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Abstract
The (GGGGCC)n hexanucleotide repeat expansion in the first intron of C9ORF72 is the
most common genetic cause of ALS\FTLD. This mutation causes reduction of C9ORF72
expression, suggesting insufficient expression of the gene product could contribute to the disease
progression. However, the function of C9ORF72 remains elusive, although roles in the immune
system and autophagy have been recently proposed. We found that C9ORF72 both interacted
with and stabilized SMCR8, enabling further interactions to occur with WDR41 and the autophagy
initiation complex composed of ULK1, FIP200 and ATG13. However suppressing the expression
of C9ORF72 or SMCR8 did not result in remarkable change in autophagy flux, indicating that the
primary function of the protein complex was not to modulate bulk macroautophagy. We then
generated Smcr8 loss of function mutant mice using CRSPR/Cas9 gene editing in the zygote.
The homozygote Smcr8 mutant mice developed phenotypes that were characteristic of the
C9orf72 loss of function mutant animals including autoimmunity, indicating collaborative in vivo
functions of the two proteins. In addition, loss of Smcr8 resulted in systemic reduction of
intracellular lysosomal protein expression in macrophages. This was accompanied by increased
cell surface Lamp1 expression on mutant macrophages, indicating more active lysosome
exocytosis in the absence of Smcr8. Such phenotype was reproducibly seen in the C9orf72
mutant animals. Therefore our findings proposed a role of the C9orf72-Smcr8 protein complex in
negatively regulating lysosome exocytosis, a process that is essential in regulating immune cell
functions and could be a possible link between the cell biological and in vivo functions of the
C9orf72-Smcr8 protein complex.
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CHAPTER 1
Introduction

This Chapter was unpublished work by Yingying Zhang

The Amyotrophic Lateral Sclerosis
What is Amyotrophic lateral sclerosis?
Amyotrophic Lateral Sclerosis (ALS), also known as Charcot’s disease, is a progressive
and lethal degenerative disease of the motor neuron system. It was first officially described as a
distinct pathological entity by the ‘Father of Modern Neurology’ Jean-Martin Charcot in 1874 (1,2).
According to the ALS association, the disease incidence is 2 per 100,000 people. Approximately
6,000 new cases are diagnosed in the U.S. each year. Both environmental and genetic factors
contribute to ALS. Approximately 10% of the ALS cases are inherited (familial ALS, fALS) and the
others are considered sporadic (sALS). Patients with ALS are usually diagnosed after the fourth
decade of their life, but patients with juvenile onset ALS can develop symptoms as early as in
their twenties. In ALS, both upper and lower motor neurons are specifically lost, whereas the
extra-ocular and sphincter neurons are almost always spared. The symptoms usually start focally.
A majority of patients start with muscle weakness and fasciculation in their limbs, which are
caused by spinal motor neuron degeneration (‘spinal onset’). A smaller fraction of ALS patients
first develop symptoms such as difficulty swallowing (dysphagia) and difficulty speaking
(dysarthria), which reflect bulbar motor neuron degeneration (‘bulbar onset’). As the disease
advances, symptoms will spread to other parts of the body. And eventually ALS patients will
develop paralysis and die from respiratory failure, usually within five years after initial diagnosis
(3-5). Pathologically, neuronal and axonal loss is commonly observed in the motor cortex, brain
stem and the anterior horn of the spinal cord with the presence of ubiquitin and TDP-43 doublepositive cytoplasmic inclusions (6,7). However, ALS caused by the repeat expansion mutation in
C9ORF72 displays unique p62 positive but TDP-43 negative cytoplasmic inclusions (6,7).
Currently there is no cure or effective drug therapy to treat ALS. Riluzole is the first FDA
approved drug for treating ALS. It is thought to be neuroprotective by blocking glutamatergic
neurotransmission and therefore alleviate excitotoxicity (8). While used on ALS patients, riluzole
delays the onset of respiratory failure and extends patients’ survival for three months (4,9).
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Edaravone, initially a drug used to treat ischemic stroke, is currently the only alternative approved
drug therapy for ALS. The mechanism of action of Edaravone remains unclear, but it is known to
have anti-oxidative effect (10). It could act to detoxify peroxide and hydroxyl radicals and
therefore suppress oxidative stress. Clinical trails showed that ALS patients treated with
Edaravone had improved life quality as their decline of daily function was delayed and the
patients stayed physically independent for a longer period of time (10).

The Genetics of ALS
Although the disorder was described more than one century ago, the genes whose
mutation can cause ALS were not known until 1993. The first ALS associated gene was identified
through genetic linkage study, which indicated a tight association between familial ALS and
chromosome 21q22.1(11,12). Subsequent analysis of this locus identified the Cu/Zn-binding
superoxide dismutase SOD1 as the affected gene (13). More than a hundred mutations in SOD1
can cause ALS, counting for 12%-23.5% of familial (depending on the population) and 1% of
sporadic cases (14-16). Two other important ALS genes were identified fifteen years later: FUS
and TARDBP (17,18), both encoding RNA binding proteins (19-21). Mutations in each gene are
found in 4% fALS and 1% sALS (14,22) cases. The number of ALS-causing genes discovered
increased exponentially since 2008 (23), coincide with the bloom of single nucleotide
polymorphism (SNP) genotyping, whole exome and whole genome sequencing technologies. In
2011, a GGGGCC hexanucleotide repeat expansion (HRE) mutation, located between exon 1
and alternative exon 1b of chromosome 9 open reading frame 72 (C9ORF72), was found to
cause fALS (24,25). The repeat length varies from individual to individual. Normal alleles harbor
less than 20 repeats, whereas ALS-causing alleles usually contain hundreds to more than a
thousand repeats (26). This is the most common known mutation found in ALS (40% of fALS and
7% of sALS) and in fronto-temporal dementia (FTD, 25% of familial cases). As of 2016, mutations
in more than 30 genes have been identified to cause ALS, and more than a dozen of additional
genes have been identified as ALS disease modifiers and risk genes (16,27). To date, two thirds
of familial and more than 10% of sporadic ALS cases are attributable to a known ALS associated
gene mutation (14). The fact that a significant proportion of apparently sporadic ALS cases were
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caused by known genetic mutations raised the possibility that there could be unappreciated
inheritance in the apparently sporadic ALS population. Certain carriers of ALS mutations would
not necessarily manifest ALS symptoms due to incomplete penetrance of these mutations. As a
result, decedents of these phenotypically normal ALS mutation carriers would be classified as
‘sporadic’ cases. The traditional way of classifying ALS by whether or not the patient has a family
history of ALS is thus being challenged. As each mutation could cause ALS through different
pathogenic mechanisms (detailed later), personalized treatment for ALS patient based on their
genetic mutation could be more efficient than what we can achieve nowadays.

ALS is not an isolated neurodegenerative disorder
It has been noticed that ALS shares a pathological continuum with fronto-temporal
dementia (FTD), a cognitive and behavioral disorder caused by neurodegeneration in the frontotemporal lobe (22). Twenty percent of ALS patients meet the clinical criteria of FTD and up to
50% of ALS patients could experience cognitive decline (7,28,29). TDP-43 positive ubiquitinated
cytoplasmic protein inclusion is a shared pathological change between ALS and FTD (30,31).
Recent genetic study showed that mutations in C9ORF72 and UBQLN2 can lead to both ALS and
FTD (22), further strengthening the idea that ALS and FTD form a disease continuum.
Genetic and clinical evidences suggest that ALS could overlap with other disorders. For
instance, the C9ORF72 HRE has been found in patients diagnosed with Huntington’s disease
and multiple system atrophy. Mutations in OPTN (32), VCP (33) and SQSTM1 (34), all of which
are established ALS-associated genes, can also cause Paget’s disease of bone (14). In addition,
a significant subset of ALS patients could manifest signs of Parkinsonism and sensory
abnormalities (35). The co-occurrence of multi-system degeneration implied that contrary to the
original thought that only motor neurons were affected in ALS, a larger number of cell populations
could be commonly affected by ALS mutations and pathological mechanisms.
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Molecular pathways disrupted in ALS
The cause of ALS is unclear. However, recent development in genetic studies, in addition
to studies using in vitro and in vivo model systems did reveal common pathways that are
disrupted in ALS and could potentially contribute to the onset and progression of ALS. This
section is summarized in figure 1.1 and table 1.

Figure 1.1
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Figure 1.1. Pathogenic mechanisms of motor neuron degeneration in ALS. In ALS, motor neurons
degenerate both in a cell-autonomous and non-cell-autonomous manor. 1) Mislocalization and cytoplasmic
inclusion of the RNA binding protein TDP-43 is a common pathological hall-mark of ALS, implicating aberrant
RNA metabolism in ALS. This is supported by genetic finding that mutations in other genes involved in RNA
metabolism can cause ALS. These genes are: SETX, TARDBP, FUS, TAF13, EWSR1, hnRNPA1, hnRNPA2B1
and MATR3. Although C9ORF72 does not function as RNA binding protein, the ALS-causing repeat expansion
mutation in this gene resulted in formation of RNA foci and sequestered RNA binding proteins. 2) Ubiquitin
positive, p62 positive inclusions are frequently observed in ALS pathological studies, indicating defects in protein
quality control machineries (autophagy and proteasome). Mutations in genes regulating autophagy and
proteasome function have been implicated in ALS. Such genes include VCP, OPTN, SQPSTM1\p62, UBQLN2,
C9ORF72, SIGMAR1 and TBK1. The exact role of C9ORF72 in autophagy is currently elusive. 3) Mutations in
multiple genes regulating vesicle trafficking can cause ALS. These genes are: ALS2, VAPB, CHMP2B, FIG4,
SPG11 and ATXN2. 4) Related to the subcellular trafficking, genes encoding cytoskeleton and motor proteins
can also cause ALS. These gene are: neurofilament heavy chain (NFH); a dynein binding protein dynactin
subunit 1 (DCTN1); intermediate filament peripherin (PRPH); actin binding protein profilin 1 (PFN1) and alpha
tubulin subunit 4A (TUBA4A). 5) The presence of excessive excitatory neurotransmitter glutamate in the
synaptic cleft causes over stimulation of the postsynaptic motor neuron, which alters cytoplasmic calcium load
and triggers apoptosis. Deficiency in astrocyte glutamate recycling is an essential contributor to the
excitotoxicity, and therefore lead to non cell-autonomous neurodegeneration. 6) Endoplasmic reticulum (ER)
participates in protein synthesis, post-translational modifications and secretion. Accumulation of unfolded protein
and defective protein secretion can trigger ER stress, which further activates the unfolded protein response
pathway (UPR). ER fragmentation and activation of molecular pathways downstream of ER stress and UPR
have been observed in ALS models. 7) Oxidative stress and mitochondria dysfunction are two other affected
pathways well documented in ALS. The copper-zinc (Cu/Zn) superoxide dismutase SOD1 is one of the enzymes
that are capable of detoxify reactive oxygen species (ROS), although the ALS causing mutations in this gene are
thought to cause the disease through a gain-of-toxicity mechanism. CHCHD10 is a recently identified ALS linked
gene, the product of which is thought to be involved in the maintenance of mitochondria structure. 8)
Neuroinflammation may also contribute to motor neuron degeneration in ALS in a non-cell autonomous manor.
Reactive astrocyte (astrogliosis or astrocytosis) and reactive microglia (microgliosis) can have toxic effects on
motor neurons (detailed later in the ‘Immune system alterations in ALS’ section).
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Table 1
Category by
Function

	
  
	
  
	
  
ALS-linked
Gene

Function

Implication in
Other Diseases

Year of
Discovery

Method of
Discovery

SETX (36)

DNA/RNA helicase;
Transcription regulation
DNA/RNA binding;
Regulation of splicing,
transcription, and
microRNA biogenesis
DNA/RNA binding;
Regulation of splicing, and
transcription
RNA and single stranded
DNA binding;
Transcription initiation

Spinocerebella
ataxia (37,38)
FTD

2002

Linkage

2008

Candidate
gene;
Linkage

AFH (39)

2009

Extraskeletal
Myxoid
Chondrosarcoma
(EMC) (41)
Ewing Sarcoma
(43)
IBMPFD3 (44)

2011

Candidate
gene;
Linkage
Candidate
gene

2013

Candidate
gene
WES

IBMPFD3 (44)

2013

WES

--

2014

WES

IBMPFD (48)

2010

Candidate
gene

Glaucoma 1 (50)
Paget’s disease of
bone (51)

2010

Homozygosity
mapping

Paget’s disease of
bone (51)

2011

Candidate
gene

--

2011

Linkage

TARDBP (20)

FUS (17,18)

TAF15 * (40)

RNA
metabolism

EWSR1 * (42)
hnRNPA1 * (44)

hnRNPA2B1 *
(44)
MATR3 (45,46)

VCP (47)

OPTN (49)

Protein
quality control
(Autophagy/
Proteasome)

SQSTM1 (52)

UBQLN2 (53)

	
  

RNA binding; Putative
transcription repressor
Nucleocytoplasmic
transport of mRNA; premRNA processing
Nucleocytoplasmic
transport of mRNA; premRNA processing
RNA metabolism;
Regulation of
transcription; Defective
RNA nuclear retention
AAA+ ATPase, involved in
proteasome, autophagy,
vesicle trafficking
Autophagy; membrane
trafficking; implicated in
the regulation of INFβ and
TNFα signaling
Autophagy receptor;
implicated in NF-κβ
signaling
Regulation of ubiquitinproteasome system,
autophagy and ERassociated protein
degradation (ERAD)
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Table 1 (continued)
Category by
Function

Protein
quality control
(Autophagy/
Proteasome,
continued)

	
  
	
  
	
  

ALS-linked
Gene

Function

Implication in
Other Diseases

Year of
Discovery

Method of
Discovery

C9ORF72
(54,55)

DENN domain protein with
putative Rab GEF;
implicated in autophagy
regulation

2011

Linkage;
GWAS

SIGMAR1 (58)

Lipid and mitochondria
transport; implicated in
BDNF and EGF signaling
Serine/threonine kinase;
regulates autophagy, NFκβ signaling and
inflammatory response
Guanine nucleotide
exchange factor

FTD; Alzheimer’s
disease (56);
Huntington
disease
phenocopy (57)
dHMN (59,60)

2011

Glaucoma (62)

2015

Homozygosity
mapping
WES

Juvenile primary
lateral sclerosis
(64); Infantileonset ascending
spastic paralysis
(65)
Spinal muscular
atrophy (66)
FTD (68)

2001

Linkage

2004

Linkage

2006

Linkage

Charcot-MarieTooth disease 4J
(70)

2009

Candidate
gene

Spastic paraplegia
11 (72)

2010

Spinocerebella
ataxia 2 (74)

2011

Linkage,
Candidate
gene
Candidate
gene

TBK1 (61)

ALS2 (63,64)

VAPB (66)

Unfolded protein response

CHMP2B (67)

Component of the
ESCRT-III complex
involved in endosomal
sorting and multivesicular
body formation
Polyphosphoinositide
phosphatase; regulates
endosomal trafficking and
multivesicular body
formation
Spatacsin; involved in
cytoskeleton stability and
synaptic vesicle transport
EGFR trafficking, EGFR
endocytosis

Trafficking
FIG4 (69)

SPG11 (71)

ATXN2 (73)
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Table 1 (continued)
Category by
Function

ALS-linked
Gene

Function

Implication in
Other Diseases

Year of
Discovery

Method of
Discovery

NFH (75)

Neurofilament heavy
chian, has an important
function in mature axons
Dynein and microtubule
binding protein, regulate
dynein-mediated
retrograde transport
Neuronal intermediate
filament
Affects actin
polymerization and
cytoskeleton structure;
Inhibits HTT aggregation
Alpha tubulin, major
component of
microtubules
Cu-Zn superoxide
dismutase, plays a role in
mediating oxidative stress
Binds to endothelial cell
surface actin; plays a role
in vascularization
Receptor tyrosine kinase,
interacts with neuregulin
and is involved in multiple
aspects of cell function
Maintenance of
mitochondria structure

--

1994

Candidate
gene

dHMN (76)

2003

Linkage

--

2004

--

2012

Candidate
gene
WES

--

2014

WES

--

1993

Linkage

Parkinson’s
disease (risk gene)
(81)
Melanoma (83)

2006

Candidate
gene

2013

WGS

Spinal muscular
atrophy (86);
IMMD (87)

2014

WES

DCTN1(76)

Peripherin * (77)
Cytoskeleton/
Motor protein

PFN1 (78)

TUBA4A (79)

SOD1 (13)

ANG (80)

Other

	
  
	
  

ERBB4 (82)

CHCHD10
(84,85)

Table 1. Genes implicated in ALS. Genes are grouped according to their main proposed function.
*: a causative role between mutations in the gene and ALS has not been established. Function of the
gene is summarized from Uniprot database. GWAS: Genome-wide association study; WGS: whole
genome sequencing; WES: whole exome sequencing. AFH: angiomatoid fibrous histiocytoma ;
IBMPFD: Inclusion body myopathy associated with Paget disease of bone and frontotemporal
dementia; dHMN: distal hereditary motor neuropathy; IMMD: isolated mitochondrial myopathy,
autosomal dominant.
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RNA metabolism
Multiple genes that function in RNA metabolism have been implicated in ALS (Table 1).
Among these genes, TARDBP (encoding TDP-43) and FUS are the most broadly studied. TDP43 is a heterogeneous nuclear ribonucleoprotein (hnRNP) and is predominantly localized to the
nucleus. It binds RNA and regulates multiple stages of RNA homeostasis, including nuclearcytoplasmic RNA transport, splicing, microRNA biogenesis, translation regulation, and the
formation of cytoplasmic stress granules during various cellular stresses (22). Thousands of
RNAs are targets of TDP-43, including many genes implicated in ALS, such as Fus, EAAT2,
ALSIN, VAPB, VCP and CHMP2B (88). The expression of TDP-43 is self-regulated: it binds to
the 3’UTR and triggers non-sense mediated decay of its own pre-mRNA (88,89). Being a gene
involved in regulating the expression of a wide-range of gene, it is not surprising that any
alteration in TDP-43 expression level can be toxic. In fact, both induction and suppression of
TDP-43 expression are neurotoxic in vitro and in vivo (40-45). Known ALS-causing mutations in
TDP-43 are clustered at the C-terminal glycine-rich domain (90), which is predicted to be
unstructured and contains a glutamine/asparagine-rich region with prion-like properties (91).
Functionally, this region is essential for the interaction between TDP-43 and its target genes and
for the regulation of RNA granule assembly (92). In both sporadic and familial ALS (with the
exclusion of ALS with SOD1 mutation), TDP-43 is hyper-phosphorylated and translocates from
the nucleus to the cytoplasm. TDP-43 positive and ubiquitin positive inclusions are frequently
found in both the nucleus and cytoplasm of the affected neurons and glial cells (30,31). Thus both
loss of TDP-43 nuclear function and gain of cytoplasmic toxicity have been proposed to explain
the mechanism of ALS.
FUS is another DNA- and RNA- binding protein that shares structural and functional
similarity with TDP-43. ALS-associated mutations in FUS are predominantly found in either the
prion-like domain or the C-terminal region containing the nuclear localization signal (NLS) (17,18).
Mutant FUS translocates from the nucleus to the cytoplasm (18), and forms FUS-positive
cytoplasmic inclusions in the neurons and glial cells (93), implicating that loss of FUS nuclear
function could contribute to the ALS disease mechanism. In addition, mutant FUS itself could be
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toxic. Overexpression of human mutant FUS R521C led to gliosis, neurodegeneration, paralysis
and reduced survival in rats (94). This particular mutant FUS was capable of interacting with the
RNA of brain-derived neurotropic factor (Bdnf) and cause abnormal splicing (95).
Two additional heterogeneous nuclear ribonucleoproteins, hnRNPA1 and hnRNPA2B1
have also been implicated in ALS (44). Both proteins interact with the C-terminal domain of TDP43 (96). The causative mutations were found in the prion like domain of these two proteins. The
mutant proteins were more likely to form fibrils and were recruited to the stress granules (44).
In addition to the genes directly involved in the regulation of RNA homeostasis (listed in
Table 1), C9ORF72 HRE mutation could also provoke RNA toxicity. This mutation causes the
formation of RNA foci, which may sequester RNA binding proteins (97,98). Consistently, the
presence of the HRE has been associated with expression changes in genes involved in RNA
splicing and altered global splicing profile (99). To further support the dysregulated RNA
metabolism as a common pathological mechanism in ALS, aberrant RNA splicing has been
observed sporadic ALS (100,101).
Collectively, these findings indicate the importance of proper RNA metabolism in
maintaining the health of the nervous system. Considering the fact that motor neurons are longlived post-mitotic cells with extensive processes, it is not hard to understand that alterations in
RNA homeostatic pathways, such as RNA transport, local RNA translation, and RNA stress
granule, may play a role in neurodegeneration.

Protein quality control by autophagy and proteasomes
The next major group of genes implicated in ALS has function in the protein quality
control machineries: the proteasome and the autophagy (Table 1).
As p62 positive inclusions are frequently found in ALS post mortem tissues, SQSTM1,
the gene encoding p62 was screened and ALS-associated mutations were identified (52). These
mutations spread throughout the coding sequence. p62 is an autophagy receptor protein. Similar
to other autophagy receptors, it binds ubiquitinated autophagy cargo through its ubiquitinassociated domain (UBA) and brings the cargo to the autophagosome by interacting with LC3-II
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on the autophagosome membrane through its LC3-interacting region (LIR) (102). In addition, p62
also participates in targeting poly-ubiquitinated protein for proteasome degradation (103).
OPTN (encoding optineurin) was identified as an ALS-associated gene in 2010 (49),
accounting for approximately 3% of familial ALS and less than 1% of sporadic cases (22). The
ALS-associated mutations in OPTN comprise null alleles, nonsense mutations, frame shift
mutations and exon truncation mutations (49,104), implicating a loss of function or insufficiency
mechanism. Optineurin is another autophagy receptor. It is capable of delivering ubiquitinated
cargo to the autophagosome through its ubiquitin-binding domain and LC3-interacting region
(LIR) (105).
Both p62 and OPTN interact with TANK-Binding Kinase 1 (TBK1). TBK1 is capable of
stimulating receptor-mediated autophagy by phosphorylating the ubiquitin-binding domain and
LC3-interacting region of p62 and OPTN. Whole exome sequencing of large cohort of ALS
patients and control individuals identified TBK1 as an ALS gene (61). Loss-of-function mutations
in TBK1 segregated with ALS (106). These mutations resulted in reduced expression of TBK1 or
loss of interaction between TBK1 and OPTN (106).
Whole exome sequencing also identified VCP encoding valosin-containing protein as an
ALS gene (47). VCP is an AAA+ (ATPases associated with multiple cellular activities) ATPase
and is involved in various cellular processes. It is required for autophagosome maturation and
auto-lysosome fusion (107). It also mediates ubiquitinated protein degradation by the proteasome
system (108). Expression of VCP R155H, an ALS mutant, led to mislocalization of TDP-43 in the
cytoplasm (109).
The next ALS associated gene in this category is the X-linked gene UBQLN2, encoding
ubiquilin-2 (53). Ubiquilin-2 comprises an N-terminal ubiquitin-like domain, followed by a PXX
domain that mediates protein interactions and a C-terminal ubiquitin-associated domain (110),
which enables Ubiquilin-2 to deliver poly-ubiquitinated protein to the proteasome for degradation
(111). It is also involved in autophagy (112) and ER-associated protein degradation machinery
(113). Ubiquilin-2 positive inclusions are frequently detected in the spinal cord and hippocampus
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of ALS and FTD patients with or without mutation in UBQLN2 (53), indicating a more general role
of this protein in ALS pathogenesis.
The repeat expansion mutation in C9ORF72 resulted in a reduction in C9ORF72
expression (54,97,114-116), implying that C9ORF72 insufficiency could be harmful. Although the
understanding of C9ORF72 function remains illusive, it is thought to function in the regulation of
autophagy by interacting with the ULK1-FIP200-ATG13 autophagy initiation complex (117-119).
In fact, loss of C9orf72 could result in the accumulation of autophagy receptor p62 and
autophagosome membrane protein LC3-II (120), supporting a possible role of C9ORF72 in this
pathway.
By taking a closer look at the genes mentioned in this section, we would find two
intriguing points. First, p62, OPTN and VCP have all been implicated in Padget’s disease of the
bone (PDB), a condition that affects bone remodeling and compromises the integrity of bone
(22). The mutations found in Padget’s disease of bone overlap with the ALS-associated
mutations. In addition, although not a genetic cause, abnormal function of TBK1 may contribute to
PDB through dysregulated Il-6 expression and secretion (121). Such observations indicate a
common pathogenic mechanism ALS caused by mutation in these genes. However, why a same
mutation can cause two different diseases and what are the underlying discriminants are unclear.
A second note-worthy point is that many of the genes mentioned above participate in the NF-κB
signaling pathway and may affect the immune system (122-125), which implicates a role of
autophagy in modulating inflammation and a role of the immune system in ALS pathogenesis.

