine motor strength, we measured forearm grip strength and found that it 

was significantly reduced in both male and female C9orf72−/−;C9-BAC animals 

compared to other genotypes (Fig. 4.1e, f). Lastly, we measured the maximal speed at 
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which each animal fell from the rotarod device. Results showed that C9orf72 deficiency, 

in a dose-dependent manner, decreased the maximum speed at which C9-BAC mice 

fell (Supplemental Figure 4.S1H, S1I), which is consistent with the data on their latency 

to fall. 

 

Discussion 

         The rotarod assay revealed more evident motor impairment in female mice than in 

male mice. This could be due to toxic gain-of-function since C9-BAC female mice 

exhibited earlier and more pronounced abnormalities than male mice [10]. It will be 

important to examine using similar cohorts of mice whether motor neurons (MNs) 

degenerate or reduce in number in a C9orf72 dose-dependent manner and whether 

these deficits correlate with the observed motor behavior deficits. Future studies should 

also investigate whether C9orf72 exhibits dose-dependent effects in the three other C9-

BAC mouse models [7, 12, 13]. It will be informative to examine the effects of C9orf72 

deficiency in the background of adeno-associated virus (AAV)-mediated G4C2 repeat 

expression [2]. Our study indicates that C9orf72 haploinsufficiency contributes to 

disease onset in a mouse model by exacerbating the pathogenic effects of RNA/DPR-

mediated neurotoxicity. Together with a recent report on patient iPSC-derived MNs [15], 

this study suggests indeed that we should focus more on the combination of loss- and 

toxic gain-of-function. Together, for the first time, our mouse genetic studies showed 

that C9orf72 loss or haploinsufficiency in a gain-of-function mouse model of 

C9ALS/FTD exacerbate motor behavior deficits in a dose-dependent manner, 

demonstrating the importance of C9orf72 haploinsufficiency in vivo. 
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Supplemental Figure 4.S1. C9orf72 deficiency promotes motor deficits of a 
C9ALS/FTD mouse model in a dose-dependent manner. 

 

(A) Quantification of C9orf72/Atg101 protein levels. Data are presented as mean ± SEM 
from three independent experiments. (B, C) Body weight of female (B) and male (C) 
mice at 4 months of age. (D-G) Open field test was performed on 4-month-old mice to 
examine the total distance traveled (E), distance traveled in the center (F), and 
percentage of time spent in the center (G). (H, I) Quantification of the maximal g force 
from five trials of rotarod assay. C9orf72 deficiency decreases the maximal g force of 
C9-BAC female mice in a dose-dependent manner. All data are presented as 
mean ± SEM using numbers (n) of mice as indicated. Statistical analyses were 
performed with one-way ANOVA with Bonferroni’s post hoc test (*p < 0.05, **p < 0.01, 
***p < 0.001, n.s represents no significant difference detected).  
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CHAPTER 5 

C9orf72 promotes axonal transport and has dose-dependent neuroprotective roles 

against axonal degeneration and behavioral deficits in a mouse model of C9FTD/ALS 
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Abstract 

        Hexanucleotide repeat expansion in C9ORF72 is the most common cause of 

familial frontotemporal dementia and amyotrophic lateral sclerosis (collectively, 

C9FTD/ALS). Despite its implication in C9FTD/ALS, the pathophysiological roles of 

C9ORF72 in vivo in neurons remain to be identified. Moreover, C9orf72 homozygous 

knockout mice surprisingly exhibit no phenotype in motor neurons. Here we discovered 

that C9orf72 attenuates dipeptide repeat protein accumulations and axonal 

degeneration in C9FTD/ALS mouse models. Importantly, C9orf72 haploinsufficiency in 

C9FTD/ALS mouse models exacerbates social and cognitive behavior deficits. 

Mechanistic studies using C9orf72 mutant mice reveal disruption of axonal transport in 

motor neurons (MNs), which is further validated in MNs derived from patient’s induced 

pluripotent stem cells (iPSCs). Our studies suggest dose-dependent neuroprotective 

effects of C9orf72 against gain of toxicity, axonal degeneration and behavioral deficits 

possibly through promoting axonal transport and autophagy-lysosome functions, 

providing insights into the pathological mechanisms of C9FTD/ALS.    
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Introduction 

          Frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS) are 

neurodegenerative disorders leading to dementia and loss of motor functions (Ling et 

al., 2013; Gao et al., 2017). G4C2 hexanucleotide repeat (GGGGCC) expansion in a 

noncoding region of the gene chromosome 9 open reading frame 72 (C9ORF72) is the 

most common cause of familial ALS and FTD (C9ALS/FTD) (Gijselinck et al, 2012; 

Renton et al., 2011; DeJesus-Hernandez et al., 2011; Majounie et al, 2012). C9ORF72-

associated ALS accounts for about 40% of familial ALS and about 5-10% of sporadic 

ALS cases (Renton et al., 2011; DeJesus-Hernandez et al., 2011). Haploinsufficiency of 

C9ORF72 protein is a key proposed disease mechanism, which may act in parallel with 

additional pathological mechanisms including toxic RNAs from repeat transcription and 

dipeptide protein from repeat-associated non-AUG (RAN) translation (Ling et al., 2013; 

Gao et al., 2017). This is supported by the fact that C9ORF72 expression levels are 

decreased in C9ALS/FTD patient tissues (Gijselinck et al, 2012; DeJesus-Hernandez et 

al., 2011; Waite et al., 2014; Mizielinska et al., 2013). In the presence of elevated 

glutamate levels, haploinsufficiency of C9ORF72 leads to the degeneration of motor 

neurons derived from induced pluripotent stem cells (iPSCs) of ALS patients (Shi et al, 

2018). However, neither heterozygous nor homozygous knockout (KO) of C9orf72 in 

neurons leads to motor neuron degeneration or motor deficits in mice (Koppers et al., 

2015). Therefore, the in vivo significance of C9orf72 haploinsufficiency in C9ALS/FTD 

remains unknown. Recently, four gain-of-function mouse models were generated from 

independent laboratories using C9orf72 bacterial artificial chromosome (BAC) from 
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C9ALS/FTD patient DNA that is under control of the endogenous regulatory elements. 

Although these C9-BAC transgenic mice exhibited RNA foci and dipeptides, three of 

them failed to develop motor behavior deficits at advanced ages (O’Rourke et al., 2015; 

Peters et al., 2015; Jiang et al., 2016). Since these C9-BAC mouse models contain the 

endogenous mouse C9orf72 gene, it is important to reduce C9orf72 protein dose (loss-

of-function) in the background of C9-BAC (gain-of-function) in order to assess the in 

vivo importance of C9orf72 haploinsufficiency in C9ALS/FTD. 

          To investigate the in vivo significance of C9orf72 haploinsufficiency, we crossed 

C9orf72+/- mice with C9-BAC mice (Liu et al., 2016) and examined the consequences of 

C9orf72 protein dose reduction (loss-of-function) in the background of gain-of-function. 

