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ABSTRACT
Mechanisms of FUS-mediated motor neuron degeneration
in amyotrophic lateral sclerosis
Alexander Konstantin Lyashchenko
Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disorder
characterized by the degeneration of cortical and spinal motor neurons. Animal models of ALS
based on known ALS-causing mutations are instrumental in advancing our understanding of the
pathophysiology of motor neuron degeneration. Recent identification of mutations in the genes
encoding RNA-binding proteins TDP-43 and FUS has suggested that aberrant RNA processing
may underlie common mechanisms of neurodegeneration in ALS and focused attention on the
normal activities of TDP-43 and FUS. However, the role of the normal functions of RNA-binding
proteins in ALS pathogenesis has not yet been established. In this thesis I present my work on
novel FUS-based mouse lines aimed at clarifying the relationships between ALS-causing FUS
mutations, normal FUS function and motor neuron degeneration. Experiments in mutant FUS
knock-in mice show evidence of both loss- and gain-of-function effects as well as misfolding of
mutant FUS protein. Characterization of mice expressing ALS-mutant human FUS cDNA in the
nervous system reveals selective, early onset and slowly progressive motor neuron
degeneration that is mutation dependent, involves both cell autonomous and non-cell
autonomous mechanisms and models key aspects of ALS-FUS. Using a novel conditional FUS
knockout mutant mouse, I also demonstrate that postnatal elimination of FUS selectively in
motor neurons or more broadly in the nervous system has no effect on long-term motor neuron
survival. Collectively, our findings suggest that a novel toxic function of mutant FUS, and not
the loss of normal FUS function, is the primary mechanism of motor neuron degeneration in
ALS-FUS.
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Chapter 1:
Introduction

Amyotrophic lateral sclerosis (ALS) is a neurological disorder characterized primarily by
the rapid degeneration of corticospinal, bulbar and spinal motor neurons, leading invariably to
paralysis and death. In the majority of patients, the cause of ALS remains unknown, but
mutations in a large number of genes have been found that account for about ten percent of
cases (Andersen and Al-Chalabi 2011). Strong clinical and pathological similarities between
sporadic and the heritable forms of ALS suggest shared pathogenic mechanisms, however the
diverse functions of genes associated with ALS suggest a model in which distinct mechanisms
responsible for the onset of disease converge downstream on common molecular pathways,
resulting in selective motor neuron degeneration and a stereotypical, clinical syndrome of ALS.
ALS has been estimated to account for approximately 1/400 of all deaths and the sole FDA
approved treatment, riluzole, extends survival by only 3-6 months (Chiò et al. 2009; Hardiman,
van den Berg, and Kiernan 2011).

1.1 Historical context of ALS research
In 1874, the noted French neurologist Jean-Martin Charcot coined the term “amyotrophic
lateral sclerosis” to describe a neurological disorder with the following features (Rowland 2001):

1) Paralysis without loss of sensation of the upper limbs, accompanied by rapid
emaciation of the muscles . . . At a certain time, spasmodic rigidity always takes over with
the paralyzed and atrophic muscles, resulting in permanent deformation by contracture.
2) The legs are affected in turn. Shortly, standing and walking are impossible.
Spasms of rigidity are first intermittent, then permanent and complicated at times by tonic
spinal epilepsy. The muscles of the paralyzed limb do not atrophy to the same degree as
the arms and hands. The bladder and rectum are not affected. There is no tendency to
the formation of bedsores.
3) In the third period, the preceding symptoms worsen and bulbar symptoms
appear. These three phases happen in rapid succession—6 months to a year after the
onset, all the symptoms have appeared and become worse. Death follows in 2 or 3
years, on average, from the onset of bulbar symptoms. This is the rule but there are a
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few anomalies. Symptoms may start in the legs or be limited to one side of the body, a
form of hemiplegia. In two cases, it started with bulbar symptoms.
At present, the prognosis is grave. As far as I know, there is no case in which all
the symptoms occurred and a cure followed. Is this an absolute block? Only the future
will tell.

To better understand the underlying causes of the symptoms and signs of ALS that he
saw in his patients, Charcot examined their autopsy material. He was able to connect muscle
weakness and atrophy to the loss of anterior horn cells (“amyotrophic” refers to the atrophy of
muscles resulting from disease of lower motor neurons) and was the first to relate muscle
spasticity and rigidity with pathology of lateral spinal cord columns (lateral sclerosis” refers to
the hardening of the lateral spinal cord columns from the scarring and gliosis of the
degenerating corticospinal tract) (Rowland 2001).
Since Charcot’s time, the natural history and the prognosis of amyotrophic lateral
sclerosis (ALS) have, unfortunately, remained largely unchanged. In a typical case, a patient
between 50 and 60 years of age initially complains of weakness in a hand or a foot (spinal
onset), often restricted to one side of the body, or of difficulty in speaking or eating (bulbar
onset). In addition to weakness, which is caused by the disease of spinal motor neurons, the
patient also exhibits signs of corticospinal motor neuron dysfunction that include overactive
tendon reflexes and muscle spasticity. Rapidly progressive loss of motor neurons then quickly
leads from localized weakness and atrophy of specific muscles to generalized muscle wasting
and paralysis, with only the oculomotor muscles and the anal and the urinary sphincter muscles
retaining their function (Mannen et al. 1977). Respiratory failure and death follow 3-5 years
after symptom onset.
For much of the time since Charcot’s initial ALS studies, our understanding of this
disease has advanced primarily through more detailed observation of the cellular and molecular
pathology in post-mortem human tissue aided by improvements in research tools.
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Histochemical stains enabled the identification of several types of abnormal cytoplasmic
inclusions inside degenerating motor neurons such as the eosinophilic Bunina bodies (Bunina
1962) that are present in most but not all ALS cases, Lewy body-like hyaline inclusions (Hirano,
Kurland, and Sayre 1967), accumulations of neurofilaments (Carpenter 1968) and basophilic
inclusions in juvenile ALS cases (Matsumoto et al. 1992). Ultrastructural characterization by
electron microscopy showed Bunina bodies to contain electron-dense amorphous material with
embedded tubular and vesicular structures (Hart et al. 1977) and basophilic inclusions to
contain thick filaments associated with granules together with mitochondria and vesicles
(Matsumoto et al. 1992). Immunohistochemical analysis identified cystatin C as a component of
Bunina bodies (Okamoto et al. 1993) and the newly developed anti-ubiquitin antibodies enabled
the discovery of a new type of abnormal, ubiquitin-positive and tau-negative (and later shown to
be TDP-43-positive (Neumann et al. 2006)) proteinaceous cytoplasmic inclusion that has
become the “hallmark of ALS,” present in affected motor neurons and surrounding glial cells in
virtually all cases (Leigh et al. 1988, 1991; Lowe et al. 1988). And although such findings
provided limited insights into the pathogenesis, the growing body of clinical and pathological
observations of ALS patients led to the development of a number of hypotheses regarding
possible causes of ALS such as viral infection, exposure to heavy metals, impairments in
protein synthesis or degradation, deficiencies of neurotropic factors, abnormalities in axonal
transport, as well as defects in neurotransmission, metabolism, or DNA repair (Mitsumoto,
Hanson, and Chad 1988; Rowland 1984). Testing these hypotheses, however, remained a
major obstacle.

SOD1 mutations enable animal models
A new approach to studying ALS pathogenesis was made possible in 1993 by the
discovery of ALS-causing mutations in the gene encoding copper/zinc superoxide dismutase

(SOD1), a ubiquitous cytoplasmic and mitochondrial enzyme that normally catalyzes the
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breakdown of harmful reactive oxygen species (Rosen, Siddique, and Patterson 1993). While
only about 10% of ALS cases, referred to as familial ALS or fALS, are caused by inherited
mutations in one of a number of genes, they are clinically indistinguishable from the more
common cases with no family history (sporadic ALS or sALS) (Andersen and Al-Chalabi 2011).
This suggests that the pathogenic mechanisms are shared between the familial and the
sporadic forms and that studies of fALS may be representative of and generalizable to ALS as a
whole. The identification of specific amino acid substitutions in SOD1 protein that cause ALS in
humans, together with advances in genetics and recombinant DNA technology, allowed
researchers to reproduce ALS outside the human patients by expressing mutant SOD1 in mice
(Gurney et al. 1994).
Studying ALS in mice introduced a number of advantages over studying the pathology of
post-mortem (usually end-stage) human tissue. First, it made disease samples easily
accessible to virtually any laboratory and the processing of samples could be ideally tailored to
the experiment, such as for biochemical, histological or ultrastructural analysis. Further, it
allowed for examination of the early disease events and its course of progression. For example,
defects in MN excitability have been detected in SOD1 mice in the first few postnatal weeks,
suggesting that mutant SOD1 may affect MN development (Bories et al. 2007; van Zundert et
al. 2008). Slowing of axonal transport and appearance of endoplasmic reticulum stress in
susceptible motor neurons has been demonstrated to long precede symptom onset (Saxena,
Cabuy, and Caroni 2009; Williamson and Cleveland 1999). The SOD1 mice were also used to
demonstrate the sequence of early denervation of fast-fatigable muscle fibers at the NMJ,
followed by loss of MN axons in the ventral roots and, finally, loss of cell bodies in the anterior
horn (Fischer et al. 2004; Frey et al. 2000; Pun et al. 2006), providing evidence to support for
the long debated axonal “dying-back” hypothesis (Rowland 1984).
However, the main contribution of the SOD1 mouse model was that it allowed ALS
research to transition from primarily observational studies to experimentation. For example, to
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test the hypothesis that non-neuronal cells play an important role in motor neuron degeneration,
researchers genetically manipulated mice to express mutant SOD1 in subsets of cells.
Chimeric mice generated from wild type and mutant SOD1-expressing cells showed that SOD1expressing non-neuronal cells could damage wild type motor neurons and that wild type nonneuronal cells promoted survival of SOD1-expressing motor neurons (Clement et al. 2003).
Experiments using a deletable mutant SOD1 gene showed that removal of the toxic protein from
motor neurons or NG2+ cells delayed disease onset and that its removal from astrocytes or
microglia slowed disease progression (Boillée et al. 2006; Kang et al. 2013; Yamanaka et al.
2008). Further, non cell-autonomous effects on motor neuron survival were also demonstrated
by in vitro cellular co-culture experiments in which mutant SOD1 transgenic astrocytes were
found to secrete a soluble factor that selectively killed embryonic stem cell-derived motor
neurons without damaging sensory neurons or interneurons (Di Giorgio et al. 2007; Nagai et al.
2007).
The robust and reproducible phenotype of motor neuron loss and hindlimb paralysis in
the SOD1 mouse (particularly the SOD1G93A mutant) together with the ability to genetically
manipulate and pharmacological modulate molecular pathways have made it a powerful and
widely used platform for testing possible disease mechanisms and evaluating therapies. The
contributions to the disease pathogenesis of oxidative stress, glutamate mediated excitotoxicity,
protein aggregation, axonal transport, mitochondrial dysfunction, apoptosis, neurotrophin
depletion and neuroinflammation were all investigated through both genetic and
pharmacological approaches (Figure 1.1). Consequently, therapeutic interventions such as viral
delivery of the growth factors IGF-1 and VEGF to the spinal cord, as well as treatment with
immunomodulators celecoxib, rofecoxib and minocycline, antioxidants catalase-putrescine and
Mn-porphyrin, anti-apoptotic drugs PBA and zVAD-fmk and an anti-aggregator arimoclomol
were all found to be effective in extending the life span and/or slowing disease progression in
SOD1 mice (Turner and Talbot 2008).
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However, despite a large number of studies reporting on the effectiveness of promising
drug candidates in extending the lifespan of the SOD1 mouse model, none of these compounds
showed beneficial effects in clinical trials (Gordon and Meininger 2011). Some researchers
have attributed this to poor methodology applied to the design and interpretation of both
preclinical studies in the SOD1 mice as well as in therapeutic trials in human patients. Indeed,
Scott and colleagues challenged the positive findings of a number of previous preclinical SOD1
mouse studies. They used an optimized study design that, in addition to controlling for gender
and transgene copy number, included larger numbers of animals for increased statistical power,
applied stringent exclusion criteria for paralysis-unrelated deaths, and matched experimental
animals to littermate controls. Using these methods, they retested eight compounds previously
shown to be efficacious in the SOD1G93A mouse (and tested 62 other compounds) and showed
them to have no significant effect (Scott et al. 2008). Such discrepancies have stressed the
importance of a more rigorous approach for avoiding pitfalls and eliminating confounding factors
in pre-clinical ALS studies in mice, and led to recommendations for “standard operating
procedures” for such studies (Ludolph et al. 2010). Another potential pitfall is that clinical trials
may fail to measure the positive effects of candidate drugs because of insufficient statistical
power that is limited both by the difficulty of obtaining a large number of ALS patients and by the
wide variability in the rates of the disease progression in ALS. To help address these limitations,
researchers have stressed the importance of biomarker development to better quantify therapy
effectiveness and proposed to stratify patient cohorts into more phenotypically homogeneous
groups either by the genetic cause (like the ongoing clinical trials limited to familial ALS with
SOD1 mutations: http://clinicaltrials.gov/ct2/show/study/NCT00706147 and
http://clinicaltrials.gov/ct2/show/NCT01083667) or by clinical factors such as the rate of disease

progression or degree of cognitive involvement (Chiò et al. 2011; Gordon and Meininger 2011;
Turner et al. 2013).
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Do SOD1-ALS and other forms of ALS share common pathogenic mechanisms?
Another reason for the lack of concordance between SOD1 pre-clinical studies and
clinical trials may be that fALS caused by SOD1 mutations may be a disease variant that does
not share pathogenic pathways with other forms of fALS or sporadic disease. Support for this
argument comes from the observations that familial SOD1 cases have a distinctive
neuropathological presentation. First, most SOD1 cases are characterized by posterior column
degeneration and the presence of Lewy-body-like hyaline inclusions, both of which were
described in a subset of familial ALS patients many decades before the identification of SOD1
and are rare in non-SOD1 ALS cases (Hirano et al. 1967; Kato 2008). Second, Bunina bodies
and skein-like inclusions that are common in non-SOD1 ALS are conspicuously absent (Kato
2008). Finally, the ubiquitinated inclusions are immunopositive for SOD1 but, importantly,
negative for TDP-43 that marks the cytoplasmic inclusions in nearly all other ALS cases
(Mackenzie et al. 2007; Neumann et al. 2006). Taken together, these observations suggest that
motor neuron degeneration in SOD1 may occur by a different mechanism than in sporadic ALS.
Because SOD1 mouse models recapitulate this distinctive neuropathology, it is possible that
they accurately mimic the pathogenesis of and may predict therapeutic success for only a
subset of ALS cases (SOD1 mutations account for about 20% of fALS and ~2% of all ALS) and
may be less relevant to other ALS cases.
On the other hand, studies with conformation-specific antibodies suggests that wild-type
SOD1 may contribute to the pathogenesis of some sporadic ALS cases by adopting an
abnormal conformation similar to that of mutant SOD1 (Bosco, Morfini, et al. 2010). Thus,
whether SOD1 models are generally applicable to ALS remains an open question (Gordon and
Meininger 2011; Turner et al. 2013).
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Additional genetic causes of ALS provide novel opportunities for modeling ALS
SOD1 mutations explain only about 20% of fALS cases, but for a long time were the only
known genetic cause of ALS. However, recent advances in human genomics and DNA
sequencing technology have led to the identification of ALS-causing mutations in TARDBP
(TDP43) in 2008, which was quickly followed by a number of others such as FUS, VCP and the
most common ALS-associated gene, C9orf72. Currently, more than two dozen genes have
been associated with ALS and together account for more than 60% of familial ALS (Renton,
Chiò, and Traynor 2014).
The functions of the newly identified ALS-causing genes may provide additional clues to
disease pathogenesis (summarized in Table 1.1) and the identification of specific mutations
enables the generation of novel disease models. However, in addition to offering new
opportunities for research, these genes have highlighted the previously underappreciated
complexity of ALS. It is now apparent that a large number of genes with a surprisingly wide
diversity of functions all cause ALS (Table 1.1). Because most of them were only discovered in
the last six years, it is still unclear whether the different mutant genes disrupt shared molecular
pathways or, as may be the case for SOD1, cause disease variants that act through distinct
mechanisms and converge on the common outcome of motor neuron death (Robberecht and
Philips 2013; Turner et al. 2013). Differentiating between these alternatives has tremendous
implications for strategies of developing and testing therapeutics and it is imperative to use
newly identified ALS-causing genes to develop animal disease models for comparing and
contrasting their molecular mechanisms.

Dysregulation of RNA metabolism in ALS
The identification of the DNA/RNA binding protein TDP-43 as the main component of
abnormal, ubiquitinated, cytoplasmic inclusions in sporadic ALS patients (Arai et al. 2006;
Neumann et al. 2006) and the later discovery of ALS-causing mutations in the gene encoding
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TDP-43 (TARDBP) (Sreedharan et al. 2008) were milestones in ALS research. The
subsequent identification of ALS-causing mutations in the structurally and functionally related
protein FUsed in Sarcoma (FUS) (Kwiatkowski et al. 2009; Vance et al. 2009) suggested that
aberrant RNA processing may underlie common mechanisms of neurodegeneration in ALS (van
Blitterswijk and Landers 2010; Lagier-Tourenne, Polymenidou, and Cleveland 2010; Strong
2010), and focused attention on the normal activities of TDP-43, FUS and related ALSassociated RNA binding proteins (Kim et al. 2013).
The idea that TDP-43 and FUS play a key role in the pathogenesis of the disease has
been strengthened by growing evidence of genetic, clinical and pathological links between ALS
and the related disorder frontotemporal dementia (FTD) in which FUS and TDP-43 pathology is
prominent, though rarely associated with mutations in TARDBP and FUS (Ling, Polymenidou,
and Cleveland 2013). Moreover, the presence of TDP-43 or FUS-positive neuronal cytoplasmic
inclusions in a number of other neurodegenerative diseases such as Parkinson’s, Alzheimer’s,
Huntington’s, and spinocerebellar ataxia 1 and 2 (Lagier-Tourenne et al. 2010)(Lattante,
Rouleau, and Kabashi 2013) further strengthens the argument for a broad role of RNA-binding
proteins in neurodegeneration and offers exciting new alternatives to SOD1 in the study of the
pathogenesis of ALS.