Vesicle trafficking
The most prevalent gene in ALS, C9ORF72, encodes a protein that is structurally similar
to the DENN domain proteins (126). It could thus function as a GTP/GDP exchange factor (GEF)
for Rab GTPases and regulate endosomal trafficking. Such observation raised the interest to look
for changes in vesicle trafficking in ALS.
In fact, ALS2, encoding a guanine nucleotide exchange factor for early endosome marker
Rab5 is the second identified ALS-linked gene (63). Frame-shift mutations in ALS2 cause
autosomal recessive form juvenile onset ALS (63), indicating a loss-of-function mechanism. To
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strengthen this idea, Als2 knockout mice were found predisposed to age-dependent
neurodegeneration and motor dysfunction (127). Two additional genes that have established
function in regulating vesicular trafficking have also been implicated in ALS: CHMP2B (67,128)
and FIG4 (69) (Table 1). CHMP2B encodes charged multivesicular body protein 2B. It is a
component of the ESCRT-III complex and mediates endosomal sorting (129). FIG4 is a
phosphatase that regulates retrograde transport of the endosome to trans-Golgi network by
affecting the availability of the signaling molecule PI(3,5)P2 (69,130). A less well characterized
gene that may potentially be classified in this group of genes is VAPB. Mutations in VAPB are
found in a small population of ALS patients (66,131). The protein encoded by this gene is a
member of the VAMP (Vesicle-associated membrane protein)–associated family of ERmembrane proteins. Another member of this family of proteins is known to regulate late
endosome trafficking (132). The function of VAPB is not well characterized but is thought to have
an effect on protein trafficking, unfolded protein response and ER stress (131,133,134).

Cytoskeleton and motor proteins
Cytoskeleton and motor proteins are important for neurons as they maintain cellular
morphology and supports nutrient transport. They also provide structural basis for subcellular
trafficking. Established ALS-associated genes in this category comprise: DCTN1, encoding
dynactin subunit 1, a key protein in dynein-mediated retrograde vesicle trafficking (76); PFN1,
encoding profiling that regulates actin polymerization (78). Mutations in tubulin alpha 4A chain
(TUBA4A) (79) and neuronal intermediate filament protein peripherin (77) have been observed in
ALS patients. But whether or not they are an ALS causative gene requires further confirmation.

Other pathways implicated in ALS pathogenesis
In addition to the pathways implicated by ALS genetics, excitotoxicity, ER stress and
unfolded protein response (UPR), oxidative stress and mitochondrial dysfunction have been
implicated in ALS
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Excitotoxicity
Excitotoxicity in motor neurons is caused by the presence of excessive excitatory
neurotransmitter glutamate. Both over-production of glutamate and decreased clearance of
extracellular glutamate may lead to increased glutamate concentration in the synaptic cleft. High
concentration of glutamate can lead to over stimulation of the neurons, which, if not resolved,
+

may subsequently lead to a large amount of Na and Ca

++

influx (135). Increased cytoplasmic

calcium concentration may trigger mitochondria calcium uptake and release of mitochondrial
cytochrome c, which subsequently activates the apoptotic pathway and neurodegeneration (136).
Motor neurons are particularly vulnerable to glutamate toxicity as they have relatively low calcium
buffering capacity and high number of calcium permeable glutamate receptor AMPAR (135).
Consumption of excitotoxins may give rise to selective motor neuron death (135). Excitotoxicity in
ALS is likely due to a defect in glutamate clearance by astrocyte. It has been proposed as an ALS
pathogenic mechanism since the early 1990s based on Rothstein’s seminal findings that
glutamate transport was decreased (137), and that EAAT2/GLT, the astrocyte glutamate
importer, was lost in affected area in ALS patient samples (138). Increased extracellular
glutamate concentration has been detected in the extracellular fluid from SOD1 G93A mouse
cortex (139) and the cerebrospinal fluid (CSF) and plasma from ALS patients (140). In addition,
the CSF from ALS patients caused increased intracellular calcium concentration in cultured motor
neuron (141). The ALS CSF also caused motor neuron death in cell culture and this effect was
rescued upon suppression of excessive neuronal excitation through inhibition of the AMPA
receptors (142). More recently, using induced pluripotent stem cell (iPSC) derived from patient
fibroblast, it has been shown that ALS iPSC neurons had increased susceptibility to excitotoxicity
(97,143). Based on these findings, Riluzole was developed and eventually approved for treating
ALS through suppression of excitotoxicity. However, it failed to prevent death or to slow down the
progression over a long period in ALS patients, implicating that excitotoxicity might not be the
sole disease mechanism in ALS.
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Endoplasmic reticulum (ER) stress and unfolded protein response
(UPR)
ER is the site of protein biosynthesis, post-translational modifications, folding and
secretion. Accumulation of misfolded protein or defective secretory pathway through the Golgi
apparatus can disrupt the normal physiological balance of ER and lead to ER stress. The UPR
becomes activated under sustained ER stress (144). Upon UPR activation, the expression of
chaperones is enhanced to improve protein folding. The global translation machinery is
suppressed to limit influx into the ER and the protein degradation pathways are activated, both to
reduce the protein load in the ER lumen. If ER stress persists under these measures, the UPR
then triggers the mitochondrial apoptotic pathway (145,146). ER stress and UPR have been
implicated in many neurodegenerative diseases, including Alzheimer disease (AD), Parkinson
disease (PD), Huntington disease (HD), and prion diseases (147). In ALS, ER fragmentation,
disrupted ER cisternae structure, and abnormal deposits in the ER lumen have been reported in
patient postmortem tissue samples and the SOD1 G93A transgenic mouse model (148-150).
Accumulation of misfolded protein and impairment in protein secretory pathway could be the
triggers of ER stress in ALS. Cytoplasmic protein inclusions containing TDP-43, ubiquitin, p62 are
frequently seen in the majority of ALS cases, supporting a contribution of misfolded protein to the
manifestation of ER stress in ALS. In addition, Golgi fragmentation is an early pathological
change that precedes the onset of ER stress and neurodegeneration in both ALS patients and
mouse model (151,152). Expression of mutant SOD1 was capable of interrupting the ER to Golgi
trafficking in cells (153), supporting that disrupted protein secretory pathway may play an
important role in triggering ER stress in ALS. ER stress results in the activation of three major
downstream sensors: protein kinase PERK, inositol requiring enzyme IRE1 and activating
transcription factor ATF6, which in turn triggers UPR. Activation of all the three ER stress sensors
have been reported in mutant SOD1 transgenic mouse models and mutant SOD1 expressing
cells (154-156). ER stress and UPR have also been found in models carrying other ALS-linked
gene mutations (157-159), indicating ER stress and UPR activation may be general pathological
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features in ALS. However, whether the ER stress and UPR is a cause or a result of
neurodegeneration is yet unclear.

Oxidative stress and mitochondria dysfunction
Reactive oxygen species (ROS) are normal by-product of aerobic metabolism. When the
production of ROS exceeds the cell’s anti-oxidant capacity, excessive ROS becomes harmful and
results in oxidative stress. Protein, lipid and DNA are all affected under oxidative stress. It can
lead to protein conformational change and loss of enzymatic activity, oxidization of unsaturated
fatty acids and alteration in membrane structure, and DNA damage and mutation. Superoxide
dismutases (SOD) are among the enzymes that are capable of detoxifying ROS. There are two
eukaryotic SODs: the copper-zinc (Cu/Zn) SOD1 mainly located in the cytoplasm; and the
manganese (Mn) SOD2 found in the mitochondrial matrix. Increased level of oxidative damage
marker 3-nitrotyrosine has been observed in ALS postmortem tissues (160-162), as well as
markers for oxidative damage to DNA (163), proteins and lipid (164).
Oxidative stress is tightly linked with the mitochondria function, as mitochondria are both
a major source of ROS and a target of oxidative damage (165,166). ROS can cause
mitochondrial DNA damage (167). Some of the components of the mitochondrial electron
transport chain complexes are encoded by the mitochondrial DNA (168). Therefore ROS can
cause direct damage to the protein components of the electron transport chain (169,170). In
addition, ROS may cause lipid peroxidation and thus alter mitochondria membrane structure and
permeability (165). Another major consequence of oxidative stress is the alterations of
intracellular calcium balance when calcium binding proteins and calcium transporters are affected
by ROS. Mitochondrial calcium overload would then lead to cytochrome c release by
mitochondria into the cytoplasm and trigger the apoptosis machinery (171). Hundreds of
mutations in SOD1 can cause ALS, probably through a gain of toxicity mechanism. ALSassociated mutant forms of SOD1 preferentially accumulated in the mitochondria (172). Targeted
expression of mutant SOD1 in the mitochondria was sufficient to trigger apoptosis in
neuroblastoma cells, whereas expression of SOD1 in the nucleus or ER did not cause cell death
(173). Mutant SOD1 expression also led to mitochondrial swelling and vacuolization (174),
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dysfunction in mitochondrial respiratory reactions, and signs of oxidative stress (175). Although
mitochondria defect was initially well established in SOD1-ALS models, it has been generalized to
ALS associated with other genetic mutations (176). Disrupted mitochondria structure, abnormal
mitochondria quantity and localization, and defect in electron transport chain activity have been
described in both fALS and sALS cases (177).
Anti-oxidants may thus be beneficial to ALS patients. Vitamin E have been tested in ALS
clinical trials, but failed to provide significant improvement, possibly due to low bio-availability to
the central nervous system (CNS) (166). Although several anti-oxidants tested in clinical trials
failed to prove efficacy, the newest approved ALS drug, Edaravone (also known as Radicut,
initially used in stroke recovery), is known to have anti-oxidative effect (10).

Autophagy dysregulation in ALS
The auto-lysosome pathway
Autophagy is a lysosomal degradation pathway that is responsible for the clearance of
misfolded protein aggregates, cytoplasmic debris, defective organelles, and other cytosolic
constituents. There are three forms of autophagy: macroautophagy, microautophagy and
chaperon-mediated autophagy (Figure 1.2). Macroautophagy is the best-characterized type of
autophagy and is the most relevant type in neurodegeneration. Nutrient deprivation can activate
macroautophagy through inhibition of the mammalian target of rapamycin (mTOR) signaling
pathway (178). During macroautophagy, cellular components are engulfed by the doublemembrane organelle called autophagosome and delivered to the lysosome for degradation. In
contrast, the two other types of autophagy do not involve the formation of autophagosome. In
microautophagy, lysosome membrane invaginates around the cytoplasmic cargo for degradation.
In chaperone-mediated autophagy, soluble cytoplasm proteins with KFERQ signal sequence are
recognized by HSC70 and its co-chaperones. The chaperone-protein complex binds to receptors
on the lysosome membrane. The target protein is unfolded and translocate into the lysosome for
degradation (179).
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Figure 1.2

Figure 1.2. The autophagy pathway. There are three types of autophagy. During macroautophagy,
cytosolic components are engulfed by the phagophore. The phagophore membrane elongates and
eventually forms mature autophagosome. Endosomes may fuse with autophagosome to form amphisome.
Both mature autophagosome and amphisome eventually fuse with lysosome for degradation. In selective
macroautophagy, autophagy receptor proteins, such as SQSTM1\p62, OPTN, brings poly-ubiquitinated
cargo to autophagosome membrane protein LC3-II. Mitochondria and protein aggregates can undergo
cargo-specific selective autophagy (termed as mitophagy and aggrephagy respectively). In microautophagy,
lysosome membrane directly invaginates cytoplasmic constituent for its degradation. In chaperone-mediated
autophagy, soluble cytoplasm proteins with KFERQ signal sequence are recognized by HSC70. The
chaperone-protein complex binds to LAMP-2A on the lysosome membrane. The target protein is then
unfolded and translocates into the lysosome for degradation. The two latter types of autophagy do not
involve formation of autophagosome.
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Macroautophagy
Macroautophagy (henceforward referred as autophagy) is composed of three major
steps: 1) phagophore nucleation, 2) elongation of the phagophore membrane and 3) fusion of
mature autophagosome with endosome and lysosome.
The location and mechanism of mammalian autophagosomes nucleation remains
unclear. In mammalian cells, autophagosomes emerge from multiple locations. It has been
suspected that endosomes, Golgi apparatus, and ER may contribute to the initial formation of the
double membrane phagophore (180). The nucleation step requires three core proteins: ULK1,
FIP200 and ATG13, the mammalian homologues of yeast Atg1, Atg17 and Atg13 respectively
(181). The activation of the nucleation depends on a delicate network of phosphorylation of the
protein components of initiation complex (178). Upon activation of the initiation complex, the PI3K
(phosphoinositide-3 kinase) complex is recruited. Together the two complexes regulate the
formation of phagophore.
The elongation step requires the ubiquitin-like modification of LC3 (microtubuleassociated protein light chain), homologue of yeast Atg8. Newly synthesized LC3 is cleaved at
the C-terminus to form cytosolic LC3-I. LC3-I is then conjugated to phosphatidylethanolamine
(PE) to form LC3-II. This reaction is facilitated by ATG3, an ubiquitin ligase E2-like enzyme. The
lipidated LC3-II is then recruited to both sides of the autophagosome membrane, facilitating the
elongation and eventually the closure of the autophagosome (180). During this stage, cytosolic
constituents are incorporated into autophagosome.
Mature autophagosomes can then fuse with endosomes to form amphisomes or with
lysosomes to form auto-lysosomes. Amphisomes will eventually fuse with lysosomes as well. The
autophagic cargo is then degraded by lysosomal hydrolases. Rab GTPases play an essential role
in these fusion processes (182) (Figure 1.2).

Selective autophagy
Autophagy is generally thought to be a non-specific bulk degradation pathway. However,
defective organelles and protein aggregates can be degraded via a selective form of
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macroautophagy. To name a few types of selective autophagy, mitophagy is the process of
autophagic clearance of defective mitochondria; zymophagy is the process of the autophagic
degradation of secretory granules, and aggrephagy is the process of degrading insoluble protein
aggregates (180). In general, selective autophagy is mediated by autophagy receptor proteins.
These proteins contain two essential domains: a LC3-interacting region (LIR) and a ubiquitinbinding domain (183). This structural feature enables the receptor proteins to recognize
ubiquitinated cargo and bring them to the autophagosome via interaction with the
autophagosome membrane protein LC3. As mentioned above, sequestosome 1/p62 and
optineurin are both examples autophagy receptor proteins that are affected in ALS (Figure 1.2).

Autophagy in ALS
Neurons are large, arborized post-mitotic cells. As a result, they rely on proper autophagy
function for maintain their normal physiological activity. Neural specific suppression of autophagy
resulted in behavioral abnormalities, motor dysfunction, progressive neurodegeneration and
accumulation of protein aggregates (184). Whole-body autophagy suppression is neonatal lethal
in mice. The lethality can be rescued by restoring autophagy only in the neurons (185), indicating
the primary cause of death is abnormal neural development as a result of autophagy ablation. It
is

thus

not

surprising

that

autophagy

dysfunction

has

been

implicated

in

multiple

neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease, Huntington
disease and ALS (186,187).
Apart from the genetic evidence detailed previously, the autophagy alteration has been
observed in patient postmortem studies, cellular and animal models of ALS. Accumulation of p62
and LC3-II positive inclusions has been observed in the postmortem spinal cord of sporadic ALS
patients (188). The expression of TFEB, transcription factor regulating lysosome biogenesis, was
found gradually decreased over time in SOD1-G93A ALS mouse spinal cord, and as well as the
expression of Beclin-1, an essential component of the autophagosome (189). These observations
indicated insufficient lysosomal turnover of the autophagosome component could be an
underlying pathogenic mechanism of ALS. Autophagy induction could therefore be beneficial in
ALS, and in consistency, it has been shown that autophagy can degrade misfolded SOD1 and its
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inhibition resulted in exacerbated SOD1 mediated toxicity both in cellular and mouse models of
ALS. (190,191). In contrast, autophagy induction by TFEB overexpression enhanced the survival
of cells expressing mutant SOD1 (189). In addition, the TDP-43 mediated toxicity seen in ALS
may involve autophagy disregulation, as ATG7 was shown to be a target of TDP-43.
Suppression of TDP-43 by RNA interference resulted in the reduction of ATG7 expression.
Consistently, knockdown of TDP-43 altered autophagic flux and led to the accumulation of
ubiquitinated proteins and autophagy marker p62 (192). Loss of TDP-43 may also affect autolysosome fusion by reducing the expression of an ALS-implicated motor protein Dynactin 1 (193).
On the other hand, autophagy induction in TDP-43 transgenic mouse model of FTD\ALS
enhanced neuronal survival and alleviated the progression of cognitive and motor decline (194).
Such observations are of particular interest in ALS as loss of TDP-43 nuclear function has been
propose as one of the common pathogenic mechanisms across different forms of ALS with or
without TDP-43 mutation.

Crosstalk between autophagy and other disrupted pathways in ALS
As described previously, motor protein mediated cellular trafficking, aberrant RNA
metabolism, ER stress, mitochondria dysfunction, and oxidative stress have all been implicated in
the pathogenic mechanism of ALS. These pathways may converge toward autophagy.
In neurons, autophagosomes are formed along the axon and preferentially in the distal
part of axon (195). They undergo retro-transported the cell soma and fuse with lysosome for
degradation (195). The dynein family of retrograde cytoskeletal motor proteins thus plays an
important role in this process. Dynactin, or dynein activator complex is essential for the activity of
dynein. Mutations in DCTN1, a dynactin subunit, can cause ALS (76). The expression of DCTN1
was found decreased in sporadic ALS spinal motor neurons (196). Reduction of C. elegans
homologue of DCTN1 impaired the trafficking of autophagosome and caused neurodegeneration
(196). It is thus possible that defect retrograde transport of autophagosome or autophagosome
fusion with the lysosome may be the central mechanism the neurodegeneration associated with
DCTN1 mutation or reduction.
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Under stress conditions, mRNAs are sequestered in cytosolic stress granules, a type of
ribonucleoprotein granule. Inhibition of autophagy impaired the clearance of stress granules
(197). Thus the appearance of stress granule in ALS could be a consequence of aberrant
autophagy function. Alternatively, stress granule itself could be deleterious to neurons. In both
cases, restoring autophagy function might ameliorate toxic effect associated with stress granules.
Accumulation of unfolded protein triggers ER stress. Unsurprisingly, autophagy can be
induced in response to ER stress. The activation transcription factor 4 (ATF4) functions in
response to ER stress and induces the expression of multiple essential autophagy genes,
including LC3, BECN1, ATG5, ATG7 and SQSTM1 (198). ER stress is also capable of induce
autophagy through the inhibition of mTOR (199). One could also imaging that autophagy
dysfunction may further promote accumulation of unfolded proteins and thus exacerbate ER
stress. Thus ER stress and dysfunctional autophagy may create a positive feed back loop and
result in deleterious effects.
Mitochondrial dysfunction has been described in ALS for a long time (200). Accumulation
of defective mitochondria has been observed in ALS animal models and patient spinal cord (201),
which might reflect a deficiency in mitophagy. The autophagy receptor OPTN is recruited to
ubiquitin marked mitochondria and facilitates autophagosome formation around the damaged
mitochondria. Loss of OPTN prevented the recruitment of LC3 and inhibited autophagic clearance
of defective mitochondria. Importantly, ALS-associated mutant OPTN has lost its function in
regulating mitophagy (202).
Mitochondrial dysfunction can lead to oxidative stress through the production of reactive
oxygen species (ROS) (203). Excessive cellular ROS can trigger autophagy (204,205), including
mitophagy. Defective auto-lysosome function can in turn lead to accumulation of ROS and
therefore intensify oxidative stress (206-208). Unresolved oxidative stress may then trigger further
mitochondrial damage (209). Thus mitochondria dysfunction, oxidative stress and aberrant
autophagy would form a vicious circle, which could be detrimental to neurons.
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Autophagy as a potential ALS drug target
Autophagy is therefore an intriguing drug target for ALS and potentially other
neurodegenerative disease. Several autophagy inducers (rapamycin (194,210), trehalose
(211,212), lithium (213,214)) have been tested in animal models of ALS. However, the results
were controversial. The differences could be due to off-target effect of some autophagy inducers,
such as rapamycin. Also different ALS animal models have been applied in these drug studies.
Thus animal genetic background could intervene with the outcome. In addition, autophagy
modulation might be beneficial to specific subtypes of ALS linked with specific genes. Ongoing
researches are trying to identify new autophagy inducers with better on-target effect and
specificity. When tested in cellular animal models, several compounds showed encouraging
results for being able to reduce TDP-43 immunoreactive aggregates, improve cell survival, and
delay the progression of motor dysfunction in ALS animal models (194,215,216). The most
frequently tested compounds act to induce bulk autophagy. However a targeted modulation of
cargo-specific autophagy might be more beneficial in the case of ALS. For instance, mitophagy
activation in ALS cases with mutations in autophagy receptors OPTN and SQSTM1 could
beneficial. For such purpose, mechanism of cargo-specific autophagy needs to be elucidated and
small molecule modulators of these pathways need to be identified.

Immune system alterations in ALS
In addition to intrinsic abnormalities of the motor neurons, the immune system may
contribute to the progression of ALS through a non-cell autonomous mechanism. Reactive glial
cells, systemic inflammation, and autoimmune abnormalities are commonly seen in ALS and
other neurodegenerative disorders.
Astrocytes, microglia and oligodendrocytes are the most represented glial cell
populations in the CNS. Astrocytes support neuronal survival and function by secreting trophic
factors, and by maintaining the balance of extracellular ions and neurotransmitters. They also
participate in the repair of injured neurons. Microglia are specialized resident macrophages in the
CNS. In physiological conditions, they protect the CNS by detecting and clearing foreign materials

	
  

24	
  

such as infectious agents, abnormal extracellular protein aggregates, and damaged neurons.
Oligodendrocytes form the myelin sheath around the neurons in the CNS to provide structural
support and insulation.
In neurodegenerative conditions such as ALS, astrocytes and microglia become
activated. Both cell types acquire a different reactive morphology in the diseased neuronal
tissues: astrocytes develop elaborated fine processes and microglia adopt an amoeboid
morphology with enlarged cell body (217). The expression of reactive astrocyte marker GFAP,
and reactive microglia marker IBA1 and CD68 have been found intensified in the degenerating
brain and spinal cord (217). Consistently, activated microglia secret proinflammatory cytokines,
such as tumor necrosis factor TNFα and interferon γ (IFNγ), to trigger downstream inflammatory
response and eventually the death of motor neurons (218). Such observations have been made
both in ALS patient samples and in animal models of ALS (218). Activation of microglia and
astrocytes is not merely a secondary response to degenerating motor neurons. In mice carrying
the mutant SOD1 transgene except in the astrocytes, they had delayed disease progression and
prolonged survival (219). Consistently, astrocytes derived from ALS patient fibroblasts showed
toxicity to motor neurons in in vitro co-culture experiments (220). Similarly, suppression of mutant
SOD1 expression specifically in the CD11b-expressing myeloid cells (including but not limited to
microglia and peripheral macrophages) also extended the survival of mutant SOD1 transgenic
mice (221). In addition, mutant SOD1 transgenic microglia exhibited toxicity to motor neurons in
co-culture experiments (222). Collectively, these results suggest that glial activation plays active
role in promoting motor neuron degeneration in ALS in a non-cell autonomous manor.
Inflammatory conditions in ALS are not restrained to the CNS. Signs of systematic
inflammation have been widely reported as well. The blood levels of inflammatory cytokines,
especially TNFα, IL1β, IL6 and IL8, have been consistently found significantly elevated in patients
diagnosed with ALS (223). Additional evidences suggested systematic inflammation could
accompany ALS. The circulatory level of inflammation markers, lipopolysaccharides (LPS), Creactive protein, fibrinogen, leukocyte counts, and neutrophil-to-lymphocyte ratio, were found
elevated in subjects diagnosed with ALS. The concentration of these biomarkers also correlates
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with the severity of disease measured by the ALS functional rating scale (224,225). The
systematic, non-specific inflammation could have harmful effect on the disease progression.
When a mutant SOD1 transgenic mouse model of ALS was challenged with sustained induction
of the innate immune system upon chronic endotoxin treatment, they had exacerbated
neurodegeneration and reduced survival (226).
Consistent with the idea of systematic inflammation, it has been observed that ALS
patient sera can cause motor neuron degeneration in both in vitro and in vivo experimental
settings. Subsequently the immunoglobulins purified from ALS patient serum were identified to
cause the toxicity (227,228). A remarkable difference between the immunoglobulin components in
ALS patient sera versus control sera is the presence of a significant level of auto-antibodies
against various self antigens, including those target myelin myelin (229), synaptic proteins
(228,230), voltage gated calcium channels (231-233), neurofilament (234), and vascular antigens
(235). Such observations linked ALS with autoimmunity. However, partially due to the
heterogeneity of ALS, current results rendered it inconclusive whether or not autoimmunity could
be an underlying pathogenic mechanism of this disease.

Pathogenic mechanisms of ALS caused by the C9ORF72 HRE
In 2011, two different groups independently reported that a GGGGCC hexanucleotide
repeat expansion (HRE) mutation in the C9ORF72 gene could cause ALS (54,55). In general, this
mutation is found in 40% of fALS and 10% of sALS cases. However, the frequency of this
mutation has a big variation among different populations. It is most frequently found in
Scandinavian countries where 46.4% of familial cases and 21.1% of sporadic cases carry the
C9ORF72 HRE mutation. On the contrary, this mutation is rarely found in ALS patients in Asia
(236). Such big variability in mutation frequency could be the result of a founder effect, as all
repeat expansion carriers have the same founder haplotype (236). The C9ORF72 HRE mutation
has incomplete penetrance (237,238), meaning that not all individuals carrying the C9ORF72
HRE would necessarily develop ALS or FTD. However, the penetrance increases with age. One
population-based study looking at data from 1170 individuals suggested that the cumulative
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penetrance of C9ORF72 HRE could be more than 95% by 83 years of age (237). C9ORF72 HRE
ALS cases developed all characteristic neuropathological changes of ALS. Microglia activation
has been detected at all levels of the corticospinal tract of these patients (239). Cytoplasmic
inclusions positive for ubiquitin, p62, OPTN, and TDP-43 have been commonly detected in both
neurons and glial cells of C9ORF72 HRE ALS samples (239). When compared to other forms of
ALS, the C9ORF72 HRE cases showed more prominent p62-positive neuronal cytoplasmic
inclusions in both the motor and extra-motor regions (239). Being the most frequent mutation
associated with ALS\FTD (55,240), a lot of efforts have been focused on deciphering how the
repeat expansion in C9ORF72 causes neurodegeneration. Both gain-of-function and insufficiency
hypotheses have been proposed (Figure 1.3).