We found that C9orf72 haploinsufficiency exacerbates motor deficits, social deficits and 

cognitive dysfunction at advanced age possibly through disruption of axonal transport in 

motor neurons (MNs) or impairment of di-peptide clearance. Furthermore, C9orf72 

haploinsufficiency leads to abnormal axonal swellings in neuromuscular junctions 

(NMJs) in C9-BAC mice. Abnormal axonal transport and swellings are also found in 

MNs derived from patient iPSCs. 
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Materials and Methods 

 

Mutant characterization, immunofluorescence staining 

         Histological processing and immunohistochemical labeling of sections were 

performed as described previously (Yang et al., 2015; Shao et al., 2016). Mice were 

anesthesized with CO2 and perfusion-fixed with 4% paraformaldehyde (PFA). Spinal 

cords and brains were harvested and post-fixed in 4% PFA, washed with PBS, and 

immersed in 25% sucrose overnight at 4°C followed by standard OCT embedding and 

coronal sectioning. The following primary antibodies were used: GA (MABN889, 

Millipore) and poly GP (24494-1-AP, Proteintech). 

 

Motor neuron generation from patient iPSCs and transfection 

         Motor neuron (MN) induction of iPSCs was performed as previously described 

with minor modifications (Du et al., 2015). The control and patient iPSCs were cultured 

in mTeSR1 medium (Stem cell technologies) on a Matrigel-coated plate, dissociated 

with ReLeSR (Stem cell technologies), and split 1:6 on Matrigel-coated plates. To 

generate MN progenitor cells, the mTeSR1 medium was replaced with a defined neural 

induction medium, including DMEM/F12, Neurobasal medium at 1:1, 0.5 × N2, 0.5 × 

B27, 0.1 mM ascorbic acid, 1 × Glutamax and 1 × penicillin/streptomycin. CHIR99021 

(3 μM), 2 μM DMH1 and 2 μM SB431542 (Selleckchem) were added to the medium. 

The culture medium was changed every other day. After 6 days, cells were dissociated 

with ReLeSR and split at 1:6 with the same medium described above. RA (0.1 μM, 

Sigma) and 0.5 μM Purmorphamine (Selleckchem) were added in combination with 
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2 μM DMH1,1 μM CHIR99021 and 2 μM SB431542. The medium was changed every 

other day. Cells maintained under these conditions for 6 days were induced to become 

motor neuron progenitor cells (MNPs). To induce MN differentiation, MNPs were 

dissociated with ReLeSR and cultured in suspension in the neural induction medium 

above with 0.5 μM RA and 0.1 μM Purmorphamine. The medium was changed every 

other day.  MNPs under these conditions for 6 days were differentiated into primary 

MNs. The MNs were then dissociated with Accutase (Millipore) into single cells and 

plated on Matrigel-coated plates. The MNs were cultured with 0.5 μM RA, 0.1 μM 

Purmorphamine, 10 ng/ml BDNF (PeproTech) and 10 μM DAPT (Selleckchem) for 4 

weeks. 

          iMNs were transfected using NeuroMag transfection reagent (Oz Biosciences). 

Plasmid DNA (1.5 μg) was incubated with 4.5 μl Neuromag in 300 μl OptiMEM for 15 

minutes, and then added drop-wise to the cultures. Cells were incubated on top of a 

magnetic plate (Oz Biosciences) for 15 minutes and fresh medium was replaced after 1 

hour. Images were acquired 3 days later on a Leica TCS SP8 confocal microscope 

using a 63 X 1.4 numerical aperture oil-immersion objective. 

 

Mouse motor neuron isolation, transfection, and live imaging 

          Isolation and culture of spinal cord motoneurons from E 13.5 mice were 

performed as previously described (Conrad et al., 2011). Spinal cords were isolated and 

dorsal root ganglia were removed carefully. MNs were enriched by lectin-based 

purification. Isolated cells were plated onto poly-DL-ornithine hydrobromide/laminin 

(Sigma) coated 35 mm glass bottom culture dishes (MatTek). Cells were cultured in 
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Neurobasal medium (Invitrogen) with 1× B27 supplement (Invitrogen), 5% inactivated 

horse serum (Invitrogen), 1% Glutamax (Invitrogen) and 10 ng/ml CNTF at 37°C in a 

5% CO2 incubator. Half the volume of culture medium was exchanged every 2 days. At 

4 days in vitro (DIV4), neurons were transfected using NeuroMag transfection reagent 

(Oz Biosciences) as previously described (Fallini et al., 2010). Briefly, 1 hour before 

magnetofection, complete medium was replaced with serum-free 

Neurobasal/B27/Glutamax medium. Plasmid DNA (1.5 μg) was incubated with 4 μl 

Neuromag in 300 μl OptiMEM for 15 minutes, and then added drop-wise to the cultures. 

Cells were incubated on top of a magnetic plate (Oz Biosciences) for 15 minutes and 

complete medium was restored after 1 hour. For live cell imaging, 35 mm glass bottom 

dishes containing normal growth medium were mounted in a temperature-controlled 

stage and maintained at 37°C and 5% CO2 conditions. Cells were visualized at DIV6-9 

on a Zeiss LSM 710 confocal microscope using a 100 x oil-immersion lens or Leica TCS 

SP8 microscope using a 63X 1.4 numerical aperture oil-immersion objective. Digital 

images were acquired with a camera using LAS software. Laser lines at 488 nm were 

used. Time-lapse sequences of 1024 x 1024 pixels were collected at 8 sec intervals for 

15 min.   

 

Transport analysis 

           Kymographs were generated using the Image J plugin Kymograph 

(https://www.embl.de//eamnet/html/kymograph.html). Net run speeds and lengths of 

vesicle movement were calculated by drawing a slope from the beginning to the end of 

the run on the kymograph. 
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Neuromuscular junction (NJM) analysis 

         Muscles were fixed for 10 min in freshly prepared PBS containing 4% (w/v) PFA. 

After washing with PBS, further connective tissues were detached from the muscles, 

and individual fibers were carefully teased apart to facilitate antibody penetration. 

Muscles were permeabilized with 2% Triton X-100 in PBS for 30 min then blocked in 4% 

BSA and 1% Triton X-100 in PBS for 30 min. Samples were incubated overnight at 4 °C 

in blocking solution with α-Bungarotoxin, Alexa Fluor™ 488 conjugate (1:500 dilution), 

and primary antibodies against neurofilament (2H3, 1: 70 dilution) to visualize the 

AChRs and axons. The following day, muscles were washed three times for 10 min 

each in PBS before incubation for 2 h with AlexaFluor 555 and 647 secondary 

antibodies and α-Bungarotoxin, Alexa Fluor™ 488 conjugate in PBS in the dark. Lastly, 

muscles were washed three times for 10 min each in PBS and mounted on slides with 

coverslips. A Leica TCS SP8 microscope was used to image the NMJs with Z-stacks at 

3 μm intervals. 