In this thesis I will present the results of studies aimed at understanding the role of FUS
in neurodegeneration but, to help contextualize certain questions, will also include discussion of
TDP-43.
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1.2 FUS gene and protein structure and function
FUS is a 526 amino acid protein encoded by 15 exons on chromosome 16 (Aman et al.
1996). It is comprised of an N-terminus enriched in glutamine, glycine, serine, and tyrosine
residues (QSGY-rich region), a glycine rich region, an RNA-recognition motif (RRM), an arginine
and glycine rich region, a zinc finger motif and a non-classical PY nuclear localization signal
(NLS) at the C-terminus that is recognized by the nuclear import receptor Transportin (Dormann
et al. 2010)(Figure 1.2). Its name is derived from FUsed in Sarcoma, and it is sometimes also
referred to as TLS (Translocated in Liposarcoma) because it was first identified in the context of
a chromosomal translocation that fuses its promoter and 5’ coding region to the transcription
factor CHOP, resulting in an oncogenic fusion protein in which the FUS sequence effectively
acts as a transcriptional activation domain (Crozat et al. 1993; Rabbitts et al. 1993). It is
expressed ubiquitously with predominantly nuclear localization (Andersson et al. 2008), but has
a multitude of important roles both in the nucleus and in the cytoplasm as it has been shown to
bind DNA, RNA and proteins and to function in many stages of gene expression, from
transcription to protein translation (Sama, Ward, and Bosco 2014; Tan and Manley 2009)
(Figure 1.3).

DNA damage response
FUS contains multiple nucleic acid binding domains (RGG domains, RNA-recognition
motif, and a zinc finger domain) and has been shown to bind both single- and double-stranded
DNA and promote homologous DNA pairing (Baechtold et al. 1999). Consistent with the role of
FUS in homologous DNA pairing, which is critical for double stranded DNA break repair and
homologous recombination, FUS knockout mice show enhanced sensitivity to radiation damage,
genomic instability and defects in spermatogenesis and B-cell development (Hicks et al. 2000;
Kuroda et al. 2000). Further, FUS was found to localize to sites of laser-induced DNA damage
in cultured human cells and directly interact with HDAC1, an important chromatin remodeling
10

protein critical for DNA damage response, and either FUS knockdown or competitive inhibition
of the FUS-HDAC1 interaction decreased the efficiency of double stranded DNA break repair
(Wang et al. 2013).

Transcriptional regulation
A role of FUS in the regulation of transcription has been appreciated since the discovery
that it acts as a transcriptional activator in oncogenic fusion proteins (Zinszner, Albalat, and Ron
1994). Further experiments have shown that FUS associates with RNA polymerase II and
TFIID, a general transcription factor that forms a part of the transcription initiation complex
(Bertolotti et al. 1996, 1998; Das et al. 2007; Schwartz et al. 2012), and modulates the
expression of RNA polymerase II-transcribed genes by directly binding their promoter regions
(Tan et al. 2012). Recent studies have elucidated a model of the FUS-RNA polymerase II
interaction. First, FUS concentrates on a single-stranded DNA or RNA substrate which allows it
to polymerize into fibers via its N-terminal low complexity prion-like domain. Only then it is able
to bind unphosphorylated C-terminal domain (CTD) of RNA polymerase II. Finally, the CTD is
phosphorylated, releasing RNAP polymerase II for elongation (Kwon et al. 2013; Schwartz et al.
2013). In combination, these findings suggest that FUS has a general role in transcription and
that controlled aggregation of FUS into multimeric assemblies may be a part of its normal
activity.

RNA binding functions
As suggested by one of its other names, heterogeneous nuclear ribonucleoprotein P2
(hnRNP P2), FUS also binds RNA (Calvio et al. 1995). The findings that it assembles on premRNA’s and was co-purified with the spliceosome suggested a role for FUS in pre-mRNA
splicing (Calvio et al. 1995; Rappsilber et al. 2003; Zhou et al. 2002). Because pre-mRNA
splicing occurs co-transcriptionally and FUS seems to interact with both RNA polymerase II and
11

the spliceosome, it has been proposed that it may connect transcription, splicing, and
downstream RNA metabolism (Law, Cann, and Hicks 2006; Tan and Manley 2009).
Cross-linking and immunoprecipitation of FUS together with its bound RNA’s followed by
high throughput RNA-sequencing have identified several thousand different pre-mRNA targets
of FUS (Hoell et al. 2011; Ishigaki et al. 2012; Lagier-Tourenne et al. 2012; Rogelj et al. 2012).
FUS showed a binding preference for 5’ end of long introns, suggesting that it is deposited onto
nascent transcripts during transcription elongation (Lagier-Tourenne et al. 2012; Rogelj et al.
2012). Depletion of FUS from the mouse nervous system resulted in expression or splicing
changes in almost a thousand transcripts, once again suggesting a general role for FUS in the
regulation of transcript abundance and splicing (Lagier-Tourenne et al. 2012).

Autoregulation
Consistent with its important regulatory roles, the expression level of FUS is tightly
controlled. Similarly to TDP-43 (Ayala et al. 2011; Polymenidou et al. 2011), FUS participates in
negative feedback loops to autoregulate its expression. By one mechanism, FUS binds to exon
7 and the flanking introns of its own pre-mRNA and promotes exon 7 skipping, which subjects
the transcript to nonsense mediated decay (Zhou et al. 2013). And by another mechanism,
FUS increases the transcription of two microRNA’s, miR-141 and miR-200a, which then repress
FUS by interacting with the 3’UTR of the FUS transcript (Dini Modigliani et al. 2014).

Cytoplasmic FUS functions
Although FUS is predominantly localized to the nucleus, it rapidly shuttles between the
nucleus and the cytoplasm (Zinszner et al. 1997). While the nuclear import of FUS is
dependent on the interaction of its C-terminal nuclear localization signal (NLS) with the nuclear
import receptor Transportin (Dormann et al. 2010), nuclear export may depend on the disruption
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of the FUS-Transportin interaction by the methylation of arginine residues next to the NLS by
protein arginine methyltransferase 1 (PRMT1) (Dormann et al. 2012).
Nucleocytoplasmic shuttling of FUS may serve to transport mRNA from the nucleus to
the cytoplasm. In the cytoplasm, FUS has been associated with RNA granules composed of
proteins and translationally silenced mRNA. These include stress granules, which assemble in
response to cellular stress and repress the translation of non-essential proteins as part of the
stress response, and neuronal RNA transport granules, which silence the translation of specific
transcripts as they are delivered to their destination for local translation (Anderson and
Kedersha 2008, 2009; Kiebler and Bassell 2006). FUS assembly into RNA granules may
depend on phosphorylation-dependent polymerization of its N-terminal, low complexity, “prionlike” domain either with itself or with other proteins harboring low complexity domains (Han et al.
2012; Kato et al. 2012).

Neuronal FUS functions
In neurons, FUS has been reported to interact with both actin-dependent and
microtubule-dependent motor proteins and to localize to somatic and dendritic RNA granules,
suggesting a role in mRNA transport and local translation (Belly et al. 2005; Kanai, Dohmae,
and Hirokawa 2004; Yoshimura et al. 2006). In hippocampal pyramidal neurons, FUS
associates with mRNA’s encoding actin-related proteins such as actin-stabilizing protein Nd1-L
and translocates to dendritic spines in response to neuronal activation. Together with the
observation that FUS deficiency results in abnormal dendritic spine morphology, these findings
argue for a role of FUS in stabilizing synapse structure through actin reorganization (Fujii and
Takumi 2005; Fujii et al. 2005). FUS was also found to localize to the post-synaptic density
(Aoki et al. 2012) and was identified in the NMDA receptor complex (Belly et al. 2005; Husi et al.
2000), suggesting a more complex role for FUS at the synapse.
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However, whether any of these diverse activities of FUS (Figure 1.3) is required for
motor neuron survival is not known and the role of normal FUS function in ALS pathogenesis
has not yet been established.
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1.3 FUS in ALS
To date, over 50 mutations in FUS have been found in ALS families (Deng, Gao, and
Jankovic 2014; Lattante et al. 2013), the majority of which are missense changes in the Cterminal non-classical PY nuclear localization signal (NLS) or frame shift truncating mutations in
the C-terminus that result in deletion of the NLS entirely (Dormann et al. 2010)(Figure 1.4).
These mutations have been shown to disrupt Transportin binding and nuclear import of FUS
and cause FUS accumulation in the cytoplasm (Dormann et al. 2010; Ito et al. 2010; Kino et al.
2010). Interestingly, there is a clear relationship between the degree of disruption of nuclear
localization of mutant FUS and the severity of the ALS clinical phenotype (Dormann et al. 2010).
Thus, the common FUS R521C mutation results in moderate mislocalization of FUS to the
cytoplasm and causes classical, adult-onset ALS. In contrast, the FUS P525L mutation results
in more pronounced mislocalization of FUS to the cytoplasm and causes juvenile onset ALS, a
severe form of the disease with early symptom onset in the teens and twenties and aggressive
progression (Conte et al. 2012; Kino et al. 2010; Kwiatkowski et al. 2009; Vance et al. 2009).

FUS Pathology
In ALS-FUS patient tissue, abnormal accumulations of FUS are found in cytoplasmic
inclusions in motor neurons and glial cells, consistent with the idea that defects in the import of
FUS into the nucleus play an important role in ALS pathogenesis (Mackenzie et al. 2011).
Interestingly, striking differences were found in the neuropathological patterns of juvenile onset
FUS P525L cases and the late onset ALS-FUS cases. In the former, basophilic inclusions were
abundant, and compact, round FUS-immunoreactive cytoplasmic inclusions were found in
neurons but not in glial cells. In the latter, basophilic inclusions were rare, and filamentous,
tangle-like, FUS-positive cytoplasmic inclusions were common in both neurons and glia
(Mackenzie et al. 2011). Whether FUS is co-deposited with TDP-43 in sporadic ALS cases
remains controversial: some studies report that cytoplasmic inclusions in ALS-FUS cases are
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FUS-positive but SOD1 and TDP-43-negative, and that inclusions in ALS cases without FUS
mutation are immunonegative for FUS (Vance et al. 2009), while others detect the presence of
FUS in inclusions of sporadic ALS cases (Deng et al. 2010; Keller et al. 2012).
Although FUS inclusions have also been found in a subset of cases with frontotemporal
lobar degeneration (FTLD), a neurodegenerative disorder related to ALS by partially shared
genetics, clinical symptoms and pathology, important differences in the molecular composition
of the inclusions imply that the processes of inclusion formation may be distinct in the two
disorders. In FTLD-FUS, FUS is rarely mutated and is co-deposited with the structurally and
functionally related FET family proteins EWS and TAF15 as well as with their nuclear import
receptor, Transportin. In contrast, in ALS-FUS, mutant FUS is selectively deposited in
cytoplasmic aggregates without Transportin, and EWS and TAF15 retain their normal nuclear
localization (Neumann et al. 2011). Further experiments have found that the interaction
between the PY-NLS of FUS and Transportin was sensitive not only to ALS mutations but also
to the methylation of arginine residues next to the PY-NLS by protein arginine methyltransferase
1 (PRMT1). This suggested a pathogenic mechanism by which Transportin binding to mutant
FUS in FUS-ALS was disrupted by both mutations and arginine methylation, while in FTLD-FUS
hypomethylation of wild type FUS, EWS, and TAF enhanced Transportin binding (Dormann et
al. 2012). Interestingly, inhibition of arginine methylation by AdOx was shown to overcome the
effect of FUS NLS mutations and restored the nuclear localization of the FUS P525L mutant in
cultured cells, highlighting inhibition of PRMT1 as a potential therapeutic strategy for ALS-FUS
(Dormann et al. 2012).

Stress granules
Stress granules are transient cytoplasmic structures that form in response to cellular
stress such as exposure to heat, oxidants or misfolded proteins and contain aggregates of
translationally silenced mRNA bound to proteins (Anderson and Kedersha 2008, 2009). The
16

identification of a number of stress granule markers such as PABP-1 and eIF4G in FUS positive
cytoplasmic inclusions of ALS patients and the findings that ALS mutations increase the
recruitment of FUS into stress granules raise the possibility that stress granule formation may
be a precursor to irreversible aggregation of FUS into insoluble cytoplasmic inclusions in ALS
(Bosco, Lemay, et al. 2010; Dormann et al. 2010). The finding that ALS mutations in valosincontaining protein (VCP) impair stress granule clearance further supports the hypothesis that
impaired stress granule dynamics may contribute to ALS pathogenesis (Buchan et al. 2013).

Impaired protein degradation
In addition to enhanced stress granule formation, defective protein degradation may also
contribute to the persistence of pathologic cytoplasmic FUS inclusions as they are also marked
by ubiquitin and p62 (Bäumer et al. 2010; Neumann et al. 2009). Ubiquitin covalently tags
proteins for degradation by the ubiquitin-proteasome system and p62 - encoded by SQSTM1
and also called sequestosome 1 - binds ubiquitinated proteins and targets them for degradation
by both the proteasome and by autophagy. Interestingly, mutations in SQSTM1 have also been
identified as a rare cause of ALS (Rubino et al. 2012).

Prion domain mutations
Although the majority of ALS-causing FUS mutations cluster in the C-terminus and
disrupt the nuclear localization of mutant FUS, about a third of them occur in the N-terminal
prion-like domain (Figure 1.4). Pathology studies from patients with prion domain mutant FUS
are still lacking, but experiments in cultured cells have shown that such mutations do not cause
FUS to mislocalize to the cytoplasm but do increase its propensity to aggregate and form
intranuclear inclusions (Dormann et al. 2010; Kino et al. 2010; Nomura et al. 2014). Curiously,
this is similar to the case for TDP-43 in which the majority of ALS-causing mutations cluster not
in its NLS, but in its prion domain and may not directly affect its nuclear localization but increase
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its aggregation propensity in vitro (Johnson et al. 2009). In contrast, PY-NLS mutations of FUS
were found to have no effect on the aggregation propensity of FUS in analogous in vitroaggregation assays (Sun et al. 2011). Thus, in addition to cytoplasmic aggregation of FUS
secondary to its mislocalization, nuclear aggregation of FUS driven by mutations in its prion
domain may be another pathogenic pathway in ALS-FUS.

Mutant FUS-dependent neurodegeneration: gain or loss of function?
The dominant pattern of inheritance of FUS mutations in ALS families suggests that
mutations result either in a novel, toxic gain of function or create a dominant negative protein
that interferes with the normal activity of wild type FUS. The FUS-positive cytoplasmic
inclusions found in degenerating MNs in patients may play a role in the pathogenesis of the
disease: they could be directly toxic to the cell independent of normal FUS activity, or they might
sequester and functionally deplete wild type FUS in abnormal cytoplasmic aggregates.
However, as described above, FUS has many functions, many of which are complex, and all of
which are incompletely characterized. This, together with a lack of reliable readouts of FUS
activity, makes assessing the functional consequences of ALS mutations challenging. Indeed,
whether mutant FUS causes neurodegeneration through a loss of function, a gain of toxic
function, or some combination of both remains unknown.

Historical perspective from SOD1 studies
At the time that ALS-causing mutations were discovered in SOD1, the function of SOD1
was well-characterized and its activity could be easily measured. Nevertheless, initial studies
supported a pathogenic mechanism involving a loss of SOD1 function and it took some time to
rule out this hypothesis. Superoxide dismutase activity was found to be important for neuronal
survival (Rothstein et al. 1994; Troy and Shelanski 1994) and was reduced in ALS patients with
SOD1 mutations (Bowling et al. 1993; Robberecht et al. 1994). The development of mouse
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models of ALS-SOD1 helped rule out this mechanism by showing that overexpression of mutant
SOD1 in mice resulted in motor neuron degeneration despite an increase of SOD1 activity
(Gurney et al. 1994), whereas a complete knockout of endogenous SOD1 in mice failed to
reproduce the ALS phenotype (Reaume et al. 1996). Further, either overexpression of wild type
SOD1 or complete knockout of endogenous SOD1 failed to modify the disease course in the
mutant SOD1 mouse model (Bruijn, Houseweart, and Kato 1998) and thus provided strong
evidence in favor of a gain of toxic function mechanism of mutant SOD1 in ALS. Importantly,
this insight into the pathogenic mechanism shifted the therapeutic focus from improving SOD1
function to limiting mutant SOD1 toxicity (Gros-Louis et al. 2010; Smith et al. 2006).

Effects of loss of FUS or TDP-43 function
Loss-of-function FUS mutations in heterozygous human carriers have been described as
a rare cause of essential tremor, but not of ALS (Merner et al. 2012). This argues against FUS
haploinsufficiency as a mechanism relevant for ALS but does not rule out the possibility that
ALS mutant FUS causes a more complete loss of FUS function.
A series of analogous experiments in fruit flies (Wang et al. 2011) and in zebrafish
(Kabashi et al. 2011) showed that elimination or reduction of the homologs of either TDP-43 or
FUS produced motor phenotypes that were rescued by the expression of the corresponding wild
type human protein, but not by the expression of ALS-associated mutant TDP-43 or FUS.
Further, these studies demonstrated that wild type FUS could compensate for the loss of TDP43, but the reverse was not true, suggesting that FUS acts downstream of TDP-43 in a common
pathway required for normal motor function.
In human cell lines, ALS causing mutations in TDP-43 were found to strengthen its
binding to FUS (Ling et al. 2010) and the genes downregulated by depletion of TDP-43 or FUS
in the mouse brain were also found to be reduced in motor neurons with TDP-43 aggregates in
patients with sporadic ALS (Lagier-Tourenne et al. 2012). These studies suggest that an
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aberrant association between TDP-43 and FUS may perturb the normal function of the two
proteins in a shared pathway required for motor neuron survival.
In mice, homozygous deletion of the gene coding for TDP-43 was found to be embryonic
lethal (Kraemer et al. 2010; Sephton et al. 2010; Wu et al. 2010) and post-natal deletion
resulted in rapid death (Chiang et al. 2010), while selective deletion from motor neurons (Iguchi
et al. 2013; Wu, Cheng, and Shen 2012) or a partial depletion of TDP-43 by RNAi knockdown
(Yang et al. 2014) was reported to cause progressive motor neuron degeneration.
The consequences of homozygous deletion of FUS in mice have been shown to be
sensitive to the genetic background. Knockout of FUS caused perinatal death in the C57BL/6
mouse strain (Hicks et al. 2000), early postnatal death in the 129SvEv strain or a non-ALS
phenotype with unimpaired survival in the mixed 129SvEv;CD1 strain (Kuroda et al. 2000).
However, the interpretation of these results is further complicated by the persistence of a low
level of the FUS-NEO fusion protein in these mice (Kuroda et al., 2000: Supplementary Fig 1).