Figure 1.3
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Figure 1.3. Potential pathogenic mechanisms of the C9ORF72 hexanucleotide
repeat expansion mutation. The (GGGGCC)n expansion is located between exon 1a and
alternative exon 1b of the C9ORF72 gene. This mutation may cause ALS through both gain-of
toxicity and insufficiency mechanism. 1) The transcripts of the expanded repeat can mediate
formation of RNA foci, which sequester RNA binding proteins, such as the RNA editing protein
ADARB2. In addition, the repeat RNA forms a G-quadruplex structure, which can sequester
nucleolin and causes nucleolar stress. The expanded repeat is translated through the noncanonical repeat-associated non-ATG translation (RAN) machinery in all six reading frames, which
give rise to 5 different dipeptide-repeat (DPR) proteins: poly-GA, -GP, -GR, -PA, and –PR. These
DPR proteins form cytoplasmic inclusions and can be immunoreactive to anti-p62 antibodies. 3)
The repeat expansion resulted in the reduction of C9ORF72 transcripts and protein. Two CpG
islands flank the repeat expansion region. The 5’ CpG island is hypermethylated in repeat
expansion carriers, which could be the cause of reduced C9ORF72 expression.

Gain-of-function: RNA toxicity
The repeat region is transcribed both sense and antisense. These abnormal transcripts
mediate the formation of RNA foci (Figure 1.3). Such RNA foci have been detected in multiple
brain regions and the spinal cord, affecting multiple cell types including neurons and glial cells
(241-244). Patient specific induced pluripotent stem cells (iPSC) and iPSC-derived neurons
carrying this mutation also form such RNA foci (245,246). These RNA foci may sequester
important RNA\DNA binding proteins and impair their function. Sequestration of RNA binding
proteins in the RNA foci has been proposed to be a main disease mechanism for myotonic
dystrophy (DM) (247). Myotonic dystrophy is genetically classified into two types. In type I, a CTG
repeat expansion is found in 3’UTR of a protein kinase DMPK gene whereas in type II, a CCTG
tetra-nucleotide repeat expansion is found in the first intron of CNBP, a gene encoding a nucleic
acid binding protein. In both cases, the repeat expansion region is transcribed in both directions
and lead to the formation of RNA foci, which subsequently result in abnormal splicing by
sequestrating MBNL (248,249). RNA toxicity is considered the predominant cause of DM1. In the
case of C9ORF72, it has been shown that ADARB2, an RNA editing protein, co-localized with the

	
  

28	
  

RNA foci (Figure 1.3). ADARB2 sequestration could then lead to abnormal editing of the GluR2
AMPA receptor RNA. As a result, Ca

2+

can cross the abnormal protein product from the unedited

GluR2 mRNA, which would make neurons hyperexcitable and therefore reduced survival (250). In
addition, the GGGGCC repeat transcripts can form a special hybrid G-quadruplex structure,
which is capable of binding ribonucleoproteins. Such structure could sequestrate nucleolin (NCL),
a nucleolar protein involved in ribosome maturation (Figure 1.3). As a result, the repeat
expansion may cause general nucleolar stress and nucleolar dysfunction in HRE containing cells
and patient tissues (251). Many other important RNA\DNA binding proteins may be sequestrated
in the C9ORF72 repeat expansion RNA foci and their identity and consequences are still under
investigation. Whether or not abnormal RNA editing and nucleolar stress could be generalized to
explain the disease mechanism of other cases of ALS\FTD is yet questionable.

Gain-of-function: RAN translated dipeptide repeat protein
Although the repeat expansion is found in an intronic region, they are translated into
dipeptide repeat proteins (DPRs) by repeat-associated non-ATG translation (RAN translation) in
all the six possible reading frames (244,252,253) (Figure 1.3). RAN translation has been
described in other repeat expansion diseases, including myotonic dystrophy (247), spinocerebellar ataxia type 8 (SCA8) (254), fragile X-associated tremor\ataxia syndrome (FXTAS)
(255). FXTAS is caused by a CGG repeat premutation in the 5’ UTR of FMR1 gene (256). In
FXTAS, the premutation resulted in accumulation of ubiquitin positive inclusions containing the
RAN translated protein, which also showed toxicity in a drosophila model (255), suggesting that
RAN protein inclusion could be a major pathogenic mechanism in nucleotide repeat diseases. In
the case of C9ORF72 hexanucleotide repeat expansion, DPRs resulted from RAN translation in
all six reading frames have been detected. They formed cytoplasmic inclusions in multiple
neuronal tissues that are affected in ALS. These aggregates overlapped with p62 positive,
phospho-TDP-43 negative inclusions (252,253) (Figure 1.3). In drosophila, overexpression of the
original repeat expansion or protein-only variant of the repeats was toxic and caused
malformation of the eyes. On the contrary, overexpression of an RNA-only variant, in which the
sequence was interrupted by stop codons and thus cannot for RAN translated dipeptide protein,
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did form RNA foci but did not result in eye malformation (257). These observations suggested
that, in drosophila, the RAN translated DPRs, instead of RNA toxicity, could be a major
contributor to the C9ORF72 HRE pathogenesis. In agreement with the drosophila study, two
DPRs translated from the C9ORF72 repeat expansion, poly-GR and poly-PR, have shown strong
toxicity in various cellular models (258). However, mouse model that is capable of distinguishing
the protein toxicity from the RNA toxicity has not been established. Thus it is yet questionable if
the RAN translated DPR is the predominant cause of C9ORF72 HRE toxicity in mammals and in
human ALS patients.

Mouse models to test the gain of function hypotheses
To investigate the gain of function hypotheses, six distinct C9ORF72 HRE expressing
mouse strains have been reported as of December 2017 (259-264). These mouse models were
established using two methods: Somatic transduction of the repeat containing transgene
mediated by adeno-associated virus (AAV), and pronuclear injection of bacterial artificial
chromosome (BAC) containing the transgene.
The very first published model expressed 66 HRE in the central nervous system (CNS)
delivered by somatic AAV injection (259). These mice developed major pathological hallmarks of
the C9ORF72 HRE ALS, including sense RNA foci, RAN translated DPRs, phospho-Tdp43
positive nuclear and cytoplasmic inclusions. They exhibited general neuronal loss in the cortex,
which was not restricted to the motor neuron population. At 6-month of age, the 66-repeat
transgenic mice performed worse in rotarod test, indicating motor deficits compared to the 2repeat transgenic control animals. When examined in open field test, the 66-repeat transgenic
mice spent less time in the center and travelled for longer total distance, indicating increased
anxiety level (259). The 66-repeat transgenic mice in this model also developed astrogliosis and
microgliosis, both of which are commonly found in ALS post mortem brains (259). However,
motor neuron loss in the spinal cord was not examined in this study. The second AAV C9ORF72
HRE mouse model expressed either 10 repeats or 102 repeats with sequence interruption (264).
RNA foci were detected in both cases, but RAN translated DPRs and p62 positive inclusions
were only detected in mice expressing the 102-interrupted repeats. These mice also presented
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moderate motor and cognitive deficits compared to the 10-repeat expressing mice (264). It is
worth noting that even 10 repeats can mediate the formation of RNA foci without generating other
phenotypes (264). However, whether or not this short repeat mediated RNA foci sequester a
similar set of RNA binding proteins as the C9ORF72 HRE has not been carefully investigated and
therefore we cannot conclude based on this study whether or not RNA toxicity is the sole toxic
species to cause ALS with the C9ORF72 HRE.
Four other models were all BAC transgenic models, containing either truncated or fulllength human C9ORF72 and HRE repeat expansion with varying length into the mouse genome.
All of these BAC transgenic mice developed sense and antisense RNA foci and RAN translated
DPRs (260-263). Two of these models expressed HRE within partial human C9ORF72 gene and
large flanking sequence (more than 110Kb upstream). Neither of these models presented
detectable Tdp-43 pathology or neuronal loss. Their motor function was outwardly normal and did
not develop signs of behavioral abnormalities until at least 18-month of age (262,263), suggesting
that the HRE might not be sufficient to induce ALS phenotypes in mice. The third BAC transgenic
mouse model expressed 450 HRE repeats together with human C9ORF72 exon 1-5. These mice
had increased phosphorylated Tdp-43 both in the soluble and insoluble fraction. But Tdp-43
mislocalization was not detected. The mice had deficits in learning, memory and showed signs of
increased anxiety in behavioral tests at 12 month of age and persisted until 18 months old. These
observations were consistent with neuronal loss in the hippocampus. However, these mice did
not develop motor deficits and had normal motor neuron counts and size in the spinal cord up
until 18 month of age (260). The fourth BAC transgenic model expressed 500 HRE within the
complete human C9ORF72 gene. Notably, this model also contains large regulatory regions
flanking the C9ORF72 gene (52Kb upstream and 19kb downstream). These mice were capable
of mimicking most of human ALS phenotypes and pathological features. They developed hind
limb gait abnormality, difficulty breathing, dramatic weight loss, paralysis, and reduced survival in
mice. Further analyses showed that these mice developed muscle denervation,
neurodegeneration in the lumbar spinal cord and the cortex. Microgliosis and astrogliosis have
also been observed in this mouse model (261).
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To summarize, different attempts have been made to model the C9ORF72 HRE gain of
toxicity hypotheses in mice. However, the conclusions from these studies were not consistent.
Two BAC transgenic models developed RNA foci and RAN DPRs but not other ALS or FTDrelated changes. Therefore, RNA foci and DPRs caused by C9ORF72 HRE are probably not
sufficient to cause ALS\FTD.

The C9ORF72 insufficiency hypothesis
In addition, it has also been proposed that reduced expression of the C9ORF72 gene
product could contribute to neurodegeneration (Figure 1.3). It has been shown that repeat
expansion mutations can cause epigenetic changes such as DNA hypermethylation of CpG
islands in the regulatory region and subsequent gene silencing. This mechanism is the
predominant cause of Fragile X syndrome (FXS) and Friedreich ataxia (FRDA). In FXS, a full
CGG repeat expansion mutation is found in the 5’ UTR of the X-linked FMR1 gene, which
resulted in transcriptional silencing of FMR1 (256). This idea was supported by the fact that mice
lacking Fmr1 recapitulated major phenotypes seen in FXS patients (265). FRDA is caused by a
homozygous GAA repeat expansion in the first intron of the FXN gene. The repeat expansion
causes hypermethylation of upstream CpG sites and therefore reduces the expression of FXN
(266). FXN insufficiency may lead to oxidative stress, mitochondrial iron accumulation and
reduced cell survival (267). Similarly, the C9ORF72 HRE has been associated with a significant
reduction of C9ORF72 expression in various types of samples (54,97,114-116). In addition, a
higher mRNA level of C9ORF72 transcript variant 1 (NM_145005.6) is associated with a longer
survival after the onset of ALS (268), indicating a possible beneficial role of C9ORF72 in slowing
down disease progression. The reduction of C9ORF72 transcript in the repeat expansion cases
could be a result of aberrant epigenetic modifications near the promoter region of the gene. In
fact, a CpG island adjacent to the repeat site was found to be hypermethylated in blood samples
from C9ORF72 HRE ALS patients (14) (Figure 1.3). Moreover, repressive histone methylation
has been found to be upregulated in brain tissue from C9-ALS patients. Consistently, when
fibroblasts were cultured with demethylating agent, only the samples carrying the C9ORF72
repeat expansion had a significant increase in the expression of C9ORF72 (13). These
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observations led to the hypothesis that C9ORF72 insufficiency could contribute to
neurodegeneration in ALS and FTD.

C9orf72 loss of function in vivo models
To investigate the C9ORF72 insufficiency hypothesis, several in vivo C9orf72 loss-offunction models have been established. In Caenorhabditis elegans, worms harboring a nullmutation in the C9ORF72 orthologue were predisposed to age-dependent paralysis. A higher
proportion of the mutant worms showed signs of neurodegeneration in the inhibitory GABAergic
population (269). In zebrafish, antisense morpholino oligonucleotides have been applied to
efficiently reduce the protein level of the C9orf72 orthologue. In the zebrafish larvae with reduced
C9orf72, their motor neuron axons were shortened and had aberrant axonal arborization. Upon
light touch stimulation, mutant larvae swam more slowly compared to the control larvae, and they
tend to remain at the close proximity to its original location instead of swimming around. Ectopic
expression of human C9ORF72 rescued both the motor neuron morphology and motor activity
(116). These observations indicate an important role of C9ORF72 in maintaining neuronal
function and survival.
Antisense oligonucleotide (ASO) specifically targeting the murine C9orf72 has been
applied to study C9orf72 insufficiency in mice. Reduced C9orf72 expression sustained until
eighteen weeks after one single intra-cerebroventricular administration of ASO. The ASO
treatment did not induce the formation of characteristic pathological features of ALS, such as
Tdp43 cytoplasmic translocation, p62 positive or ubiquitin positive cytoplasmic inclusions. The
ASO treated animals had unaffected motor coordination, strength and anxiety as tested by
rotarod, grip strength and open field tests respectively (270). This model suggested that twentyfive percent reduction of C9orf72 transcripts in a subset of cells over a temporary period of time
would not have profound effect on the motor system in mice.
In a second mouse model, C9orf72 was ablated in nestin-expressing cells (neurons and
glial cells). The mutant mice had reduced body weight as they age. However they did not develop
motor or behavioral deficits. The survival of mutant mice was not different from wild type animals.
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So far at least five distinct whole body C9orf72 loss-of-function mouse models have been
established and characterized. Homozygote mutant mice from all these models invariably
developed splenomegaly, enlarged lymph nodes and signs of alterations in the immune system
(120,271-273). Reduced body weight and shortened life span have also been reported in some
models (272,273). When characterized in detail, loss of C9orf72 resulted in anemia, neutrophilia
(expanded neutrophil population) and thrombocytopenia (reduced platelet counts) (272).
Immunohistochemistry evidences showed that immune cells infiltrated into the multiple organs,
including liver, spleen and lung of the homozygote mutant mice (271,272). One C9orf72 loss-offunction mouse model developed proliferative glomerulonephritis (271). The transcript and serum
level of inflammatory cytokines were significantly elevated (120,271,272). Signs of autoimmunity
also developed over time in the homozygote mutant animals as elevated serum levels of
antibodies against a panel of auto-antigens have been detected (271,272). Current data suggest
that C9orf72 may have important function in modulating immune response. This is consistent with
the fact that C9orf72 is most highly expressed in leukocytes according to Illumine human body
map 2.0. However, Tdp43 cytoplasmic translocation, or p62-positive, or ubiquitin-positive
inclusions have not been reported in these C9orf72 loss-of-function mice. In addition, when
tested, the C9orf72 loss of function mice did not show signs of behavioral or motor abnormalities
or neurodegeneration (120,260,272,274).
To summarize, results from animal models collectively indicate that C9orf72
predominantly functions to modulate the immune system and that loss of C9orf72 would not lead
to motor neuron degeneration in a cell-autonomous manor.

The C9ORF72 HRE pathogenesis may be a combination of both gainof-toxicity and insufficiency hypotheses.
So far, neither the gain-of-toxicity nor the loss-of-function animal models can equivocally
recapitulate the whole spectrum of human C9ORF72 HRE ALS\FTD phenotypes. It is therefore
necessary to establish animal models that combine both hypotheses. An ideal method is to
introduce a long GGGGCC repeat into the endogenous C9orf72 locus. However, this method is
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technically challenging because of the instability of the long repeat during cloning. Alternatively,
crossing the C9ORF72 HRE transgenic mouse with C9orf72 loss-of-function mouse could serve
the purpose.

The function of C9ORF72
The function of C9ORF72 is yet poorly characterized.
Based on sequence homology, C9ORF72 has been predicted to belong to the DENN
(Differentially Expressed in Normal and Neoplastic cells)-domain family of proteins, which have
putative GTP-GDP exchange factor (GEF) function towards Rab GTPases. Rab GTPases are
members of the Ras superfamily of monomeric G proteins and participate in the regulation of a
broad aspect of endosomal trafficking. For these reasons, the interaction between C9ORF72 and
different Rab proteins has been investigated using a candidate-based approach. It has been
shown that C9ORF72 co-localized with Rab5 (marker for early endosome), Rab7 (marker for late
endosome) and Rab11 (marker for recycling endosome) (275). However, limited functional study
has been carried out regarding these interactions and they have not been reproducibly reported
in other studies. Instead, others reported that C9orf72 formed a protein complex with Smcr8 and
Wdr41, which further interacted with Rab8a, Rab31, Rab33, and Rab39b (117,118). This complex
exhibited GEF activity specifically for Rab8a and Rab39b (117,118).
By taking an unbiased approach, Sivadasan et al. reported that in cultured motor
neurons, C9ORF72 co-immunoprecipitated and co-localized with cofilin, Arp2/3 and coronin, all of
which are regulators of the actin cytoskeleton dynamics (276). It affected actin polymerization and
axonal growth. Mechanistically C9ORF72 negatively regulated cofilin phosphorylation through
sequential repression of Arf6, Rac1, and LIMK. The authors further showed that expression of the
C9ORF72 protein was reduced and that phosphorylation of cofilin was enhanced in
lymphoblastoid cells and brain tissue from ALS patients carrying the C9ORF72 HRE, mimicking
the loss of C9ORF72 expression situation (276). Consistent with this finding, actin was reported
to co-immunoprecipitate with endogenous C9ORF72 (275). In this latter study, the authors also
found that C9ORF72 interacted with ubiquilin-1, ubiquilin-2, hnRNPA1, and hnRNPA2/B1 (275).
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However, an antibody that recognized endogenous C9ORF72 was applied in this study and the
reliability of commercially available antibodies against C9ORF72 remains questionable, which
brings uncertainty to these reported interactions. The inconsistency in the current literature
aroused the possibility that some of the putative C9ORF72 interacting proteins could be artifacts
of overexpression and the in vitro system. Thus it remains ambiguous what are the true
C9ORF72 interacting proteins and whether or not the C9ORF72 protein complex acts as a GEF
for any specific Rab GTPases.
In contrast, the interaction between C9ORF72, SMCR8 and WDR41 has been
independently reported. This protein complex further interacts with the autophagy initiation
complex ULK1-FIP200-ATG13. For this reason, the role of C9ORF72 in the auto-lysosome
pathway has received a lot of attention. And yet no consensus has been reached regarding
whether the C9orf72-Smcr8 protein complex positively or negatively regulates auto-lysosome
activity. Evidences have been shown to support that C9orf72 favors the auto-lysosome function,
as loss of C9orf72 has been associated with the accumulation of lysosomes and autophagy
marker p62 (19,30). On the contrary, others argued that C9orf72 inhibits autophagy as loss of
C9orf72 resulted in increased autophagic flux by reducing S6K phosphorylation and subsequent
mTOR inhibition (25). Thus the detailed cell biological function of C9ORF72 remains elusive.

Summary of this project
The ultimate goal of this project is to characterize the function of the function of C9orf72.
For this purpose, I will address the following aspects in Chapter 2:
1) Biochemical characterization of C9ORF72 interacting proteins and their role in the
autophagy pathway. We took an unbiased approach to look for C9ORF72 interacting proteins
using co-immunoprecipitation followed by quantitative mass spectrometry. We found that the long
isoform and short isoform of C9ORF72 interacted with two different sets of proteins. The
C9ORF72 long protein isoform, but not the short isoform, interacted with SMCR8 and WDR41 in
both human embryonic stem cells and human motor neurons. In addition, C9ORF72 stabilized
SMCR8 protein and further interacted with the autophagy initiation complex ULK1-FIP200-
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ATG13. However, modulation of C9ORF72 expression level did not alter basal level autophagic
flux or in response to autophagy induction by mTOR inhibition. These findings implicate that
C9ORF72-SMCR8 did not have profound effect on bulk macroautophagy. But it remained
possible that they may regulate other aspects of the auto-lysosome pathway, such as selective
autophagy, endosome fusion with the auto-lysosome, or unconventional secretion involving
autophagosome and lysosome (secretory autophagy and secretory lysosome respectively).
2) In vivo function of the C9orf72 interacting protein Smcr8. Although in vivo phenotypes
of C9orf72 loss of function mice have been well documented, it is yet unclear whether Smcr8
functions similarly to regulate the immune system in vivo. To address this question, we
established Smcr8 loss of function mouse model using the CRISPR/Cas9 system. Heterozygote
Smcr8 mutant animals (+/-) were outwardly normal, but the homozygote mutant mice (-/-)
developed splenomegaly, enlarged lymph nodes, anemia, and signs of autoimmunity.
Inflammatory cells infiltrated into the liver of Smcr8 -/- mice and their spleen architecture was
disrupted. Thus Smcr8 -/- mice developed typical phenotypes that have been consistently
observed in the C9orf72 -/- animals, suggesting that the two proteins interact and exert similar in
vivo functions.
3) Exploring the cell biological function of Smcr8 (or C9orf72), for the purpose to explain
how these two proteins function to suppress chronic inflammation and autoimmunity. We looked
for differentially expressed proteins in macrophages derived from Smcr8 +/+, +/- and -/- mouse
bone marrow (BMDM) by performing quantitative proteomics on macrophages. We found that
loss of Smcr8 resulted in a systematic reduction of lysosomal located hydrolases, which were
component of the neutrophil degranulation\lysosome exocytosis cellular process. In addition, we
observed an increased expression of Lamp1 on the surface of Smcr8 -/- BMDM without
significant change in total lysosome load. This phenotype was reproducibly seen in primary
spleen macrophages, T-cells, and myeloid cells isolated from pre-symptomatic Smcr8 -/- and
C9orf72 -/- mice. Our data raised the possibility that C9orf72 and Smcr8 may regulate lysosome
exocytosis and leukocyte degranulation, which could have a role in the suppression of chronic
inflammation and autoimmunity.
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In Chapter 3, I will first summarize our findings about the above questions. I will then
discuss the implications of the finding that C9orf72 and Smcr8 collaborate to regulate the immune
system and the relevance of this finding in the field of ALS. Currently attempts are being made to
develop antisense oligonucleotide that could reduce the hypothetically cytotoxic C9ORF72 repeat
expansion transcript. With the notion that C9ORF72 and SMCR8 play important role in the
immune system and that neuroinflammation contribute to the progression of ALS, I proposed that
such antisense oligonucleotide treatment should be taken extra caution than originally thought.
And finally, I will propose future experiments for the following purpose: 1) extend our
understanding of C9orf72 function to other cell types; 2) establish a causative link between
dysregulated lysosome exocytosis and autoimmunity in C9orf72-Smcr8 loss of function models;
3) explore the relevance of the lysosome exocytosis pathway and C9ORF72 HRE ALS cases by:
testing a possibility that the DPR proteins translated from the repeat expansion could be secreted
and if so, does the lysosome exocytosis have a role in mediating their secretion; 4) explore the
relevance of C9orf72 function in ALS pathogenesis by looking for signs of autoimmune and
abnormal lysosome exocytosis in human ALS cases.
Ultimately, I hope this thesis would not only further our understanding in the function of
C9orf72-Smcr8 function in cell and animal models, but also enlighten us with alternative target
pathways that is affected in ALS and may be medically modulated to treat ALS.
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CHAPTER 2
Results

SMCR8 is stabilized by its interacting protein C9ORF72, acts
to inhibit splenomegaly and autoimmunity, and negatively
regulates lysosome exocytosis

This Chapter was unpublished work by Yingying Zhang, with contributions from Ying Chen and Lin
Wu from the Harvard Genome Modification Facility; Namrata Udeshi, Tanya Svinkina, Steve Carr
from the Broad Proteomics Platform; Aaron Burberry and Jinyuan Wang from the Eggan laboratory;
and Quan-Zhen Li from University of Texas, Southwestern medical center.
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SMCR8 is stabilized by its interacting protein C9ORF72
C9ORF72-HA expressing human embryonic stem cell lines
Lacking an antibody with sufficient specificity to C9ORF72, we modified a human
embryonic stem cell (hESC) line HuES3 to stably express a transgene encoding either the fulllength C9ORF72 protein isoform (C9-long-HA), or the truncated isoform (C9-short-HA), each
tagged with C-terminal hemagglutinin (HA) tag. The expression of C9ORF72-HA transgene was
under the control of cytomegalovirus (CMV) early enhancer/chicken beta actin (CAG) promoter.
To minimize side effects caused by random insertion into the genome, we targeted the transgene
insertion into the AAVS1 safe harbor locus (1,2). A previously established zinc finger nuclease
was applied to mediate a DNA double stranded break in the AAVS1 locus (1,2). The transgene
expression cassette was then incorporated through homologous recombination (Figure 2.1A).
Puromycin resistant colonies were selected and expanded. PCR screen of selected clones
demonstrated that homologous recombination of the transgene had occurred at the expected
location in the AAVS1 genome locus (Figure 2.1B). The selected clones harboring the transgene
expressed at least ten-fold more C9ORF72 mRNA compared to untargeted parental control cells
(Figure 2.1C). Western blotting using anti-HA antibodies also revealed that these targeted cell
lines each expressed a polypeptide of the expected molecular weight for the large and small
isoforms of the C9ORF72-HA fusion proteins respectively (Figure 2.1D). These polypeptides
could be readily immunoprecipitated from preparations of embryonic stem cells using anti-HA
antibodies (Figure 2.1D) and were also recognized by established anti-C9ORF72 antibodies
(Figure 2.1E) antibodies.
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Figure 2.1

Figure 2.1. Establishing C9ORF72-HA expressing hESC lines. (A) Illustration of gene editing
strategy for making C9ORF72-HA stable overexpression human embryonic stem cell lines. Zinc finger
nuclease was used to create a double strand break in the AAVS1 locus. The puromycin resistance
selection gene and CAGGS driven C9ORF72-HA expression cassette is stably incorporated into the
AAVS1 locus through homologous recombination. (B) PCR validation of C9ORF72-HA insertion in to
AAVS1 locus with the indicated primers. TRH is a set of primer that amplifies an intact region for control of
DNA quality. (C) qPCR validation of C9ORF72 overexpression in the established cell lines. n=3.
***:p<0.001. Error bar represents standard deviation. (D and E) Western blot validation of C9ORF72-HA
overexpression before (input) and after anti-HA immunoprecipitation of the indicated cell lines with anti-HA
(D) and anti-C9ORF72 (E) antibodies.
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Identification of C9ORF72 interacting proteins
To identify C9ORF72 interacting partners, fractions of hESCs immunoprecipitated with
anti-HA antibodies were then analyzed by quantitative mass spectrometry with Tandem Mass
TM

Tag (TMT ) labeling. A total of four replicates per cell line were analyzed in two separate mass
spectrometry runs. All the samples were analyzed on Q Exactive mass spectrometer and
peptides were mapped to the Uniprot human database. Only proteins that had at least 2 unique
peptides identified during mass spectrometry were included in the downstream analysis. A total of
1750 such proteins were called. Proteins were considered differentially expressed between
C9ORF72-HA transgenic hESC line and the parental control line if the p value is smaller than
0.015 by moderate t-test and only those that were more highly represented in the
immunoprecipitated fraction from the transgenic lines were considered C9ORF72 interacting
protein candidates.
Comparing proteins immunoprecipitated with the C9ORF72 long isoform and the control,
peptides originating from C9ORF72 long isoform itself were 4.457±0.787 (adjusted p=0.0055 by
moderate t-test) times more frequently detected. In addition, peptides from 2 other
uncharacterized proteins were found significantly enriched: SMCR8 (fold change=2.994±0.480,
adjusted p=0.012 by moderate t-test) and WDR41 (fold change=2.547±0.005, adjusted p=0.006
by moderate t-test) (Figure 2.2A and Table 2.1). SMCR8 encodes the Smith-Magenis syndrome
candidate region 8 gene and is another protein with predicted DENN domain and unknown
function (3). WDR41 encodes the WD-domain containing protein 41 and had been previously
reported to interact with lysosomal membranes (4). These two candidates were not found to
interact with the short isoform of C9ORF72.
As for the short isoform, we identified twelve other potential interacting proteins (Figure
2.2B and Table 2.1, significance defined as adjusted p value<0.015 by moderate t-test). Peptides
originating from TSPYL5 were the most enriched following IP from the C9-short-HA expressing
samples (1.54±0.23 fold increase, p=4.11E-26 by moderate t-test). Following TSPYL5, we also
identified ribosomal protein RL39 (1.33±0.21 fold increase, p=1.82E-10 by moderate t-test), RNA
binding protein FUS (1.28±0.13 fold increase, p=1.55E-08 by moderate t-test), transcription factor
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BTF3 (1.18±0.12 fold increase, p=0.0024 by moderate t-test), isoform 2 of an AKT pathway
activator BTBD10 (1.16±0.076 fold increase, p=0.060 by moderate t-test), as well as several
additional proteins displaying more modest enrichment (Figure 2.2B and Table 2.1).