 

Behavioral testing 

         The experimenter was blind to the animal’s genotype during all tests. A cohort of 

mice was analyzed using the following behavior assays. 1) Open field analysis. Open 

field test was performed using an overhead SMART video tracking system (Panlab), 

which measures distance traveled, time spent in each zone, and speed. The apparatus 

consisted of a grey, open-top plastic box (90 x 90 x 40 cm). After a 1- or 2-hour period 

of acclimation to the behavioral testing room, each animal was placed in the center of 

the open field and left undisturbed for 30 min. The apparatus was wiped between trials 
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with a 70% ethanol solution. The trace path, total distance, center time were analyzed 

with smart video software (Harvard Apparatus). 2) Three-chamber social task. 

Sociability and social novelty were evaluated with the three-chamber (Harvard 

Apparatus) task. Briefly, the subject mouse was placed in the middle chamber for 

adaptation for 10 min. followed by a sociability test session: one of the control mice 

(Stranger 1) was placed inside a wire containment cup located in the left side chamber. 

An empty wire containment cup was placed in the right side of the chamber. The subject 

mouse was allowed to explore all three chambers for 10 min. This was followed by a 

social novelty test:  instead of the empty cup, a second control mouse (Stranger 2) was 

placed inside an identical wire containment cup in the right chamber. The subject 

mouse was allowed to freely explore all chambers for 10 min. Time spent in each 

chamber during the sociability session and social novelty session were analyzed with 

smart video software. 3) Novel object recognition task. Subject mice were transported 

to the behavioral room for at least 1 hour of habituation. Training session: the subject 

mouse was placed into a home cage with two identical plastic dice (Object 1 and Object 

2), each placed 5 cm from one of the walls and 10 cm apart. The mice were allowed to 

explore the cage for 10 min. Testing session: the subject mouse was removed from the 

cage for 5 min, and Object 2 was replaced with a novel marble of similar size to Object 

2. The mice were allowed to explore the cage for 5 min. The duration of time in which 

the head of the mouse was < 2 cm from each object was recorded for each session. 
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Results 

C9orf72 haploinsufficiency in C9FTD/ALS mouse models exacerbates motor, social and 

cognitive deficits  

        We hypothesized that C9orf72 deficiency exacerbates cognitive and social deficits 

in C9ALS/FTD. Among the four published C9-BAC mouse models, we selected the one 

with motor deficits and neurodegenerative features of FTD/ALS (we refer to this C9orf72 

BACTg/+ model as the C9-BAC line here) (Liu et al., 2016). To reduce C9orf72 protein 

levels at different doses, we crossed C9orf72+/- and C9-BAC mice for more than two 

generations, and examined social behaviors, cognitive functions as well as motor 

behaviors using 18-months WT, C9-BAC and C9orf72+/-;C9BAC littermates. 

         To study effects of C9orf72 haploinsufficiency on the cognitive functions of C9-

BAC mice, we performed novel object recognition test. A mouse is presented with two 

identical objects during the first session, and then one of the objects is replaced by a 

different object during a second session (Fig. 5.1A). We found that WT and C9-BAC 

mice showed more preference for the novel object, however C9orf72+/-;C9BAC mice 

showed less preference than wild-type mice for the novel object compared to the 

familiar object (Fig. 5.1B), suggesting an impairment in discriminating between familiar 

and novel objects. 

        To examine social behaviors, we used three-chamber sociability and social novelty 

test. The subject mouse first encounters a mouse under a cup and an empty cup in the 

“sociability” session. In the “social novelty” session, the subject encounters the first 

familiar mouse as well as a novel mouse (Fig. 5.1C). Mice normally prefer to spend 

more time with another mouse, which is called sociability and they will investigate a 
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Figure 5.1. C9orf72 dose is critical for cognitive, social and motor deficits in 
C9FTD/ALS mouse models. 

 
(A-B) Novel object recognition task was performed to measure cognitive functions using 
WT, C9-BAC and C9orf72+/-;C9-BAC (N = 7-14) at 18 months of age. C9orf72+/-;C9-
BAC mice showed less preference for the novel object compared to the familiar object 
than WT mice. (C-D) Three-chamber task was performed to measure sociability and 
preference for social novelty at 18 months of age. All genotypes preferred to interact 
with Stranger 1 (S1) over an empty (E) chamber. WT mice preferred to interact with 
Stranger 2 (S2) over S1. C9-BAC mice showed less preference and C9orf72+/-;C9-BAC 
mice showed no preference to interact with S2 as shown in the upper panel. (E-F) Open 
field test was performed on 18-month-old mice to examine the total distance traveled. 
All data are presented as mean ± SEM. Statistical analyses were performed with one-
way ANOVA with Bonferroni’s post hoc test (*p<0.05, **p<0.01, ***p<0.001, n.s 
represents no significant difference detected). A modified from Barkus et al. 2014, C 
modified from https://med.stanford.edu/sbfnl/services/bm/si/three-chamber.html 
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stranger mouse more than a familiar one, which is called social novelty. We found that  

C9-BAC mice are normal in sociability session, but they show no significant preference 

for the novel mouse in the social novelty session, and C9orf72 haploinsufficiency 

exacerbates the social novelty defect (Fig. 5.1D). 

          Because C9orf72+/-;C9BAC mice showed no general locomotor deficits in the 

open field at 4-months old (Chapter 4), we performed open field test at 18-months old 

of age to examine if C9orf72 haploinsufficiency promotes motor behavioral deficits in an 

age-dependent manner. We found that C9orf72+/-;C9BAC mice showed a decreased 

trend of total distance travelled compared with WT at all time bins during a 30-minute 

test period at 18-months old (Fig. 5.1E-F), indicating age-dependent motor behavioral 

deficits. 

Axonal transport defects and axonal swellings in C9orf72 haploinsufficient C9-BAC 

mouse models and patient iMNs 

       To study the mechanisms underlying dose-dependent motor behavioral deficits in 

C9orf72+/-;C9BAC mice, we examined the neuromuscular junctions (NMJs). WT animals 

exhibited normal NMJs, as reflected by normal postsynaptic acetylcholine receptor 

(AChR) staining and Neurofilament-labeled presynaptic compartments. In contrast, the 

presynaptic terminals of C9orf72+/-;C9BAC mice exhibited swellings with neurofilament 

accumulation (white arrowheads, Fig. 5.2A). Together, these results suggest that 

C9orf72 deficiency promotes axonal swellings of NMJs in C9-BAC mouse models. 

        These axonal swelling may be caused by impaired axonal transport and 

autophagy-lysosomal function. To test this hypothesis, we examined axonal transport of 

GFP-LC3 labeled autophagosomes in isolated spinal MNs using time-lapse imaging  
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Figure 5.2. C9orf72 deficiency promotes axonal swellings in C9-BAC mice. 