These studies highlight the critical importance of the activity of these regulatory proteins
in development and survival, but do not directly implicate TDP-43 or FUS function in the
pathogenesis of ALS, nor do they rule out the possibility that novel toxic functions – not
necessarily associated with their normal activity – underlie the role of TDP-43 and FUS in motor
neuron degeneration.

Evidence for gain of function
Cross-linking and immunoprecipitation of mutant FUS proteins and their bound RNA’s in
HEK293 cells followed by high throughput RNA-sequencing has revealed drastically different
RNA binding patterns for mutant FUS compared to wild type FUS. While WT FUS bound
primarily introns, mutant FUS bound few introns but many more 3’UTRs, consistent with a more
cytoplasmic localization of the mutant protein (Hoell et al. 2011). Thus, a gain of mutant FUS
function may be a result of its increased interaction with cytoplasmic RNA targets.
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In C. elegans, the expression of a number of NLS mutants of human FUS, but not wild
type human FUS, was associated with progressive motor dysfunction and reduced lifespan. In
double transgenic animals expressing differentially tagged mutant and wild type hFUS, the
mutant protein accumulated and aggregated in the neuronal cytoplasm while the wild type
remained exclusively nuclear. Importantly, the overexpression of wild type hFUS with normal
nuclear localization was unable to rescue the mutant phenotype, supporting a gain of mutant
FUS function effect (Murakami et al. 2012).
The identification of non-coding mutations that increase the levels of non-mutant TDP43 (Gitcho et al. 2008, 2009) or FUS (Sabatelli et al. 2013) in ALS patients, as well as the
findings that overexpression of wild type TDP-43 (Shan et al. 2010; Wils et al. 2010; Xu et al.
2010) or FUS (Mitchell et al. 2013) causes motor neuron degeneration in mice, also strongly
argue for a gain of toxic function mechanism.
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1.4 Models of ALS-FUS
The discovery of ALS-causing mutations in FUS was quickly followed by the creation of
FUS-based genetic models and a number of model systems ranging from yeast to rodents have
proven powerful for studying the molecular pathways that may contribute to ALS pathogenesis.

Yeast
Several groups have generated yeast models that express either WT or mutant FUS
protein (Fushimi et al. 2011; Ju et al. 2011; Sun et al. 2011). In yeast cells, WT FUS localized
predominantly to the cytoplasm (the non-canonical PY-NLS of FUS may not be efficient in
yeast), aggregated in stress granules and P-bodies, and caused cytotoxicity. In vitro, purified
WT FUS aggregated extremely rapidly (Sun et al. 2011). Interestingly, neither the cytotoxicity
nor the aggregation propensity of FUS were enhanced by ALS-associated C-terminal FUS
mutations suggesting that these mutations cause aggregation and toxicity primarily through their
effect on the cytoplasmic localization of FUS and not by directly enhancing its aggregation
propensity. In support of this hypothesis, restricting the localization of FUS to the nucleus by
the addition of an efficient NLS prevented FUS aggregation and greatly reduced toxicity (Sun et
al. 2011).
Further, expression of truncated FUS fragments revealed that the N-terminus of the
protein was required for aggregation (but not sufficient, constructs that were localized to the
nucleus did not aggregate) and that RNA-binding ability was required for toxicity. In addition,
genetic screens showed that FUS toxicity could be modified by genes involved in stress granule
assembly and RNA metabolism (Ju et al. 2011; Sun et al. 2011).

Mammalian cell culture
The effects of ALS-associated mutations on subcellular localization of FUS were
examined by transfection of murine N2a cells (Kino et al. 2010). Mutations in the consensus
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nucleotides of the PY-NLS (corresponding to amino acids K510, R522 and P525) produced
stronger cytoplasmic FUS localization than the mutations in the non-consensus sequence of
PY-NLS. Increasing mislocalization of mutant FUS protein to the cytoplasm in cell culture
models strongly correlated with decreasing age of disease onset in ALS patients (Dormann et
al. 2010; Ito et al. 2010). Similarly, in response to heat shock or oxidative stress FUS mutants
were incorporated into stress granules in proportion to their cytoplasmic levels (Bosco, Lemay,
et al. 2010; Dormann et al. 2010).
In accord with the yeast studies, these results argue for a prominent role of cytoplasmic
mislocalization of FUS in ALS pathogenesis. However, mutations in the FUS prion-like domain
(S57del and G156E) did not cause cytoplasmic redistribution of FUS. Instead, such mutations
directly increased the propensity of FUS to aggregate and caused it to form intranuclear
inclusions (Dormann et al. 2010; Kino et al. 2010; Nomura et al. 2014), suggesting that
cytoplasmic mislocalization of FUS is not required for toxicity and nuclear aggregation of FUS
may also be toxic.

C. elegans
In C. elegans, expression of wild type human FUS resulted in normal nuclear FUS
localization (Murakami et al. 2012). In contrast, expression of a number of FUS NLS mutants
resulted in accumulation and aggregation of mutant FUS in the cytoplasm and was associated
with progressive motor dysfunction and reduced lifespan. Similar to the results obtained in cell
culture experiments, the degree of cytoplasmic mislocalization of mutant FUS correlated with
severity of the neurodegenerative phenotype.
In double transgenic animals expressing differentially tagged mutant and wild type
hFUS, the mutant protein selectively accumulated and aggregated in the neuronal cytoplasm
while the wild type remained exclusively nuclear, arguing against a loss of function mechanism
in which mutant FUS sequesters wild type protein in the cytoplasm. Indeed, the overexpression
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of wild type hFUS with normal nuclear localization was unable to rescue the mutant phenotype
and argues for a gain of mutant FUS function effect (Murakami et al. 2012).

Drosophila
The deletion of the homologs of either TDP-43 or FUS in fruit flies produced defective
locomotion and reduced survival phenotypes that were rescued by the expression of the
corresponding wild type human protein but not by the expression of ALS-associated mutant
TDP-43 or FUS (Wang et al. 2011), consistent with a reduced activity of the mutant proteins. In
addition, wild type FUS could compensate for the loss of TDP-43, but the reverse was not true,
suggesting that FUS acts downstream of TDP-43 in a common pathway required for normal
motor function. However, no neurodegeneration was observed in animals expressing mutant
FUS or TDP43 without the deletion of their homologs (Wang et al. 2011).
In contrast, expression of FUS in the eyes or motor neurons of the flies was associated
with mild (WT FUS) or severe (mutant FUS) external eye degeneration or locomotion
impairment, respectively (Chen et al. 2011). Lanson et al reported similar results and further
showed that deletion of the FUS nuclear export signal restored nuclear localization of mutant
FUS protein and abrogated toxicity, once again highlighting the connection between cytoplasmic
localization of mutant FUS and its toxic effects (Lanson et al. 2011). In addition, a follow up
study found that the elimination of FUS RNA binding ability also restored nuclear localization of
mutant FUS and blocked its toxicity (Daigle et al. 2013).
Paradoxically, the opposite results were obtained in yet another fly model in which FUS
toxicity was associated with its nuclear localization and was blocked by the redistribution of FUS
to the cytoplasm either by deletion of its NLS or the addition of a nuclear export signal (Xia et al.
2012).
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Zebrafish
Similar to the observations in Drosophila (Wang et al. 2011), knockdowns of the
homologs of either TDP-43 or FUS in zebrafish produced a motor phenotype characterized by
defective touch-evoked escape response and shortened MN axonal projections that was
rescued by the expression of the corresponding wild type human protein, but not by the
expression of ALS-associated mutant TDP-43 or FUS (Kabashi et al. 2010, 2011), suggesting
mutant loss of function. Expression of wild type FUS was able to compensate for the
knockdown of TDP-43 but not vice versa, suggesting that FUS acts downstream of TDP-43 in a
common pathway required for normal motor function. Furthermore, the expression of FUS
R521H without concomitant endogenous FUS homologue knockdown also resulted in a similar
motor neuron phenotype, indicating that mutant FUS may also act by a toxic gain of function
mechanism (Kabashi et al. 2011). Studies of another zebrafish model reported similar results
supporting both gain and loss of function effects of mutant FUS (Armstrong and Drapeau 2013).

Rats
In rats, overexpression of FUS R521C protein resulted in an early onset (1-2 months of
age) ALS-like phenotype characterized by progressive paralysis and loss of cortical and spinal
motor neurons with accompanying accumulation of FUS immunonegative ubiquitinated
inclusions and gliosis (Huang et al. 2011). Overexpression of wild type FUS was associated
with a mild neuronal loss at one year of age, suggesting that high levels of wild type FUS are
also neurotoxic (Huang et al. 2011).

Mice
As demonstrated by the mutant SOD1 mouse studies described above, the availability of
sophisticated genetic tools for manipulating mouse genomes and molecular pathways makes
them a particularly powerful mammalian model for investigating mechanisms of disease as well
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as for pre-clinical testing of drug efficacy. A number of FUS-based mouse models have been
published and their features are summarized in Table 1.2 and discussed below.

FUS knockout mice
As described above, homozygous deletion of FUS caused perinatal death in the
C57BL/6 mouse strain (Hicks et al. 2000), early postnatal death in the 129SvEv strain or a nonALS phenotype of small size and infertility with unimpaired survival in the mixed 129SvEv;CD1
strain (Kuroda et al. 2000). Regardless of the genetic background, deletion of FUS resulted in
enhanced sensitivity to radiation damage, genomic instability and defects in spermatogenesis
and B-cell development, consistent with FUS playing a critical role in homologous DNA pairing
(Hicks et al. 2000; Kuroda et al. 2000). However, FUS knockout mice do not exhibit an ALS-like
phenotype and the utility of these animals for studying ALS mechanisms remains to be
established.

Somatic brain transgenic mice
(Verbeeck et al. 2012)
In somatic brain transgenic (SBT) mice, bilateral intracerebrovenricular injection of
recombinant adenoassociated virus (AAV1) into newly born mice was used to express V5tagged human wild type or mutant (R521 or Δ14 that lacks its NLS) FUS postnatally in neurons
of the mouse brain. Expression levels were not determined.
Mice were analyzed at 3 months, at which point no obvious motor phenotypes or
neuronal death were observed. However, immunohistochemical analysis showed nuclear
localization of the human WT FUS and weakly (R521) or strongly (Δ14) cytoplasmic localization
of mutant human FUS. Biochemical analysis showed that while WT remained soluble, the
mutants weakly (R521C) or strongly (Δ14) partitioned into the detergent insoluble fraction.
Neuronal cytoplasmic inclusions (NCI’s) similar to those seen in post-mortem ALS tissue were
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observed in cortical neurons only for the Δ14 mutation and were reactive to ubiquitin,
intermediate filament protein α-internexin, stress granule marker poly-A binding protein (PABP1), and P62/SQSTSM1. TDP-43 staining was normal, even in cells with prominent NCI’s.
Expression of the transgenes in the spinal cord was not assessed.

Transgenic mice overexpressing wild type human FUS
(Mitchell et al. 2013)
HA-tagged wild type human FUS under the control the mouse prion promoter was
expressed from a transgenic construct with an unknown integration site. Total FUS protein
levels were approximately 1.4-fold higher in hemizygous mice and approximately 1.7-fold higher
in homozygous mice than in non-transgenic animals. The levels of endogenous mouse FUS
were significantly downregulated to 0.86 and 0.62 in hemizygous and homozygous animals,
respectively, compared to non-transgenic animals. Homozygous mice showed a slight but
statistically significant increase in cytoplasmic total FUS levels.
Homozygous mice presented with an aggressive neurodegenerative phenotype with
hindlimb paralysis and death at 12 weeks of age. In the spinal cord, they showed a 60% loss of
motor neurons, FUS-positive, ubiquitin-negative cytoplasmic inclusions in surviving motor
neurons, as well as astrogliosis and microgliosis. Although cytoplasmic FUS inclusions were
also found in cortical neurons, there was no accompanying cortical neuronal loss or gliosis.
Despite relatively minor differences in total FUS levels, hemizygous mice displayed no
cellular pathology or motor dysfunction and were not different from controls even at 2 years of
age. The reasons for this are not clear.

Transgenic mice expressing human FUS1-359 fragment
(Shelkovnikova et al. 2013)

27

An untagged human FUS1-359 fragment was expressed selectively in neurons under the
control of the Thy1 promoter from a transgenic construct with an unknown integration site. This
fragment was not based on any known human mutations, lacks the NLS and RNA binding
motifs of FUS and was found to be predominantly cytoplasmic and highly aggregation-prone. In
total brain or spinal cord extracts, a lower level of transgenic FUS1-359 fragment than
endogenous FUS was detected, but relative expression of the mutant to endogenous protein
within transgene-expressing neurons is unknown.
FUS1-359 animals were indistinguishable from their littermates until 10-18 weeks of age,
when they abruptly developed severe motor dysfunction marked by asymmetrical limb paresis
that rapidly progressed to complete paralysis over several days. At end stage, transgenic mice
had lost ~50% of spinal motor neurons. Brainstem nuclei were selectively affected: motor
neuron loss was detected in the motor trigeminal, hypoglossal and facial nuclei but the
abducens nucleus was spared. Astro- and microgliosis were profound in the spinal cord, but
limited in affected brainstem nuclei. FUS positive cytoplasmic inclusions were common in both
spinal motor neurons and cortical neurons and only partially overlapped with ubiquitin positive
inclusions. Less commonly, intranuclear FUS inclusions were observed that seemed to recruit
endogenous mouse FUS protein.
Notably, a second mouse line with lower expression of the transgene developed no
symptoms but had rare FUS positive aggregates at 9 months of age.

Transgenic PrP-FUS R521C mice
(Qiu, Lee, and Shang 2014)
Flag-tagged human FUS R521C protein under the control the Syrian hamster prion
promoter (shPrP) was expressed from a transgenic construct with an unknown integration site.
The FUS R521C founder on the B6SJL genetic background was back-crossed to C57BL/6
females to generate N1F1 mice.
28

N1F1 FUS R521C mice displayed a widely variable phenotype. While the majority of
them showed growth retardation and developed a motor phenotype that included spastic
paraplegia, abnormal gait and reduced muscle mass by 6 weeks of age, about 10% of them had
no symptoms at p400 (57 weeks). About half of the mice died by 6 weeks of age, but about
30% of them were still alive at 57 weeks, almost a year later.
At end stage, FUS R521C mice showed either complete or partial denervation of the
majority of NMJ’s in unspecified muscles, ~55% spinal motor neuron loss, as well as astro- and
microgliosis in the spinal cord. No FUS positive cytoplasmic inclusions were reported.
The expression level of FUS R521C was similar to endogenous FUS but, interestingly,
the level of endogenous mouse FUS in transgenic animals was higher than in non-transgenic
controls, suggesting that mutant FUS was stabilizing the endogenous protein. Biochemical
experiments showed that mutant FUS R521C protein had a longer half-life in cultured cells than
wild type FUS and had a high propensity to form protein complexes both with itself and wild type
FUS protein. The increase in the levels of endogenous FUS by expression of mutant FUS
directly contrasts the downregulation of endogenous FUS observed in the overexpression of
wild type human FUS model, above.
Co-immunoprecipitation experiments showed that the interaction between HDAC1, an
important chromatin remodeling protein critical for DNA damage response, and endogenous
FUS in transgenic animals was severely diminished compared to non-transgenic controls,
suggesting that mutant FUS R521C protein interfered with the interaction between wild type
FUS and HDAC1. Transgenic mice also showed increased γH2AX levels, particularly in spinal
motor neurons, indicating increased DNA damage.
The surviving N1F1 mice were intercrossed to generate N1F2 mice, which were mated
with C57BL6 to generate N2F2 mice. In N2F2 FUS R521C mice, symptom onset occurred
between 6-10 weeks and they survived to 10-40 weeks. The reasons for this striking difference
from the N1F1 mice are unclear.
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Transgenic CAG-FUSWT and CAG-FUSR521G mice
(Sephton et al. 2014)
Untagged WT or R521G mutant human FUS under the control of the CAG promoter
were expressed at levels similar to endogenous FUS from a transgenic construct with an
unknown integration site. Similar phenotypes were observed for each of the two CAG-FUSWT
and the two CAG-FUSR521G lines generated from different founders, increasing the confidence
that the phenotypes observed are not due to transgene insertional effects.
Nearly all CAG-FUSWT and most CAG-FUSR521G mice died before postnatal day 30, while
about 30% of CAG-FUSR521G mice were still alive at P500 (71 weeks). CAG-FUSWT mice
developed gait abnormalities at P10 and by P14 their righting ability was reduced. CAGFUSR521G mice that die early displayed similar but less severe motor impairments, but the CAGFUSR521G mice that escaped early lethality had slightly reduced body mass and displayed only
subtle motor impairment at 71 weeks of age.
End-stage CAG- FUSWT and CAG-FUSR521G mice showed partial denervation in 20-30%
of NMJ’s as well as scattered and grouped atrophic muscle fibers, with CAG-FUSWT muscle
showing more severe abnormalities. However, neither CAG-FUSWT nor CAG-FUSR521G animals
showed any evidence of motor neuron loss. No cytoplasmic FUS mislocalization or protein
aggregates were observed in CAG-FUSWT and CAG-FUSR521G mice, but there was evidence of
astro- and microgliosis in all regions of the brain and spinal cord. In contrast, CAG-FUSR521G
mice that escaped early lethality did not show increased levels of neuroinflammation.
It is not clear why mouse lines expressing similar levels of wild type human FUS
developed a more severe phenotype than the lines expressing ALS mutant FUS R521G. The
variable phenotype of CAG-FUSR521G mice, in which majority the animals die early and the rest
are relatively unaffected and survive well into adulthood, is reminiscent of the phenotype of the
PrP-FUS R521C mice above, but the R521C mice presented with ~55% motor neuron loss.
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Additional mouse models of ALS-FUS are needed
The published FUS-based mouse models (summarized in Table 1.2) appear to
reproduce certain aspects of the ALS-FUS phenotype, but they suffer from significant
weaknesses:
•

In the case of somatic brain transgenic mice, it is unclear if there is expression of the
transgenes in the spinal cord and no motor phenotypes or neuronal death were detected at
the latest point of analysis at 3 months of age.