Table 2.1
Bait: C9-long-HA
Protein Name

Avg. FC

Bait: C9-short-HA

Adj. p

Avg. FC

Adj. p

C9ORF72

4.457±0.787

0.006

3.579±0.589

1.57E-190

SMCR8

2.994±0.480

0.012

0.983±0.004

0.966

WDR41

2.547±0.005

0.006

0.965±0.027

0.876

TSPYL5

1.161±0.062

0.509

1.534±0.111

4.11E026

RPL39

1.383±0.626

0.608

1.317±0.109

1.82E-10

FUS

1.126±0.284

0.745

1.284±0.147

1.55E-8

MAPKAP1

1.205±0.169

0.536

1.163±0.222

0.010

RFC1

1.137±0.154

0.573

1.157±0.165

0.011

ANKDH1

1.153±0.033

0.510

1.147±0.073

0.015

MRPS12

0.996±0.129

0.981

1.155±0.060

0.009

CHD2

1.058±0.102

0.758

1.152±0.054

0.011

SKP1

1.185±0.238

0.573

1.151±0.060

0.011

BTF3

1.143±0.056

0.536

1.175±0.105

0.002

BTBD10

1.217±0.207

0.543

1.164±0.091

0.006

ERBB2

1.100±0.008

0.557

1.157±0.092

0.009

Table 2.1. C9ORF72 interacting protein candidates. Proteins that were significantly enriched in
immunoprecipitated fraction from C9-long-HA or C9-short-HA expressing samples were summarized in the
table. Avg. FC: average fold change of two mass spectrometry experiments ± standard deviation. Adj. p:
adjusted p value by moderate t-test was listed. Values in grey: no significant enrichment with adj. p>0.015.
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Figure 2.2

Figure 2.2. Identification of C9ORF72 interacting proteins. Quantitative mass spectrometry
result comparing anti-HA immunoprecipitated fraction from control or C9ORF72-HA expressing hESCs. X
axis: log2 of fold enrichment of protein found in C9ORF72-HA expressing sample versus control in
replicate 1; Y axis: log2 of fold enrichment in replicate 2. Each dot represents one protein that was
detected in the mass spectrometry. Colored dots represent significantly enriched proteins in the
C9ORF72-HA expressing samples compared to control, defined as adjusted p<0.015 by moderate T-test.
(A) Data from C9ORF72-long-HA vs. control and (B) Data from C9ORF72-short-HA vs. control.
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Validation of C9ORF72 interacting protein candidates
We next sought to validate the mass-spec findings by anti-HA co-immunoprecipitation
and western blot. Following anti-HA immunoprecipitation, western blotting with an antibody raised
against SMCR8 showed that a polypeptide of the expected molecular weight was detected in the
input fraction of all three samples. This same polypeptide was depleted from the unbound fraction
and was robustly enriched in the bound fraction only with the presence of C9-long-HA (Figure
2.3A). In contrast, there was no evidence for an interaction between SMCR8 and C9-short-HA
(Figure 2.3A). Similarly, following IP of C9-long-HA, a polypeptide corresponding to the predicted
weight of WDR41 was readily detected. The interaction with WDR41 was also specific to C9-long,
as it was not found upon IP of the short isoform (Figure 2.3B).
As for the short isoform interacting candidates, we confirmed a specific interaction
between TSPYL5 and C9-short-HA by western blotting (Figure 2.3C). However, when we
attempted to probe potential interactions between FUS (Figure 2.3D and 2.3E), MAPKAP1
(Figure 2.3F), and BTF3 (Figure 2.3G) with C9-short, we were not able to identify conditions that
allowed for their selective enrichment. Instead these proteins were similarly detected in all the
samples after HA-IP, including the parental cell line that did not express tagged C9ORF72 protein.
Interestingly, while we did not readily detect BTBD10 by western blot following IP of C9-short-HA,
we did detect a band of BTBD10 at expected molecular weight following IP with the longer
isoform (Figure 2.3H). Revisiting mass-spec quantification data indicated that there was a modest,
but not significant enrichment of BTBD10 following IP of the long protein isoform (Table 2.1).
Therefore we concluded that in hESCs C9-long selectively interacted with SMCR8 and
WDR41, whereas C9-short selectively interacted with TSPYL5. Together mass-spec and western
blotting data also suggested that C9ORF72 could interact with BTBD10, but it was unclear
whether the interaction is more selective for one isoform over the other. Although the prospect of
potential interactions between C9ORF72 and FUS, BTF3 or MAPKAP1 are intriguing, we could
not validate these findings through an independent method due to the promiscuous binding
properties of these proteins in current experimental settings.
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Figure 2.3

Figure 2.3. Validation of C9ORF72 interacting proteins. Stem cell lysates were collected in
commercially available Pierce IP lysis buffer for all the three genotypes. Anti-HA immunoprecipitation was
performed with anti-HA antibody conjugated to magnetic beads in IP lysis buffer at 4˚C with rotation for
overnight, followed by three washes in IP lysis buffer, high salt buffer containing 0.5M NaCl, or containing
0.1% SDS as indicated. For (E), samples were lysed in IP lysis buffer. RNase was added to half of each
protein lysate before and during the entire process of immunoprecipitation. Samples were loaded as
indicated. Interaction between C9ORF72 and each indicated protein was examined using antibodies
recognizing endogenous (A) Smcr8; (B) WDR41; (C) TSPYL5; (D and E) Fus; (F) MAPKAP1; (G) BTF3
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C9ORF72 long isoform stabilized SMCR8
To further characterize the C9ORF72 (long isoform) protein complex, we mapped the
region of C9ORF72 that is required for its interaction with SMCR8. Full-length C9ORF72 long
protein isoform has been bioinformatically predicted to have three distinct domains: N-terminal
Longin domain (L), followed by DENN domain (D) and C-terminal Alpha domain (A) (27).
According to this predicted domain structure (Figure 2.4.1A), we made constructs expressing
truncated C9ORF72 fragments with N-terminal Flag tag. When each individual truncated FlagC9ORF72 was expressed in HEK293 cells, only the intact full-length construct was able to pull
down endogenous SMCR8 (Figure 2.4.1B). This is consistent with the fact that SMCR8 does not
co-immunoprecipitate with the short isoform, which is identical to the first 221 amino acid
sequence of the long isoform except for its very last amino acid. We then reversed the
experiment by co-expressing SMCR8 with C-terminal Myc-Flag-tag and Flag-C9ORF72
fragments in HEK293 cells. In agreement with the previous experiment, full-length C9ORF72
robustly co-immunoprecipitated with SMCR8, and a much weaker interaction between SMCR8
and the C9ORF72-DA fragment was also detected (Figure 2.4.1C). Interestingly, we observed
that in the input, SMCR8-Myc was only detected when full length C9ORF72 was co-expressed
(Figure 2.4.1C). However, it was detected in all the samples after anti-Myc immunoprecipitation,
suggesting that the non-detection of SMCR8-Myc in the input was not likely due to an
experimental error. Instead it could be explained by the instability of SMCR8 in the absence of a
sufficient amount of full length C9ORF72 protein isoform.
To test this hypothesis, we attenuated the expression of C9ORF72 in HEK293 cells using
RNA interference. We achieved 70% reduction of C9ORF72 mRNA expression in cells treated
with siRNA targeting C9ORF72 compared to cells treated with control siRNA (siRED) (Figure
2.4.1D). The siRNA treatment did not reduce SMCR8 mRNA expression. Instead, a moderate but
significant increase of SMCR8 expression was observed upon C9ORF72 knockdown (Figure
2.4.1D). However, when SMCR8 protein level was analyzed by western blot, the intensity of
SMCR8 was significantly reduced (Figure 2.4.1E). After normalization to GAPDH, we observed a
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70% reduction of SMCR8 protein level in C9ORF72 knockdown samples compared to untreated,
and an 80% reduction compared to control siRNA treated samples (Figure 2.4.1F).

Figure 2.4.1

Figure 2.4.1 C9ORF72 long isoform stabilized SMCR8. (A) Predicted C9ORF72 long isoform domain
structure: N terminal Longin domain (L), followed by DENN domain (D) in the middle and C-terminal Alpha
domain (A). (B) Different fragment of C9ORF72 with N-terminal Flag-tag was expressed in HEK293 cells as
indicated. Western blot for endogenous SMCR8 and Flag-C9ORF72 fragment in both input and anti-Flag
immunoprecipitated fractions. (C) Reverse pull-down experiment. SMCR8 with C-terminal Myc-tag and each
individual truncated Flag-C9ORF72 constructs were co-expressed in HEK293 cells as indicated. Western blot
for ectopic expression of tagged SMCR8 and C9ORF72 fragments from both input and anti-Myc
immunoprecipitated fractions. (D) HEK293 cells were treated with nothing, control siRNA (siRED) or siRNA
against C9ORF72 as indicated for four days. Real-time quantitative PCR validation of C9ORF72 siRNA
knockdown efficiency and SMCR8 expression level under different treatments. n=3, *: p<0.05; **: p<0.01 by ttest. Error bar represents standard deviation. (E) HEK293 cells were treated the same way as in (D). Western
blot for endogenous SMCR8 expression. GAPDH was used as loading control. +: Positive control, which was a
protein lysate from HEK293 cells expressing C9ORF72-HA and SMCR8-MycFlag. *: non-specific bands. (F)
Image J quantification of SMCR8 in (E), normalized to GAPDH. n=3, **: p<0.01 by t-test. Error bar represents
standard deviation.
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We further confirmed the result by overexpressing SMCR8 fused with C-terminal GFP.
HEK293 cells were transfected with either SMCR8-GFP alone or in different combinations with
C9ORF72 long isoform (C9-long-HA), short isoform (C9-short-HA) or WDR41. The cells were
analyzed by flow cytometry three days after transfection (Figure 2.4.2A). In cells transfected with
SMCR8-GFP alone, 18% cells were GFP positive. WDR41 or C9-short-HA co-transfection did not
significantly affect the percentage of GFP positive cells. However, in cells that received SMCR8GFP and C9-long-HA, on average 33% of those cells were GFP positive, and 36.5% when adding
WDR41 to the mixture (n=2) (Figure 2.4.2B). We then arbitrarily defined a GFP high population
as cells with GFP intensity above 5000. Barely any cell with SMCR8-GFP transfection alone, cotransfected with WDR41 or C9-short-HA were GFP high (<0.5%). In contrast, on average 17%
cells were GFP high with C9-long-HA co-transfection, and 22% when all the three members of
the protein triplex were overexpressed (Figure 2.4.2C).
In a separate experiment, HEK293 cells transfected the same way were analyzed by
confocal microscopy. There was barely any GFP signal in cells transfected with SMCR8-GFP
alone. Co-expression of WDR41 and SMCR8-GFP resulted in a mild increase in GFP signal. This
observation suggests that WDR41 could have a moderate stabilizing effect on SMCR8, which
was not robust enough to be appreciated by flow cytometry. When cells received C9-long-HA in
addition to SMCR8-GFP, they gave a much brighter GFP signal. It was further enhanced in cells
with overexpression of all the three members in the complex (Figure 2.4.2D, arrows are pointing
at GFP positive cells with low GFP intensity). And consistent with the previous experiment,
C9ORF72-short-HA co-expression did not increase the GFP intensity compared to SMCR8-GFP
expression alone.
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Figure 2.4.2

Figure 2.4.2 C9ORF72 long isoform stabilized SMCR8. (A) HEK293 cells were left untransfected,
transfected with SMCR8-GFP alone, or in combination with WDR41-V5, C9ORF72 long isoform with HA tag (C9long-HA), or C9ORF72 short isoform with HA tag (C9-short-HA) as labeled. The GFP expression was analyzed
by flow cytometry in the FITC channel. 50000 live cells were analyzed per condition. Top panel: flow cytometry
plot and gating strategy for GFP positivity. Bottom panel: histogram of GFP expression in all analyzed cells. (B
and C) Percentage of GFP positive cells (B) and GFP high cells defined as GFP intensity above 5000 arbitrary
units (C) in each case as labeled N=2; *: p<0.05 by t-test; error bars represent standard deviation. (D)
Representative confocal microscopy image of HEK293 cells transfected with the same combinations of
constructs as in (A). Arrows are pointing at cells with very weak but detectable GFP signal.
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As a C9orf72 loss of function mouse model has been established in our lab, we looked
for proteins that were differentially expressed in the bone marrow derived macrophages isolated
from wild type and C9orf72 -/- mice by quantitative mass spectrometry. The only two proteins that
were differentially expressed between +/+ and -/- macrophages were C9orf72 itself and Smcr8
(Figure 2.4.3A). Meanwhile, examination of Smcr8 mRNA in C9orf72 +/+ and -/- did not reveal a
change in its abundance (Figure 2.4.3B) and argued against the idea that C9orf72 could affect
the transcription of Smcr8.

Figure 2.4.3

Figure 2.4.3 The Smcr8 protein was reduced in C9orf72 knockout mouse macrophages. (A)
Volcano plot of quantitative mass spectrometry result comparing protein expression in C9orf72 +/+ and
C9orf72 -/- bone marrow derived macrophages. n=3 for each genotype. X-axis represent log 2 of the
average fold change of protein expression level in C9orf72 -/- versus C9orf72 +/+ BMDMs and Y-axis
represent –log10 of adjusted p value by moderate t-test. (B) Smcr8 mRNA expression in C9orf72 +/+ and -/bone marrow derived macrophages by qPCR. X-axis represents the qPCR target gene, and Y-axis
represents relative expression normalized to the average of C9orf72 +/+ samples. n=4 for each genotype.
n.s.: not significant; ****: p<0.0001 by 2-way ANOVA. Smcr8 mRNA expression was not significantly different
between C9orf72 +/+ and -/- samples.
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To summarize, here we provided evidences supporting the notion that full-length
C9ORF72 long protein isoform was necessary for its interaction with SMCR8 and WDR41. In
addition, the full-length C9ORF72 long isoform stabilized SMCR8. WDR41 on the other hand may
have a weaker effect on the SMCR8 protein stability.

The following sections will be focused on the C9ORF72 long protein isoform and the
C9ORF72-SMCR8 protein complex.

C9ORF72-SMCR8 protein complex further interacted with the
autophagy initiation complex FIP200-ULK1-ATG13
Previously, SMCR8 was identified by mass spectrometry to interact with FIP200, a core
component of the autophagy initiation complex (34). We therefore asked, whether C9ORF72 and
its interacting partners, SMCR8 and WDR41 would together interact with FIP200 in hESCs. We
again performed anti-HA immunoprecipitation on protein lysates from control and C9ORF72-HA
expressing hESCs. Endogenous FIP200 was equally expressed in all the input samples.
Following anti-HA IP, it was only detected in the sample with C9-long-HA expression, but not in
the immunoprecipitated fraction of control or short isoform expressing samples (Figure 2.5A). The
same experiment also showed that C9ORF72 long protein isoform interacted with ULK1 and
ATG13, two other core proteins interacting with FIP200 in the autophagy initiation complex
(Figure 2.5A). However, FIP200, ULK1 or ATG13 were not identified as C9ORF72 interacting
protein candidates in our initial mass spectrometry screen, as we did not detect peptides
corresponding to any of these proteins during the mass spectrometry runs.
The interaction between C9ORF72 and the autophagy initiation complex could be an
artifact of protein overexpression as cells may use the auto-lysosome pathway to dispose
overexpressed or unfolded proteins. To challenge this possibility, we examined the interactions in
hESCs after siRNA knockdown of SMCR8 or WDR41 using the C9-long-HA expressing hESC
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line. Protein lysates were collected four days after the initial siRNA treatment. When compared to
control siRNA (siRED) treated samples, WDR41 siRNA resulted in a 93% reduction of WDR41
expression and SMCR8 siRNA treatment resulted in an 82% reduction of SMCR8 expression
(Figure 2.5B). At the mean time, neither siRNA affected the expression of other components of
the protein complex. C9ORF72, FIP200, and ULK1 were equally expressed across all the three
samples (Figure 2.5B). In the control siRNA treated samples, although we were not able to detect
endogenous WDR41 in the input by western blotting, we did detect a strong unique signal after
anti-HA immunoprecipitation. This band disappeared after WDR41 knockdown, confirming the
identity of the band and also the efficiency of WDR41 knockdown (Figure 2.5C). The absence of
WDR41 protein did not affect the interaction between C9ORF72 and SMCR8 (Figure 2.5C). On
the other hand, SMCR8 siRNA treatment resulted in a complete ablation of the protein both in the
input and anti-HA immunoprecipitated fraction. SMCR8 depletion resulted in the disruption of
C9ORF72-WDR41 interaction (Figure 2.5C), implicating that the interaction between C9ORF72
and WDR41 may require the presence of SMCR8. We next examined the interaction between
C9ORF72-long-HA with FIP200, ULK1 and ATG13. While the control siRNA (siRED) did not
disturb the interaction, depletion of WDR41 and SMCR8 both resulted in a strong reduction of the
interaction between C9ORF72 and FIP200, ULK1, and ATG13 as shown by western blot
following anti-HA immunoprecipitation (Figure 2.5C). Such observations favored the idea that
instead of being a protein overexpression artifact, C9ORF72 long isoform could form functional
interactions with FIP200, ULK1 and ATG13, although the exact role of the C9ORF72 protein
complex in the autophagy requires further investigation.

	
  

74	
  

Figure 2.5

Figure 2.5. C9ORF72 interacted with the autophagy initiation complex FIP200-ULK1ATG13. (A) C9ORF72 interaction with FIP200, ULK1 and ATG13. Protein lysates were from parental
human embryonic stem cells, with C9ORF72-long-HA overexpression, and C9ORF72-short-HA
overexpression as indicated. Western blot for endogenous FIP200, ULK1 and ATG13 before and after
anti-HA co-immunoprecipitation. Western blot for SMCR8 and HA as positive controls for
immunoprecipitation. (B) Evaluation of siRNA gene knockdown efficiency by qPCR. Human embryonic
stem cell with C9-long-HA stable overexpression was treated with control siRED, siRNA against WDR41
(siWDR41), or siRNA against SMCR8 (siSMCR8) for four days. Real-time qPCR for corresponding genes
as indicated. n=2. n.s.: not significant; **: p<0.01. (C) C9ORF72 interaction with FIP200, ULK1 and ATG13
in the absence of SMCR8 or WDR41. The same cell line was treated with siRNA the same way as in (B).
Western blot for samples before and after anti-HA (C9ORF72) immunoprecipitation for the indicated
proteins (endogenous).
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C9ORF72 interacting proteins in human motor neurons
In ALS, motor neurons are specifically lost. Knowing the function of C9ORF72 in motor
neurons would be more relevant in the context of ALS. For this reason, we differentiated the
parental HuES3 and the C9ORF72-long-HA expressing hESC lines into motor neurons following
an established protocol (see method section for human motor neuron differentiation, illustrated in
Figure 2.6A). Both cell lines had a GFP transgene driven by human HB9 promoter to report on
motor neuron differentiation. GFP positive motor neuron population was isolated by flow
cytometry at the end of the 14-day differentiation. Both cell lines successfully differentiated into
motor neurons with similar efficiency as they gave rise to a similar percentage of GFP positive
cells by flow cytometry (Figure 2.6B). Forty-two days after sorting, we analyzed the identity of the
GFP positive cells by immunocytochemistry. Both cell lines gave rise to cells with neuronal
morphology. Moreover, the majority of the cells stained positive for both the neuron-specific class
III beta-tubulin Tuj1 and the motor neuron marker Islet 1 (Figure 2.6C). We then collected protein
samples from GFP positive motor neurons and performed anti-HA immunoprecipitation. The
immunoprecipitated fractions were analyzed by quantitative mass spectrometry with iTRAQ

TM

labeling. C9ORF72 itself was 3.07±1.76 times more enriched in the samples with C9ORF72-longHA expression. Moreover, consistent with previous experiment, SMCR8 (2.42±0.63 times more
enriched) and WDR41 (2.65±1.05 times more enriched) were the other two most highly enriched
proteins (Figure 2.6.C) in the C9ORF72-HA transgenic samples.
Based on mass spectrometry result, C9ORF72 long isoform interacted with the same
proteins, SMCR8 and WDR41 in both stem cells and motor neurons. And similar to the previous
time, we were not able to detect unique peptides originated from FIP200, ULK1 or ATG13 in the
motor neuron mass spectrometry experiment. On the other hand, TSPYL5 was again one of the
most enriched protein co-immunoprecipitated with the C9ORF72 short isoform in human motor
neurons (Figure 2.6D)
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Figure 2.6

Figure 2.6. C9ORF72 interacting proteins in human motor neurons. (A) Human motor neuron
differentiation scheme: human embryonic stem cells with HB9-GFP motor neuron reporter were differentiated
into motor neurons following the 14-day protocol detailed in the method section. GFP positive post mitotic motor
neurons were isolated by FACS. Mature neuron protein lysates were collected 46 days later. Anti-HA
immunoprecipitated fractions were analyzed by quantitative mass spectrometry. (B) Immunofluorescent staining
of motor neurons derived from parental HuES3 HB9-GFP cell line (control) or the cell line with C9ORF72-HA
expression (C9-long-HA for long isoform and C9-short-HA for short isoform). DAPI in blue, HB9-GFP in green,
motor neuron marker Islet1 in red and neuronal cytoplasmic marker Tuj1 in magenta. Scale bar: 25um. (C and
D) Result from quantitative mass spectrometry with iTRAQ labeling. Figures are representing protein
enrichment of samples from motor neurons with C9ORF72-long-HA (C) or C9-short-HA (D) expression relative
to control after anti-HA immunoprecipitation. X-axis: replicate 1 of log2 fold enrichment of proteins coimmunoprecipitated with C9ORF72-HA expressing motor neurons versus control; Y axis: replicate 2 of log2 fold
enrichment.
.
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Does C9ORF72 play a role in autophagy?
As C9ORF72 and SMCR8 protein complex interacted with the autophagy initiation
complex, we sought to test whether loss of C9ORF72 or SMCR8 would result in abnormal autolysosome function. Autophagy is activated upon starvation or inhibition of the mTOR pathway.
During autophagosome formation, cytosolic LC3-I is conjugated to phosphatidylethanolamine
(PE) to form LC3-II, which is recruited to the autophagosome membrane. LC3-II is later degraded
in the lysosome upon auto-lysosome fusion. The ratio of LC3-II/LC3-I has thus been used as an
indicator for the auto-lysosome flux. Treating cells with inhibitors of lysosome acidification (such
as chloroquine) is expected to result in increased LC3-II/LC3-I ratio, which reflexes on the influx
into the auto-lysosome. This ratio can be further boosted if autophagy is induced upon treatment
with mTOR inhibitor (such as Torin) or starvation in addition to lysosome inhibitors.
Therefore, we applied RNAi to knockdown C9ORF72 and\or SMCR8 in HEK293 cells.
The siRNA treatment successfully reduced the mRNA expression of its target gene (Figure 2.7A).
Interestingly, knockdown of C9ORF72 resulted in a significant increase in the expression of
SMCR8 mRNA, whereas knockdown of SMCR8 did not affect the expression of C9ORF72
(Figure 2.7A). To study autophagy flux, cells were then stimulated with chloroquine alone,
chloroquine in combination with Torin, or chloroquine in combination with starvation. The relative
amount of LC3-II/LC3-I was evaluated by LYCOR fluorescent western blot. In this particular
experiment, reduced expression of C9ORF72 or SMCR8 did not affect the LC3-II/LC-I ratio at
basal level. Reducing C9ORF72 or SMCR8 expression both increased the LC3-II to –I ratio in all
the stimulated groups (Figure 2.7B-D). However, double knockdown of C9ORF72 and SMCR8
did not result in additive effect on autophagy flux (Figure 2.7B-D).
Our initial attempt to study the function of C9ORF72 and SMCR8 indicated that they
might have inhibitory effect on autophagy induction. However, this effect was not reproduced in
our second attempt, despite the fact that the siRNA gene knockdown was similarly effective. In
addition, the increase in SMCR8 expression in response to C9ORF72 knockdown was not
reproduced in this experiment either (Figures 2.7E-G). A third attempt was made to study
autophagic flux in motor neurons derived from human embryonic stem cells. Again we did not
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detect change in autophagic flux upon successful siRNA knockdown of C9ORF72 (Figures 2.7HJ). It remained possible that the siRNA treatment did not result in significant reduction of
C9ORF72 or SMCR8 protein. Lacking reliable antibody at that moment, we were not able to
address this possibility. However, another lab member tested the autophagic flux in cortical
culture generated from wild type and C9orf72 knockout mice and did not see difference between
genotypes (data not shown).
Together, these experiments argued against a substantial role of C9ORF72 and SMCR8
in regulating bulk autophagy. However, it remained possible that C9ORF72 and SMCR8 may
function in cargo specific autophagy, which has not been tested.