 

(A) Representative confocal imaging of 9-month-old mouse diaphragms stained with 
antibodies against NF (NF, red), and acetylcholine receptor AchR (green). White arrows 
represent NF-positive axonal swellings, which are rarely detected in WT controls. Scale 
bars: 50 μm. (B) Quantification of NMJs with swellings. All data are presented as 
mean ± SEM using measurements averaged from ≥3 muscle bundles of each mutant 
mouse (n > 3). Statistical analysis was performed by one-way ANOVA analysis with 
Bonferroni correction. 
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approaches. Autophagosomes in WT MNs exhibited robust motility along the 

processes, with a predominant retrograde direction. Their net run speeds and run 

lengths were significantly reduced in C9orf72-/- MNs (Fig. 5.3A-D). Thus, C9orf72 might 

promote axonal transport in MNs under physiological conditions. To determine whether 

C9orf72 plays roles in axonal transport in MNs under pathological conditions, we 

isolated MNs from WT, C9-BAC, C9orf72+/-;C9BAC, and C9orf72-/-;C9-BAC embryonic 

spinal cords and conducted time-lapse imaging of GFP-LC3 labeled autophagosomes. 

We did not detect significant differences in net run speed between WT and C9-BAC 

MNs. In contrast, C9orf72 deletion resulted in a decrease in net run speed in the C9-

BAC background (Fig. 5.3E). 

         To determine whether the axonal transport defects and neurodegeneration 

observed in animal models occur in human C9FTD/ALS diseased cells, we turned to 

MNs derived from patient iPSCs. We obtained three controls and three C9ORF72-

associated human pluripotent stem cell (hPSC) lines from the NINDS Human Cell and 

Data Repository housed at Rutgers University. MNs were generated from these hPSCs 

using standard protocols (Fig. 5.4A) (Du et al., 2015). As reported in published studies, 

we used a combination of small molecules and guided both control and patient hPSCs 

to differentiate into nearly pure MN progenitors, labeled by Isl1/TuJ1 (Fig. 5.4B). We 

were able to generate > 50% ChAT-positive MNs in both control and patient cells, with 

no significant differences between the patient and control groups (Fig. 5.4C-E), 

indicative of their normal differentiation.  
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Figure 5.3. C9orf72 deficiency disrupts axonal transport in mouse MNs. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(A, B) Representative time-lapse images and corresponding kymographs of GFP-LC3-
labeled autophagosome transport in spinal motor neurons isolated from E13.5 mouse 
spinal cords. Individual autophagosomes marked by white triangles show robust 
retrograde transport in WT and diminished motility in mutant MNs. Scale bars: 2 μm. (C) 
Quantification of net run speed in WT (n=126) and C9orf72-/- (n=117) MNs. (D) 
Quantification of total run length in WT (n=127) and C9orf72-/- (n=107) MNs. (E) 
Quantification of net run speed in WT (n=150), C9-BAC (n=162), C9orf72+/-;C9-BAC 
(n=162), and C9orf72-/-;C9-BAC (n=123) MNs. Student’s t-test in C and D; one-way 
ANOVA with Bonferroni’s post hoc test in E (**p<0.01, *p<0.05, n.s represents no 
significant difference detected). 
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Figure 5.4. Axonal transport disruption and autophagic stress coupled with 
axonal swellings in MNs from patient iPSCs. 

 

(A) Diagram of the procedure of MN generation from patient iPSCs. (B) Representative 
imaging of the iPSC-derived neurons stained with antibodies against Islet1 (red) and 
Tuj1 (green). Hoechst stains nuclei (blue). Scale bars: 25 μm. (C, D) Representative 
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imaging of iPSC-derived MNs stained with antibodies against ChAT (purple). Hoechst 
stains nuclei (blue). Scale bars: 25 μm. (E) Quantification of the percentage of ChAT-
positive cells out of total cells. Error bars represent SEM of three independent 
experiments; n.s represents no significant difference detected (Student’s t-test). (F) 
Representative time-lapse images and corresponding kymographs of GFP-LC3-labeled 
autophagosome transport in motor neurons (MNs) derived from control and patient 
iPSCs. Individual autophagosomes marked by white triangles. Scale bars: 5 μm. (G) 
Quantification of the percentages of retrograde, anterograde, and stationary transport in 
control (n=8) and patient iPSC-derived (n=16) motor neurons (MNs). (H) Representative 
imaging of GFP-LC3-positive autophagosomes. (I) Quantification of GFP-LC3-positive 
autophagosomes per 100 μm axon in control (n=7) and patient iPSC-derived MNs 
(n=14). (J-K) Representative imaging of MNs stained with antibodies against LC3 (red in 
J), or neurofilament (red in K). Inserts at top left are enlargements of white boxed areas. 
White arrowheads represent LC3-positive puncta. Hoechst stains nuclei (blue). Scale 
bars: 10 μm in J; 50 μm in K. (L, M) Quantification of the numbers of swellings with 
autophagosomes (J) and axonal swellings (K) per mm2. Error bars represent SEM of 
three independent experiments, ***p < 0.001 (Student’s t-test). 
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          We performed time-lapse imaging studies and examined axonal transport of 

autophagosomes labeled by GFP-LC3. In comparison to control MNs, patient MNs 

exhibited a decrease in the percentage of retrograde transport of autophagosomes, 

alongside a significant increase in stationary autophagosomes (Fig. 5.4F-G). These 

results are consistent with the impaired axonal transport observed in C9orf72-/- mouse 

MNs and in MNs from mice with C9orf72 deficiency in the background of C9-BAC 

(Fig.5.3). Impaired axonal transport leads to autophagic stress (Tammineni et al., 2017). 

We next assessed autophagosome retention and observed an enhanced density of 

axonal puncta in patient MNs compared to controls (Fig. 5.4H-I), suggesting increased 

autophagic stress in patient MNs. To further validate these autophagy defects, we 

examined endogenous LC3-positive puncta and found that there was a significant 

increase in autophagosome accumulations in patient MNs relative to controls (Fig. 5.4J, 

5.4L). Moreover, the number of neurofilament-labeled axonal swellings was significantly 

increased in patient MNs compared to control MNs (Fig. 5.4K, M), suggesting 

autophagic stress is coupled with axonal degeneration in patient MNs. Thus, our studies 

from C9FTD/ALS mouse models and patient MNs suggest that C9orf72 has a 

neuroprotective role against axonal degeneration possibly by promoting axonal 

transport and autophagy-lysosome functions.               

C9orf72 haploinsufficiency exacerbates dipeptide repeat (DPR) abundance in C9-BAC 

mice 

        To test whether C9orf72 deficiency promotes the accumulation of DPRs, which are 

toxic to neurons, we examined poly (GA) and poly (GP) in motor cortex and spinal cord 

of 16-months old WT, C9-BAC, C9orf72+/-;C9-BAC and C9orf72-/-;C9-BAC mice. We  
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Figure 5.5. C9orf72 deficiency exacerbates gain of toxicity in C9-BAC mice. 