•

In the wild type human FUS overexpressing mouse line, despite relatively minor differences
in total FUS levels, homozygous mice displayed an aggressive early-onset phenotype while
hemizygous mice showed no cellular pathology or motor dysfunction and were not different
from controls even at 2 years of age. Because the transgene insertion site has not been
determined, it cannot be ruled out that the homozygote phenotype may be due to an
unintended deletion of an unknown gene.

•

The human FUS1-359 fragment is not based on any known ALS-causing mutation and the
relevance of the FUS1-359 mouse phenotype to ALS pathogenesis remains to be established.

•

The PrP-FUS R521C mouse line exhibited a variable phenotype in which most animals died
within the first few months but one-third were relatively unaffected and survived into old age.
In addition, there was a striking difference in the patterns of symptom onset and survival
between the N1F1 and the N2F2 generations.

•

The CAG-FUS mouse lines expressed similar levels of transgenic protein but the wild type
human FUS lines developed a more severe phenotype than the lines expressing ALScausing mutant FUS R521G. The CAG-FUS mice also displayed an unpredictable
phenotype similar to that of the PrP-FUS R521C animals, which severely limits the value of
both these models in pre-clinical studies of drug efficacy.
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In general, I would argue that the transgenic approach used in generation of these
published models precludes meaningful comparison of the effects of the various wild type or
ALS mutant FUS transgenes, given the variable site of transgene integration, copy number and
resulting expression pattern in each transgenic line. The natural mechanisms that exist to
regulate physiological FUS levels (Dini Modigliani et al. 2014; Zhou et al. 2013) and a wealth of
overexpression studies in vitro and in vivo all demonstrate that controlling for levels of
exogenous FUS expression is critical to any study of the toxic effects mutant FUS, not least
because overexpression of high levels of FUS influences the expression of endogenous mouse
FUS and further complicates the interpretation of results in these models.
Additional FUS-based mouse models that overcome the weaknesses of existing models
and allow for equivalent expression and thus direct comparison of wild type FUS and ALScausing mutants are greatly needed for mechanistic studies and drug discovery efforts.
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1.5 Summary and aims of the thesis
Although the history of ALS research dates back to the 19th century, it was only with the
identification of first ALS-causing mutations in SOD1 two decades ago that the focus of study
switched from observation in patients and post-mortem tissue to experimentation in animal and
cellular models of disease.
SOD1- based mouse models exhibit a robust and reproducible ALS-like phenotype and
have contributed greatly to our understanding of the mechanisms of motor neuron degeneration
and to drug discovery in ALS. However, an effective treatment for ALS remains elusive.
Recent advances in ALS genetics have made possible novel animal and cellular models
of disease that can build on the insights gained from the study of mutant SOD1 and elucidate
shared disease mechanisms. Notably, the identification of ALS-causing mutations in the genes
encoding TDP-43 and FUS suggested that aberrant RNA processing may underlie common
mechanisms of neurodegeneration in ALS and focused attention on the normal activities of
TDP-43 and FUS. However, the role of the normal functions of RNA-binding proteins in ALS
pathogenesis has not yet been established.
In this thesis I will present my work on the development and characterization of novel
models of ALS-FUS that aims to clarify the relationships between ALS-causing FUS mutations,
normal FUS function and motor neuron degeneration.
•

Chapter 2: I will introduce mutant FUS knock-in mice in which ALS-causing mutations were
targeted directly to the endogenous mouse FUS locus, and I will describe experiments that
examine the effects of FUS mutations through direct comparison of wild type and mutant
FUS function.

•

Chapter 3: I will present the generation and characterization of a mouse model of ALS-FUS
in which targeted transgenic expression of mutant human FUS under the control of the
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endogenous MAPT (tau) promoter causes selective degeneration of vulnerable spinal motor
neurons.
•

Chapter 4: I will describe experiments based on a novel conditional FUS knockout mouse
line that I generated to test the hypothesis that FUS function is required for long term motor
neuron survival.

•

Chapter 5: I will draw conclusions from the findings presented in this thesis.

•

Chapter 6: I will describe the experimental methods used in this work.
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Figure 1.1: ALS pathomechanisms and targets tested in preclinical trials in rodents

Figure 1.1: ALS pathomechanisms and targets tested in preclinical trials in rodents.
(McGoldrick et al. 2013)
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Figure 1.2: The functional domains of FUS and their functions

Figure 1.2: The functional domains of FUS and their functions
QGSY-rich = glutamine-glycine-serine-tyrosine-rich or prion-like domain
Gly-rich = glycine-rich domain
RGG = arginine-glycine-glycine rich domain
RRM = RNA recognition motif
ZFD = zinc finger domain
NLS = nuclear localization signal
(Sama et al. 2014)
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Figure 1.3: Diverse physiological functions of FUS

Figure 1.3: Diverse physiological functions of FUS
(a) FUS has DNA homologous pairing activity and is important for the repair of DNA double strand
breaks.
(b) FUS interacts with the transcriptional pre-initiation complex (e.g. RNA pol II and the TFIID
complex) and with gene-specific transcription factors (e.g. NF-κB). Moreover, FUS directly binds to
specific DNA sequences in the promoter region of certain target genes.
(c) FUS affects alternative splicing by interacting with intronic regions near splice sites and
subsequently recruiting the spliceosome or other splicing factors, such as hnRNPs or SR proteins, to
the nascent pre-mRNA.
(d) FUS interacts with both the transcriptional machinery and the splicing machinery and therefore
have been proposed to couple transcription to splicing.
(e) FUS shuttles between the nucleus and cytoplasm and thus might play a role in mRNA export.
(f) In neurons, FUS is involved in transport of specific mRNAs, e.g. the mRNA encoding the actinstabilizing protein Nd1-L, into dendrites and dendritic spines. This may regulate local translational of
localized mRNAs and may be important for synaptic function.
(Dormann and Haass 2013)
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Figure 1.4: ALS-associated FUS mutations

Figure 1.4: ALS-associated FUS mutations
Schematic representation of the FUS transcript (gray, bottom), functional domains of the FUS
protein (colors, middle) and gene mutations identified in patients with neurodegenerative diseases
(colored boxes, top).
Numbers under the protein line indicate the boundaries of each domain. The putative prion
domain of FUS comprises amino acids 1–239 and 391–407.
L = nuclear localization signal (magenta).
(Deng et al. 2014)
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Table 1.1: Mutations in genes of diverse functions cause ALS

Enzyme

Repeat expansions

Proteostatic proteins

Superoxide dismutase 1 (SOD1)

C9ORF72

UBQLN2

ATXN2

OPTN

RNA-binding and/or processing

SQSTM1

TDP43

Cytoskeleton/cellular transport

VCP

FUS

VAPB

CHMP2B

TAF15

Peripherin

FIG4

EWSR1

DCTN1

Angiogenin (ANG)

NFH

Excitotoxicity

Senataxin (SETX)

PFN1

DAO
Adapted from Robberecht et al. 2013
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Y=yes, N=no, nd=not determined

Table 1.2: Summary of published FUS-based mouse models

T ABLE 1.2: S UMMARY OF PUBLISHED FUS-BASED MOUSE MODELS
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Y=yes, N=no, nd=not determined

Table 1.2: Summary of published FUS-based mouse models (continued)

T ABLE 1.2: S UMMARY OF PUBLISHED FUS-BASED MOUSE MODELS (CONTINUED )
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Chapter 2:
Analysis of functional consequences of FUS mutations in novel mutant
FUS targeted knock-in mice
2.1 Introduction
A discussed in Chapter 1, recent discoveries of ALS-causing mutations in TDP-43, FUS
and C9ORF72 have focused the ALS research field’s attention on the normal functions of these
genes and on the question of how mutations affect those functions. These advances in ALS
genetics have also made possible the creation of novel animal models of ALS to complement
the widely-used SOD1 mouse models, which so far have been unsuccessful in predicting
therapeutic efficacy in clinical trials.
The discovery of dominant ALS-causing FUS mutations has led to a sharp increase in
the number of studies of normal FUS function aimed at furthering our understanding of ALS
pathogenesis (Sama et al. 2014). However, the evidence supporting the notion that a defect of
normal FUS function is directly involved in neurodegeneration in ALS is still lacking. And
because this has direct implications for further ALS research as well as strategies for therapy
development, it is important to determine how ALS mutations affect the function of the mutant
FUS protein.
To determine whether FUS loss of function underlies MN degeneration in ALS-FUS, we
set out to create a mouse model of the disease to be used to investigate pathogenic
mechanisms and to study how ALS-causing mutations alter FUS function. In approaching this
problem, we considered various options for expressing mutant FUS protein in the mouse. First,
our choice of which ALS-related FUS isoform to express was guided by the genotypephenotype correlations established in ALS-FUS patients that identified the most pathogenic
alleles. We next considered the choice of promoter that would determine the pattern and level
of mutant FUS expression. While higher levels of mutant FUS expression are more likely to be
pathogenic, we were concerned that artificially high expression can lead to non-specific toxicity.
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Indeed, overexpression of wild type SOD1 (Graffmo et al. 2013), wild type TDP43 (Shan et al.
2010; Wils et al. 2010; Xu et al. 2010) and wild type FUS (Huang et al. 2011; Mitchell et al.
2013) have been reported to produce pathology in rodents, suggesting that it may be desirable
to express mutant FUS at a level at which wild type FUS is not toxic. In terms of the pattern of
mutant FUS expression, we considered that in ALS-FUS patients, mutant FUS is expressed in
all tissues and that there is evidence that both neurons and glia participate in the pathogenesis
of ALS such that in our model, ubiquitous expression of mutant FUS, or at least broad
expression in the nervous system would be preferred (unless, of course, testing a specific
hypothesis). In addition, protein epitope tags are often helpful for selectively detecting and
purifying and quantifying a protein of interest. However, because there is a strong relationship
between the degree of cytoplasmic localization of FUS and the severity of the clinical phenotype
(Dormann et al. 2010), special care needs be taken to ensure that a chosen epitope tag does
not alter the protein localization.
In addition, there are multiple approaches for modifying the mouse genome that have
varying degrees of compatibility with the desired expression strategies:

Transgenic mice are generated by microinjecting a transgenic construct, usually
several kilobases in length, into a fertilized egg (Haruyama, Cho, and Kulkarni 2009). The
transgene integrates into a random site in the genome, often in multiple tandem copies. This
can be useful for selecting mouse lines with high or low expression, but the copy number of the
transgene can be unstable from generation to generation (as has been seen in mutant SOD1
mouse lines), the transgene can be transcriptionally silenced if it is inserted into
heterochromatin or contains bacterial DNA, and integration into a random site can disrupt the
function of other genes. This approach is relatively fast and technically easy, but because the
sites of integration and copy numbers are variable for each transgenic line, it is not well suited
for quantitative comparison of different transgenes. With the exception of the somatic brain
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transgenic mice, all of the published FUS-based mouse models were created with the
transgenic approach (See Section 1.4 and Table 1.2).
Bacterial artificial chromosome (BAC) transgenic mice are similar to the classical
transgenics, but use much larger expression constructs (100-150 kilobases) derived from
BAC’s. Their advantage lies in the ability to include the endogenous gene promoter and
regulatory elements that better recreate normal expression patterns. However BAC transgenics
still suffer from the same drawbacks as standard transgenic mice.
Transgenic knock-in mice are generated using homologous recombination in
embryonic stem (ES) cells to target one copy of a transgenic construct to a specific locus in the
mouse genome. Rosa26 targeting is a widely used example (Soriano 1999). The construct
may use the endogenous promoter upstream of its integration site or include its own. Since the
integration site and copy number are the same across different lines, this approach results in
reproducible expression and is well suited for quantitative comparison of different transgenes.
However, it is also more technically challenging and slower that the transgenic approach.
Targeted knock-in mice are generated using homologous recombination to modify a
particular site in the mouse genome. The resultant mutant gene retains its endogenous
promoter and associated regulatory elements, thus completely preserving the normal pattern of
expression. And in addition to being well suited for comparison of different mutations, this
approach alone1 makes it possible to analyze homozygous mutants to explore the properties
and toxic effects of mutant protein in isolation.

1

Recently, novel genomic tools such as TALENs (Miller et al. 2011) and the CRISPR/Cas system
(Cong et al. 2013) have become available for efficient modification of the mammalian genome. Although
they have a greater potential for off-target effects, they may be worthwhile alternatives to homologous
recombination-based genome targeting. In fact, one report describes the creation of mutant FUS knockin mice using TALEN technology, but does not present any results of their characterization (Panda et al.
2013).
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In the end, we decided to model ALS-FUS by using the targeted knock-in approach to
introduce ALS-causing mutations directly into the endogenous mouse FUS locus because it
most closely recreates the human ALS genotype and thus has the potential to yield the most
faithful model of ALS-FUS in which the pattern and level of mutant FUS expression is
preserved. This approach also makes it possible to combine wild type, mutant and null alleles
of FUS to study the effects of mutations on gene function and to distinguish mutant gain of
function, loss of function and dominant negative effects.
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2.2 Results
Generation of targeted mutant FUS knock-in mice
To study the effects of ALS-causing mutations on FUS function, we chose to introduce
three different FUS mutations into the endogenous mouse FUS locus. FUS R521C, the most
common of all pathogenic FUS mutations results in moderate mislocalization of FUS to the
cytoplasm (Figure 2.1) and causes classical adult-onset ALS (Kwiatkowski et al. 2009; Vance et
al. 2009). FUS P525L results in more pronounced mislocalization of FUS to the cytoplasm and
causes a more severe form of ALS characterized by juvenile onset and rapid progression
(Conte et al. 2012). Because mouse FUS is shorter than the human protein (518 vs. 526
amino acids), hFUS mutant R521C and P525L correspond to mFUS R513C and P517L,
respectively.
In addition, we modeled a FUS truncation mutation in which a point mutation in the
splice acceptor site (SA) of intron 13 causes exon 14 skipping (FUS delta exon 14, or FUS Δ14)
and fusion of exons 13 and 15, resulting in a frameshift that effectively removes the C-terminal
NLS. This truncation mutation was reported in a particularly aggressive case of sporadic ALS
with onset at 20 years of age and progression to death in 22 months (Dejesus-Hernandez et al.
2010). We expressed a human cDNA construct coding for the truncation mutant, FUS Δ14, in
cultured HEK293 cells and confirmed that this mutation causes prominent cytoplasmic
mislocalization of the mutant FUS protein, similar to the FUS P525L mutation (Figure 2.1).
Rather than introduce the SA mutation in intron 13 of mouse FUS, we recognized that the
mature, mutant FUS Δ14 transcript could be generated in a conditional manner by flanking exon
14 with LoxP sites to create a “floxed” allele (FUS conditional exon 14 or FUS c14) that normally
produces wild type protein, but upon Cre-mediated recombination deletes exon 14, converting it
to the FUS Δ14 mutant (Figure 2.2B). As discussed in more detail below, this allows for Credependent spatial and temporal control of mutant FUS Δ14 expression.
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To generate targeted knock-in mutant mice, we first introduced each of R513C, P517L
and Δ14 mutations into the endogenous mouse FUS locus on chromosome 7 by homologous
recombination in the C57BL/6 strain ES cells from which we derived mouse chimeras by
blastocyst injection of mutant ES cell clones. We achieved germline transmission for P517L
and c14 mutants (but not yet for R513C) to establish the mutant FUS knock-in mouse lines (see
Figure 2.2A and Methods for details). While ES cells of the 129 strain have been historically
preferred for gene targeting because they are easier to culture in vitro and are more efficient at
colonizing a developing embryo, resultant mice typically have to be back-crossed at least 5
times to the more fertile and much more widely used C57BL/6 strain for analysis (Seong et al.
2004). Our choice of the C57BL/6 background from the very beginning eliminated the need for
time-consuming repeated back-crossing and produced mutant mice on a pure C57BL/6
background. This is particularly important in our evaluation of mutant FUS function since
evidence from FUS knockout mice indicates that phenotype is highly dependent on mouse
background strain: the homozygous FUS knockout mutant dies at birth on the C57BL/6
background (Hicks et al. 2000) but survival is unaffected on a mixed 129svev;CD1 background
(Kuroda et al. 2000).
We first crossed each of these mutant lines to an FLP-deleter line (PGK1-FLPo) to
remove the FRT-flanked Neomycin (Neo) resistance positive selection cassette, as it has been
reported to affect the expression of neighboring genes (Figure 2.2B). Further, to study the FUS
Δ14 mutation, we crossed the conditional FUS c14 line to a germline Cre-deleter line
(Protamine1-Cre) to produce the mutant FUS Δ14 line (Figure 2.2B).