Figure 2.7
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Figure 2.7. Investigating the role of C9ORF72 and SMCR8 in autophagy. (A) siRNA knockdown efficiency
tested by qPCR. HEK293 cells were treated with control siRNA (scr), siRNA specifically targeting C9ORF72
(siC9ORF72), SMCR8 (siSMCR8) or both siRNAs. Expression of C9ORF72 and SMCR8 were evaluated by qPCR.
n=2. (B and C) LC3-II/LC-I ratio measured by LYCOR fluorescent western blot with the same batch of siRNA treated
cells as in (A). (B) represents experiment with Torin treatment and (C) represents experiment with glucose and amino
acid starvation. (D) Representative LYCOR western blot image quantified in (B). (E) siRNA knockdown efficiency
tested by qPCR. HEK293 cells were treated with control siRNA (scr), siRNA specifically targeting C9ORF72
(siC9ORF72), or SMCR8 (siSMCR8). Expression of C9ORF72 and SMCR8 were evaluated by qPCR. n=2. (F) LC3II/LC-I ratio measured by LYCOR fluorescent western blot with the same batch of siRNA treated cells as in (E). (G)
Representative LYCOR western blot image quantified in (F). (H) siRNA knockdown efficiency tested by qPCR. Motor
neurons derived from human embryonic stem cells were left untreated, or treated with control siRNA (scr), or siRNA
specifically targeting C9ORF72 (siC9ORF72). Expression of C9ORF72 and SMCR8 were evaluated by qPCR. n=2.
(I) LC3-II/LC-I ratio measured by LYCOR fluorescent western blot with the same batch of siRNA treated cells as in
(H). (G) Representative LYCOR western blot image quantified in (I). For all the quantitative results, values were
represented as relative to the average of Scr treated samples. n.s.: not significant; *: p<0.05; **: p<0.01; ***: p<0.001;
****: p<0.0001 by t-test.

Smcr8 acts to inhibit splenomegaly and autoimmunity in mice
Smcr8 tissue expression pattern
To further understand if Smcr8 shares similar in vivo functions as C9orf72, it is important
to know whether the two proteins are expressed in the same tissues. We sought to study the
tissue expression pattern of Smcr8 by generating mice that harbor a reporter gene under the
control of endogenous Smcr8 promoter. The murine Smcr8 gene is located on chromosome 11
(NC_000077.6, Chr 11: 60777525-60788287, GRCm38.p3 C57BL/6J). It is composed of two
exons and its protein sequence shares 90% identity with its human orthologue. By searching the
Knockout Mouse Project (KOMP) database, we found mouse embryonic stem cell lines that
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harbor a LacZ reporter gene replacing the exon 1 of Smcr8 (Figure 2.8A). Using standard
blastocyst injection method, we generated chimeric mice and identified offspring that carry the
mutation by PCR (Figure 2.8B). One wild type and one heterozygous littermate male mice were
sacrificed at the age of 30 days old for studying Smcr8 expression pattern across 11 different
tissues by X-gal staining. In the brain, LacZ activity was detected in the cortex (Figures 2.8C i-iv),
hippocampus (Figures 2.8C v-viii) and cerebellum (Figures 2.8C ix and x). In the spinal cord,
LacZ activity was found in a subset of cells both in the dorsal and in the ventral horn (Figures
2.8C xi and xii). Among other tissue examined, we also found strong LacZ activity in the kidney
(Figures 2.8C xv and xvi) and testis (Figures 2.8C xxv and xxvi). We did not detect X-gal activity
in the spleen (Figures 2.8C xiii and xiv), liver (Figures 2.8C xvii and xviii), lung (Figures 2.8C xix
and xx), heart (Figures 2.8C xxi and xxii), or the skeletal muscle (Figures 2.8C xxiii and xxiv).
Previously it has been reported that, by using a similar LacZ reporter strategy, C9orf72 is
expressed in the cortex, hippocampus, striatum, brainstem, thalamus, cerebellum, dorsal and
ventral horn of the spinal cord, spleen and testis. No LacZ activity was found in the kidney, liver,
heart, skeletal muscle, and lung, suggesting lower than threshold C9orf72 expression level in
these tissues (5). Smcr8 expression pattern as indicated by LacZ activity overlaps with that of
C9orf72 in most of the tissues tested except for the kidney and spleen: in contrast to C9orf72,
Smcr8 is expressed in the kidney but not the spleen (Table 2.2). Interestingly, the spleen and the
kidney are two tissues to study, as C9orf72 knockout mice developed not only splenomegaly and
immune disregulation, but progressive glomerulonephropathy as well (6,7). It remains possible
that Smcr8 expression in the spleen is below the detection threshold of the LacZ reporter. When
analyzed by quantitative real time PCR, Smcr8 transcripts were detected at reasonable level
using three different qPCR probe sets in the spleen, suggesting that Smcr8 is expressed in the
spleen (Figures 2.9F and 2.11.1C). In addition, public available proteomics data suggest that both
proteins are most highly expressed in the adult frontal cortex, testis and monocytes (Figure 2.8D).
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Table 2.2
Tissue

C9orf72 expression

Smcr8 expression

Cortex

+
+
+
+
+
+
+

+
+
+
+
+
+
+

Hippocampus
Cerebellum
Spinal cord (ventral)
Spinal cord (dorsal)
Spleen
Kidney
Liver
Lung
Heart muscle
Skeletal muscle
Testis

Table 2.2. Summary of C9orf72 and Smcr8 expression in different mouse tissues by X-gal
staining. LacZ activity driven by C9orf72 and Smcr8 promoters was expressed in the brain
cortex, hippocampus, cerebellum, spinal cord and testis. LacZ activity driven by C9ORF72
promoter was detected in the spleen but not in the kidney; LacZ activity driven by Smcr8
promoter was detected in the kidney but not the spleen. No LacZ activity was detected in the
liver, lung, heart muscle or skeletal muscle in neither mouse models.
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Figure 2.8
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Figure 2.8. Smcr8 tissue expression pattern by X-gal staining. (A) Schematic representation of
the Smcr8-KOMP allele. The first exon of Smcr8 is replaced by LacZ reporter gene and neomycin
resistance gene through homologous recombination, resulting in a Smcr8 null allele. The expression of
LacZ is under the control of the Smcr8 promoter whereas the expression of neomycin resistance gene
under the control of its own separate promoter. The neomycin resistance gene cassette is flanked by LoxP
sites and can be removed by Cre recombinase. Primers SU and LacZRev (in green) were used to test
proper recombination at the 5’ site and primers NeoFwd by PCR and SD (in blue) were used to test proper
recombination at the 3’ site. (B) Agarose gel image of representative genotyping result using the two
primer sets illustrated in (A). (C) Images of tissue sections after X-gal staining. Scale bar: 200um. i-iv:
cortex; v-viii: hippocampus; ix and x: cerebellum; xi and xii: spinal cord; xiii and xiv: spleen; xv and xvi:
kidney; xvii and xviii: liver; xix and xx: lung; xxi and xxii: heart; xxiii and xxiv: skeletal muscle. Images on
the left with odd numbers were from wild type mouse for negative control; images on the right with even
numbers were from an Smcr8 KOMP heterozygote mouse. (D) C9ORF72 and SMCR8 protein expression
in human fetal and adult tissues from publically available data (humanproteomemap.org).

Designing CRISPR guides for generating Smcr8 loss of function
mouse model
To study the in vivo function of Smcr8 and compare that with C9orf72, an Smcr8 loss of
function mouse model is necessary. The LacZ knock-in allele used for studying the expression
pattern could be applied for this purpose. However, this particular allele contains a neomycin
resistance gene cassette, whose expression is under the control of its own promoter. To avoid
the potential off-target effects caused by the presence of an independent transcriptional unit
within a target gene (8), we generated Smcr8 loss of function mouse model using CRISPR\Cas9
gene editing in zygotes.
The murine Smcr8 gene is composed of two exons encoding two different protein
isoforms with 935 and 785 amino acids in length respectively. The first exon of Smcr8 is common
in both variants, encoding 83.8% of the longer protein isoform and the entire shorter protein
isoform. We designed three guide RNAs immediately adjacent to the start codon of Smcr8 (5’
targeting site) and three other guide RNAs near the end of the first exon (3’ targeting site) (Figure
2.9A). On-target effect of the guide RNA cocktail would result in two major types of mutations: an
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insertion or deletion (“indel”) at the CRISPR\Cas9 targeting site, or an excision of a 2200
nucleotide sequence (“2kb deletion”) between the cutting sites (Figure 2.9A). Each individual
CRISPR guide RNA was tested using in vitro CRISPR cutting assay detailed in the method
section. Briefly, a 4.2kb DNA template of the CRISPR targeting region was generated by PCR
amplicons from the mouse genomic DNA. Purified template DNA, purified CRISPR guide RNA
and Cas9 nuclease protein were incubated together. For each guide RNA, 4 cutting assays were
run with decreasing Cas9 nuclease concentration at 100nM, 33nM, 11nM and 0nM respectively.
At the end of the reaction, samples were analyzed by agarose gel electrophoresis. The
appearance of two bands at approximately 3kb and 1kb indicates efficient cutting. Guide RNAs
which showed evidence of cutting with at least two different Cas9 nuclease concentrations were
selected. To ensure cutting at both the 5’ and the 3’ target sites, two guide RNAs that showed
efficient in vitro cutting activity were selected for each site (Figure 2.9B) to generate the CRISPR
Smcr8 knockout mouse.
After pronuclear injection of the guide RNA cocktail and Cas9 mRNA, a total of 32 mice
were born and reached adulthood (Smcr8 CRISPR F0 mice). Two PCR assays using mouse tail
genomic DNA were performed to generate amplicons spanning the 5’ targeting site for the
detection of the 5’ indel and spanning both targeting sites for the detection of the 2kb deletion. A
subset of the PCR products that had detectable 5’ indel or 2kb deletion mutations were further
analyzed by MiSeq next generation sequencing. Agarose gel analysis of the PCR amplicons and
MiSeq result suggested that we had successfully generated both types of mutation in the mice.
We found 15 out of 32 mice (47%) harbored both types of mutation in their tail. 8 mice (25%) had
only the 2kb deletion, but not the 5’ indel mutation. One mouse (3%) had only the 5’ indel
mutation, but not the 2kb deletion. In two of the mice, we did not detect apparent mutation in
Smcr8 in their tail (6%) (Figure 2.9C, detailed sequencing results are summarized in figures 2.9D
and E for each individual mouse sequenced by MiSeq). Genotyping results from the remaining 6
founder mice were inconclusive. To further explore whether Smcr8 loss of function had occurred
in these mosaic founder animals, we performed real-time quantitative PCR (qPCR) on the cDNA
generated from the peripheral blood of 31 of these founder mice (250 days old, one female

	
  

85	
  

mouse died from dystocia). Three pairs of qPCR probes were designed, amplifying respectively
the 5’ CRISPR targeted site (probe pair a), the deleted region (probe pair b) or an intact region
downstream of the CRISPR target sites in exon 2 (probe pair c, illustrated in figure 2.9A). Smcr8
expression was abolished in all of the founder mice by qPCR with probe pair a, suggesting all of
the mice harbored mutation on both alleles at the 5’ CRISPR target site in the peripheral blood
cells. In a subset of these mice, Smcr8 expression was completely abolished when using qPCR
probe set b, suggesting that the majority of the cells in the peripheral blood of these mice had the
2kb deletion on both alleles, whereas in the other subset, the expression of Smcr8 expression
was detectable although reduced, suggesting that they were either mosaic or harbored distinct
types of mutation on each allele. We also noticed that while using probe pair c, Smcr8 expression
was detected but significantly reduced in the founder mice, which could be explained by
nonsense mediated decay of the mutant transcripts (Figure 2.9F).

Figure 2.9

	
  

86	
  

Figure 2.9. Generation of Smcr8 loss of function mouse model. (A) A schematic illustration of
Smcr8 knockout strategy. Two CRISPR guides were designed for each target site, one located
immediately downstream of the ATG start codon and another located at the end of exon 1 of Smcr8. After
the injection of a cocktail of these guides, two different types of alleles were expected: a large deletion of
Exon 1 or insertion\deletion (indel) mutation created at each target site. Fwd, Rev-1 and Rev-2 are three
primers used for identification of mutant alleles. Smcr8_a, Smcr8_b and Smcr8_c are three qPCR primer
pairs for examination of Smcr8 mRNA expression. (B) In vitro CRISPR cutting assay result for the
CRISPR guide RNAs selected for making Smcr8 mutant mice. A 4.2kb DNA template including the two
CRISPR target sites was generated by PCR amplification from mouse genomic DNA. Template DNA,
each individual purified CRISPR guide RNA and Cas9 nuclease protein at indicated concentration were
incubated together. At the end of the reaction, samples underwent agarose gel electrophoresis. The
appearance of two bands at approximately 3kb and 1kb indicates efficient cutting. (C) Pie chart
representing relative proportion of Smcr8 CRISPR F0 mice with each type of mutation as indicated. Type
of mutation was determined by doing PCR using the three genotyping primers indicated in (A) and tail
genomic DNA. (D and E) Frequency of each indicated mutation subtype for each mouse examined by
MiSeq. (D) Breakdown of subtypes of 2kb deletion in Exon 1 of Smcr8 gene. (E) Breakdown of subtypes of
indel mutations at the 5’ CRISPR target site immediately downstream of ATG start codon of the Smcr8
gene. (F) Smcr8 expression in peripheral blood of wild type (WT) or Smcr8 CRISPR F0 mice using three
different qPCR probe sets as illustrated in (A). n=8 for WT, n=31 for Smcr8 CRISPR F0. ****: p<0.0001 by
two-way ANOVA.

Smcr8 CRISPR F0 mice developed enlarged cervical lymph node,
splenomegaly and autoimmunity
All of the Smcr8 CRISPR F0 mice survived to adulthood. By 290 days of age, one of the
32 mice developed a visible cervical mass (Figures 2.10.1A-i and -ii) that was similar to what has
been observed in a subset of C9orf72 -/- mice. We examined this particular mouse (Mouse ID
#32), together with one littermate (Mouse ID 31) and one age-matched wild type C57BL/6 mouse.
Both Smcr8 CRISPR F0 mice had enlarger cervical lymph node and enlarged spleen (0.15g for
the spleen in the wild type age-matched control, 0.71g and 0.62g respectively in the two Smcr8
CRISPR F0 mice Figures 2.10.1A-iii to xi). We performed histology on tissue sections of the lung,
liver, spleen and lymph node from control and SMCR8 CRISPR F0 mice. We noticed that while
the wild type spleen showed clear boundary between the white pulp and red pulp regions, it was
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disrupted in the Smcr8 CRISPR F0 mouse spleens (Figure 2.10.1B). In addition, we also noted
immune cell infiltration in the liver (Figure 2.10.1C) of both Smcr8 CRISPR F0 mice examined,
and in the lung of one of the F0 mice (Figure 2.10.1D).

Figure 2.10.1

Figure 2.10.1 Smcr8 CRISPR F0 mice developed enlarged cervical lymph node, splenomegaly,
and immune cell infiltration in multiple organs. (A) Pictures of the cervical region of one wild type (WT)
mouse (i) and one of the Smcr8 CRISPR F0 mouse (mouse number 32), both around 300-day old (ii), showing
the presence of a cervical mass in the mutant mouse. Two of the Smcr8 CRISPR F0 mice (#31 and #32)
developed enlarged cervical lymph node and enlarged spleen. (iii-v for wild type control mouse, vi-viii for Smcr8
CRISPR F0 mouse number 31 and ix-xi for F0 mouse number 32). (B-D) H&E staining of the spleen (B), liver (C)
and lung (D) from the same WT and Smcr8 CRISPR F0 mice shown in (A). Scale bar: 500um in (B-i), (C-i) and
(D-i), 50um in (B-ii) and (C-ii).
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Such phenotypes are consistent with several possible underlying pathologies,
autoimmunity and lymphoma in particular. Elevated anti-double stranded DNA (dsDNA)
autoantibody concentration has been used as an indicator for systemic lupus erythematous (SLE)
and other autoimmune disorders. It has been shown that the anti-dsDNA antibody titer was
significantly increased in the plasma of C9orf72 -/- mice (29). To test if the Smcr8 CRISPR F0
mice had autoimmune problem, we collected plasma sequentially when the mice were 150, 250
and 300 days old and measured anti-dsDNA antibody level by ELISA. At day 150, there was no
significant difference between the wild type control (n=5) and Smcr8 CRISPR F0 mice (n=16).
However, as these mice aged, their anti-dsDNA antibody concentration gradually increased. By
250 days old, the Smcr8 CRISPR F0 mice displayed significantly more anti-dsDNA antibody and
persisted until at least 300 days old (Figure 2.10.2A).
To further confirm that the elevated anti-dsDNA antibody seen in the Smcr8 mutant mice
were due to autoimmunity instead of dramatic synchronized cell death, we collected plasma from
250-day old wild type (n=3), C9orf72 -/- mice (n=2) and Smcr8 CRISPR F0 mice (n=21) and
analyzed them against a panel of 124 auto-antigens. Thirty-two of the IgM autoantibodies were
found significantly elevated in Smcr8 CRISPR F0 mouse plasma than in the WT mouse plasma.
The IgM autoantibody activity in the plasma of 18 out of 21 Smcr8 CRISPR F0 mice clustered
more closely with plasma samples from C9orf72 -/- mice than the wild type samples, indicating
the Smcr8 CRISPR F0 mice presented autoimmune features that were similar to the C9orf72 -/animals (Figure 2.10.2B). Among all the IgG autoantibodies, four of them were significantly more
elevated in the plasma of Smcr8 CRISPR F0 mice than in the wild type control mice. However,
Smcr8 CRISPR F0 mice did not form a distinct cluster based on IgG autoantibody activity (Figure
2.10.2C). We therefore conclude that the Smcr8 CRISPR F0 mice developed autoimmunity by
250-day of age.
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Figure 2.10.2

Figure 2.10.2 Smcr8 CRISPR F0 mice had elevated levels of plasma autoantibodies.
(A) Plasma anti-double stranded DNA autoantibody concentration measured by ELISA in wild type
control or Smcr8 CRISPR F0 mice at 150, 250 and 300-day old. n.s.: not significant; ***: p<0.001;
****: p<0.0001 by t-test. (B and C) Heat-map of plasma concentration of IgM (B) and IgG (C)
autoantibodies against 124 different autoantigens in age-matched C9orf72 +/+ (n=3), +/- (n=4), -/(n=2) and Smcr8 CRISPR F0 (n=15) mice.
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To test whether the splenomegaly and disrupted spleen structure seen in Smcr8 CRISPR
F0 mice were due to lymphoma, we examined T cell clonality by analyzing V(D)J recombination
(35) in a subset of the CRISPR F0 mice (Figure 2.10.3A). Although we noticed expansion of
certain clones of T cells in three mutant mice, the T cells of all the mice tested remained
polyclonal. Furthermore, cell population analysis on the spleen revealed that similar to the
C9orf72 -/- mice, the Smcr8 CRISPR F0 mice had increased total number of cells from multiple
lineages, including B cells, CD 3+ and CD 4+ T cells, CD 8- dendritic cells and neutrophils (Figure
2.10.3B). Our observations argued against that Smcr8 CRISPR F0 mice developed lymphoma.
Instead, there could be polyclonal expansion in the spleen of the mutant mice.

Figure 2.10.3

Figure 2.10.3 Smcr8 CRISPR F0 mice did not show evidence supporting the
development of lymphoma. (A) T-cell clonality assay. Figure is showing result of PCR
amplification of the somatic T-cell receptor β (TCRβ) locus in the spleen of Smcr8 CRISPR F0 mice
and C9orf72 +/+, +/- and -/- mice. LN2 and LN3 represent embryonic stem cell lines derived from
lymph node T cells harboring monoclonal TCRβ. (B) Flow cytometry analysis of each indicated cell
population in the spleen of age matched wild type control, C9orf72 -/- and Smcr8 CRISPR F0 mice
(n=4). n.s.: not significant; *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001 by two-way ANOVA.
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The splenomegaly and autoimmunity phenotypes were reproducibly
caused by the loss of Smcr8
We selected an F0 mouse harboring a 2kb deletion allele for further studies. This allele
corresponds to a 2276 nucleotide deletion starting from the 15th nucleotide downstream of the
ATG start codon, which resulted in the deletion of 758 amino acids and frame shift of the
remaining coding sequence. As this allele results in the deletion of 81% of the longer protein
isoform (or 97% of the shorter isoform), we reasoned that it is most likely a loss of function allele.
We bred a CRISPR F0 founder mouse containing this allele to wild type C57BL/6 mice and
intercrossed the subsequent Smcr8 +/- mice to obtain the second filial generation (F2) with three
possible genotypes: wild type (+/+), heterozygous deletion (+/-) and homozygous deletion (-/-).
The F2 mice were genotyped using three-primer PCR strategy (illustrated in Figures 2.9A and
2.11.1A). Mice of the three genotypes were born at expected Mendelian ratio (Figure 2.11.1B)
indicating that loss of Smcr8 is not embryonic or post natal lethal.
To confirm the loss of Smcr8 expression in the mutant mice, real time quantitative PCR of
cDNA samples generated from the peripheral blood from mice with all three genotypes was
performed using the three Smcr8 probe sets described previously (Figure 2.9A). Both probe set a
and probe set b showed that compared to wild type, there was 50% reduction of Smcr8 mRNA
expression in the peripheral blood cells of Smcr8 +/- mice and its expression was no longer
detected in Smcr8 -/- mice (Figure 2.11.1C). Quantitative PCR results also suggested that
C9orf72 mRNA expression was not altered in the Smcr8 mutant mice (Figure 2.11.1C) indicating
that this particular allele did not result in non sense mediated decay of mutant mRNA.
We observed that the spleen of the Smcr8 -/- mice became significantly enlarged by 50
days of age (Figures 2.11.1D and E), confirming our previous findings in the Smcr8 CRISPR F0
mice.
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Figure 2.11.1

Figure 2.11.1 Splenomegaly was reproducibly seen in the second generation of Smcr8
-/- mice. (A) Representative image of Smcr8 genotyping results using primers described in figure 2.9A.
Upper band of 250bp in size was amplified from the wild type allele with probe set Fwd and Rev-1; lower
band of 150bp in size was amplified from the 2kb deleted allele with probe set Fwd and Rev-2. (B)
Number of mice born of each genotype from Smcr8 +/- X +/- crosses. (C) mRNA expression of Smcr8
and C9orf72 in the peripheral blood. Three sets of probes amplifying three different regions of Smcr8
transcript as illustrated in figure 2.9A were used. +/+: n=6; +/-: n=7; -/-: n=5; 150-day old. (D)
Representative image of 50-day old mouse spleen from all three genotypes as labeled. (E) Weight of
freshly isolated spleen from 50-day old mice. n=13 for each genotype. n.s.: not significant; ***: p<0.001,
****: p<0.0001 by two-way ANOVA.
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The plasma anti-dsDNA antibody concentration in Smcr8 -/- mice was not different from
+/+ mice at 50 days of age. It became significantly elevated in Smcr8 -/- mice by 100 days and
gradually increased as they age (Figure 2.11.2A). We next subjected the plasma from day 250
mice to the autoantibody array analysis (n=5 for each genotype). Sixty-three of the IgM
autoantibodies were found significantly elevated in Smcr8 -/- plasma than in the +/+ plasma, 8 of
which were also significantly elevated in Smcr8 +/- plasma. Moreover, Smcr8 -/- samples formed
a group that was distinct from the +/+ or +/- samples according to hierarchical clustering of the
autoantibody activity (Figure 2.11.2B). Among all the IgG autoantibodies, thirteen of them were
significantly more elevated in the Smcr8 -/- plasma than in the +/+, among which anti-single
stranded DNA autoantibody was also found significantly increased in the +/- plasma. Hierarchical
clustering separated the mice into two distinct groups, with all the Smcr8 -/- mice and one Smcr8
+/+ mouse clustered in another group (Figure 2.11.2C).	
  