 
(A) Representative imaging of coronal sections stained with antibodies against poly 
(GA) (red) or poly (GP) (green). Age-matched 16-month-old mice were used to prepare 
sections in the area of motor cortex or spinal cord. Scale bars: 12 μm. (B) Quantification 
of the percentage of cells with poly (GA) puncta out of total cells from motor cortex of 
WT, C9-BAC, C9orf72+/-;C9-BAC and C9orf72-/-;C9-BAC mice. N = 3 – 5. (C) 
Quantification of the percentage of cells with poly (GA) puncta out of total cells from 
spinal cords of WT, C9-BAC, C9orf72+/-;C9-BAC and C9orf72-/-;C9-BAC mice. (D) 
Quantification of the percentage of cells with poly (GP) puncta out of total cells from 
spinal cords of WT, C9-BAC, C9orf72+/-;C9-BAC and C9orf72-/-;C9-BAC mice. Error 
bars represent SEM of four independent experiments. Statistical analyses were 
performed with one-way ANOVA with Bonferroni’s post hoc test (*P < 0.05, **P < 0.01 
and ***P < 0.001). 
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barely detected poly (GA) and poly (GP) staining in WT mouse tissues (Fig. 5.5A). In  

contrast, age matched C9-BAC mice exhibited robust poly (GA) and poly (GP) signals in 

brain and spinal cord, which was further exacerbated by C9orf72 heterozygosity (Fig. 

5.5). Surprisingly, the percentage of poly (GA) or poly (GP) positive cells in  

C9orf72-/-;C9-BAC mice were comparable to that in C9-BAC mice, possibly through 

compensating mechanisms from immune system activation. 

Discussion 

         Here we discovered C9orf72’s physiological roles in promoting axonal transport, 

autophagy-lysosome degradation, and the maintenance of axonal integrity of spinal 

motor neurons in vivo. Our efforts to investigate C9orf72’s pathological functions 

revealed that C9orf72 haploinsufficiency in C9FTD/ALS mouse models exacerbates 

gain of function and behavioral deficits. C9orf72 deficiency-mediated cellular defects in 

axonal transport and autophagic stress were recapitulated in patient iPSC-derived 

motor neurons. These data collectively provide novel insights into the pathological 

mechanisms of C9FTD/ALS diseases. 

C9orf72’s cellular functions in patient iPSC-derived MNs 

       Two promising compounds, olesoxime and dexpramipexole, failed in Phase III 

clinical trials in ALS patients, although both of them have shown beneficial effects in 

ALS mouse models (Cudkowicz et al., 2011; Sunyach et al., 2012). These results 

suggest the importance of incorporating alternative approaches, such as using patient 

iPSC-derived MNs, into mechanistic and translational research on ALS and related 

diseases. On the other hand, modeling ALS using iPSCs is challenging due to the wide 

range of variation in individual genetic background and the heterogeneity of target cells, 
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as well as the immaturity of the resulting differentiated cells, which are not fully 

functional adult MNs (Sances et al., 2016). Thus, it is necessary to combine work on 

patient-derived cells with a complementary system, such as a mouse model, to increase 

the robustness and rigor of the research. This strategy led to the combined mouse/iPSC 

approach we took in the present study. Previous studies reported that C9orf72 

haploinsufficiency led to neurodegeneration in patient iPSC-derived MNs in the 

presence of elevated glutamate levels (Shi et al., 2018). Our mechanistic studies further 

revealed that those cellular phenotypes identified in C9orf72-/- and C9FTD/ALS mouse 

models were recapitulated in patient iPSC-derived MNs, including defects in axonal 

transport, autophagic stress, and axonal degeneration characterized by swollen axons. 

Dose-dependent pathological functions of C9orf72 in C9FTD/ALS in vivo 

          One of the discoveries of this study is that C9orf72 haploinsufficiency in 

C9FTD/ALS mouse models exacerbated motor behavior deficits in an age-dependent 

manner. C9orf72+/-;C9-BAC mice travelled similar distances in the open field compared 

to WT at 4-month-old, but haploinsufficiency of C9orf72 exacerbated defects of C9-BAC 

mice in locomotor ability at 18-month-old. Compelling evidences suggest that axonal 

degeneration precedes clinical symptoms and cell body loss in both normal aging and a 

variety of neurodegenerative diseases, including Alzheimer’s disease, ALS, and 

Parkinson’s disease (Salvadores et al., 2017). Impaired proteostasis including 

autophagy is a major cause of axonal degeneration (Salvadores et al., 2017). Recent 

studies suggest the local autophagy of synaptic vesicles as a pathogenic mechanism in 

MN diseases (Lüningschrör et al., 2017). In addition to its association with lysosomes, 

C9orf72 protein also localizes to the presynaptic terminals of MNs (Frick et al., 2018). 
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Our results showed that C9orf72 haploinsufficiency led to axonal degeneration 

characterized by abnormal swelling of NMJs in the background of C9-BAC mice. In 

addition to lower motor neuron function, higher level motor functions in motor cortex 

and/or cerebellum might also be influenced by C9orf72 protein levels. C9orf72 dosage 

affects the di-peptide aggregates in the motor cortex. Future studies should further 

determine whether and how C9orf72 depletion affects neurodegeneration and TDP-

pathology in the motor units, including upper MNs in Layer V of the motor cortex. 

C9orf72 KO mice exhibited pronounced immune dysfunctions (O'Rourke et al., 2016; 

Burberry et al., 2016; Atanasio et al., 2016; Jiang et al., 2016), consistent with the 

increased prevalence of autoimmune disease and neuroinflammation in C9FTD/ALS 

patients (Miller et al., 2016; Ismail et al., 2013). It would also be important to investigate 

how the interaction between the immune system and the nervous system contributes to 

the behavioral and pathological changes. 

          C9orf72 haploinsufficiency affected C9-BAC mice in multiple FTD-like behaviors, 

including social novelty and cognitive functions. Our preliminary data revealed altered 

synaptic protein levels of GluA2 in the cortex of C9orf72+/-;C9-BAC mice without 

changes in protein levels of GluA1. Future studies should examine how changes in 

composition or function of AMPAR affect postsynaptic responsiveness. 

          Clinical trials using antisense oligonucleotides (ASOs) to treat C9FTD/ALS 

disease have been launched. To fully assess the potential side effects and optimal 

timing of these therapeutic strategies to inactivate the C9orf72 locus, it is necessary to 

study the consequences of removing C9orf72 before and after phenotype manifestation 

in C9FTD/ALS mouse models. Importantly, identification of C9orf72’s dose-dependent 
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pathological roles suggests that C9FTD/ALS disease progression is sensitive to 

alterations of C9orf72 protein levels. Therefore, future studies might be able to harness 

the neuroprotective functions of C9orf72 against C9FTD/ALS by modulating its 

expression level. 

 

References 

S.-C. Ling, M. Polymenidou, D. W. Cleveland, Converging mechanisms in ALS and 

FTD: disrupted RNA and protein homeostasis. Neuron. 79, 416–438 (2013). 

F.-B. Gao, S. Almeida, R. Lopez-Gonzalez, Dysregulated molecular pathways in 

amyotrophic lateral sclerosis-frontotemporal dementia spectrum disorder. EMBO J. 36, 

2931–2950 (2017). 