Analysis of mutant FUS P517L protein expression
Because the goal of the mutant FUS targeted knock-in lines is to preserve protein
expression, subcellular localization and function, we elected not to add any commonly used
epitope tags that help detect a protein of interest out of concern that it may also alter its
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properties. Further, as the mutant FUS P517L protein is the same size as wild type
endogenous FUS, we cannot distinguish them by size on a Western blot (Figure 2.3A). Thus, in
order to analyze the mutant protein, we crossed the FUS P517L line to the FUS knockout line
(FUS KO, (Hicks et al. 2000)) to genetically isolate the mutant isoform from endogenous FUS.
Protein immunoblotting (IB, or Western blotting) of FUS protein from brains of postnatal
day12 FUSP517L/KO and FUSWT/KO animals revealed equal size and similar expression levels of
FUS P517L and WT proteins (Figure 2.3B). Next, we used immunohistochemistry (IHC) to
visualize FUS protein expression pattern in the spinal cord and observed normal nuclear
staining in all cells of FUSWT/KO control animals. This pattern was observed with each of the
three commonly used commercial anti-FUS antibodies which, importantly, are raised to distinct
epitopes of FUS that span the protein from the N-terminus to the C-terminus (Figure 2.3C). To
our surprise, none of the three antibodies detected mutant FUS in FUSP517L/KO animals (Figure
2.3C).
Because protein immunoblotting showed robust expression of FUS P517L protein in
FUSP517L/KO animals, we persisted in trying to visualize it with IHC by altering fixation conditions
(no/PFA/Acetone/Methanol fixation), using antigen retrieval with light proteinase K digestion or
the heating of tissue in H2O/NaCitrate/Tris-HCl and denaturing with SDS, Urea, or GuanidineHCl - all without success (data not shown). To overcome this problem, we generated a novel αP517L antibody using a synthetic peptide that corresponds to the sequence of the final 13 Cterminal amino acids shared by both mouse FUS P517L and human FUS P525L proteins, which
differ from the wild type FUS sequence only at the position of the point mutation (Figure 2.4A,B).
Immunostaining of spinal cord sections demonstrated that this antibody reacts specifically with
mutant FUS P517L but not with FUS WT protein and revealed both nuclear and cytoplasmic
localization of the mutant protein (Figure 2.4C). In contrast, by protein immunoblotting in
protein-denaturing conditions this antibody reacted with both FUS P517L and FUS WT proteins
(data not shown).
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Analysis of mutant FUS Δ14 protein expression
Unlike the P517L point mutation, the FUS Δ14 mutation decreases the size of both the
RNA and the protein and thus makes it more easily distinguishable from wild type FUS. Using
RT-PCR to sequence the mature FUS Δ14 transcript we confirmed that, as designed, the
mutation causes the skipping of exon 14 and splicing of exon 15 directly to exon 13 in vivo
(Figure 2.5A). As a result, the sequence of exon 15 is read out of frame and encodes a novel
protein sequence from amino acid position 459 until 471, the end of the truncated protein
(Figure 2.5A,B and Figure 2.6B). We took advantage of the absence of exon 14 in FUS Δ14
mRNA to distinguish mutant and wild type FUS transcripts by RT-qPCR. Analyses of RNA from
brains of newborn FUSWT/WT, FUSΔ14/WT, and FUSΔ14/Δ14 animals with primers either specific to
the wild type FUS transcript or specific to the Δ14 FUS transcript, or with primers that equally
recognize both transcripts, revealed that the abundance of mutant Δ14 FUS transcript was
equivalent to that of endogenous FUS (Figure 2.5C). Importantly, this result shows that
transcription and stability of the mutant FUS RNA are unaffected by the DNA modifications that
we introduced into the FUS locus and the differences in protein levels, if any, between mutant
and wild type FUS would reflect post-transcriptional changes.
The smaller size of FUS Δ14 protein (471AA) also allowed us to distinguish it from
endogenous FUS (518AA) by protein immunoblotting. Analysis of the brain of postnatal day 28
FUSΔ14/WT animals by immunoblotting revealed that two bands are detected by the anti-FUS
antibody, with the lower band corresponding to the smaller FUS Δ14 (Figure 2.5D). The level of
FUS Δ14 protein appears to be lower than that of wild type FUS and may reflect a decreased
stability of the mutant protein, but this result needs to be reproduced (N=1). Importantly,
analysis of subcellular fractions suggests that mutant FUS Δ14 is more abundant in the
cytoplasm than wild type FUS (Figure 2.5D).
As was the case for P517L, mutant FUS Δ14 protein was also invisible by
immunohistochemistry to all anti-FUS antibodies tested and no signal was observed in spinal
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cord sections of FUSΔ14/KO animals (Figure 2.6C and data not shown). Therefore, we pursued a
similar strategy for the generation of a FUS Δ14 specific antibody. We used a peptide that
corresponds to the sequence of final 15 C-terminal amino acids of the FUS Δ14 protein (which,
as a result of frame shift in reading exon 15, is novel and unique to this specific mutant) to
generate the α-Δ14 antibody (Figure 2.6A,B). By immunohistochemistry this antibody reacted
specifically with FUS Δ14 but not with FUS WT protein and revealed prominently cytoplasmic
staining of the mutant protein (Figure 2.6C).

Similarly, by immunoblotting in protein-denaturing

conditions this antibody reacted specifically with FUS Δ14 but not with the FUS WT protein
(data not shown). The absolute selectivity of α-Δ14 antibody for the mutant FUS Δ14 protein is
expected because the epitope used in its generation is unique to the completely novel sequence
present only in mutant FUS Δ14 protein.

Differential immunoreactivity of mutant and wild type FUS proteins
The surprising lack of immunoreactivity of the mutant FUS proteins to multiple polyclonal
FUS antibodies in tissue sections prompted us to do a thorough analysis of the reactivity of the
mutant and the wild type FUS to a panel of various versions of anti-FUS antibodies. The
results for immunoblotting in protein-denaturing conditions are summarized in Table 2.1 and the
results for immunohistochemistry in spinal cord sections are presented in Table 2.2. All of the
commercial antibodies tested reacted with WT FUS by both IB and IHC. In contrast, none of
these antibodies reacted with either P517L or Δ14 mutant FUS by IHC, but two of the three
reacted with both P517L and Δ14 by IB. The novel α-P517L antibody reacted only with FUS
P517L by IHC, but with both P517L and WT FUS by IB. And the novel α-Δ14 antibody reacted
only with FUS Δ14 protein both by IHC and IB for the reason discussed above.
The lack of immunoreactivity of mutant FUS by IHC in tissue sections but not by
denaturing immunoblotting, as well as the specificity of α-P517L antibody for P517L protein over
WT by IHC but not by IB, can be explained by a conformational change in the mutant protein.
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Future experiments for testing the sensitivity of anti-FUS antibodies to the conformation of
mutant FUS protein include protein immunoblotting following denaturation and renaturation of
membrane-immobilized mutant FUS protein by the addition and removal of high concentrations
of urea or guanidine-HCl (Wu, Li, and Chen 2007) as well as native (non-denaturing) western
analysis of mutant FUS tissue lysates.
However, the lack of reactivity of mutant FUS to the ab84078 N-terminal antibody by
both IHC and denaturing IB requires a different explanation and may result, for example, from
aberrant post-translational modifications in the N-terminus of the mutant protein. Future
experiments for detecting and identifying possible modifications include purification of mutant
FUS by immunoprecipitation with subsequent analysis by mass spectrometry proteomics
(Aebersold and Mann 2003).
Regardless of how mutations in the C-terminus of mutant FUS produce dramatic
changes in reactivity of its distant parts to anti-FUS antibodies, the lack of reactivity of mutant
FUS protein with commercial FUS antibodies and its specific reactivity with the newly generated
α-P517L and α-Δ14 antibodies has practical advantages in that it allows for the selective
detection, purification and downstream analysis of wild type and mutant FUS without the use of
added epitope tags.
Finally, we were interested to test whether the differential immunoreactivity of mutant
P517L and wild type FUS we observed in the mouse was also true for human FUS. We
immunostained cultured fibroblasts derived from an ALS-FUS P525L patient and a non-ALS
control. In the FUS P525L fibroblasts, the α-P517L antibody reacted strongly with cytoplasmic
and nuclear FUS and only weakly with nuclear FUS in the control fibroblasts, demonstrating
preferential selectivity for mutant FUS P525L. The commercial anti-FUS antibodies reacted
strongly with nuclear FUS in both normal and mutant fibroblast lines, but very weakly (sc-47711)
or not at all (ab84078) with cytoplasmic FUS in the P525L fibroblasts (Figure 2.7). The weak
cytoplasmic staining observed with sc-47711 antibody may reflect its reactivity with wild type
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FUS that has been pulled out into the cytoplasm by the mutant FUS and is not necessarily
indicative of the reactivity of this antibody with the mutant FUS protein.

Functional characterization of mutant FUS protein
The mutant FUS knock-in mouse is a unique experimental platform on which we can
directly compare the function of the ALS mutant FUS alleles against the wild type and null FUS
alleles and thus potentially differentiate between mutant gain of function, loss of function and
dominant negative effects. Because the mouse genome is diploid, we can genetically cross
FUS knock-in and knockout mice to combine the wild type (FUSWT), the ALS mutant (FUSΔ14 or
FUSP517L), and the null (FUSKO) alleles of mouse FUS in any pairwise combination. We can test
for loss of function in mutant FUS by comparing mice that express only wild type FUS, only
mutant FUS, or no FUS. We can examine the potential dominant negative effects of mutant
FUS on normal FUS protein by analyzing mice that express both mutant and wild type FUS.
And, finally, we can test for mutant gain of function by comparing mice that express one copy of
mutant FUS with those that express two copies. Table 2.3 summarizes the results presented in
the following sections and may be a useful reference to help guide the reader through the
following text.

Rescue of FUS knockout phenotypes with mutant FUS
ALS associated mutations cause FUS to mislocalize to the cytoplasm, which may result
in a deficiency of nuclear FUS activity (Kino et al. 2010). And although the normal functions of
FUS are complex and still poorly characterized, we know that they are essential for survival
because FUS knockout mice (FUSKO/KO) die at birth (Hicks et al. 2000). Using our mutant FUS
knock-in models, we first explored the functional consequences of the ALS-associated mutation
by determining whether the mutant FUS protein was able to rescue the perinatal lethality of the
FUS knockout mice.
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We compared FUS null mice (FUSKO/KO) to those expressing only the mutant FUS allele
in one copy, FUSΔ14/KO and FUSP517L/KO. As per the original report (Hicks et al. 2000), we found
that FUSKO/KO mice were born abnormally small, weighing 1.00 ± 0.02g (N=25) compared to
1.32 ± 0.02g (N=44) for FUSWT/KO and 1.35 ± 0.02g (N=48) for FUSWT/WT, and all died within
several hours of birth (Table 2.3). In contrast, although also born significantly smaller than
normal (1.10 ± 0.03g, N=5), approximately half of the FUSP517L/KO mice survived to adulthood.
Because of their smaller size (and not necessarily due to some other FUS-related phenotype),
some FUSP517L/KO animals were cannibalized soon after birth by their mother (nursing mice often
eat smaller pups in order to better care for the healthier, larger pups) and others were
outcompeted by their larger littermates for milk and died several days after birth. By time of
weaning (P21), out of 163 pups total there were 21 FUSP517L/KO animals, approximately half of
what is expected from independent Mendelian inheritance.
Similar results were obtained for FUSΔ14/KO animals. They were born weighing 1.15 ±
0.02g (N=14) and numbered 10 pups of 72 in total at weaning (P21). Adult FUSP517L/KO and
FUSΔ14/KO animals can look fairly normal, often only slightly smaller than their littermates, and
both males and females can be fertile and survive until at least 18 months of age (at the time of
the writing of this thesis). However, most FUSP517L/KO and FUSΔ14/KO animals suffer from a
number of problems seemingly unrelated to ALS, possibly due to their small size or abnormal
development. More than half of the animals suffer from malocclusion (misalignment of teeth)
and need to be euthanized or die from feeding difficulties during the first few months of life.
Those that do not have malocclusion usually survive for many months but within a year most
animals will either develop rectal prolapse and need to be euthanized or will develop a seizure
disorder and die.
Taken together, the ability of the mutant FUS alleles to rescue the perinatal death
phenotype of FUS null mice and the inability to completely rescue the small size phenotype
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argue that mutant FUS P517L and FUS Δ14 proteins are partially functional compared to the
wild type FUS protein.

Dominant negative effects of mutant FUS
ALS-causing FUS mutations may cause loss of activity in the mutant protein itself, but
the mutant protein may in addition interfere with the function of the wild type FUS protein by a
dominant negative mechanism. To test for this, we compared the newborn weights of animals
that expressed one copy of the mutant and one copy of the wild type FUS, FUSP517L/WT and
FUSΔ14/WT, to animals expressing only one copy of wild type allele, FUSWT/KO. If the normal
function of wild type FUS were significantly inhibited by the mutant FUS protein, we would
expect to see a loss of FUS function phenotype in the mutant heterozygote animals. We did not
detect any dominant negative effects of mutant FUS on the wild type FUS protein as there was
no difference in the weights of newborn FUSP517L/WT (1.36 ± 0.04g, N=18) and FUSΔ14/WT (1.33 ±
0.02g, N=76) animals from FUSWT/KO (1.32 ± 0.02g, N=44) or even FUSWT/WT (1.35 ± 0.02g,
N=48) controls (Table 2.3). Of course these finding cannot rule out dominant negative effects of
mutant protein on FUS functions unrelated to development, for example its functions in postnatal motor neurons.

Evidence for gain of function of mutant FUS
Because expression of FUS from one copy of the mutant allele (FUSP517L/KO or
FUSΔ14/KO) produces an intermediate phenotype, comparison to mice in which two copies of
mutant allele are expressed (FUSP517L/P517L or FUSΔ14/Δ14) can produce additional information. If
the partial function of mutant FUS reflects a lower overall activity of the protein (for example, its
nuclear function may be diminished as a result of its mislocalization to the cytoplasm), then
doubling the amount of mutant protein is expected to double the amount of FUS activity and
should improve the rescue of the small size phenotype associated with the loss of FUS function
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in the FUSP517L/KO and FUSΔ14/KO animals. If, on the other hand, mutant FUS is completely
unable to perform some subset of FUS functions, doubling the amount of the mutant protein
would have no effect on the phenotype. Further, any exacerbation in the phenotype upon
doubling the amount of mutant protein would suggest that the mutant protein is toxic.
Comparison of birth weights of homozygous mutant animals FUSΔ14/Δ14 (1.09 ± 0.02g,
N=34) and FUSP517L/P517L (0.95 ± 0.03g, N=16) to the compound heterozygotes FUSΔ14/KO (1.15 ±
0.02g, N=14) and FUSP517L/KO (1.10 ± 0.03g, N=5), revealed that doubling of mutant protein did
not improve the rescue of the small size phenotype (Table 2.3). On the contrary, FUSP517L/P517L
animals expressing two copies of the mutant alleles were not only smaller than FUSP517L/KO, but
none of the 16 FUSP517L/P517L animals survived more than several hours after birth. This
dramatic difference between FUSP517L/KO animals, which reach adulthood and are fertile, and
FUSP517L/P517L homozygous mutants, which consistently die at birth, demonstrates that FUS
P517L is toxic above a certain threshold and is consistent with a gain of function model of
disease in which the novel, toxic function of mutant FUS is unrelated to the normal activities of
the protein. In contrast, FUSΔ14/Δ14 mice survive to adulthood and the phenotype associated with
the homozygous mutant is not dramatically different from FUSΔ14/KO animals. However, the
significantly smaller birth weight of FUSΔ14/Δ14 mice in relation to FUSΔ14/KO animals (1.09 ±
0.02g, N=34 vs 1.15 ± 0.02g, N=14; P=0.041) also suggests a gain of function effect of FUS
Δ14 protein (Table 2.3).

Do mutant FUS knock-in mice exhibit features of ALS?
Our decision to model ALS-FUS using a knock-in strategy was based on the hypothesis
that murine equivalents of human FUS mutations that cause ALS will also be pathogenic in
mice. To determine if FUSP517L/WT and FUSΔ14/WT animals exhibited features ALS pathology, we
first looked for evidence of denervation of neuromuscular junctions in susceptible muscles that
might precede motor neuron loss in the spinal cord (see Chapter 6 for methods). Analysis of 1
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year old FUSP517L/WT and FUSΔ14/WT animals (and also FUSΔ14/KO and FUSΔ14/Δ14 animals)
revealed no denervation of the susceptible tibialis anterior muscles (data not shown). At the
time of the writing of this thesis, the oldest FUSP517L/WT and FUSΔ14/WT animals are 21 and 22
months old, respectively, and do not exhibit overt motor phenotypes but have not been analyzed
for presymptomatic changes such as muscle denervation. Thus, it remains to be seen if
targeted mutant FUS P517L and Δ14 alleles cause neurodegeneration in mice after one year of
age or produce a late onset ALS-like phenotype.

Ongoing experiments with the conditional FUS c14 allele
The FUS conditional exon 14 (FUS c14) allele expresses wild type FUS protein but upon
Cre-mediated deletion of the floxed exon 14 is converted into the mutant FUS Δ14 allele that
encodes the truncated mutant FUS protein (Figure 2.5A,B). Assuming that mutant FUS Δ14
protein-expressing mice develop a late onset ALS-like phenotype, the FUS c14 can be used to
further investigate the cellular and molecular mechanisms by which mutant FUS causes motor
neuron degeneration in ALS.

Investigation of cell-autonomous and non cell-autonomous effects
While motor neurons are selectively lost in ALS, it has become increasingly clear that
other cell types such as astrocytes, oligodendrocytes and microglia contribute to the disease.
Using the conditional FUS c14 allele in combination with cell-type specific Cre-drivers, we can
turn on mutant FUS Δ14 expression selectively in any cell type of interest to study its
contributions to the ALS pathogenesis. We have generated FUSc14/WT; ChAT-Cre animals
(ChAT, or choline acetyl transferase, is expressed by all cholinergic cells, which in the spinal
cord are primarily motor neurons) to study if the expression of mutant FUS selectively in MN’s is
sufficient to cause cell-autonomous MN degeneration. We have confirmed robust ChAT-Cre
mediated recombination of the conditional FUS c14 allele into the mutant FUS Δ14 in the motor
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neurons of this line (Figure 2.6C). At the time of the writing of this thesis, the oldest FUSc14/WT;
ChAT-Cre animals are 23 months old and do not yet exhibit any overt motor phenotypes but
have not been analyzed for presymptomatic changes such as muscle denervation.