Figure 2.11.2

Figure 2.11.2 Elevated autoantibodies in the plasma of Smcr8 -/- mice. (A) Time-course
assessment of plasma anti-double stranded DNA (dsDNA) autoantibody concentration by ELISA. +/+:
n=6; +/-: n=7; -/-: n=5. (B and C) Heat-map of plasma concentration of IgM (B) and IgG (C)
autoantibodies against 124 different autoantigens in mice with different genotypes as labeled, n=5 for
each genotype. n.s.: not significant; *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001 by two-way
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Smcr8 -/- mice developed anemia and neutrophilia
Previously it has been shown that the C9orf72 -/- mice developed anemia,
thrombocytopenia and neutrophilia (29). To see whether these phenotypes are reproduced in
Smcr8 -/- mice and to get insight into pathways that are disrupted in these mice, we performed
complete blood cell counts on the peripheral blood of Smcr8 +/+ (n=6); +/- (n=7) and -/- (n=5)
mice. The same cohort of mice was repeatedly bled every 50 days since 50-day of age until 250day old. Although total red blood cell count was not different among the genotypes across all the
time points examined (Figure 2.12A), other signs of anemia started to develop in the Smcr8 -/mice by 150-day old and persisted until at least 250-day of age. The Smcr8 -/- had lower
concentration of hemoglobin (Figure 2.12B), lower hematocrit (Figure 2.12C), lower mean
corpuscular volume (Figure 2.12D), lower mean corpuscular hemoglobin (Figure 2.12E), and
higher red blood cell distribution width (Figure 2.12F). The platelet counts in the Smcr8 -/- mice
became significantly reduced by 250-day of age (Figure 2.12G). At this age, the mutant mice
also developed higher level of total white blood cells in their peripheral blood (Figure 2.12H),
which was associated with a decreased percentage of lymphocytes (Figures 2.12I and J) and an
increased total number (Figure 2.12K) and percentage of neutrophils (Figure 2.12L). Thus loss of
Smcr8 led to changes in the blood cell composition that was similar to those observed in the
C9orf72 -/- mice, including anemia, thrombocytopenia and neutrophilia.
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Figure 2.12

Figure 2.12. Smcr8 -/- mice developed anemia and neutrophilia. Smcr8 +/+ (n=6); +/- (n=7) and -/- (n=5) mice
were repeatedly bled every 50 days since 50-day of age until 250-day of age. The peripheral blood samples were analyzed
for complete blood cell counts. (A) Red blood cell count; (B) hemoglobin concentration; (C) Hematocrit; (D) Mean
corpuscular volume; (E) Mean corpuscular hemoglobin; (F) Red blood cell distribution width; (G) Platelet count; (H) White
blood cell count; (I) Lymphocyte count; (J) Lymphocyte percentage; (K) Neutrophil count; and (L) Neutrophil percentage.
Error bar represents standard deviation; Two-way ANOVA with Dunnett’s multiple comparison test; n.s.: not significant; *:
p<0.05; **: p<0.01; ***: p<0.001, ****: p<0.0001.
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Loss of Smcr8 resulted in dramatic increase in serum ferritin level
without affecting general iron metabolism
Complete blood cell counts suggest that Smcr8 -/- mice developed microcytic anemia
(smaller red blood cells) by 150-day of age as by this age, they had reduced hemoglobin (Figure
2.12B), reduced average red blood cell size (Figure 2.12D) and bigger variation in red blood cell
size (Figure 2.12F) with normal total red blood cell counts (Figure 2.12A). Iron deficiency is one of
the main causes of microcytic anemia. We therefore investigated iron metabolism in control and
Smcr8 mutant mice. As serum ferritin level has been used as indication of iron availability, we
measured the serum ferritin concentration in control, Smcr8 -/- and C9orf72 -/- mice at 50-day of
age, before the onset of signs of anemia, inflammation and autoimmunity. To our surprise, we
detected a dramatic 15-fold increase of serum ferritin level in young Smcr8 -/- mice compared to
their littermates (Figure 2.13A). At this age, C9orf72 -/- mice also had a comparable magnitude of
serum ferritin increase compared to their littermates wild type controls (11.7 fold increase on
average, Figure 2.13A). Despite the dramatic increase of serum ferritin, the total iron
concentration in the blood was not changed in the mutant mice compared to wild type controls at
two different age tested (in 50-day old mice: Figure 2.13B and in 200-day old mice: Figure
2.13C). We additionally tested the mRNA expression of iron metabolism genes in the spleen and
peripheral blood. In the qPCR analysis, we included genes encoding ferritin light chain Ftl1,
ferritin heavy chain Fth1, transferrin Trf, iron-responsive element binding proteins Aco1 and Ireb2,
and iron transporters Slc40a1 and Dmt1. The expression of these genes was not affected by loss
of Smcr8 in the spleen (Figure 2.13D) and peripheral blood (Figure 2.13E). In addition, we did not
detect evidence for tissue iron deposit in mutant mice by iron stain (data not shown). Therefore
the cause and the consequence of increased serum ferritin level in both Smcr8 -/- and C9orf72 -/remained unresolved. One study suggested that macrophages were a primary source of serum
ferritin and that ferritin could be released through non-canonical secretion pathway, which could
involve the lysosomes (9). Thus it is possible that the increase in serum ferritin level in the mutant
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mice may reflect defect in regulation of non-canonical secretion pathway, such as the lysosome
exocytosis, upon loss of Smcr8 or C9orf72. This hypothesis is discussed in section 15.

Figure 2.13

Figure 2.13. Loss of Smcr8 resulted in elevated serum ferritin level. (A) Plasma ferritin
concentration measured by ELISA in 50-day old littermate Smcr8 +/+ (n=5) and -/- (n=5) mice, and C9orf72
+/+ (n=5) and -/- (n=4) mice. (B) Plasma total iron concentration (including both ferric Fe

3+

and ferrous Fe

iron) measured by ELISA in 50-day olde littermate Smcr8 +/+ and -/- mice, and C9orf72 +/+ (n=4) and -/(n=4) mice. (C) Serum total iron concentration in 200-day old C9orf72 NeoDel cohort and Smcr8 CRISPR
cohort of mice. (D and E) qPCR analysis of mRNA expression of genes involved in iron metabolism in 50day old Smcr8 +/+ and -/- mouse spleens (D, n=5) and peripheral blood (E, n=4). n.s.: not significant; ****:
p<0.0001 by two-way ANOVA.
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Loss of Smcr8 resulted in increased Trem2 expression in the spleen
We sought to look for molecular alterations that could contribute the inflammation and
autoimmune phenotypes seen in the Smcr8 -/- mice. It has been reported the loss of C9orf72
resulted in an elevated expression of Il-1b, Il-6, Il-10 and Trem2 in the spleen (7). We repeated
this experiment both with our own cohort of C9orf72 mice and Smcr8 mice. Mice were tested at
two different ages. The mRNA expression of cytokines tested (Il-1b, Il-6, Il-10) was not different
between genotypes when tested in the spleen of both old animals (Figure 2.14A, 450-day old
mice, n=4 for wild type age-matched control, n=4 for age-matched C9orf72 -/- mice, and n=5 for
Smcr8 CRISPR F0 mice) and young adults (Figure 2.14B, 50-day old mice, Smcr8 CRISPR F2,
n=5 for each genotype). However, the expression of Trem2 (Triggering receptor expressed on
myeloid cells-2) was increased in the spleen of both C9orf72 mutant and Smcr8 mutant mice
(Figures 2.14A and B). The protein of Trem2 was also consistently increased in the spleen of 50day old homozygote mutant mice (Figure 2.14C for representative western blot image and figure
2.14D for protein quantification, n=3 per genotype). By flow cytometry, we noticed that there were
significantly more cells in the Smcr8 -/- spleen that were Trem2 positive (Figure 2.14E). This
increase was probably due to a significant expansion of B-cell population in the Smcr8 -/- spleen,
one of the cell types that expressed high levels of Trem2 (Figure 2.14F). We thus conclude that
the increased Trem2 expression in Smcr8 -/- spleen was most likely due to an overrepresentation of B-cell, instead of increase Trem2 expression on each individual cell.
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Figure 2.14

Figure 2.14. Loss of Smcr8 increased the expression of Lamp1, Trem2 and p62. (A and B) qPCR
analysis of Trem2, Il-1b, Il-6 and Il-10 mRNA expression in the spleen of 450-day old (A, n=4 for WT and
C9orf72 -/- mice, n=5 for Smcr8 -/- mice) and 50-day old mice (B, n=5 per genotype) with indicated genotypes.
(C) Representative western blot image of indicated proteins (Lamp1, p62, Trem2 and Gapdh) in 50-day old
Smcr8 +/+, +/- and -/- spleen. (D) Quantification of Lamp1, p62 and Trem2 protein expression normalized to
Gapdh in 50-day old Smcr8 +/+ (n=3), +/- (n=3) and -/- (n=4) mouse spleens. (E) Percentage of Trem2 positive
cells in each gated population and (F) Percentage of each indicated cell population in the spleen of Smcr8 +/+
(n=4), +/- (n=2) and -/- (n=4) mice by flow cytometry. n.s.: not significant; *: p<0.05, **: p<0.01; ***: p<0.001; ****:
p<0.0001 by two-way ANOVA.
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Smcr8 may regulate the process of lysosome exocytosis
Loss of Smcr8 resulted in deregulation of the lysosomal protein
expression in macrophages
We next sought to get a deeper look into the cellular function of C9orf72-Smcr8 protein
complex by taking an unbiased proteomic approach and to generate hypothesis about how they
modulate the function of the immune system. We chose macrophage as our model for the
following reasons: 1) it is an important player in both innate and adaptive immune system (10); 2)
it has been implicated in autoimmune disorders, including type 1 diabetes, rheumatoid arthritis
(10) and systemic lupus erythematosus (11); 3) C9orf72 and Smcr8 are most highly expressed in
monocytes, which are progenitors of macrophages; 4) it has been previous reported that loss of
C9orf72 resulted in aberrant function in macrophages and microglia, the brain resident
macrophage (7) and 5) the complete blood cell counts suggested that loss of Smcr8 resulted in
abnormalities in the myeloid cells, which include macrophages. In order to understand how the
loss of the functional C9orf72-Smcr8 complex could result in aberrant macrophage function, we
looked for differentially proteins in the Smcr8 -/- BMDM by quantitative mass spectrometry. Three
independent macrophage differentiations were performed from three distinct mice for each
genotype. Protein samples were isolated from mature BMDM after 8 days of differentiation in
medium supplemented with M-CSF. A total of 8096 proteins were identified (at least two distinct
unique polypeptide sequences) by mass spectrometry after TMT labeling. A dramatic decrease of
Smcr8 was seen in the Smcr8 -/- samples (Figure 2.15.1A), confirming the loss of function allele
in the mouse model. Peptides originating from C9orf72 were not detected in this particular
experiment. In addition, another 89 proteins were found differentially expressed between Smcr8 /- and +/+ BMDM (defined as hits with adjusted p value < 0.05 by moderate t-test). We applied
the list of significantly changed genes to the online gene ontology enrichment analysis tool
(http://geneontology.org/page/go-enrichment-analysis) and looked for their subcellular localization
(cellular component). Thirty-one out of the ninety differentially expressed proteins were located to
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the lysosome (p=9.39*10-27), thirty-seven to the extracellular space (p=1.21*10-15) and fortynine to the extracellular exosomes (p=2.19*10-20, Figure 2.15.1B). Among the 31 lysosome
located proteins, 30 were found decreased with the loss of Smcr8 with the exception of Cp, or
ceruloplasmin. Among the 10 cathepsins, lysosomal lumen hydrolases, detected by mass
spectrometry, 5 were found significantly decreased in the Smcr8 -/- BMDM. The remaining
differentially expressed protein were either found in other intracellular region or organelles (20
proteins), other extracellular region (5 proteins) or not annotated (7 proteins) by the gene
ontology analysis program. Next we subjected the same differentially expressed gene list for
biological processes enrichment analysis using the same tool. This list of genes was significantly
enriched for ganglioside and oligosaccharide catabolic process (4 genes, p=1.85*10-4). As we
noticed that the human genes are much better annotated for certain pathways, we looked for
human homologues of all the significantly changed genes in our mass spectrometry experiment
and analyzed again with the human gene ontology ‘biological process’ database. This
‘humanized’ list was highly enriched for immune cell activation pathways (the same 30 out of 83
mapped genes), converging to the neutrophil degranulation pathway (p=4.92*10-22, Figure
2.15.1C). The genes implicated in these immune activation pathways fully overlapped with the
lysosomal located genes, indicating the importance of lysosomes in the leukocyte degranulation
process and immune activation.
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Figure 2.15.1

Figure 2.15.1. Loss of Smcr8 resulted in deregulation of the expression of lysosome
proteins. (A) Volcano plot of quantitative mass spectrometry result comparing protein expression in the
macrophages derived from Smcr8 +/+ and -/- bone marrow. Data is represented as log2 of protein expression
fold change in -/- versus +/+ on the x-axis and log10 of adjusted p-value on the y-axis. Orange diamond:
Smcr8; blue dots: lysosome located genes; red dots: proteins that can be found in lysosomes, extracellular
space and extracellular exosomes. (B) Summary of gene ontology-cellular component enrichment analysis of
differentially expressed proteins in Smcr8 -/- BMDM. (C) Top biological processes that are enriched in the list
of differentially expressed proteins in Smcr8 -/- BMDM.
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Cells from the hematopoietic lineage are among the few types of cell that use modified
lysosomes as their secretory organelle and are important in modulating the immune responses
(36). In cytotoxic T cell and natural killer cells, the cytotoxic granules are essentially secretory
lysosomes (37,38). The finding that total intracellular lysosomal protein expression was
decreased in mutant cells was not expected for the reason that we previously noticed that total
Lamp1 protein expression was dramatically increased in the spleen of pre-symptomatic Smcr8 -/mice (Figures 2.14C and D) by western blot. We therefore hypothesized that loss of Smcr8 could
facilitates lysosome exocytosis, an overlapping process with leukocyte degranulation, and the
latter was identified by our proteomics study. To investigate this hypothesis, we looked at total
lysosome load and the expression of lysosome associated membrane protein Lamp1 on the cell
surface, a broadly used marker for degranulation and lysosome exocytosis (37,38). We chose a
Lamp1 antibody that recognizes the luminal portion of Lamp1, as the epitope will be exposed to
the outside surface of the plasma membrane when lysosomes are secreted. We make
independent BMDM cultures from four Smcr8 +/+ and four Smcr8 -/- mice, 50-day old. Cells were
differentiated in the presence of macrophage colony stimulating factor (m-CSF) for 7 days. Fully
differentiated macrophages were fed with Lysotracker for 4 hours to label the entire acidic
lysosomal compartment. Cells were then dissociated and washed with ice-cold PBS and stained
with FITC conjugated Lamp1 for 25 minutes on ice to label cell surface Lamp1. Cells were then
analyzed by flow cytometry and only data points from DAPI negative live cells were taken into
consideration. We did not observe difference in total Lysotraker intensity between Smcr8 +/+ and
Smcr8 -/- BMDMs (Figure 2.15.2A), suggesting that loss of Smcr8 did not affect the total
intracellular lysosome load. However, we did observe an increase in surface Lamp1 expression in
Smcr8 -/- macrophages (Figure 2.15.2B). This primary observation supported our hypothesis that
lysosome secretion could be affected by the loss of Smcr8.
We further asked whether or not this phenotype can be observed in vivo and if so, what
cell populations were affected. We therefore studied the expression pattern of Lamp1 in different
populations of the hematopoietic cells from the spleen of 50-day old mice. We observed an
increased percentage of cells that expressed surface Lamp1 in total splenocytes, T-cells and
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myeloid cells. The percentage of NK cells that expresses surface Lamp1 in Smcr8 -/- spleen
followed the same trend but the increase was not statistically significant when compared to the
Smcr8 +/+ (Figure 2.15.2C). In the myeloid lineage, there were significantly more Smcr8 -/macrophages positive for cell surface Lamp1 expression (Figure 2.15.2D). In addition, the Smcr8
-/- macrophages also expressed more total intracellular Lamp1 protein (Figure 2.15.2E). The
increased proportion of surface Lamp1 positive cells was reproducibly seen in the C9orf72 -/macrophages (Figure 2.15.2F). Our results supported the idea that loss of functional C9orf72Smcr8 protein complex could result in more active lysosome secretion in cells from the
hematopoietic lineage, macrophages in particular.

Figure 2.15.2
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Figure 2.15.2. Loss of Smcr8 resulted in increased cell surface Lamp1 expression. (A) Bone
marrow derived macrophages were treated with Lysotracker deep red for four hours and the mean
fluorescence intensity was analyzed by FACS. n=4 for each genotype. (B) Fully differentiated bone marrow
derived macrophages were dissociated from the culture plate, washed with ice cold PBS and stained with
Lamp1 conjugated with FITC for 25 minutes on ice. Mean fluorescence intensity of FITC-Lamp1 was
analyzed by FACS and only data from DAPI negative live cells were included. n=4 for each genotype; *:
p<0.05 by student t-test. (C) Percentage of surface Lamp1 positive cells in each gated cell population in the
spleen of 50-day old Smcr8 +/+ (n=4), +/- (n=2) and -/- (n=4) mice by flow cytometry. (D and E) Percentage
of surface Lamp1 positive cells (D) and total Lamp1 mean fluorescent intensity (E) in each gated cell
population in the myeloid lineage from 50-day old Smcr8 mouse spleens. DC: dendritic cell; Mono:
monocyte; Mac: macrophage; Neut: neutrophil. n=3 for each genotype. (F) Percentage of cell surface
Lamp1 positive cells in each gated population from the spleen of C9orf72 +/+, +/- and -/- mice. n=4 for each
genotype. n.s.: not significant; *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001 by two-way ANOVA.

Experimental Procedures
Cell culture
Human embryonic stem cells were cultured in mTeSR™1 (Stemcell technologies 05850).
HEK293 cells were cultured in DMEM with 10% fetal bovine serum. Human motor neuron
differentiation: 1 million embryonic stem cells were dissociated to single cells with accutase
(Innovative Cell Technologies AT-104-500) and plated on one well of matrigel (Thermo Fisher
Scientific 08774552) coated 6-well plates in mTeSR™1 supplemented with rock inhibitor (DNSK
Y27632, 1µM final concentration) on the day of dissociation. Cells were cultured in mTeSR™1
until confluent. Culture media was switched to DMEM\F12 (Life Technologies
11320082):Neurobasal (Life technologies 21103049) 1:1 supplemented with Glutamax (Life
technologies 35050061), non essential amino acids (Life technologies SKU 11140-050), N2
(StemCell Technologies 07156), B27 (Life technologies 17504044) neural differentiation media at
confluency. From day 0 to day 5, motor neuron differentiation media was supplemented with
retinoic acid (Sigma Aldrich R2625, 1µM final concentration), smoothened agonist (DNSK SAG
1µM final concentration), BMP inhibitor (DNSK LDN-193189, 0.1µM final concentration) and TGF-

	
  

106	
  

β inhibitor (DNSK SB431542, 10µM final concentration). From day 6 to day 14, motor neuron
differentiation media was supplemented with retinoic acid, smoothened agonist, GSK3-β inhibitor
(DNSK SU-5402, 4µM final concentration), and γ-secretase inhibitor (DNSK DAPT, 5uM final
concentration). On day 14 of differentiation, cells were dissociated with Accutase to single cells
and GFP positive motor neuron was purified with FACS. Motor neurons were then plated on polyD-lysine\laminin (Sigma Aldrich P6407 and Life technologies 23017-015) coated plate in
neuralbasal media supplemented with N2\B27 and neurotrophic factors (BDNF, CNTF and
GDNF). Motor neurons were cultured in the same media to mature.

Gene targeting for C9ORF72-HA transgenic human embryonic stem
cell lines
Zinc finger nuclease targeting the AAVS1 locus was previously described (1,2). Donor
targeting vector was modified from the donor vector used in the same study, by inserting
C9ORF72 cDNA with C-terminal hemagglutinin (HA) tag driven by CAG promoter between the
end of PGK-puromycin selection cassette and the 3’ homology arm. Human embryonic stem cells
were dissociated to single cells with Accutase. 1µg ZFN plasmid, 5µg donor plasmid were
transfected into 5 million dissociated cells by using the Neon® transfection system from
Invitrogen (1400V, 20ms, 3 pulses in 100ul reaction volume). Cells were plated on matrigel
coated 10cm dishes in mTeSR™1 (Stemcell technologies 05850) supplemented with rock
inhibitor for the day of transfection. Cells were cultured in mTeSR with puromycin 48hrs after
electroporation to select for correctly targeted cells until one day after resistant colony picking.

cDNA expression vector and small interfering RNA
SMCR8-MycDDK and SMCR8-GFP in pCMV6 backbone were from Origene
(RG212285). Flag-C9ORF72 fragment constructs were modified from pRK5-Flag-DEPTOR
plasmid (addgene plasmid 21334) by replacing the DEPTOR sequence with C9ORF72 using SalI
and NotI restriction-ligation cloning. Small interfering RNAs are from Thermo Fisher Scientific:
BLOCK-ITTM Alexa Fluor® Red for control (#14750), siRNA targetting C9ORF72 (4392420s47492), SMCR8 (4392420-s44397) and WDR41 (4392420-s30567).
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Overexpression vector and siRNA transfection
For cDNA overexpression vector transfection, HEK293 cells were passaged the day
before and aimed for 70-80% confluency for the time of transfection. cDNA plasmid transfection
was done with 200µl of Opti-Mem I (Life technologies 11058021), 6µl polyethylenimine at 1mg/ml
(Thermo Fisher Scientific NC9197339), 1µg for each DNA construct per well of 6-well plate. An
empty vector is added to balance the total amount of transfected DNA for the GFP intensity
analysis experiment by flow cytometry. For siRNA transfection in HEK cells, cells were passaged
the day before transfection and aimed for 70-80% confluency for the time of transfection. For one
well of 6-well plate, 100pmol siRNA were diluted in 245µl Opti-Mem, and 5µl RNAiMax (Life
Technologies #13778075) were diluted in 245µl Opti-Mem. The two mixtures were incubated at
room temperature for 5 minutes and mixed together. After 15-20 minutes incubation at room
temperature, the siRNA and RNAiMax mix is added to the cells. Two transfections were done (on
d0 and d2) and samples were collected four days after the first transfection. For siRNA
transfection, human embryonic stem cells were dissociated with accutase to single cells. One
million cells were resuspended in 100µl siRNA-RNAiMax mixture (100pmol siRNA, 5µl RNAiMax,
diluted to 100µl with Opti-Mem) and incubated for 10-15 minutes at room temperature. The cell
suspension was then added to mTeSR media supplemented with rock inhibitor.

Antibodies
Antibody conjugated to magnetic beads used for immunoprecipitations: rabbit anti-HA
(Cell signaling technology 11846S); mouse anti-Myc (Thermo Fisher Scientific PI88842). Other
antibodies used for western blot: rabbit anti-HA (Cell Signaling Technology 3724); mouse antiFlag (Sigma Aldrich F1804); rabbit anti-SMCR8 (Sigma Aldrich HPA021557, Abcam ab202283,
Novus Biologicals NBP1-93833); rabbit anti-WDR41 (Thermo Fisher Scientific PA5-24352); rabbit
anti-FIP200 (Sigma Aldrich SAB4200135); rabbit anti-ULK1 (Thermo Fisher Scientific
NC0554491); rabbit anti-ATG13 (Cell signaling Technology mAB 13468); rabbit anti-FAK (Cell
Signaling Technology 3285S); rabbit anti-PYK2 (Thermo Fisher Scientific NC0835289). Rabbit
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anti-LC3 (Novus Biologicals NB100-2220). Rat anti-Trem2 (Abcam ab86491). Rabbit antiRab27a (Cell Signaling Technology 69295). Mouse anti-p62 (Abcam 56416). Mouse anti-CtsB
(Abacam ab58802). Rat anti-Lamp1 (Santa Cruz biotechnology sc-19992). Rabbit anti-C9orf72
(Novus Biologicals NBP193504). Secondary antibodies used to minimize noise from
immunoprecipitation antibodies were mouse TrueBlot (Thermo Fisher Scientific NC0410570)
and rabbit TrueBlot (eBiosciences 18-8816-31).

Immunoprecipitation
For immunoprecipitation, cells were washed on the plate with PBS and lysed in PIERCE
IP Lysis buffer (Thermo Fisher Scientific PI87787) supplemented with PIERCE Halt protease and
phosphatase inhibitor cocktail (#78443). Samples were allowed to sit on ice for 30 minutes and
spin at 14000g for 20 minutes. The supernatant were collected and added to the magnetic beads
for immunoprecipitation overnight at 4°C with rotation overnight followed by three washes with
lysis buffer. Samples were either brought for mass spectrometry analysis or eluted with SDSPAGE gel loading buffer (Thermo Fisher Scientific #50194470). Otherwise cells were lysed in
RIPA buffer supplemented with protease and phosphatase inhibitor cocktail for direct western blot
analysis.