I. Gijselinck et al., A C9orf72 promoter repeat expansion in a Flanders-Belgian cohort 

with disorders of the frontotemporal lobar degeneration-amyotrophic lateral sclerosis 

spectrum: a gene identification study. Lancet Neurol. 11, 54–65 (2012). 

A. E. Renton et al., A hexanucleotide repeat expansion in C9ORF72 is the cause of 

chromosome 9p21- linked ALS-FTD. Neuron. 72, 257–268 (2011). 

M. DeJesus-Hernandez et al., Expanded GGGGCC hexanucleotide repeat in noncoding 

region of C9ORF72 causes chromosome 9p-linked FTD and ALS. Neuron. 72, 245–256 

(2011). 

E. Majounie et al., Frequency of the C9orf72 hexanucleotide repeat expansion in 

patients with amyotrophic lateral sclerosis and frontotemporal dementia: a cross-

sectional study. Lancet Neurol. 11, 323–330 (2012). 



 

 154 

A. J. Waite et al., Reduced C9orf72 protein levels in frontal cortex of amyotrophic lateral 

sclerosis and frontotemporal degeneration brain with the C9ORF72 hexanucleotide 

repeat expansion. Neurobiol. Aging. 35, 1779.e5–1779.e13 (2014). 

S. Mizielinska et al., C9orf72 frontotemporal lobar degeneration is characterised by 

frequent neuronal sense and antisense RNA foci. Acta Neuropathol. 126, 845–857 

(2013). 

Y. Shi et al., Haploinsufficiency leads to neurodegeneration in C9ORF72 ALS/FTD 

human induced motor neurons. Nat. Med. 24, 313–325 (2018). 

M. Koppers et al., C9orf72 ablation in mice does not cause motor neuron degeneration 

or motor deficits. Ann. Neurol. 78, 426–438 (2015). 

J. G. O'Rourke et al., C9orf72 BAC Transgenic Mice Display Typical Pathologic 

Features of ALS/FTD. Neuron. 88, 892–901 (2015). 

O. M. Peters et al., Human C9ORF72 Hexanucleotide Expansion Reproduces RNA Foci 

and Dipeptide Repeat Proteins but Not Neurodegeneration in BAC Transgenic Mice. 

Neuron. 88, 902–909 (2015). 

Y. Liu et al., C9orf72 BAC Mouse Model with Motor Deficits and Neurodegenerative 

Features of ALS/FTD. Neuron. 90, 521–534 (2016). 

Yang, M. et al. Lin28 promotes the proliferative capacity of neural progenitor cells in 

brain development. Development 142, 1616–1627 (2015). 

Shao, Q. et al. Zika virus infection disrupts neurovascular development and results in 

postnatal microcephaly with brain damage. Development 143, 4127–4136 (2016). 

Du, Z.-W. et al. Generation and expansion of highly pure motor neuron progenitors from 

human pluripotent stem cells. Nat Commun 6, 6626 (2015). 



 

 155 

Conrad, R. et al. Lectin-based isolation and culture of mouse embryonic motoneurons. J 

Vis Exp e3200–e3200 (2011). doi:10.3791/3200 

Fallini, C., Bassell, G. J. & Rossoll, W. High-efficiency transfection of cultured primary 

motor neurons to study protein localization, trafficking, and function. Mol Neurodegener 

5, 17 (2010). 

Cudkowicz, M. et al. The effects of dexpramipexole (KNS-760704) in individuals with 

amyotrophic lateral sclerosis. Nat. Med. 17, 1652–1656 (2011). 

Sunyach, C. et al. Olesoxime delays muscle denervation, astrogliosis, microglial 

activation and motoneuron death in an ALS mouse model. Neuropharmacology 62, 

2346–2352 (2012). 

Sances, S. et al. Modeling ALS with motor neurons derived from human induced 

pluripotent stem cells. Nature Neuroscience 19, 542–553 (2016). 

Shi, Y. et al. Haploinsufficiency leads to neurodegeneration in C9ORF72 ALS/FTD 

human induced motor neurons. Nat. Med. 24, 313–325 (2018). 

Salvadores, N., Sanhueza, M., Manque, P. & Court, F. A. Axonal Degeneration during 

Aging and Its Functional Role in Neurodegenerative Disorders. Front Neurosci 11, 451 

(2017). 

Lüningschrör, P. et al. Plekhg5-regulated autophagy of synaptic vesicles reveals a 

pathogenic mechanism in motoneuron disease. Nat Commun 8, 678 (2017). 

Frick, P. et al. Novel antibodies reveal presynaptic localization of C9orf72 protein and 

reduced protein levels in C9orf72 mutation carriers. Acta Neuropathol Commun 6, 72 

(2018). 



 

 156 

O'Rourke, J. G. et al. C9orf72 is required for proper macrophage and microglial function 

in mice. Science 351, 1324–1329 (2016). 

Burberry, A. et al. Loss-of-function mutations in the C9ORF72 mouse ortholog cause 

fatal autoimmune disease. Sci Transl Med 8, 347ra93–347ra93 (2016). 

Miller, Z. A. et al. Increased prevalence of autoimmune disease within C9 and 

FTD/MND cohorts: Completing the picture. Neurol Neuroimmunol Neuroinflamm 3, 

e301 (2016). 

Ismail, A. et al. Concurrence of multiple sclerosis and amyotrophic lateral sclerosis in 

patients with hexanucleotide repeat expansions of C9ORF72. J. Neurol. Neurosurg. 

Psychiatr. 84, 79–87 (2013). 

Jiang, J., Zhu, Q., Gendron, T.F., Saberi, S., McAlonis-Downes, M., Seelman, A., 

Stauffer, J.E., Jafar-Nejad, P., Drenner, K., Schulte, D. et al.  (2016) Gain of toxicity 

from ALS/FTD-linked repeat expansions in C9ORF72 is alleviated by antisense 

oligonucleotides targeting GGGGCC-containing RNAs. Neuron, 90, 535–550. 

Atanasio, A., Decman, V., White, D. et al. C9orf72 ablation causes immune 

dysregulation characterized by leukocyte expansion, autoantibody production and 

glomerulonephropathy in mice. Sci Rep 6, 23204 (2016). 

https://doi.org/10.1038/srep23204 

 

 

 

 

 



 

 157 

 

 

CHAPTER 6 

DISCUSSION AND FUTURE DIRECTIONS 

 
6.1 Cellular functions of C9orf72 and Smcr8 

6.1.1 Summary of findings 

        The data presented in Chapter 2 and Chapter 3 have outlined several major 

functions of the C9orf72/Smcr8 complex in autophagy and axonal transport. Previous 

studies showed that C9orf72 colocalized with Rab proteins implicated in autophagy and 

endocytic transport (Farg et al., 2014). In this dissertation work, I have shown that 

C9ORF72 forms a protein complex with SMCR8, WDR41, and ATG101 (Fig. 2.1). The 

C9ORF72 complex exhibits a GTPase activity and acts as a GEF for RAB39B (Fig. 2.2). 