Avoid potential developmental defects in FUSΔ14/Δ14 animals
Homozygous mutant FUSΔ14/Δ14 animals express double the amount of mutant protein of
heterozygous FUSΔ14/WT and, consequently, have a greater likelihood of developing a
neurodegenerative phenotype. Thus, it is desirable to study these animals but, as discussed
above, although FUSΔ14/Δ14 mice can indeed survive to adulthood, they are born smaller, often
die before weaning. Moreover, the ones that survive are often lost to problems of malocclusion,
prolapsed rectum or seizures, which may be a result of abnormal development due to partial
loss of function of the FUS Δ14 allele. To overcome this, we generated conditional mutant mice
(FUSc14/c14; UBC-CreERT2) that carry two copies of the conditional FUS c14 allele and a
tamoxifen-inducible, ubiquitously expressed Cre recombinase. These mice express wild type
FUS protein from the FUS c14 alleles until Cre activity is activated with the drug tamoxifen (see
Chapter 6 for methods) and recombines the FUS c14 alleles into mutant FUS expressing Δ14
alleles. To avoid the undesirable loss of function effects of mutant FUS protein on prenatal
development, we activated homozygous mutant protein expression after birth, by inducing Cre
recombinase activity in newborn FUSc14/c14; UBC-CreERT2 pups by feeding tamoxifen to their
nursing mother. The resultant FUSΔ14/Δ14; UBC-CreERT2 animals no longer suffered malocclusion
that was common with the germline derived homozygous FUSΔ14/Δ14 mutants but, unfortunately,
all developed a severe tonic-clonic seizure disorder that was fatal between 5-8 months of age
for all 20 of the postnatally induced FUSΔ14/Δ14; UBC-CreERT2 animals. Postnatally induced
conditional FUS knockout mice (FUSKO*/KO*;UBC-CreERT2) described in the Chapter 4 similarly
suffer from fatal seizures, suggesting that such seizures are an adult loss of FUS function
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phenotype. Importantly, no muscle denervation was observed in postnatally induced FUSΔ14/Δ14;
UBC-CreERT2 animals at 6 months of age.
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2.3 Discussion and future experiments
The properties of ALS mutant FUS proteins have been studied in vitro in yeast and in
cultured mammalian cells, and in vivo in C. elegans, fruit flies, zebrafish, mice, rats and
humans. Yet, it is still unclear whether mutant FUS causes disease by a loss of function or a
gain of function mechanism and what role, if any, normal FUS function plays in motor neuron
degeneration in FUS-ALS. The challenge of addressing these questions stems from the
complex and poorly characterized multiplicity of FUS functions in its interactions with DNA, RNA
and proteins, and the lack of reliable readouts of FUS activity.
To study how ALS mutations alter FUS function, we introduced equivalent mutations
directly into the mouse FUS locus to generate knock-in mouse lines in which endogenous
mechanisms that regulate mutant FUS expression are preserved. These novel knock-in mice
make it possible to directly compare the function and properties of mutant and wild type FUS
protein in vivo. This approach is distinct from and better suited to analyzing the functionality of
mutant FUS than the approaches pursed in all of the existing published FUS mouse models
(Table 1.2), in which exogenous overexpression of transgenic FUS protein (either wild type or
mutant) alters the regulation endogenous mouse FUS expression and thereby confounds the
interpretation of the effects of mutations on FUS activity.
We generated mice carrying combinations of mutant, wild type, and knockout FUS
alleles to test for gain and loss of function effects of ALS-associated mutation on the FUS
protein and used the phenotype of the FUS knockout mouse (perinatal lethality and small size)
as the readout of FUS activity.

Loss of function
We found that mutant FUS was able to rescue the perinatal lethality phenotype of FUS
null mice, but that this rescue was not complete and the animals expressing mutant FUS were
still significantly smaller than those expressing wild type FUS. These results are in close
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agreement with previous studies in fruit flies (Wang et al. 2011) and zebrafish (Kabashi et al.
2011) and demonstrate that the mutant FUS protein has only partial activity. It remains to be
seen whether the loss of function in the mutant protein is specific to certain aspects of FUS
function or is an overall reduction of activity, as well as whether it is a consequence of the
reduced abundance of mutant FUS protein in the nucleus due to mislocalization to the
cytoplasm (Figures 2.4C and 2.6C) and/or a result of an aberrant mutant FUS conformation or
protein misfolding, as suggested by the differential reactivity of mutant and wild type FUS to
antibodies (Table 2.2).

Haploinsufficiency
However, while the reduced activity of mutant FUS is intriguing in that it is in agreement
with the hypothesis that loss of FUS function is a causative mechanism in the pathogenesis of
ALS, it is important to consider that the mutations are dominantly inherited and that, therefore,
mutant FUS protein causes disease despite an abundance of the wild type protein. One
possibility is that the loss of function in the mutant protein results in haploinsufficiency: that the
combined activity of one partially active mutant allele and one fully active wild type FUS allele is
not enough to support motor neuron survival, and that two fully functional FUS alleles are
required. We and others (Hicks et al. 2000; Kuroda et al. 2000) find no evidence of
haploinsufficiency in mice, as animals that express only one functional copy of FUS (FUSKO/WT)
are indistinguishable from FUSWT/WT (Table 2.3). And in patients, heterozygous loss-of-function
mutations in FUS have been described as a rare cause of essential tremor but not of ALS
(Merner et al. 2012), arguing strongly against FUS haploinsufficiency as a relevant mechanism
for ALS.
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Dominant negative
The other possibility is that the mutant protein inhibits the function of the wild type
protein through a dominant negative mechanism. This classically happens with proteins that
form functional multimers in which the incorporation of the inactive mutant compromises the
activity of the whole complex, but it can also happen with monomeric proteins if a non-functional
mutant competes with the wild type for a limited substrate (Herskowitz 1987). In the case of
FUS, the wild type protein has been shown to form homotypic multimers (Thomsen et al. 2013;
Yamazaki et al. 2012) and a popular hypothesis is that mutant FUS may interfere with nuclear
FUS function by sequestering the wild type protein in cytoplasmic inclusions. However it is also
conceivable that mutant FUS can be a competitive inhibitor of wild type with respect to binding
DNA or RNA substrates. Studies using differentially tagged mutant and wild type proteins
aimed at deciphering whether mutant FUS recruits the wild type into stress granules have
produced conflicting results (Baron et al. 2013; Murakami et al. 2012; Vance et al. 2013).
We found no evidence of a dominant negative effect of mutant on wild type FUS. Thus,
by IHC in spinal cord sections of our FUSΔ14/WT and FUSP517L/WT knock-in animals we readily
detect mutant FUS in the cytoplasm but, in contrast, do not observe any significant cytoplasmic
wild type FUS staining (Figure 2.4C), which suggests that the mutant protein does not recruit
wild type FUS to the cytoplasm. However, more sensitive experiments using coimmunoprecipitation of wild type FUS with the mutant protein or subcellular fractionation of wild
type FUS in the presence or absence of the mutant protein would be more informative regarding
the possible interactions between mutant and wild type FUS. Further, if the mutant FUS is able
to effectively inhibit wild type FUS activity, we expect to see limited rescue of the small size
phenotype of FUSΔ14/KO and FUSP517L/KO animals with an extra copy of WT FUS. We do not
observe any significant functional dominant negative effect of mutant FUS on wild type activity:
an extra copy of wild type FUS completely rescues the smaller size phenotype of FUSΔ14/KO and
FUSP517L/KO animals, and FUSΔ14/WT and FUSP517L/WT knock-ins are indistinguishable at birth from
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FUSKO/WT and FUSWT/WT (see Table 2.3). However, it is possible that mutant FUS may inhibit
only certain, late, critical functions of FUS, loss of which would have no effect on early mouse
development (e.g. birth size) but only manifest in aging animals. In addition, a dominant
negative effect may not be an inherent property of mutant FUS protein but, rather, may be ageand context-dependent and thus become evident only in specific pathologically relevant
scenarios. For example, soluble cytoplasmic mutant FUS may be unable to recruit wild type
FUS to the cytoplasm, but may be able to do so following exposure to a stressor that triggers
stress granule (and, eventually, insoluble inclusion) formation containing both mutant and wild
type FUS proteins (Dormann et al. 2010). Thus, a dominant negative mechanism of
pathogenesis in ALS-FUS may be complex and difficult to detect, and can be conclusively ruled
out only by direct demonstration that FUS function is not required for long term motor neuron
survival and that complete loss of FUS function does not lead to motor neuron death.

Gain of function
The finding that animals homozygous for the mutant allele (FUSΔ14 /Δ14 and FUSP517L/P517L)
have a more pronounced phenotype than animals expressing only one copy (FUSΔ14/KO and
FUSP517L/KO) suggests a gain of toxic function in the mutant FUS protein. While the nature of this
toxicity is presently unknown, the gain of function (as well as the loss of function, as discussed
above) in mutant FUS may be explained by the mislocalization to the cytoplasm and/or
misfolding of the mutant protein. Either of these features may enable mutant FUS to interact
inappropriately with RNA and proteins or to interfere with other essential processes in the cell.
For example, mutant FUS proteins expressed in HEK293 cells have been shown to exhibit
drastically different RNA binding patterns in that they bound very few intronic sites and many
more 3’UTR sites compared to wild type FUS (Hoell et al. 2011), and these “gain of function”
differences could be explained by the cytoplasmic localization of the mutant protein. Ongoing
experiments in our laboratory are aimed at determining how mutations change the molecular
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functions of FUS protein by comparing and contrasting wild type and mutant FUS in their DNAbinding targets by ChIP-seq (Robertson et al. 2007), RNA-binding targets by CLIP-seq
(Licatalosi et al. 2008) and their protein-protein interaction partners by co-immunoprecipitation
and mass spectrometry proteomics (Aebersold and Mann 2003). In addition, profiling of gene
expression and splicing by RNA-seq (Mortazavi et al. 2008) may expose transcriptional
dysregulation downstream of mutant toxicity. Importantly, because we detect both a loss of
function and a gain of function in mutant FUS, comparing any changes observed in the mutant
FUS expressing mice to those observed in FUS knockout animals will be useful for
distinguishing the gain of function effects from loss of function.
Because mutant FUS protein exhibits both loss of function and gain of function effects, it
is reasonable to hypothesize that the U-shaped response of the animal phenotype to the dose
of mutant FUS (wherein the phenotype of the FUS knockout mouse, with zero copies of FUS, is
improved by the addition of one copy of the mutant FUS allele but then worsened by the
addition of another copy) results from a functional rescue effect predominating at the 1 allele
dose and toxicity prevailing at the higher 2 allele dose. This may reflect saturation of the
mechanisms that compensate for the deleterious effects of the mislocalized and misfolded
protein at higher levels of mutant FUS expression.
Why this gain of function toxicity at higher levels of mutant FUS results in a smaller size
of the animal, similar to the FUS knockout phenotype, instead of additional effects such as MN
degeneration is unknown and its relevance to ALS remains to be determined. One possibility is
that mutant FUS may disrupt the function of the related TAF15 and EWS proteins. TAF15 and
EWS, together with FUS, are structurally and functionally similar members of the FET protein
family and have been shown to functionally interact by forming homo- and hetero-multimers
(Thomsen et al. 2013). And while the consequences of loss of TAF15 in mice has not been
reported, knockout of EWS in mice also reduced their size (Li, Watford, and Li 2007). Thus, it is
possible that the disruption of functional complexes comprised of all three FET proteins may
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contribute to the small newborn weight phenotype of mice expressing two copies of mutant
FUS.
However, while cytoplasmic co-deposition of (non-mutated) FUS, EWS and TAF15 and
concomitant decrease in their nuclear levels has been observed in FTLD-FUS, mutant FUS is
selectively deposited in cytoplasmic inclusions in ALS-FUS cases without co-deposition or
mislocalization of EWS and TAF15 (Mackenzie and Neumann 2012; Neumann et al. 2011).

Misfolding of mutant FUS
Protein misfolding is a prominent theme in neurodegeneration (Kikis, Gidalevitz, and
Morimoto 2010; Luheshi and Dobson 2009). It is thought to drive the formation of pathological
protein aggregates (Wolozin 2012) and may be responsible for the prion-like spread of
pathology in ALS (Polymenidou and Cleveland 2011). Interestingly, pathological conformations
have been demonstrated with conformation specific antibodies for both mutant SOD1 (Bosco,
Morfini, et al. 2010; Forsberg et al. 2010) and TDP-43 (Kwong et al. 2014). No conformationspecific antibodies have been reported for FUS but, in one study, FUS immunoreactivity in
cytoplasmic inclusions of sporadic ALS spinal cords was revealed only after a specific heatinduced antigen retrieval procedure, possibly by denaturing a conformationally distinct (and
normally non-immunoreactive) form of FUS (Deng et al. 2010).
In the mutant FUS knock-in mice, the lack of reactivity of multiple polyclonal and
monoclonal FUS antibodies to mutant FUSΔ14 and FUSP517L in spinal cord sections but not in
denaturing western blots suggest that the FUS mutant protein may adopt a conformation that is
distinct from the wild type. This was discovered precisely because of the features unique to our
targeted knock-in models – the lack of epitope tags on the mutant protein as well as the ability
to genetically isolate the mutant protein from wild type FUS and would have likely been missed
had we opted for the transgenic approach of FUS expression.
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We generated a novel α-P517L antibody, which reacts with the mutant FUS P517L in
both tissue sections and denaturing westerns. Curiously, the α-P517L antibody reacts with wild
type FUS protein only in denaturing westerns but not in tissue sections. This may indicate that
the specificity of the antibody for mutant FUS in tissue sections is determined not by the
different primary amino acid sequence of mutant FUS protein but, rather, by a distinct
conformation of the mutant protein. We have confirmed that the α-P517L antibody reacts much
more strongly with cytoplasmic FUS protein in human mutant FUS P525L fibroblasts than the
commercially available anti-FUS antibodies and it will be interesting to determine if it also reacts
with the cytoplasmic FUS protein in cells or tissue from patients with other FUS mutations as
well as from sporadic ALS cases.

Other future experiments
FUS autoregulation
Similar to TDP-43 (Ayala et al. 2011; Polymenidou et al. 2011), FUS has been shown to
limit its own expression. One autoregulatory mechanism involves binding of FUS to exon 7 of
its own transcript, promoting exon 7 skipping and subsequent nonsense mediated decay of the
transcript (Zhou et al. 2013). By another mechanism, FUS increases the levels of two
microRNA’s, miR-141 and miR-200a, that bind to the 3’UTR of the FUS transcript and inhibit
FUS expression (Dini Modigliani et al. 2014). The evidence for negative feedback of FUS on its
own expression leads to the intriguing hypothesis that mutant FUS is toxic because it cannot
effectively participate in autoregulation, either due to its cytoplasmic mislocalization or other
functional defects, leading to higher levels of total FUS expression as a result of reduced
negative feedback. Our targeted knock-in mutants preserve all the endogenous regulatory
elements of FUS, and so are an ideal system to test this idea. The prediction is that mutant
expressing animals will have higher levels of total FUS transcript than wild types. While we do
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not see any upregulation of FUS transcript levels in P0 brains of FUSΔ14/Δ14 mice (Figure 2.5C),
it is possible that these regulatory circuits mature in the course of post-natal development and
we will compare FUS transcript levels in adult animals.

Targeting of human FUS exons 4-6 with ALS mutations to the mouse FUS locus
Our hypothesis is that mice carrying FUS mutations equivalent to those that cause ALS
in humans will also develop motor neuron disease, yet we observe no denervation at 1 year of
age in our FUSΔ14/WT, FUSP517L/WT, and even FUSΔ14/Δ14 animals. While they still may develop a
late onset phenotype, other FUS mouse models present with early pathology (Table 1.2). This
may be explained either by lower overall levels of FUS expression in our system relative to the
transgenic overexpression models or by decreased toxicity of the mouse FUS protein relative to
human FUS.
In Chapter 3, we show that very low levels of human mutant FUS proteins cause
significant denervation in mice as early as 30 days of age, which suggests that mouse mutant
FUS protein may be less pathogenic than the human mutant with the equivalent FUS mutation.
This led us to consider how mouse FUS differs from the human protein. Alignment of their
protein sequences demonstrated that these orthologues are 95.1% identical, with differences in
26/526 amino acids (Figure 2.8). Closer inspection revealed that the vast majority, 25/26, of the
human-mouse differences are found in the putative FUS prion domain (hFUS1-239) that is
believed to participate in protein-protein interactions, protein aggregation, and prion-like spread
of pathology (Kato et al. 2012; Udan and Baloh 2011). Importantly, if human FUS is indeed
more pathogenic than mouse FUS, then this further implicates the prion domain in the disease
process.
Interestingly, while the majority of ALS-causing mutations cluster in the C-terminus and
disrupt nuclear localization, about a third of them are located in the prion domain (Figure 1.4).
Expression studies in cultured cells have shown that prion domain mutations in human FUS do
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not cause it to mislocalize to the cytoplasm but increase its propensity to aggregate and form
intranuclear inclusions (Dormann et al. 2010; Kino et al. 2010; Nomura et al. 2014). Curiously,
the majority of ALS causing mutations in TDP-43 also cluster in its prion domain and increase
the aggregation of the protein in vitro (Johnson et al. 2009). In contrast, NLS mutations of FUS
did not increase FUS aggregation in analogous in vitro assays (Sun et al. 2011).
The observations that two qualitatively different types of FUS mutations cause ALS, with
one type disrupting the NLS and causing mislocalization to the cytoplasm and the other
occurring in the prion domain and making the protein inherently more aggregation-prone, can be
reconciled within a mechanistic framework in which FUS aggregation is the driver of the
disease. While the prion domain mutants increase the FUS’s propensity for aggregation directly
and may even seed cross-aggregation of the wild type protein (Nomura et al. 2013), the NLS
mutant can promote aggregation not because of an inherent “stickiness” of mutant protein but,
rather, secondary to its mislocalization. Because a significant proportion of NLS mutant FUS is
inappropriately cytoplasmic, it may be more likely to aggregate than when it is in the nucleus,
either because it is alternatively phosphorylated (Han et al. 2012), concentrated on cytoplasmic
RNA’s (Schwartz et al. 2013) or, perhaps, because it is no longer bound by other (nuclear)
factors that usually “solubilize” it in the nucleus.
To study the effects of prion domain FUS mutations on its function, we are generating
novel mutant FUS knock-in mice that will express a chimeric mouse-human FUS protein with
prion domain mutations. To do this, we are pursuing a strategy that utilizes recombinase
mediated cassette exchange (RMCE) (Osterwalder et al. 2010) in combination with the
conditional FUS allele that contains the suitable LoxP and FRT sites in the FUS locus
(described in Chapter 4) to replace exons 4-6 of the endogenous mouse FUS allele with human
FUS exons 4-6 that encode wild type sequence as well as the G156E and the G225V mutations
in the prion domain. As exons 4-6 contain 21/26 of differences between the mouse and the
human FUS protein sequences (Figure 2.8), this approach will result in a chimeric mouse67