Immunocytochemistry
Method for immunocytochemistry was previously described (Kisknis et al., 2014, Cell
stem cell). Rabbit anti-Islet 1 (Abcam ab109517) was used at 1:500; chicken anti-GFP 1:2000
(Aves Labs Inc., GFP-1010); and mouse anti-Tuj1 1:2000 (Thermo Fisher Scientific 501029509).
Secondary antibodies are Alexa Fluor 488 Donkey anti-Chicken IgY (IgG) (Jackson
ImmunoResearch Laboratories 703-545-155), Alexa Fluor 555 Donkey Anti-Rabbit IgG (Life
Technologies A31572), and Alexa Fluor 647 Donkey Anti-Mouse IgG (Life Technologies A31571).
Secondary antibodies were all used at 1:1000.
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Immunohistochemistry
Tissue sections were briefly washed in PBS before staining. After the wash, tissues were
stained in primary antibody diluted in PBS containing 0.1% Triton, 10% donkey serum for
overnight at 4C without shaking. The next day, tissues were briefly rinsed with PBS and then
washed 3 times with PBS, 10min incubation each time and then stained in secondary antibody
diluted in PBS containing 5% donkey serum (no detergent) for 2 hours at room temperature and
protected from light. After the staining, tissues were briefly rinsed with PBS and then washed with
PBS for 3 times (or PBS with Tween 0.1% to decrease noise). During the first wash, nuclei
counterstain was performed with Hoechst at 1/500 from lab stock for 10-15min at room
temperature and protected from light. Floating sections were then moved onto glass slides and all
slides were mounted with mounting media and glass coverslips. Mounted slides were left drying
at room temperature for a couple hours before moving into slide box or being imaged.

X-gal staining
If tissue section is frozen, thaw. Make sure the slide is dry. These steps are optional: 1)
fix in ice-cold X-gal fixative solution for 4min in the hood; 2) transfer to PBS and let sit for 1min; 3)
transfer to new fresh PBS and let sit for 10min. X-gal fixative solution: Formaldehyde 4%,
glutaraldehyde 0.5% and sodium phosphate buffer 0.1M pH7.2 in PBS. X-gal staining solution:
K3Fe(CN)6 5mM (0.329g for 200ml), K4Fe(CN)6-3H2O 5mM (0.422g for 200ml), MgCl2 2mM
(0.0381g for 200ml) dissolved in 200ml of PBS. Protect from light.
X-gal reagent was dissolved in DMSO at 40mg/ml. Immediately before use, dilute 1:40 Xgal regent in X-gal staining solution, protect from light. Add the reagent to tissue samples and
incubate in a humidified chamber at 37C for several hours or at room temperature overnight, until
maximum coloration. Remove X-gal staining reagent from the samples and rinse the samples in
an excess of PBS for 10 minutes. Mount the slides in aqueous mounting medium, left the slides
to dry and image with light microscope.
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Smcr8 CRISPR guide design, validation, and mouse generation
CRISPR guides targeting Smcr8 exon2 was designed using the online CRISPR design
tool (46). Two guides were selected for each target site. Each guide sequence was inserted
between the Sp6 transcriptase promoter and terminator. The guide was then transcribed into
RNA using MEGAscript Sp6 transcription kit (Ambion® AM1330M) and purified using
MEGAclear™ Transcription Clean-Up Kit (Ambion® AM1908). Wild type Cas9 nuclease mRNA
was obtained from System Biosciences Inc. (# CAS500A-1). The purified guide RNAs and Cas9
mRNA were injected into mouse blastocyst. Tail DNA from all the subsequent CRISPR targeted
mice was PCR amplified with primers flanking the CRISPR target sites. Distinct barcode was
added to 24 of them via PCR. The amplicons were then pooled and cleaned using Promega DNA
clean-up kit (A9282). The sequence at the CRISPR site was sent for MiSeq at the Broad Institute
Walk-up sequencing platform. The sequencing result was analyzed using the online tool
OutKnocker 1.2 (http://www.outknocker.org).

Mouse blood work
The complete blood count, cytokine measures, anti-dsDNA antibody titration,
autoantibody array, spleen and lymph node fluorescence-activated cell sorting were previously
described (Burberry et al., 2016, Science translational medicine).

Mouse tissue preparation
Adult mouse was put under anesthesia with 700ul diluted Avertin by abdominal injection.
Open the chest. The perfusion was performed by first pumping about 25ml PBS through the heart
followed by 25-30ml of 4% freshly prepared PFA. Desired tissue was dissected and post-fixed in
4% PFA overnight on rocking platform (up to 48hrs max). The next day, fixed tissue was rinsed in
fresh PBS 3 times and dehydrated in: 15% sucrose (dissolved in PBS) for mouse embryos, or 1520% sucrose for juvenile mouse tissue (younger than 14 days old), or 30% sucrose for adult
mouse tissue, for at least 2 days (can be stored in dehydration medium for weeks). For long term
storage and cryo-sections, dehydrated tissues were embedded in OCT and stored at -80C.
Cryosections: floating sections (in ice cold PBS) of 30um thickness for adult brain or 40um for
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juvenile brain; for other tissues, 10-12um sections were cut and directly adhere to glass slides.
Tools: tooth pick (for floating section) and camel hair brushes.

Flow cytometry
Mouse spleens were dissected out, briefly washed in ice cold PBS. Spleens were then
physically homogenized using glass slides and dissociated into single cells using 25G needles
with ice-cold sort buffer containing 2% horse serum in PBS, filtered through 70uM cell strainer
and centrifuged at 1000rpm for 5min at 4C. Cell pellet was resuspended in red blood cell lysis
buffer (NH4Ac 8g, KHCO3 1g, EDTA 0.04g dissolved in 1L sterile distilled water), incubated on ice
for 15min, diluted with sort buffer. The RBC lysis buffer was then removed from the cells after
centrifugation at 1000rpm for 5min, 4C. Cells were resuspended in sorting buffer, filtered through
40uM cell strainer, counted and 1-2 million cells were aliquoted into FACS tubes. Cell pellets
were obtained after centrifugation at 1000rpm for 5min at 4C in the FACS tubes and then
resuspended in 100ul staining cocktail (antibodies diluted in sort buffer). Live cell surface marker
staining was performed by incubation of single cell suspension with antibody cocktail for 2530min on ice. After staining, 3ml of fresh sort buffer was added to each tube to wash away
excessive antibody. After the centrifugation, for live cell surface protein FACS, cells were then
spun at 1000rpm for 5min at 4C and cell pellets were resuspended in 300ul sort buffer containing
DAPI. Or for total protein and intracellular protein staining, cells were fixed after the centrifugation
with 100ul of 4% PFA (vortex immediately after adding PFA to the cell pellet) for 15min on ice.
Fixed cells were washed with 3ml of fresh PBS. Cells were then permeabilized with 0.1% saponin
diluted in PBS containing 2% FBS (or 0.5ug/ml of antiCD16/32 antibody or other blocking
reagent, ‘Perm buffer’) for 15min at room temperature. The permeabilization buffer was removed
by centrifugation and cells were resuspended in antibody cocktail for the intracellular protein
staining (25min incubation at room temperature). After the staining, cells were washed with PBS
and resuspended in 300ul fresh PBS. Cells were analyzed on BD

TM

LSR II flow cytometry

analyzer and flow data were processed on FlowJo. Antibody cocktail frequently applied: stain1:
Lamp1-FITC (clone 1d4b), CD3-PE, CD8-PEcy5, NK1.1-PEcy7, Trem1 or Trem2-APC (or
AlexaFluor647), CD4-APCcy7; stain 2: Lamp1-FITC, CD19-PE (B cell), F4\80-PEcy5
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(Macrophage), Ly6G-PEcy7 (Neutrophil), Trem1 or Trem2-APC (or AlexaFluor647), CD11cAPCcy7 (Dendritic cell).

RNA extraction and real-time quantitative PCR
Total RNA extraction, generation of complementary DNA and quantitative PCR was done
as described in Burberry et al., 2016, Science translational medicine. All working surface and
tools were decontaminated from RNase by RNase OUT or 10% bleach. Cells or tissue samples
were lysed in Trizol. For every 1ml of Trizol, 200ul of chloroform was added. Samples were then
thoroughly mixed by hand shaking and allowed to sit for 10min at room temperature followed by
centrifugation at 12000g for 15min at 4C. After centrifugation, the clear upper layer was collected
into a new tube and the rest was discarded. An equal volume of ice-cold isopropanol was added
to the supernatant and thoroughly mixed by inverting the tube several times. For samples with
expected low yield, 10ug of RNase free glycogen was added to facilitate RNA precipitation. The
samples were allowed to sit at room temperature for another 20min to precipitate RNA and then
centrifuged at 12000g for 10min at 4C. The supernatant was discarded and the pellet was
washed with 1ml of 75% ethanol followed by centrifugation at 12000g for 5min at 4C. The
supernatant was discarded. The residual ethanol was removed by letting the pellet air-dry at room
temperature. The pellet was then dissolved in appropriate amount of RNase free water (DEPC
treated milliQ water) and the RNA concentration was estimated by nanodrop.
(Optional: treat the samples with DNase to eliminate contaminating genomic DNA) To
make cDNA, 2000ng of total RNA, 5ul of 4X reverse transcriptase buffer, 1 ul of reverse
transcriptase was mixed with RNase free water in a total volume of 20ul. The reverse
transcription was performed in a PCR machine with the following cycle: 5min at 25C, 60min at
42C, 5min at 85C, and 4C forever. The resulting cDNA was diluted with milliQ water to 200ul.
For qPCR, 2ul of diluted cDNA sample, 0.3ul of each 20uM primer, 7.5ul of 2X SYBR
green reagent was mixed with milliQ water in a total volume of 15ul. The reaction was run in a
qPCR machine using the following cycle conditions: 1) 5min at 95C, 2) 30sec at 95C, 30sec at
60C, 1min at 72C for 40 cycles, and 3) melting curve analysis by increasing the temperature from
60C to 95C by 0.5C per 5 seconds. For each sample, the expression of a particular gene was
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normalized to the amount of its own loading control (Gapdh in our case, data interpreted as
2^[Ct(Gapdh)-Ct(gene)] ).

Primers
qPCR Primers
Most qPCR primers were designed and selected from the MGH PrimerBank database. In
the cases when data was not available on the website, qPCR primer sets were designed to meet
the following criteria: 1) axon spanning; 2) amplicon size around 80-150 in mRNA; 3) melting
temperature around 60C.
Human:
C9ORF72: fwd- ACTGGAATGGGGATCGCAGCA; rev-ACCCTGATCTTCCATTCTCTCTGTGCC;
SMCR8: fwd- CACCCCATGCTCAGGTTTGA; rev- AAACAGTCCAGCTCAGGCAA;
WDR41: fwd- TGTGTG-TGGAACCGAAAATTAGA; rev- AGGAGGCGCTTAACTTCAAGA;
GAPDH: fwd- TCATTGACCTCAAC-TACATGGTTTAC; rev- GATCTCGCTCCTGGAAGATG.
Mouse:
Smcr8_a: fwd- AGGAAGAACCTTACAATGAGCCC; rev- GCCCCAGACAGTTTAGACCAG;
Smcr8_b: fwd- TTGCGGATTATGTCGGTGGAT; rev- CCCTTCCTTAGAGTCTCCCAGTA;
Smcr8_c: fwd- CTATATGCAGGAGTCACCGGG; rev- AAGGCTCAACACTCCAGCTC;
C9orf72: fwd- GCAGTGCAGAGAAA-GTAAATAAGATAG; rev- ACTGCCTGTTGCATCCTTTAG;
Il-6: fwd- TAGTCCTTCCTACCCCAATTTCC; rev- TTGGTCCTTAGCCACTCCTTC;
Il-1b: fwd- GCAACTGTTCCTGAACTCAACT; rev- ATCTTTTGGGGTCC-GTCAACT;
Il-10: fwd- GCTCTTACTGACTGGCATGAG; rev- CGCAGCTCTAGGAGCATGTG;
Trem2: fwd- CTGGAACCGTCACCATCACTC; rev- CGAAACTCGATGACTCCTCGG;
Gapdh: fwd- AGGTCGGTGTGA-ACGGATTTG; rev- TGTAGACCATGTAGTTGAGGTCA.
Genotyping Primers
AAVS1 5’ ins: fwd- AACTCTGCCCTCTAACGCTGC; rev- AGGCCTTCCATCTGTTGCTGCG;
AAVS1 3’ ins: fwd- GAGCATCTGACTTCTGGCTAATA; rev- AACGGGGATGCAGGGGAACG;
Smcr8_fwd: ATCCAGAGG-CCTGACTCTCC; Smcr8_rev1: GAAGTCCCTGGAGAACTTGG;
Smcr8_rev2: GCTTCCACTTCTGGAAAT-CCAT
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Chapter 3
Discussion, Implication, and
Future Directions

This Chapter was unpublished work by Yingying Zhang

Discussion
The (GGGGCC)n hexanucleotide repeat expansion mutation in C9ORF72 is so far the
most common known genetic cause of ALS and FTLD spectrum of neurodegenerative disease.
This mutation has been found in approximately 40% of familial and 7% of sporadic ALS cases in
Europe and the US (1). It is also responsible for 25% of familial and 6% of sporadic FTD in the
Europe (1). As this mutation causes reduced C9ORF72 expression, it aroused the possibility that
C9ORF72 deficiency could promote the disease progression. Therefore the molecular function of
C9ORF72 has become an important question to address, which was largely unknown at the time
when we initiated project.
We addressed this question by looking for C9ORF72 interacting proteins using an
unbiased co-immunoprecipitation and quantitative mass spectrometry approach. We established
human embryonic stem cell stably expressing either the long isoform or the short isoform of
C9ORF72 with C-terminal hemagglutinnin (HA) tag.
We found that the two isoforms of C9ORF72 interacted with two distinct sets of proteins.
The C9ORF72 long isoform interacted with WDR41 and SMCR8 in human embryonic stem cells
and human motor neurons. WDR41 is a lysosome located (2) protein with unknown function. And
SMCR8, or Smith-Magenis syndrome chromosome region candidate 8, is a gene located in the
region of genome that is commonly deleted in Smith-Magenis syndrome patients. Currently little
is known about SMCR8 and whether its deletion is contributing to Smith-Magenis syndrome is
unclear. Interestingly, like C9ORF72, SMCR8 also belongs to the DENN domain family of
proteins (3) and may have putative Rab GEF function. This protein complex has been recently
consistently reported by other groups (4-10).
As for the C9ORF72 short isoform, we identified 12 potential interacting proteins by
quantitative mass spectrometry following co-immunoprecipitated. Among them, TSPYL5 (Testis
specific Y-encoded-like protein- 5) was the most highly enriched protein and its interaction with
the C9ORF72 short isoform was further validated by western blot. Elevated TSPYL5 expression
has been associated with lung adenocarcinoma and breast cancer (11,12). It regulates cell
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growth through modulation of the PTEN-AKT signaling pathway (11). Biochemically, TSPYL5 has
been reported to interact with the ubiquitin specific protease 7 (USP7). This interaction decreases
the deubiquitylation activity of USP7 towards the tumor suppressor protein p53, which functions
to arrest cell cycle. Subsequently TSYPL5 favors cell growth by sustaining the degradation of p53
(12). Although C9ORF72 short isoform co-immunoprecipitated with TSPYL5, we did not detect
further interaction between C9ORF72 and USP7 in the stem cells. The effect of C9ORF72 short
isoform on cell size or replication has not been carefully studied and the functional significance of
the interaction between C9ORF72 short isoform and TSPYL5 requires further investigation. FUS
(fused in sarcoma/translocated in sarcoma) was also significantly enriched in the
immunoprecipitated fraction expressing C9ORF72 short isoform. As detailed in Chapter 1, FUS
regulates multiple aspects of RNA metabolism. At least thirty mutations in FUS have been
identified to cause ALS\FTD (13). However, western blot validation of the mass spectrometry
finding suggested that the interaction was not specific to C9ORF72 as it was equally detected in
the immunoprecipitated fraction from control cells without C9ORF72-HA expression. Increasing
the stringency of immunoprecipitation conditions, such as increase salt concentration, including
SDS in the lysis buffer or treating samples with RNase, did not eliminate the non-specific
interaction. It remained possible that the presence of the C9ORF72 short isoform strengthened
the interaction with FUS but the enrichment was too subtle to be appreciated by western blot. The
significance of such enrichment in the context of ALS was therefore not further explored in this
project. BTBD10, an activator for AKT signaling pathway, was also identified to potentially interact
with the short isoform of C9ORF72. Interestingly, BTBD10 has protective effects on motor
neurons carrying an ALS-causing mutation, SOD1-G93A (14,15). Consistent with this notion,
post-mortem spinal cord sections from sporadic ALS patients have reduced BTBD10 expression
(14). In contrast to the mass spectrometry result, we did not detect specific interaction between
BTBD10 and the short isoform of C9ORF72. Instead, the BTBD10 antibody recognized a weak
but positive band in the immunoprecipitated fraction from the long isoform-expressing sample.
With limited effort, we have not been able to validate C9ORF72 short isoform interacting
candidates other than TSPYL5. However as explained above, these potential interactions still
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worth further investigation, especially in the context of ALS. Several other approaches may be
applied to clarify if they are true C9ORF72 short isoform interacting proteins. We could consider
varying the co-immunoprecipitation conditions (such as duration, temperature, buffer stringency,
etc.), or differentiate the stem cells into other relevant cell types, as it is possible that proteinprotein interaction may be cell type dependent, which has been made possible with the cellular
tools established in this study. In addition, we may consider studying the co-localization of
C9ORF72 and its potential interacting proteins by combining subcellular fractionation and
immunofluorescent imaging.
We therefore focused on studying the function of C9ORF72 long isoform and its
interacting proteins SMCR8 and WDR41. We found that loss of C9ORF72 resulted in a significant
reduction of SMCR8 protein but not its mRNA expression. And overexpression of SMCR8 was
not stable without co-expression of the C9ORF72 long isoform. We thus concluded that
C9ORF72 could stabilize the SMCR8 protein through an unknown mechanism.
C9ORF72 further interacted with essential components for autophagosome initiation
FIP200, ULK1 and ATG13 only after forming a complex with SMCR8 and WDR41. In addition to
being a key component in the autophagosome initiation, FIP200 (focal adhesion family of kinase
interacting protein 200kDa) also interacts with focal adhesion kinase FAK and a closely related
tyrosine kinase PYK2. It can therefore interfere with the integrin-signaling pathway through FAK
inhibition (16,17). FIP200 can also bind to the kinase domain and inhibit PYK2, a tyrosine kinase
closely related to FAK and may be involved in the induction of apoptosis in response to certain
stimuli (18,19). Could C9ORF72 be involved in these other pathways instead of autophagy
through its interaction with FIP200? We ruled out these alternative hypotheses through proteinprotein interaction studies (Figure 3.1A). Therefore our study implicated a role of the C9ORF72
protein complex in the autophagy pathway (modeled in figure 3.1B).
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Figure 3.1

Figure 3.1. Model for C9ORF72 protein interactions and potential function. (A) Protein
lysates were made from parental human embryonic stem cells, with C9ORF72-long-HA, or
C9ORF72-short-HA expression as indicated. Western blot for endogenous focal adhesion kinase
FAK, and for endogenous PYK2. (B) A hypothetic model of interaction network and potential
function for C9ORF72 long protein isoform. SMCR8 is unstable in the absence of full length
C9ORF72 long isoform. When C9ORF72 is present, SMCR8 is stabilized and forms a complex with
C9ORF72 and WDR41. This complex can interact with proteins essential for autophagosome
initiation: ULK1-FIP200-ATG13 complex. Both the C9ORF72 complex and its interaction with the
ULK1 complex require the presence of SMCR8. Focal adhesion family kinases FAK and PYK2 are
not preferentially interacting with full length C9ORF72 in the current experimental settings.