C9ORF72 interacts with both SMCR8 and WDR41 in a DENN domain-dependent 

manner, but the interaction between SMCR8 and WDR41 is not dependent on DENN 

domain (Fig. 2.3). Using shRNAs and knockout cell lines, we found that the magnitude 

of increase in LC3-II and GFP-LC3 puncta number is less in C9orf72 and/or Smcr8 

knockdown/knockout cell lines under amino starvation/Rapamycin treatment conditions 

compared to WT cells (Fig. 2.4-5), suggesting that autophagy induction is compromised 

in C9orf72 and/or Smcr8 deficient cells. In contrast, the modulation of autophagic flux is 

opposite in Smcr8-deficient and C9orf72-deficient cells: autophagic flux is suppressed in 

Smcr8-deficient cells (Fig. 2.7) and is enhanced in C9orf72-deficient cells (Fig. 2.8). The 

mechanisms of autophagy induction modulation likely involve the regulation of the ULK1 

complex, because the interaction between C9ORF72/SMCR8 complex with ULK1 is 
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enhanced under starvation conditions, and ULK1 protein level and activity are regulated 

by C9ORF72 and SMCR8 (Fig. 2.6). The expression and processing of lysosome 

proteases Cathepsin D and Cathepsin L are altered in C9orf72-deficient cells (Fig. 2.8) 

and Smcr8-deficient cells (Fig. 2.7), suggesting lysosomal functions are disrupted, 

which may explain the changed autophagic flux. We also showed that in primary motor 

neurons, C9ORF72 and SMCR8 play a potential role in regulating retrograde axonal 

transport of autophagosomes (Fig. 3.5, Fig. 5.3).  

         Overall, these studies implicated important functions of C9ORF72 and its 

associated protein SMCR8 in different steps of autophagic flow and axonal transport, 

which are particularly critical for motor neurons. These results support that C9ORF72 

itself has functions in maintaining neuronal health and loss of its normal function may 

contribute to the disease mechanisms. 

6.1.2 Remaining questions and considerations 

         Our studies showed that C9ORF72 and SMCR8 regulate ULK1 expression and 

activity (Fig. 2.6). The mechanisms of the regulation remain to be further studied. Our 

immunoprecipitation results show that C9ORF72 or SMCR8 can pull down endogenous 

ULK1 and this co-IP is drastically enhanced when C9orf72 is overexpressed together 

with Smcr8, which was also observed by Sullivan et al. (2016). This result suggests 

these two proteins might play synergistic effects in the interaction with the ULK1 

complex. Overexpressing both proteins might also stabilize themselves, considering 

that C9ORF72 and SMCR8 form a cognate complex that protects each other from 

degradation (Ugolino et al., 2016), and further enhance their interaction with ULK1. We 

also found that the interaction between the C9ORF72 complex and the ULK1 complex 
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is enhanced under amino acid starvation conditions, suggesting that the C9ORF72 

complex preferentially regulates ULK1 during autophagy induction. Indeed, Webster et 

al. (2016) found that C9ORF72 functions as a Rab1a effector and modulates initiation of 

autophagy by regulating ULK1 translocation. It would be interesting to use live cell 

imaging to track the dynamic localization of ULK1 and DFCP1, which is a PtdIns3P 

effector and an omegasome marker (Karanasios et al., 2013), in WT and C9orf72-/- 

neurons.  

           It is intriguing that C9ORF72 and SMCR8 modulate ULK1 activity towards 

opposite directions (Fig. 2.6), suggesting they may play distinct roles in regulating 

ULK1. Indeed, SMCR8 regulates the protein levels of ULK1 and ATG13 (Fig. 2.6) by 

enhancing ULK1 transcription, while ULK1 protein level is not altered in C9orf72 

deficient cells (Jung et al., 2017).  

        Alternative ways of modulating autophagy by the C9ORF72/SMCR8 complex have 

been identified by other groups.  Sellier et al. (2016) found that the C9ORF72/SMCR8 

complex is phosphorylated by TBK1 and ULK1 kinases and functions as a GEF for 

RAB39b, which regulates autophagy induction by interacting with P62. Amick et al. 

(2016) found that C9orf72 localizes to lysosomes and regulates the response of 

mTORC1 to changes in amino acid availability. Ugolino et al. (2016) found that C9orf72 

regulates autophagy by modulating the protein levels of TFEB, which is a master 

regulator of lysosomal and autophagy genes. 

           These findings are complementary to each other and it is possible that 

dysfunction of multiple pathways contributes to neurodegeneration (Balendra et al., 

2018). C9orf72 may also have different functions in different cell types. C9orf72 has 
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been shown to regulate microglia (O’Rourke et al., 2016) and macrophage (Shao et al., 

2018) function by modulating lysosomal degradation. Xiao et al. (2019) found that 

C9orf72 localizes to pre- and post- synapses and regulates post-synaptic glutamate 

receptor 1 levels in the hippocampus. These results suggest that multiple cellular 

pathways involving both cell-autonomous and non-cell-autonomous effects contribute to 

disease progression. 

         Our discovery that C9orf72 and Smcr8 regulate autophagosome axonal transport 

in motor neurons (Fig. 3.5, Fig. 5.3) provides additional support for the specialized 

functions in differentiated post-mitotic cell types. Axonal transport defect was observed 

in both mouse model of C9ALS/FTD (Fig. 5.3) and patient iPSC-derived MNs (Fig. 5.4). 

Our mass spectrometry studies revealed that the C9orf72/Smcr8 complex associates 

with Dynein, suggesting this complex might regulate axonal transport by modulating the 

motor protein. Alternatively, this complex might regulate the association between cargo 

and motor or motor and microtubule. Additional biochemical assays with fragmented 

proteins combined with Subpixel colocalization assays (Szpankowski et al., 2012) 

should help clarify these possibilities. Our electron microscopy results show that 

mitochondria and lysosomes are accumulated within the axonal swellings of Smcr8-/- 

spinal cord, suggesting C9orf72 and Smcr8 might also regulate transport of other 

proteins and organelles, such as Neurofilament, lysosomes or mitochondria, and it will 

be interesting to test if mis-trafficking of these proteins/organelles in patient iPSNs 

contributes to the pathological mechanisms.   

 

6.2 Dose dependent role of C9orf72 in behaviors and gain of toxicity 
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6.2.1 Summary of Findings 

        Our data showed that like C9orf72, Smcr8 is also downregulated in patient tissues 

(Fig. 3.1). Therefore, we studied the neuronal function of Smcr8 using Smcr8 deficient 

mice (Chapter 3). These Smcr8 deficient mice exhibited motor behavior deficits, 

including decreased grip strength, endurance on the rotarod and total distance travelled 

in the open field (Fig. 3.2). They also showed increased anxiety-like behaviors (Fig. 