human FUS protein that is 99% identical to human FUS. We will test the functionality of the
FUS G156E and the G225V mutant proteins with experiments similar to the ones described
above, by determining whether they rescue the FUS knockout phenotype and whether
expression of two mutant alleles causes a more severe phenotype than one mutant allele.
These experiments may reveal that these prion domain FUS mutants localized to the nucleus
are fully functional. Because these chimeric mutant proteins will be nearly identical to human
FUS, we anticipate that they will produce an ALS-like motor neuron degenerative phenotype.
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2.4 Conclusions
This chapter describes the generation and characterization of mutant FUS targeted
knock-in mice. The unique advantage of this model is that it preserves the normal pattern of
FUS expression and enables the direct comparison of the mutant protein to endogenous wild
type FUS, free from the transgene overexpression artifacts associated with the existing mouse
models.
We present evidence for both a loss and a gain of mutant FUS function but do not detect
a dominant-negative effect of mutant FUS on the wild type protein. These findings, together
with the results of Chapter 4 that loss of FUS function alone does not cause motor neuron
degeneration, argue for further investigation of gain of function effects in this model.
In addition, we report that the mutant and the wild type FUS are differentially sensitive to
antibody detection both in the knock-in mice and in ALS-FUS patient-derived cells. This
suggests that mutant FUS is misfolded, which may contribute to its toxicity.
Although these mutant FUS knock-in mouse models replicate the human ALS genotype,
we see no evidence of muscle denervation at one year of age. And while they may develop a
late onset ALS-like phenotype, it is possible that mutant mouse FUS protein is less toxic than
human FUS. We have taken an alternative approach for creating a mouse model of ALS-FUS
using human FUS protein, which I will describe in the next chapter.
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Figure 2.1: Effects of ALS mutations on cellular localization of FUS
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Figure 2.1: Effects of ALS mutations on cellular localization of FUS
V5-tagged human FUS cDNA’s (wild type and R521C, P525L, and Δ14 mutants) were expressed
in HEK 293 cells under the control of the CMV promoter by transient transfection and detected 48
hours later with the anti-V5 antibody. TO-PRO-3 was used to visualize nuclei.
FUS WT showed exclusively nuclear localization.
R521C FUS showed predominantly nuclear localization (top panel), but ~5% of transfected cells
showed weak cytoplasmic staining with rare cytoplasmic inclusions (bottom panel).
FUS P525L showed diffuse staining in both the nucleus and the cytoplasm (top panel), and
cytoplasmic inclusions were present in ~10% of transfected cells (bottom panel).
FUS Δ14 showed diffuse staining in both the nucleus and the cytoplasm (top panel), and
cytoplasmic inclusions were present in ~5% of transfected cells (bottom panel).
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Figure 2.2: Targeting of the mouse FUS locus
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Figure 2.2: Targeting of the mouse FUS locus
(A) Schematic representation of the murine FUS locus on chromosome 7 and the targeting
vectors used for the creation of mutant FUS targeted knock in lines. Exons are represented as
gray (5’UTR and 3’UTR) and white (coding sequence) rectangles. FRT-site flanked Neomycin
resistance cassette for positive selection of drug resistant ES clones was placed 50bp
downstream of the end of 3’UTR. In FUS R513C and FUS P517L lines, the only other change
was the introduction of the point mutations. In the conditional FUS c14 line, exon 14 was flanked
by LoxP sites, and part of mouse exon 15 was replaced with human exon 15 sequence to
introduce a stop codon and accurately reproduce the novel human C-terminal Δ14 protein
sequence when exon 14 is skipped and exon 15 is read out of frame in the mouse. Humanization
of exon 15 does not affect the sequence of the protein when it is read in frame and expression of
FUS c14 allele produces mouse wild type FUS protein.
(B) A schematic depiction of Cre recombinase dependent recombination at the LoxP sites
removing FUS exon 14 in the conditional FUS c14 allele and converting it to the mutant FUS Δ14
allele, and FLP recombinase dependent recombination at the FRT sites to remove the Neomycin
(NEO) resistance cassette.
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Figure 2.3: Characterization of the FUSP517L mouse line
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Figure 2.3: Characterization of the FUSP517L mouse line
(A) Schematic representation of the FUS P517L mutant protein, the site of the mutation is
indicated by the red asterisk.
(B) Immunoblot of FUS protein from brains of postnatal day 12 FUSP517L/KO and FUSWT/KO animals
using Proteintech #11570-1-AP anti-FUS antibody. Tubulin is used as a loading control.
(C) Immunostaining of spinal cord sections of postnatal day 13 FUSP517L/KO and FUSWT/KO animals
using antibodies raised to N-terminal (N-term, abcam #ab84078 raised to FUS[1-50]), Middle
(Proteintech #11570-1-AP raised to FUS[52-400]) and C-terminal (SantaCruz #sc-47711 raised to
FUS[C-term]) epitopes of FUS protein. Scale bar=100um.
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Figure 2.4: Generation of α-P517L antibody

76

Figure 2.4: Generation of α-P517L antibody
(A) Schematic representation of the FUS P517L mutant protein, the site of the mutation is
indicated by the red asterisk, and the location of the sequence in the protein that corresponds to
the peptide used for the generation of α-P517L antibody (red horizontal bar).
(B) The C-terminal amino acid sequences of FUS WT and P517L proteins with the P517L point
mutation indicated in red, as well as the sequence of the peptide used for the generation of the αP517L antibody.
(C) Immunostaining of spinal cord sections of P13 FUSP517L/WT (top, middle panels) and FUSWT/WT
animals (bottom panel) using the ab84078 anti-FUS (FUS WT, red) and the α-P517L (green)
antibodies. Note the cytoplasmic staining with α-P517L antibody in FUSP517L/WT(arrow) and no
staining with the α-P517L antibody in the FUSWT/WT animal. Scale bar: top and bottom panels =
100um, middle panel =25um.
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Figure 2.5: Characterization of the FUSΔ14 mouse line
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Figure 2.5: Characterization of the FUSΔ14 mouse line
(A) Diagram of the splicing (dotted lines) patterns in the conditional FUS c14 allele, where normal
splicing of exons 13 to 14 to 15 produces full length FUS transcript, and in the mutant FUS Δ14
allele, where exon 14 has been deleted by Cre-recombinase, exon 15 is spliced directly to exon
13, and a truncated FUS transcript is produced.
(B) Translation of the FUS c14 transcript produces FUS WT protein, but translation of the
truncated FUS d14 transcript produces a truncated FUS protein in which, as a result of out of
frame translation of exon 15, the sequence from amino acid position 459 until 471 is completely
novel (indicated in red).
(C) RT-qPCR quantification of brain FUS transcripts in wild type(WT/WT), FUS Δ14 heterozygous
(Δ14/WT) and FUS Δ14 homozygous (Δ14/Δ14 ) animals using primers positioned in exons 1-3 of
the FUS transcript that equally amplify both WT and Δ14 FUS (All FUS), primers spanning exon
13-14 junction specific to the WT FUS transcript (Only FUSWT), or primers spanning exon13-15
junction specific to the Δ14 FUS transcript (Only FUSΔ14). Transcript abundance values were
normalized to that of WT/WT for “All FUS” and “Only FUSWT” primers and to Δ14/Δ14 for “Only
FUSΔ14” primers. N=3 animals of each genotype for each group.
(D) Immunoblot of FUS protein from brains of a postnatal day 28 FUSΔ14/WT animal using the
11570-1-AP anti-FUS antibody. Brains were subjected to subcellular fractionation by differential
detergent extraction and proteins from whole brain (W), the cytoplasmic fraction (C), or the
nuclear fraction (N) were analyzed. Tubulin is used as a cytoplasmic fraction marker. TDP43 is
used as a nuclear marker.
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Figure 2.6: Generation of α-Δ14 antibody
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Figure 2.6: Generation of α-Δ14 antibody
(A) Diagram of the FUS Δ14 mutant protein with the novel mutant sequence that is
different from WT FUS indicated in red. The location of the sequence in the protein that
corresponds to the peptide used for the generation of α-Δ14 antibody is marked by a red
horizontal bar.
(B) The C-terminal amino acid sequences of FUS WT and Δ14 proteins with the novel
mutant sequence indicated in red, as well as the sequence of the peptide used for the generation
of the α-Δ14 antibody.
(C) Immunostaining of spinal cord sections of a postnatal day 87 FUSC14/KO; ChAT-Cre
animal using the ab84078 anti-FUS (FUS WT, red) and the α-Δ14 (green) antibodies. In this
animal, WT FUS (but not Δ14) protein is expressed from the FUS c14 allele in non-cholinergic
cells and FUS Δ14 mutant (but not WT) protein is selectively expressed in cholinergic cells
(primarily motor neurons) following ChAT-Cre dependent recombination of FUS c14 allele into
FUS Δ14 allele. Note the cytoplasmic staining with the α-Δ14 antibody, the lack of
immunoreactivity of FUS Δ14 protein with the ab84078 anti-FUS antibody, as well as the lack of
immunoreactivity of WT FUS protein with the α-Δ14 antibody. Scale bar = 100um.
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Figure 2.7: Anti-FUS antibody sensitivity of in human control and FUS P525L patient
derived fibroblasts
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Figure 2.7: Anti-FUS antibody sensitivity of in human control and FUS P525L patient
derived fibroblasts
Maximum intensity projections of confocal Z-stacks of cultured human fibroblasts derived from a
non-ALS control (top) or a FUS P525L patient (bottom) and immunostained with the anti- FUS
ab84078 and sc-47711 antibodies (both in red) as well as the novel α-P517L antibody (green).
Laser power was adjusted for maximal exposure without saturation for each antibody in the FUS
P525L fibroblasts (1x laser power) and the same settings were used for imaging the Control
fibroblasts. To help visualize weaker signals, the same scans were repeated at double the laser
power (2x laser power). Arrows indicate weak cytoplasmic signal detected by the sc-47711
antibody in FUS P525L fibroblasts. Scale bar= 50um.
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Figure 2.8: Protein sequence alignment of human and mouse FUS proteins

Figure 2.8: Protein sequence alignment of human and mouse FUS proteins
Amino acid residues that differ between human and mouse FUS are indicated in red. The
sequence encoded by FUS exons 4-6 (amino acids 65-256) is underlined. Alignment performed at
http://www.expasy.org/.
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Table 2.1: Antibody reactivity of mouse FUS proteins in denaturing western blots

Table 2.2: Antibody reactivity of mouse FUS proteins in immunohistochemical staining
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Table 2.3: Summary of the phenotypes of mutant FUS knock in mouse lines
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Chapter 3:
Novel models of ALS-FUS: Mice expressing human FUS from the tau
locus
The experiments presented in this chapter were performed in collaboration with Dr. Aarti
Sharma.

3.1 Introduction
To further study the mechanisms of mutant FUS mediated motor neuron degeneration
we used the transgenic knock-in approach to generate an allelic series of targeted, conditional
mice in which a single copy, wild type or ALS-associated mutant cDNA transgene of human
FUS (hFUS) is conditionally expressed from the MAPT (tau) locus. In contrast to the published
transgenic FUS-based mouse models (Table 1.2), the integration site and copy number are
uniform across different mouse lines and the reproducible transgene expression in these
models makes them well-suited for direct comparison of the wild type and the mutant hFUS
expression.
Analysis of these mutants reveals progressive, age- and mutation-dependent MN
degeneration that faithfully models several key aspects of the ALS phenotype, including
selectivity for MN subtypes most vulnerable in the human disease. We demonstrate that mutant
hFUS contributes to cell autonomous and non-autonomous mechanisms of MN degeneration
and that alleles associated with aggressive, juvenile-onset forms of ALS are more pathogenic in
our mouse model of ALS-FUS. Importantly, this phenotype is ALS-mutant specific as mice
expressing equivalent amounts of wild type hFUS are indistinguishable from wild type controls.
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3.1 Results
Generation and characterization of ALS mutant mouse models
To investigate the mechanisms by which ALS-associated mutations in FUS cause motor
neuron (MN) degeneration, we generated a series of mouse lines expressing wild type (WT) or
ALS-associated, mutant human FUS. To avoid the limitations of standard transgenesis and to
generate conditional alleles with which we could control the timing and pattern of transgene
expression from a defined locus, we targeted the mouse MAPT (tau (τ)) gene (Hippenmeyer et
al. 2005) to introduce a cDNA encoding wild type (hFUSWT) or ALS mutant, human FUS with an
N-terminal myc tag to label the exogenous hFUS protein. Two mutant isoforms of FUS were
used, hFUSR521C associated with typical, adult-onset ALS, and hFUSP525L found in patients with
an aggressive, juvenile onset form of the disease (Conte et al. 2012). In these mice, the cDNA
was preceded by a neomycin (NEO) selection cassette flanked by loxP sites that functions as a
transcriptional stop to silence the recombinant tau allele (Figure 3.1A2). However, upon
expression of the Cre recombinase, the stop is removed and hFUS is expressed from the
mouse τ locus (Figure 3.1A3 and S3.1B). The three conditional τ-myc-hFUS mouse lines are
referred to as (τOFFhFUSWT, τOFFhFUSR521C and τOFFhFUSP525L (Figure 3.1A2)).
To determine if ALS mutant hFUS induced motor neuron pathology we first crossed the
τOFFhFUSWT, hFUSR521C and hFUSP525L conditional mouse lines to the germline CRE deleter line
Prmt1-Cre (O’Gorman et al. 1997) to generate the τONhFUSWT, τONhFUSR521C and τONhFUSP525L
lines in which myc-tagged hFUS is expressed constitutively in all τ-expressing cells (Figure
3.1A3,D-F). All mutants analyzed were heterozygous for the τONhFUS allele and Western and
immunohistochemical analysis confirmed that tau expression was maintained in these animals
(Figure S3.1C). RT-qPCR performed on RNAs extracted from whole brain and spinal cord
demonstrated that levels of hFUS transcript were equivalent in the three heterozygous τONhFUS
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mouse lines (Figure 3.1B). However, Western analysis of whole spinal cord showed that the
levels of myc-tagged hFUSR521C and hFUSP525L were 4.5 times higher than myc-hFUSWT (Figure
3.1C1), suggesting increased stability of the mutant hFUS protein. A similar increase was
observed in purified embryonic stem cell-derived motor neurons (ESMNs) generated from each
of the τON-hFUS lines (Figure 3.1C1). Relative to endogenous mouse FUS (mFUS), myc-hFUS
protein was expressed at low levels in these transgenic animals and using a series of FUS
antibodies on spinal cord extracts, we were unable to detect the slowly migrating (90KDa) mychFUS protein (Figure 3.1C2) seen with the myc antibody. However, enrichment by myc
immunoprecipitation followed by Western analysis with a FUS antibody did reveal the
exogenous hFUS band in the τONhFUSR521C and τONhFUSP525L samples (Figure 3.1C2).
Consistent with Western analysis, antibodies to FUS did not detect the mislocalized, myc-hFUS
protein on immunohistochemical staining (Figure 3.1G-I), and effectively were specific for
endogenous mFUS (Figure 3.1G2, H2 and I2).

Expression of ALS mutant but not wild type human FUS results in motor neuron
pathology
In ALS patients with mutations in FUS, the predominantly nuclear FUS protein is
mislocalized to the cytoplasm of neurons and glia (Hewitt and Kirby 2010).
Immunohistochemical analysis of the τONhFUS mutants demonstrated expression of myc-hFUS
in neurons and non-neuronal cells (Figure 3.1D-F) in a pattern consistent with the known pattern
of MAPT expression in the spinal cord (Bernhardt and Matus 1984; Bloom 1984; Caceres et al.
1984; Migheli and Butler 1988). In the τONhFUSR521C and τONhFUSP525L mice, these studies also
revealed significant mislocalization of myc-hFUS in the cytoplasm and dendrites of τ-expressing
neurons (Figure 3.1D-I), with the more pathogenic hFUSP525L protein mislocalized to a greater
degree compared to hFUSR521C, as shown by a higher cytoplasmic::nuclear ratio (Figure S3.1D).
Mutant hFUS protein was also detected in peripheral axons of the sciatic nerve (Figure 3.1K,L).
89

In contrast, myc-hFUS remained predominantly nuclear in the τONhFUSWT mice (Figure
3.1D,G1,J). Despite the marked cytoplasmic mislocalization of mutant hFUS, we observed no
large, discrete cytoplasmic aggregates in lumbar spinal MNs in the τONhFUSR521C or hFUSP525L
mice – a pathological hallmark of ALS-FUS – however we did detect nuclear aggregates in a
small proportion of MNs in the mutants, but not the τONhFUSWT controls (Figure S3.1E).

Progressive and selective alpha motor neurons loss associated with ALS mutant FUS
expression in vivo
To determine if the pathology we observed in the τONhFUSR521C and hFUSP525L mice was
associated with MN degeneration, we counted lumbar spinal level 5 (L5) MNs, visualized with
an antibody against choline acetyl transferase (ChAT) (Figure 3.2C); mutants were compared to
age- and strain-matched τONhFUSWT and WT littermate controls (Figure 3.2A). At postnatal day
10 (p10), there was no significant difference in the number of ChAT immunoreactive (ChAT-IR)
MNs compared to controls (Figure 3.2A, P>0.05%), demonstrating that expression of hFUSR521C
or hFUSP525L had no effect in development on the number of MNs generated. We observed the
first significant loss of MNs at p30 in the τONhFUSP525L mutant (Figure 3.2A, P<0.05%), but no
significant MN loss in the τONhFUSR521C at that age. However at p60, the number of ChAT-IR
MNs was significantly reduced in both the τONhFUSR521C and τONhFUSP525L mice compared to
τONhFUSWT and age-matched WT controls (Figure 3.2A; P<0.05%). This degeneration
progressed steadily in both mutants, and at p360, MN loss in the τONhFUSP525L mutant (29.3%,
P<0.001%) was greater (P<0.05%) than in the τONhFUSR521C model (21.4%, P<0.001%) (Figure
3.2A-B) compared to the τONhFUSWT control in which no significant L5 MN loss was observed.
These data demonstrate that the MN degeneration we observe is dependent on the expression
of ALS mutant but not wild type hFUS and not a consequence of the hemizygous deletion of
one MAPT allele.
90

In the SOD1G93A mutant and a TDP-43A315T transgenic, alpha (α) MNs selectively
degenerate and the relatively small, gamma (γ) MNs are spared (Lalancette-Hebert and
Shneider, submitted). To see if this same subtype selectivity also characterized MN
degeneration in the τONhFUS mice, we measured the size of surviving MNs in the mutant and
control animals at p360, represented in a size histogram in Figure 3.2B. This analysis revealed
the normal bimodal distribution of MNs that roughly defines the α- and γ-MNs subpopulations
(Shneider et al. 2009), and demonstrated a selective loss of α-MNs in the τONhFUSR521C and
τONhFUSP525L mutants.