A potential link between C9ORF72 and the autophagy pathway is intriguing. Autophagy is
a lysosomal degradation pathway that is responsible for the clearance of misfolded protein
aggregates, cytoplasmic debris, defective organelles, and other cellular components. Neurons
are large, polarized and post-mitotic cells. As a result, they rely on proper autophagy function to
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maintain their normal physiological activity. In mice, suppression of the autophagy pathway by
genetic ablation of Atg5 or Agt7 specifically in the nervous system led to accumulation of
ubiquitin-positive aggregates, behavioral abnormalities, motor dysfunction and neurodegeneration
(20,21). Moreover, abnormal behaviors at each stage of autophagy (autophagosome initiation,
substrate recognition, auto-lysosome fusion and cargo degradation) have been observed in
multiple neurodegenerative diseases, including ALS (22,23). In the case of ALS, mutations in
several autophagy-related genes segregate in ALS patients, such as receptors for selective
autophagy SQSTM1\p62, OPTN, and UBQLN2 (24), and DCTN1, a motor protein capable of
regulating autophagosome trafficking and auto-lysosome fusion. Recently TBK1, or TANK binding
kinase, was identified as an ALS risk gene by exome sequencing (25,26). It phosphorylates p62
and OPTN and regulates their ability to interact with LC3, an autophagosome marker (25,26). In
addition, p62 positive cytoplasmic inclusions are a disease hall-mark of ALS, implicating
malfunction of selective autophagy. TDP-43 positive cytoplasmic inclusions are another
characteristic phenotype of ALS. It has been shown that autophagy induction was able to
promote the clearance of TDP-43 cytoplasmic inclusions and improve neuronal survival in vitro
(27). Several other pieces of evidence further suggest that autophagy could be a plausible
candidate pathway to study for the function of C9ORF72 protein complex. First,
immunohistochemistry experiment using C9ORF72 long isoform-specific antibody showed that it
may locate to punctate structures in the cytoplasm of Purkinje cells (28). The nature of this
structure is yet unclear, but it is possible that it could be autophagosome, lysosome, or endosome
that would fuse with autophagosome or lysosome (28). Meanwhile, one of the components of
C9ORF72 protein complex, WDR41, is located to the lysosome, which fuses with
autophagosome for the final step of cargo degradation (2), supporting that C9ORF72 could play a
role in auto-lysosome fusion. However, no consensus has been reached regarding whether the
protein complex positively or negatively regulates auto-lysosome activity. Evidences have been
shown to support that C9orf72 favors the auto-lysosome function, as loss of C9orf72 has been
associated with the accumulation of lysosomes and autophagy marker p62 (7,29). This has been
further supported by studies in C9orf72 -/- mice. Loss of C9orf72 resulted in accumulation of
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autophagy markers LC3 and p62 in the spleen and accumulation of lysosomes in microglia and
macrophages (29). On the contrary, others argued that C9orf72 may inhibit autophagy as loss of
C9orf72 resulted in increased autophagic flux by reducing S6K phosphorylation and subsequently
mTOR inhibition (9). In addition, although most published study suggest that C9ORF72 and
SMCR8 may have collaborative functions, one study showed evidence that the two protein may
play opposite roles in regulating the autophagy pathway (10). We tested the effect of reduced
C9ORF72 or SMCR8 on autophagy flux using LC3-II/LC3-I ratio. Knockdown of C9ORF72 or
SMCR8 by siRNA in HEK293 cells did not result in reproducible alteration in autophagic flux.
Therefore our results did not support a substantial role of C9ORF72 or SMCR8 in the regulation
of bulk macroautophagy in the current experimental settings. Such disagreement could be due to
incomplete siRNA gene knockdown in the experiments discussed in Chapter 2. However, a
colleague in our lab tried similar experiments using cortical culture from C9orf72 +/+ and -/- mice
but did not observe genotype dependent differences in autophagy flux at basal level or in
response to chloroquine and Torin treatment.
Several factors could contribute to the disagreement on C9ORF72 function in autophagy.
First, it has been recently discovered that C9ORF72 plays a major role in the immune system and
is most highly expressed in monocytes. Therefore HEK293 cell and cortical cultures used in our
experiments might not be ideal models to investigate the function of C9ORF72. Similar
experiments should be repeated using wild type and C9orf72 null macrophages. Second,
autophagy is sensitive to nutrient availability and cell density could be a confounding factor
affecting the autophagic flux. Cell density and nutrient availability should be tightly controlled
during these experiments to avoid introducing extra level of experimental variability. Third, the
current experiments mainly focused on the role of C9orf72 in bulk non-selective autophagy,
whereas it could have a role in regulating cargo-specific autophagy. If this was the case, the
specific cargo(s) and the associated adaptor proteins remain to be identified. One interesting
candidate could be ferritin, as its serum level was dramatically increased in both C9orf72 -/- and
Smcr8 -/- mice before the onset of autoimmunity and any other changes in the blood (Discussed
in Chapter 2, section 13). NCOA4, encoding nuclear receptor coactivator 4, has been proposed
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as a cargo receptor for ferritinophagy, the selective autophagy targeting ferritin (30,31). It is
essential for delivering ferritin to the lysosome for degradation. The abundance and subcellular
localization of Ncoa4 in C9orf72 -/- or Smcr8 -/- spleens and macrophages could be worth
investigating.
Despite the ambiguity on the exact role of C9ORF72 protein complex in the regulation of
autophagy, our data in combination with currently published studies gave strong support to an
interaction between C9ORF72 and SMCR8. The other major question addressed in this project is
whether or not Smcr8 and C9orf72 share common in vivo functions. To investigate this question,
we first looked for tissue specific expression pattern of Smcr8 and C9orf72. Using a LacZ
reporter, we observed expression of both Smcr8 and C9orf72 in the cortex, hippocampus,
cerebellum, spinal cord and testis. Strong expression of C9orf72 was detected in the spleen but
not kidney. Unlike C9orf72, Smcr8 expression was detected in the kidney but not the spleen. We
did not detect positive signal for either of the genes in the liver, lung or muscle. Public available
data indicate that both genes are highly expressed in the monocytes. Therefore the expression
pattern of C9orf72 and Smcr8 overlapped in most tissues examined. We next generated Smcr8
loss of function mouse model by applying the CRISPR-Cas9 gene editing in zygotes. A 2.2kb
coding region in exon 1 of Smcr8 genomic region was successfully excised. This deletion resulted
in the loss of more than 80 percent of the coding sequence of Smcr8 and created a null allele.
Smcr8 -/- mice all survived to adulthood and we did not observe premature lethality in these mice
(followed up to 600 days, data not shown). The Smcr8 -/- mice did develop all major phenotypes
that have been reported in the C9orf72 -/- animals, including splenomegaly, anemia and signs of
autoimmunity. Therefore we were able to provide the first set of in vivo evidences to support that
C9orf72 and Smcr8 share cooperative functions to regulate immune system function and
suppress autoimmunity in mouse models. One major criticism of the C9orf72 loss of function
mouse models is the fact that the genetic modifications disrupted the architecture of the locus
normally encoding C9orf72. This particular locus is highly conserved and harbors multiple
lncRNAs and also the gene encoding interferon kappa (Ifnk), a gene with important function in the
immune system. This fact renders it possible that the phenotypes observed in C9orf72 -/- animals
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may be the result of disrupted expression of cis-acting lncRNAs and other nearby genes encoded
in this genetic locus and would argue against a direct role of C9orf72 in regulating inflammation
and autoimmunity. By establishing the Smcr8 loss of function mouse model and replicating the
key phenotypes seen in C9orf72 mutant animals, we circumvented the drawback and can now
conclude that these immune system abnormalities including autoimmunity seen in the mutant
animals are indeed the result of disrupting C9orf72-Smcr8 protein complex.
In addition, loss of Smcr8 also resulted in Trem2 accumulation in the spleen, one of the
molecular changes that have been previously described in the C9orf72 -/- animals. Trem2
encodes Triggering Receptor Expressed on Myeloid cells and may function to inhibit inflammation
and cytokine secretion (32). It has been described as a risk gene for multiple neurodegenerative
diseases, including Alzheimer’s disease (33,34), Parkinson’s disease (35), FTD (35) and ALS
(36). Increased Trem2 expression has been previously reported in the spinal cord in ALS patients
and in SOD1-G93A mouse model (36). It is thus intriguing to observe Trem2 accumulation in our
both C9orf72 and Smcr8 loss of function mouse models. However, two questions remain to be
addressed. First, it is unclear whether the increased Trem2 expression is a secondary response
to the chronic inflammation or not. Our observations that Trem2 accumulation occurred in mice
before the onset of inflammation and autoimmunity argued against this hypothesis. To fully
investigate into this question, one could inhibit the function of Trem2 either by antibody
neutralization or crossing the Smcr8 -/- mice to Trem2 -/- mice. If the increased Trem2 expression
were a protective response secondary to chronic inflammation, such treatment would exacerbate
the inflammation and autoimmunity in the mutant mice. Conversely, if the increase in Trem2 were
the trigger of immune phenotypes, such treatment should ameliorate the outcome. In addition, the
effect downstream of Trem2 overexpression has not been explored. To study this question, we
plan to examine the phosphorylation of Trem2-associated adaptor Dap12 and tyrosine protein
kinase Syk (37), as well as the activity of the RAS-ERK and AKT signaling pathways that are
downstream of Trem2 activation (37).
In order to obtain a better resolution on the cell biological function of C9orf72 and Smcr8,
we performed quantitative proteomics on macrophages derived from Smcr8 +/+, +/- and -/-
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mouse bone marrow (BMDM). Loss of Smcr8 resulted in significant reduction of multiple
lysosomal hydrolases inside the cells. Gene ontology analysis indicated that the list of
differentially expressed proteins between Smcr8 +/+ and -/- BMDMs was enriched for proteins
implicated in the neutrophil degranulation process, a process that involves mainly lysosome
exocytosis. Interestingly, in contrast to reduced lysosomal hydrolases, the lysosome membrane
associated protein Lamp1 was found robustly increased upon loss of Smcr8 or C9orf72. We
therefore proposed that loss of C9orf72-Smcr8 protein complex resulted in more active lysosome
exocytosis, which led to the reduction of lysosomal proteins and accumulation of ‘hypotropic’
lysosomes. To support this idea, we observed an increased proportion of macrophages, T-cells,
and myeloid cells from pre-symptomatic Smcr8 -/- and C9orf72 -/- mouse spleens expressed
Lamp1 on the cell surface, a broadly used marker for lysosome exocytosis. Interestingly, serum
ferritin level was found dramatically increased upon loss of either C9orf72 or Smcr8 without
causing prominent defect in other aspects of iron metabolism. Mammalian ferritin is a 24-mer
hetero-polymer composed of ferritin heavy chain and light chain proteins. Being a major iron
storage molecule, one ferritin protein complex can store up to 4500 ferric atoms. It is a cytosolic
protein complex lacking signal peptide for classical endoplasmic reticulum mediated secretion
(38). Despite these facts, ferritin is secreted into the serum and serum ferritin has been used as
clinical indicator of iron metabolism and anemia. It has been proposed that macrophages are one
of the primary sources of serum ferritin and that ferritin could be secreted via non-canonical
secretion pathways involving the autophagosome (39), multivesicular body (39) and the
lysosomes (40). Therefore the elevation of serum ferritin in C9orf72 -/- and Smcr8 -/- mice could
provide support for a role of the C9orf72 protein complex in regulating non-canonical secretive
pathways.
Lysosome exocytosis is found in specific cell types, mainly the leukocytes (41). The
secretory lysosomes have been implicated not only in modulating immune responses, but also in
the onset and progression of autoimmune diseases by contributing to auto-antigen presentation
and cytokine secretion (42). In addition, increased level of lysosome hydrolases cathepsins K, L
and S has been found in the body fluid of rheumatoid arthritis patients. A more general
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involvement of cathepsins in a number of autoimmune diseases has also been proposed (42).
These observations underscored the necessity to look into the contribution of C9orf72\Smcr8
protein complex in the regulation of lysosomal exocytosis in leukocytes. If excessive lysosome
exocytosis were a major cause of characteristic phenotypes seen in the Smcr8 and the C9orf72
loss of function mouse models, then inhibition of lysosome exocytosis should rescue these
abnormalities. While reliable small molecule inhibitor of lysosome exocytosis is not currently
available, Rab27a has been proposed as a key regulator of lysosome exocytosis. In addition,
mutations in Rab27a have been implicated in the pathogenesis of hemophagocytic
lymphohistiocytosis (HLH) (43), a disorder in which remarkably elevated serum ferritin is a
characteristic clinical presentation (44). Interestingly, interaction between C9ORF72 and
RAB27A, but not RAB27B, has been recently reported (45), suggesting that C9ORF72 may
regulate the lysosomal exocytosis by serving as a RAB27A GEF. It is therefore reasonable to
hypothesize that the autoimmunity and elevated serum ferritin level seen in C9orf72 loss of
function mice was caused by Rab27a-regulated lysosome exocytosis. As it has been shown that
loss of Rab27a may block lysosome exocytosis (46), one could generate C9orf72 and Rab27a
double knockout mice. If our hypothesis were true, we would expect to see significant attenuation
of autoimmunity and lowered serum ferritin level in the double knockout mice compared to
C9orf72 loss of function mice.
The main stream of current literature regarding the function of C9orf72 has been focusing
on the alterations in the protein homeostatic aspect of the auto-lysosome pathway. And yet no
consensus has been reached regarding whether the C9orf72-Smcr8 protein complex positively or
negatively regulates auto-lysosome activity. In addition to the factors discussed earlier, such
disagreement in the findings could be a result of the fact that the main function of C9orf72 and
Smcr8 was not to regulate protein degradation aspect of the auto-lysosome pathway. Instead,
here we proposed a new angle to the problem and raised the possibility that C9orf72\Smcr8 could
be involved in the regulation of lysosomes secretion and leukocyte degranulation process. And by
doing so they function to inhibit excess leukocyte activation which could subsequently lead to
inflammation and autoimmunity.
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Implication
The finding that C9orf72 is involved in modulation of inflammation and autoimmunity
underscored the immune system contribution to neurodegeneration. Signs of autoimmunity in
ALS have been notices for decades. Sera and purified antibodies from a subset of ALS patients
caused demyelination and had detrimental effect on the survival of neuronal cultures (47-49).
Elevated levels of antibodies against multiple self antigens in the nervous system have been
found in ALS patient sera (50-57). In addition, purified antibodies from ALS patient and ALS
mouse model can lead to limb weakness in recipient mice. In these mice, IgG immunoreactivity
was detected at their neuromuscular junctions and motor neuron cell bodies (58), suggesting that
the nervous system could be under the attack of humoral immunity in ALS. Although whether or
not autoimmunity is a common component in ALS was initially considered controversial (59),
recent retrospective studies using patient records showed that individuals with ALS\FTD,
especially those carrying the C9ORF72 repeat expansion mutations, were associated with a
higher prevalence of autoimmune abnormalities (60,61). These findings further support that
autoimmunity and C9ORF72 insufficiency may be part of the pathogenic mechanism of ALS.
In addition to autoimmune, neuroinflammation in ALS is well established (Figure 1 in
Chapter 1). Neuroinflammation is usually described as the activation of microglia (microgliosis)
and astrocytes (astrogliosis) accompanied by T cell infiltration into the central nervous system.
Reactive microglia and astrocytes have been observed in ALS patient post mortem brain and
spinal cord tissues, as well as in mutant SOD1 transgenic mouse models (62). In addition, a
correlation between the degree of microglia activation and the extent of upper motor neuron
degeneration has been observed using PET scan in human sporadic ALS patient over the course
of disease progression (63). In SOD1 transgenic mouse model of ALS, activation of microglia
preceded motor neuron degeneration (64,65). Wild type bone marrow transplantation into SOD1
transgenic rodent models slowed down the progression of neurodegeneration and prolonged the
survival (64,65). Consistently, attenuation of mutant SOD1 expression specifically in myeloid cells
or astrocytes slowed down the disease progression in ALS mouse models (66-68). These
observations supported that, instead of being purely a secondary response to neurodegeneration,
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glial cell activation may in turn actively promote the progression of neurodegeneration in ALS.
However, many of these in vivo studies were carried out in mutant SOD1 transgenic rodent
models of ALS. Detailed in vivo evidence of the role of reactive microglia and astrocyte in the
progression of other forms of ALS (with other genetic mutations and sporadic cases) is needed to
generalize the role of gliosis in ALS and to develop new therapies for ALS.
Signs of peripheral immune abnormalities have also been widely observed in ALS.
Increased level of CD4+ helper T cells, as well as increased expression of Class II HLA
molecules on monocytes and macrophages have been found in the blood of sporadic ALS
patients (69). A meta-analysis comparing the level of inflammatory cytokines in ALS patients and
control subjects was published in 2017. This analysis summarized data from 25 previously
published studies including 812 ALS patients and 639 control individuals. The analysis reported
significantly increased level of TNFα, Il-6, Il-8 and VEGF in the peripheral blood of ALS patients
(70). Therefore, the immune system certainly plays an indispensable role in ALS and immune
modulatory therapies have been tested in clinical trials. Minocycline is an anti-apoptotic and antiinflammatory agent. Although ALS mouse models treated with minocycline had extended survival,
it failed to slow down neurodegeneration or to prolong survival in human ALS patients (71). In
contrast, treatement with Masitinib, an inhibitor of mast cell degranulation, in combination with
riluzole resulted in significant improved interim out come as patients treated with this molecule
had slower rate of functional decline when assessed by the ALSFR-R score and improved quality
of life (72). This finding raised the hope in using immune modulatory agents to better treat ALS. It
is also worth noting that Masitinib has mast cell degranulation inhibitor effect, a process that we
showed in this project to be negatively regulated by C9orf72-Smcr8 protein complex. The
outcome of this clinical study further strengthens the relevance of the C9orf72 insufficiency
hypothesis in the pathogenesis of ALS and supports a potential interest in trying lysosomal
exocytosis modulatory molecules in treating ALS.
It has been six years since the original description of the C9ORF72 HRE mutation in ALS
and FTD. This mutation causes the formation of RNA foci and non-canonical translated dipeptide
repeat protein (DPR). Both of the two abnormal species have been shown to cause toxicity in
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cultured neurons and in mice (detailed in Chapter 1, References 73-80 of Chapter 3). Because of
these observations, antisense oligonucleotides (ASO) targeting C9ORF72 transcripts have been
developed to ultimately treat C9ORF72 HRE ALS cases. Although those ASOs successfully
reduced the presence of RNA foci and DPR aggregates (81,82), they do decrease the expression
of C9ORF72. Current knowledge would argue against the idea that loss of C9orf72 expression
would be safe. First, as shown in this project and published studies, the C9ORF72 protein
complex modulates the immune system to suppress autoimmunity and chronic inflammation.
Reduce C9ORF72 may disturb the immune system in patients. In addition, immune system plays
an important role in ALS progression. Altering this system could exacerbate the disease
progression. One study showed that treatment with C9orf72 ASO decreased C9orf72 expression
in the brain and spinal cord but did not cause of neurodegeneration or reduce the survival in mice
(82), implicating that reducing C9orf72 expression may not be detrimental. However, this study
was carried out with only one single bolus intraventricular injection of C9orf72 ASO and the mice
were followed for 18 weeks. In clinical settings, patients may have been deficient for C9ORF72
for their entire life and could be treated with multiple doses of ASO over a longer period of time.
Whether repeated and prolonged treatment on individuals already suffering C9ORF72 deficiency
for a long time would cause adverse effect is questionable. In addition, this particular study did
not evaluate changes in the immune system after ASO treatment. Furthermore, as detailed in
Chapter 1, gain of toxicity hypotheses cannot fully recapitulate the whole spectrum of ALS, as in
some gain of function mouse models, the RNA foci and DPR protein aggregates can be detected
but they did not cause neurodegeneration or increase lethality (83). This implicated a contribution
of the insufficiency mechanism in the C9ORF72 HRE pathogenic mechanism. It remained
possible that further reducing the expression in the C9ORF72 HRE ALS patients as a result of
ASO treatment, in addition to the presence of toxic RNA and DPR protein, could worsen the
outcome. A role of C9ORF72 protein complex in the auto-lysosome pathway was recently
implicated. Conserving the normal function of the C9ORF72 protein complex is therefore
important to assure adequate clearance of the toxic RNA and DPR proteins. Last but not least,
there are evidences suggesting that the DPRs can be secreted. Cell-to-cell transmission of DPR
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proteins have been observed in in vitro cell culture system and this may happen through
exosomes or other secretion pathways (84). In addition, the DPRs can be detected in the cerebral
spinal fluid (CSF) (85), suggesting that the DPRs might be secreted. As our own study suggested
a potential function of C9ORF72 in regulating unconventional secretion, modulating the level of
C9ORF72 in the C9ORF72 HRE ALS cases should be held with caution to avoid uncontrolled
secretion of toxic DPRs. Interestingly, serum ferritin level was found dramatically increased in the
C9orf72 -/- mice. And serum ferritin has been proposed as risk factor for ALS (86). This could be
purely a coincidence, but such observation also raised the possibility that loss of C9orf72 may
increase the risk of developing ALS. Taken together, modulation of C9ORF72 level in ALS
therapy should receive serious caution. An optimal gene therapy for C9ORF72 HRE ALS would
be to specifically attenuate the expression of repeat RNA and DPRs and at the same time boost
the expression of C9ORF72 to normal level. 	
  

Future directions
Investigating C9ORF72 interacting proteins and cell biological
function in other relevant cell types
The C9ORF72-HA stable expressing human embryonic stem cell lines established in this
project is a useful tool to investigate the function of C9ORF72 in relevant cell types. We
hypothesize that C9ORF72 may interact with different proteins and thus have different functions
in each specific cell types. C9ORF72 is highly expressed in the myeloid lineage of cells (including
macrophages) and loss of C9ORF72 affected the function of macrophage and microglia (29). As
our lab has established protocol to differentiate stem cells into microglia, we are currently
investigating if C9ORF72 interacts with a different set of proteins in this particular cell type by
differentiating these cell lines into microglia. Rab27a is of particular interest, as it is a major
regulator of the activity of secretory lysosome and that its interaction with C9ORF72 has been
previously reported (45). This part of the project may give us a better resolution at how C9ORF72
regulates the immune system. In addition, unpublished data from our lab suggest a role of
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C9ORF72 in the integrity of blood brain barrier. The role of C9ORF72 in brain endothelial cells is
currently being investigated, as well as its interacting proteins.

The C9ORF72-SMCR8 protein complex may suppress chronic
inflammation and autoimmunity by modulating the secretory
lysosome activity
Confirm a role of C9ORF72 and SMCR8 in regulating secretory lysosome.
The primary evidence we currently have to support this hypothesis is that cell surface
Lamp1 expression, a marker of lysosome exocytosis, was consistently found increased in both
C9orf72 -/- and Smcr8 -/- spleen macrophages. To confirm a role of the protein complex in the
regulation of lysosome exocytosis, we would look for the amount of lysosomal hydrolases in the
secreted compartment. Hexoaminidase subunit α and β, as well as cathepsin B, C, K, S, Z were
found decreased in Smcr8 -/- bone marrow derived macrophages (BMDM) by mass
spectrometry. I will plate a same number of Smcr8 +/+ and Smcr8 -/- BMDM, wash them with
PBS after cells are attached to the cell culture plate, refeed cells with same amount of fresh
media and collect the conditioned media after 24hrs. Amount of lysosomal proteins in the
conditioned medium can be quantified either by western blotting or ELISA. Protein samples will
be collected from the remaining cells so that total intracellular amount of the lysosomal protein in
question can be studied. In fact, in one preliminary experiment using BMDMs derive from Smcr8
+/+ and Smcr8 -/- mice, I was able to observe significant increase of cathepsin B concentration in
the Smcr8 -/- BMDM cell culture medium obtained as described above (Figure 3.2). This
experiment needs to be repeated before drawing final conclusion. Other lysosomal hydrolases
could be tested for further confirmation. In addition, serum concentration of cathepsin B in Smcr8
+/+ and -/- at different age should be tested to confirm the hypothesis in vivo.
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Figure 3.2

Figure 3.2. Cathepsin B secretion was enhanced in Smcr8 -/- bone marrow derived
macrophages. BMDMs were derived from three Smcr8 +/+ and three Smcr8 -/- mice and differentiated
in BMDM media supplemented with M-CSF for seven days. When fully differentiated, cells were
dissociated and 50,000 cells per sample were re-plated in a 96-well plate. Cells were washed with PBS
the day following re-plating and fed with 200ul fresh BMDM media supplemented with M-CSF. 24 hours
later, conditioned media samples were collected and analyzed for secreted CtsB concentration. The
remaining cells were lysed to generate total protein samples. (A) Western blot image of secreted
Cathepsin B (CtsB) in BMDM conditioned media, total intracellular CtsB, and total intracellular Gapdh as
loading control in Smcr8 +/+ and Smcr8 -/- BMDM. (B) Quantification of secreted Cathepsin B level in the
BMDM conditioned media as shown in (A) *: p<0.05 by Student’s t-test. (C) Quantification of total
intracellular cathepsins B normalized to Gapdh as shown in (A).
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Are the autoimmunity and chronic inflammation in C9orf72 -/- and Smcr8 -/- mice
caused by dysregulation of lysosome exocytosis?
If the hypothesis were true, we would expect to see attenuated phenotypes upon
blocking lysosome exocytosis. It is known that Rab27a is a key regulator of lysosome exocytosis
and that loss of Rab27a may block the pathway (46). We could thus attenuate Rab27a
expression in Smcr8 -/- mice by injecting lentiviral shRNA targeting Rab27a. The serum
concentration of anti-double stranded DNA autoantibody will be monitored in these mice. We
expect to see amelioration or delayed progression of autoimmunity over time in these mice
compared to Smcr8 -/- mice with normal Rab27a expression. A more thorough experiment would
be to repeat this experiment in Smcr8 and Rab27a double knockout mice. Spleen macrophage
surface Lamp1 expression should be additionally monitored as a control for successful
suppression of lysosome exocytosis.

Does macrophage secrets ferritin through lysosome exocytosis pathway that is
regulated by C9orf72-Smcr8 protein complex?
A 17-kD polypeptide recognized by antibody against ferritin (termed as S-ferritin) was
detected in the serum and cell culture medium, possibly through lysosome or other non-canonical
secretory pathway (39,40). And macrophages were proposed to be a main source of secreted
ferritin (39,40). We will evaluate the amount of the S-ferritin in the macrophage-conditioned
medium and look for difference between Smcr8 +/+ and -/- BMDM cultures. If the hypothesis
were true, we would expect to see elevated amount of secreted ferritin in the Smcr8 -/- BMDM. In
addition, if ferritin were secreted through lysosome exocytosis, Smcr8 and Rab27a double
knockout mice would have attenuated serum ferritin level compared to Smcr8 single knockout
mice. Similarly, Rab27a ablation should rescue the ferritin secretion phenotype in Smcr8 -/BMDMs as well. As serum ferritin has been proposed as an ALS risk factor (86), understand the
secretion of ferritin would be relevant.
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C9ORF72 may play a role in regulating the secretion of DPRs
translated from C9ORF72 HRE
Are C9ORF72 HRE DPRs secreted?
Cell-to-cell transmission of the DPRs has been recently observed (84). As C9ORF72
HRE gain-of-toxicity mouse models are available, if the DPRs were secreted, we expect to detect
the presence of DPRs in the serum and CSF of these mice by western blotting or ELISA. In
addition, we could test patient specific cells derived from C9ORF72 HRE carriers. Several
different cell types should be tested for this hypothesis, for example, fibroblast, iPS cells, iPS cell
derived neurons and glial cells. The conditioned medium will be analyzed by western blot for the
presence of DPRs. Alternatively we may transduce neuronal cells, glial cells and macrophages
with viral vectors of the repeat expansion and test the presence of DPRs in the cell culture
medium. In both cases, the expression of DPRs inside the cells should be used as positive
control.

Could the C9ORF72 HRE DPRs be secreted via non-canonical secretion?
If the previous hypothesis were true and if the DPRs were detected in cell culture
TM

medium, we could treat the cells with GolgiPlug , a commercially available small molecule
inhibitor of the ER to Golgi protein transport and ER mediated protein secretion. If the presence of
DPRs in the cell culture medium were affected by this treatment, it would support the hypothesis
that they may be secreted through a non-canonical ER-independent secretory pathway. In
addition, co-localization of DPRs with subcellular compartments, in particular the
autophagosomes and lysosomes, may be investigated by immunofluorescence.

Would loss of C9ORF72 affect the secretion of DPRs?
Mouse models with reduced C9ORF72 and the presence of DPRs can be generated by
injecting viral vector containing the C9ORF72 HRE into C9orf72 +/+, +/- and -/- mice. If C9ORF72
had a role in regulating the secretion of DPRs, we expect to see elevated DPR concentration in
the serum and CSF in C9orf72 -/- background compared to the wild type background. DPR
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expression in tissue lysates should be analyzed to rule out the possibility that DPR could
differentially expressed or differentially metabolized in different C9orf72 genetic background. In
addition, we can test whether or not overexpression of C9ORF72 in the repeat expansion mutant
cells would reduce the secretion of the DPRs. It would then be interesting to ask if blocked
secretion of DPRs would cause toxicity to the cells.

Signs of autoimmune and alterations in unconventional secretion in
C9ORF72 HRE ALS patients
A direct support of the C9ORF72 haploinsufficiency pathogenic mechanism is missing.
Loss of C9ORF72 destabilized its interacting protein SMCR8. It would be interesting to ask if the
level of SMCR8 protein was altered in C9ORF72 HRE ALS patients. In mouse models, loss of
C9orf72 or Smcr8 resulted in elevated serum concentration of autoantibodies, elevated serum
ferritin concentration and increased cell surface Lamp1 expression in macrophages. These
changes should be followed up in C9ORF72 HRE ALS patients using assays described
previously. If similar changes were observed in patients, it would strengthen the insufficiency
hypothesis. We could consider generating microglia from patient specific iPS cells and look for
signs of altered lysosome secretion in vitro. Cathepsin B concentration in the cell culture media
could be used as a marker. If a role of C9ORF72 in lysosome exocytosis were further established
and alterations of this pathway were observed in human ALS patients, this would arouse
imminent interest in developing small molecule inhibitor of lysosome exocytosis for the treatment
of C9ORF72 HRE ALS.
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Final conclusions
To conclude, our study showed an interaction between C9ORF72 and SMCR8. Together,
they further interacted with the autophagy initiation complex FIP200-ULK1-ATG13. In addition,
Smcr8 share similar functions with C9orf72 in vivo to regulate inflammation and to suppress
autoimmunity. Cell biological studies further implied a role of the C9ORF72-SMCR8 protein
complex in the auto-lysosome pathway and unconventional lysosome exocytosis. Our next steps
are: 1) confirming the role of this protein complex in lysosome exocytosis; 2) the relevance
altered lysosome exocytosis in explaining the autoimmunity and chronic inflammation in C9orf72 /- and Smcr8 -/- mice; 3) evidence of autoimmunity and abnormal secretion in C9ORF72 HRE iPS
cell models and ALS patient samples; 4) developing therapy against lysosome exocytosis and
potential treatment of C9ORF72 HRE ALS cases.
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