3.2). Going into the cellular mechanisms, we found that Smcr8 depletion disrupted 

autophagy-lysosomal degradation and led to axonal swellings, shown by accumulations 

of autophagosome and lysosome markers, LC3, P62 and Lamp1, which co-localized 

with axon marker Neurofilament (Fig. 3.3), as well as transmission electronic 

microscopy images (Fig. 3.4). In addition, Smcr8 deficient mice also showed swellings 

in the neuromuscular junctions (NMJs), which are the axonal terminals of motor neurons 

(Fig. 3.3). C9orf72 deficiency can exacerbate these cellular deficits. C9orf72-/-;Smcr8-/- 

mice showed significant increased numbers of axonal swellings and autolysosome 

accumulations, as well as enlarged axonal terminals, compared with Smcr8-/- mice (Fig. 

3.6-7). These results together suggest that C9orf72’s function in motor neurons could 

be dominated by Smcr8, and C9orf72 deficiency promotes deficits in autophagy-

lysosome degradation and axonal degeneration in the absence of Smcr8.   

          To understand the contribution of different hypothesized mechanisms to the 

disease progression and to model the reduced expression levels of C9orf72 in patient 

tissues, we crossed the C9orf72-/- mice with the C9-BAC mice and examined the 

consequences of “loss of function” in the background of “gain of toxicity” (Chapter 4, 

Chapter 5). By comparing WT, C9-BAC, C9orf72+/-;C9-BAC and C9orf72-/-;C9-BAC 
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littermates, we found that C9orf72 deficiency promotes motor deficits of a C9ALS/FTD 

mouse model in a dose-dependent manner (Fig. 4.1, Fig. 5.1). Mechanistically, we 

found that C9orf72 and Smcr8 haploinsufficiency exacerbates the NMJ swellings of C9-

BAC mice (Fig. 3.8, Fig. 5.2). To study dose-dependent roles of C9orf72 in FTD-like 

behaviors, we performed novel object recognition test and three-chambered sociability 

and social novelty test. We found that WT and C9-Bac mice are normal in the novel 

object recognition test, but C9orf72+/-;C9BAC showed less preference for the novel 

object compared with WT (Fig. 5.1). Even though WT, C9-BAC and C9orf72+/-;C9-BAC 

mice are normal in sociability, C9orf72 haploinsufficiency exacerbates the social novelty 

deficits of C9-BAC mice (Fig. 5.1). These results suggest that “loss of function” 

mechanisms and “gain of toxicity” mechanisms are not mutually exclusive, and they 

may both contribute to the disease progression. 

          We also addressed whether partial loss of function of C9orf72/Smcr8 promotes 

“gain of toxicity”. By comparing DPR abundance in C9-BAC, C9orf72+/-;C9-BAC and 

Smcr8+/-;C9-BAC mice in the motor cortex and spinal cord, we found that C9orf72 and 

Smcr8 haploinsufficiency exacerbates the DPR gain of toxicity of C9-BAC mice (Fig. 

3.9, Fig. 5.5), indicating the interaction between the “loss of function” mechanisms and 

“gain of toxicity” mechanisms.  

6.2.2 Remaining questions 

         The protein levels of Smcr8 is drastically decreased in the C9orf72 deficient mice 

(Fig. 3.1; Ugolino et al., 2016; Amick et al., 2016; Lan et al., 2019). While Smcr8 

deficient mice show strong motor behavioral deficits (Fig. 3.2), C9orf72 deficient mice 

show very mild to no motor behavioral deficits (Koppers et al., 2015; Jiang et al., 2016; 
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Anatasio et al, 2016). One possible explanation could be the residual little amount of 

Smcr8 is able to perform its function or even becomes more potent and is able to 

compensate for the loss of C9orf72’s function. An alternative possibility might be in 

absence of C9orf72, Smcr8 is more likely to be degraded during in vitro cell lysis but not 

in vivo, considering that all four studies including ours examined Smcr8 protein levels 

using Western blot. Immunostaining approaches can be used to test this possibility with 

either high-quality antibody or an endogenous locus reporter for Smcr8.  

        Another intriguing question is about the cross talk between loss- and gain-of-

function in the pathogenesis of C9ALS/FTD. Poly-GA and poly-GP aggregates are more 

abundant in C9orf72+/-;C9-BAC and Smcr8+/-;C9-BAC mice (Fig. 3.9, Fig. 5.5). Using 

C9ORF72 patient and C9ORF72+/− induced motor neurons, Shi et al. (2018) found 

dose-dependent decrease in the ability to clear DPR aggregates. The possible 

mechanisms might involve suboptimal autophagy (Boivin et al., 2020) or axonal 

transport (Abo-Rady et al., 2020) caused by the reduced C9ORF72 levels. It was 

surprising to observe that the DPR abundance was reduced in C9orf72-/-;C9-BAC mice 

compared to C9orf72+/-;C9-BAC mice. This could be due to enhanced autophagy flux 

caused by C9orf72 deficiency (Fig. 2.8; Ugolino et al. 2016) or increased microglia 

activation. Future research directions should examine how the normal functions of 

C9orf72 are affected in different cell types isolated from C9orf72+/-;C9-BAC mice or 

derived from patient iPSCs and in co-cultures, to gain a more thorough perspective on 

the interactions between loss- and gain-of-function mechanisms. 

           Our C9orf72+/-;C9-BAC mouse line has been proven potentially useful to model 

C9-ALS/FTD. These C9orf72+/-;C9-BAC mice show exacerbated motor, social and 
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cognitive deficits compared with C9-BAC mice (Fig.4.1, Fig. 5.1). Using a different C9-

BAC mouse line, Qiang et al. (2020) observed similar exacerbation of cognitive deficits 

due to reduced C9orf72 function. These results reinforce the normal function of C9orf72 

in maintaining neuronal health and function. While recent major efforts for rescuing the 

C9ALS/FTD phenotypes focus on targeting RNA-mediated toxicity (Martier et al., 2019) 

and DPR proteins (Nguyen et al., 2019), it is also important to test whether restoring the 

normal expression levels of C9orf72 and Smcr8 in these mouse models can rescue the 

cellular, pathological and behavioral phenotypes. Future gene therapy approaches 

should consider combining antisense oligonucleotide which reduce gain-of-toxicity 

associated with the repeat expansion (Ly et al., 2018; Donnelly et al., 2013) with AAV 

gene deliveries that restore the normal protein levels of C9orf72 and Smcr8. 

 

6.3 Conclusions 

           This work has identified important roles of C9orf72 and Smcr8 in maintaining 

neuron health, promoting motor and cognitive functions and alleviating toxicity caused 

by the expanded repeats. These studies have highlighted the synergic interactions 

between the loss- and gain-of-function mechanisms. While many questions still remain 

to be answered, these contributions will hopefully motivate further investigation in the 

cell-autonomous and non-cell-autonomous pathological mechanisms, and instruct future 

studies into restoring the normal levels and functions of C9orf72. Persistent research 

efforts and accumulated knowledge will hopefully lead to rapid translation into 

therapeutic strategies that could positively impact patients with these neurodegenerative 

diseases. 
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