Despite the expression of ALS mutant myc-hFUS (Figure 3.2E), γ-MNs

(small, ChAT-IR, NeuN-negative MNs) (Friese et al. 2009; Shneider et al. 2009) were
completely spared in these mutants. In the τONhFUSP525L mutant at p360 where 29.3% (Figure
3.2A) of L5 MNs are lost overall, 43.2% of large (>440 µm2 SA) α-MNs are lost (Figure 3.2D,
P<0.001%) and no significant decrease in the number of small (<440 µm2 SA) γ-MNs was
observed (Figure 3.2D, P>0.05%). Similarly at p360 in the τONhFUSR521C mice where 21.4% of
all MNs degenerate (Figure 3.2A), 34.7% of large α-MNs are lost (Figure 3.2D, P<0.001%),
while no significant difference in the number of small γ-MNs was seen (Figure 3.2D, P>0.05%).
To demonstrate the selective loss of α-MNs in these mutants further, we looked at parvalbumin
(PV)-positive, proprioceptive sensory neurons in the L5 dorsal root ganglia (DRG) and found no
significant decrease in this population at p360 in the τONhFUSP525L or FUSR521C mutants relative
to controls (Figure S3.2A). Moreover, no significant MN loss was observed at p360 in
oculomotor nucleus (Figure S3.2B), another MN subpopulation spared in ALS patients and in
the mutant SOD1 model of disease (reviewed in (Kanning, Kaplan, and Henderson 2010)).
Finally, we looked to see whether reactive astrocytosis or infiltration of microglia –
associated with neurodegeneration in the brain and spinal cord in ALS patients and the
SOD1G93A mouse (Almer et al. 2002; Bruijn et al. 1997; Hall, Oostveen, and Gurney 1998; Ince
et al. 1996; Kawamata and Akiyama 1992) - was evident in the τONhFUS mutant mice. As early
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as p120 we observed an increase in both GFAP and Iba1 (Figure 3.3A) immunoreactivity in the
ventral horn of the τONhFUSR521C or hFUSP525L mutants relative to the τONhFUSWT controls, and
by p240 the number of GFAP and Iba1-positive cells surrounding lumbar MNs (100µ radius)
increased significantly in both mutants compared to τONhFUSWT and WT control animals (Figure
3.3B)

Progressive denervation of limb muscles precedes motor neuron loss and preferentially
effects fast twitch muscles
In the SOD1 mouse, MN loss is preceded by denervation of skeletal muscles, with early
and preferential involvement of FF motor units (Frey et al. 2000; Pun et al. 2006). In sporadic
ALS patients, FF motor units are also affected earliest (Dengler et al. 1990) and neurogenic
changes in muscle can be observed prior to MN loss (Fischer et al. 2004). To determine
whether expression of mutant hFUS resulted similarly in the early withdrawal of motor axons
from muscles innervated by FF motor units, we looked for denervation in three hindlimb muscles
innervated by L5 MNs, the tibialis anterior (TA) muscle innervated predominantly by FF MNs,
the soleus (Sol) innervated mostly by S MNs and the gastrocnemius (GS) muscle is innervated
by a mixture of S, FR and FF motor units (Hegedus, Putman, and Gordon 2007).
Motor axon terminals were visualized with an antibody against vesicular acetyl choline
transporter (VAChT) and the post-synaptic surface of the neuromuscular junction (NMJ) was
identified using a fluorescent conjugate of α-bungarotoxin (α-BTX) (Figure 3.4A). No significant
denervation of NMJs was found at p10 in any of the three τONhFUS mice. By p20 however, a
significant number of NMJs (11.4% P<0.05%) in the TA of the τONhFUSP525L mutants had no
associated motor axon (Figure 3.4B) indicating that as in the SOD1 model, retraction of the
motor axon precedes MN degeneration since no significant loss of L4/5 MNs was noted at this
time point (Figure 3.2A). Denervation of the GS followed at p90 when approximately 10%
(P<0.01%) of NMJs were vacant in both the τONhFUSR521C and τONhFUSP525L mice (Figure 3.4B).
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Denervation in both the TA and GS progressed steadily in these mutants so that at p360 in the
τONhFUSR521C mouse, 30.2% and 13.89% of endplates were vacant in the TA and GS,
respectively (Figure 3.4B, P<0.001%). Similarly, in the τONhFUSP525L mice 36.7% and 19.3% of
NMJs were denervated in the TA and GS, respectively (Figure 3.4B, P<0.001%). In the
predominantly slow Sol muscle, no significant denervation was noted at one year (p360) in the
τONhFUSR521C. However in the τONhFUSP525L mutant over 10 % of Sol motor terminals were
vacant at p360 (Figure 3.4B, P<0.05%). To verify that loss of the presynaptic terminal was a
result of motor axon withdrawal and not the down regulation of VAChT expression in the
presynaptic terminal, we also stained with antibodies against synaptic vesicle protein 2 (SV2),
synaptophysin and neurofilament and found no discrepancy (Figure 3.4C). As was the case
with MN soma counts, no denervation of the TA, GS or Sol muscles was observed in the
τONhFUSWT control, demonstrating that the observed phenotype was dependent on expression
of the mutant hFUS transgene.

Cell autonomous motor neuron degeneration and denervation caused by the selective
expression of ALS mutant FUS in motor neurons
Both cell autonomous and non-autonomous mechanisms contribute to MN degeneration
in the SOD1 mouse model of ALS (Papadimitriou et al. 2010). To test whether expression of
ALS mutant FUS in MNs alone is sufficient to cause MN degeneration, we used a ChAT-Cre
deleter strain (Lowell, Olson, and Yu 2006) crossed to the conditional τOFFhFUSWT, hFUSR521C
and hFUSP525L lines to express each myc-hFUS isoform selectively in MNs. We refer to this
series of mice as the τMN lines. In each case, ChAT-Cre activation of τ-myc-hFUS protein
expression in MNs was nearly complete by p10 (data not shown) (Figure 3.5A1-6).
Immunohistochemical analysis of the τMNhFUSR521C and τMNhFUSP525L mice with a myc antibody
revealed marked mislocalization of mutant hFUS to the cytoplasm, dendrites and ventral roots
of MNs (Figure 3.5A2-3). In contrast, wild type hFUS remained localized to MN nuclei in the
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τMNhFUSWT mice (Figure 3.5A1), similar to what we observed in the τONhFUSWT controls.
Immunohistochemical and Western analysis of sciatic nerve also demonstrated that mychFUSR521C and -hFUSP525L, but not -hFUSWT were detected in the periphery (Figure 3.5B),
confirming that the ALS mutant FUS is selectively mislocalized in the τMN mutants.
To determine whether the selective expression of ALS mutant FUS in MNs caused cell
autonomous degeneration in vivo, we counted all ChAT-IR MNs at L5, as we did with the
τONhFUS mutants. At p10 there was no significant difference in the number of L5 MNs in the τMN
mutants compared to the τMNhFUSWT and WT controls. At p30 we observed significant MN loss
in the τMNhFUSP525L (11.8%, Figure 3.5C, P<0.05%) mutant mice compared to both τMNhFUSWT
and control animals. Significant degeneration was first noted in the τMNhFUSR521C at p60 when
10% of all L5 MNs were lost (Figure 3.5C, P<0.05%). This degeneration progressed in both
ALS mutants until approximately p240 and then plateaued. At p360, there were 18.6%
(P<0.01%) and 22.6% (P<0.01%) fewer MNs overall in the L5 segment of τMNhFUSR521C and
τMNhFUSP525L mutants, respectively compared with age-matched controls (Figure 3.5C). Here
again, MN degeneration was limited to the large (>422 µm2 SA) α-MN subpopulation of which
28.39% and 33.8% were lost in the τMNhFUSR521C and τMNhFUSP525L mutants, respectively
(Figure 3.5D, P<0.001%). No significant difference in the number of small γ-MNs was observed
in any of the genotypes analyzed (Figure 3.5D, P>0.05%).
MN loss in the τMNhFUS mutants was also associated with denervation of the TA
muscle. At p20 approximately 10% of NMJs in the TA of the τMNhFUSP525L (Figure 3.5E,
P<0.05%) mutants were vacant, a significant change compared to the τMNhFUSWT and WT
controls (Figure 3.5E). As with the τONhFUSP525L, no significant MN loss was observed at p20,
demonstrating that denervation precedes MN loss. Significant denervation of 11% of TA NMJs
was first observed at p60 in the τMNhFUSR521C mice (Figure 3.5E, P<0.05%). Denervation of the
TA muscle progressed with age, and at p360 31.1% and 24.7% of NMJs were denervated in the
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τMNhFUSP525L and τMNhFUSR521C mutant mice, respectively (Figure 3.5E, P<0.001%). Significant
denervation was first noted in the GS in both the τMNhFUSP525L (13.2% P<0.001%, Figure 3.5E)
and τMNhFUSR521C (10.3%, P<0.01%, Figure 3.5E) at a much later time point (p120), and no
significant denervation was noted in the soleus at p360 in any of the genotypes we analyzed.

Cell non-autonomous expression of ALS mutant FUS contributes to muscle denervation
and motor neuron loss.
Reflecting the normal pattern of tau (MAPT) expression in all neurons and in
subpopulations of glia, including oligodendroglia and astrocytes (Bernhardt and Matus 1984;
Bloom 1984; Migheli and Butler 1988), τ-myc-hFUS was detected in the white matter of the
spinal cord (Figure 3.1D-F). This population of non-neuronal cells did not express GFAP, but did
co-localize with Olig2 (Figure S3.2C), a marker of oligodendroglia. To determine if expression of
mutant hFUS in cells other than MNs contributed to MN degeneration in the τONhFUS mutant
mice, we compared the degree of denervation and α-MN loss to that observed in the respective
τMNhFUS mutant. In the case of hFUSR521C there was no significant difference in MN number
between the τON and τMN mutants up to p360. However in the hFUSP525L mice, the extent of αMN loss in the τONhFUSP525L mutant was significantly greater than in the τMNhFUSP525L (10.2%,
P<0.05%, Figure 3.5F) mice. The difference between the τON and τMN mutants was also seen in
terms of denervation of the TA muscle, where in the τONhFUSP525L mice the number of
denervated NMJs was 10% larger (P<0.01%, Figure 3.5F).

Nuclear exclusion of transgenic and endogenous FUS as a consequence of mutant
hFUS expression
In this in vivo model of ALS-FUS, mutant hFUS expression may cause MN degeneration
either by acting as a dominant-negative to inhibit normal FUS activity or through a novel, toxic
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function. As in the case of ALS patients with FUS mutations (Hewitt and Kirby 2010), a loss of
function mechanism was suggested by our observation that mutant hFUS as well as
endogenous, wild type mFUS is excluded from the nucleus of a significant subset of MNs in the
τONhFUS mutant mice (Figure 3.6A). At p120, FUS exclusion was observed in approximately 810% of L5 MNs in the τONhFUSP525L mutant, slightly less (~6%) in the τONhFUSR521C mice (Figure
3.6B, p<0.05%) and rarely in the τONhFUSWT and WT controls. Nuclear exclusion of hFUS and
endogenous mFUS was also observed in a similar proportion of MNs in the τMNhFUS mutant
mice (data not shown). To determine whether the absence of nuclear FUS observed in this MN
subpopulation might presage their loss in the τhFUS mutants, we co-stained with an antibody to
matrix metalloproteinase-9 (MMP-9), a marker of fast-fatigable (FF) MNs and a determinant of
the preferential vulnerability of this MN subpopulation in the SOD1G93A mouse model of ALS
(Frey et al. 2000; Kaplan et al. 2014; Pun et al. 2006). We found that the majority of MNs
(86.2% and 90.6% (p <0.001%) in the τONhFUSR521C and τONhFUSP525L mutants, respectively) in
which this abnormality was observed also expressed MMP-9 (Figure 3.6B), demonstrating a
correlation between nuclear FUS depletion and MN degeneration that may support a loss of
function model of ALS-FUS.
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3.3 Discussion
Advances in ALS genetics has led to the identification of a multitude of new genes in
which mutations are known to cause a disorder characterized primarily by the degeneration of
corticospinal, bulbar and spinal motor neurons. Clinical and pathological similarities between
various forms of familial ALS suggest common underlying mechanisms and shared pathways of
disease. The discovery of each new ALS gene therefore presents an opportunity to generate
novel models of fALS, and through comparison of these models, to identify therapeutic targets
generally relevant to ALS patients. The challenge of faithfully modeling so complex a disorder
as ALS in animal or cellular systems is however especially great when regulatory proteins like
FUS and TDP-43 are involved. Because the activity of these critical, multifunctional proteins
depends on tightly-controlled levels of expression, it is difficult to relate observed phenotypes to
the human disease and the potential for experimental artifact in these model systems is high.

Characterization of a novel mouse model of ALS-FUS demonstrates key hallmarks of
the human motor neuron disease
In this study we modeled MN degeneration caused by ALS-associated mutant FUS by
expression of a single copy of a human FUS cDNA from the mouse MAPT (tau) locus. Our goal
was to generate a series of targeted transgenic animals in which equivalent levels of exogenous
hFUS transcript are stably expressed from a defined site at or below endogenous FUS levels so
that any resulting MN phenotype could be attributed to the ALS-causing mutation. Comparison
of animals expressing mutant or wild type hFUS selectively from spinal MNs (τMN) or more
broadly from all τ-expressing neurons and non-neuronal cells (τON) revealed a progressive, ageand mutation-dependent MN phenotype with many features suggesting relevance to ALS. For
example, in the τON models system we observed selective degeneration of MNs and sparing of
neuronal subpopulations that are unaffected in ALS, including oculomotor neurons and other
long projection neurons like muscle spindle (IA) afferents. We also observed selective loss of
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specific, functional subtypes of spinal MNs including alpha MNs (and sparing of γ-MNs) as well
as the preferential involvement of fast vs. slow twitch motor units in our models (Pun et al.
2006), reflecting other key aspects of the ALS phenotype reported in patients and the SOD1
mutant mice. Moreover, our finding that hFUSP525L, which causes juvenile onset and rapidly
progressive ALS in patients, is also more pathogenic than hFUSR521C in these mice both in
terms of onset and progression of the MN phenotype provides further confidence that the
τhFUS mutants reliably model ALS.
No MN loss or muscle denervation was observed in the hFUSWT-expressing animals
even after one year, demonstrating that the MN phenotype we describe was dependent on the
ALS-causing mutation in hFUS. The τhFUSWT transgenic also serves as a control for possible
effects of the hemizygous elimination of one τ allele on MN survival, for which we find no
evidence. As expected, the level of hFUS mRNA transcribed from the MAPT locus was
equivalent in the brain and spinal cord of the τON-hFUSWT, -hFUSP525L and –hFUSR521C mice,
however the relative level of hFUSP525L and hFUSR521C protein was 4 to 5 times increased
relative to the hFUSWT control. As in the case of TDP-43 (Ling et al. 2010), ALS-causing
mutations appear to stabilize FUS, resulting in an increase in the steady state levels of the
protein. Independent of any other mutation-dependent mechanisms, this increase in the level of
FUS may alone account for the toxic effects of ALS mutant FUS. This is supported by previous
studies in which overexpression of wild type FUS protein was shown to be toxic to neurons
(Huang et al. 2011; Mitchell et al. 2013; Sephton et al. 2014) and the report in ALS patients of
mutations in the 3’UTR of FUS that do not alter the coding sequence of the gene but perturb the
autoregulatory mechanisms that control FUS protein expression, increasing wild type FUS
levels 2 to 4-fold (Dini Modigliani et al. 2014; Sabatelli et al. 2013). However, in our models the
relatively high levels of mutant versus WT hFUS is not likely to account for the MN phenotype
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observed since even in the τON-hFUSP525L mutant, the amount of exogenous mutant hFUS
expressed is too far below endogenous FUS levels to be of functional consequence.

Cell autonomous and non-autonomous effects of mutant hFUS
The conditional nature of the τhFUS alleles allowed us to explore whether as in SOD1
mice (Boillée et al. 2006; Vanden Broeck, Callaerts, and Dermaut 2014; Frakes et al. 2014; Xu
2012)both cell autonomous and non-autonomous mechanisms contribute to mutant FUSdependent MN degeneration. We found that selective expression of hFUSR521C or hFUSP525L in
MNs caused MN degeneration with the same selectivity as in the respective τON mutants. The
cell autonomous toxicity of mutant hFUS was limited however, and did not progress much
beyond p240 in either case. While secondary, non-autonomous mechanisms may contribute to
the phenotype in the τMN mice, these data argue that expression of mutant FUS in MNs alone is
sufficient to cause MN loss. Moreover, our data show that the expression of mutant hFUSP525L
in cells other than MNs accelerates the MN degenerative phenotype in the τON vs. τMN mutant,
though has no effect on the onset of disease in this mouse. The specific cell type(s) involved in
the cell non-autonomous mechanisms of disease progression in the τON mice remains to be
determined, but the predominant expression of MAPT in neurons and oligodendroglia implicates
these MN partners in the observed FUS-mediated MN degeneration.
The ALS-FUS models we present offer a highly disease-relevant, in vivo system in which
to explore these interactions and to elucidate mutant FUS-dependent mechanisms of disease
likely shared between various forms of sporadic and familial ALS.

While these models do not distinguish between gain and loss of FUS function as the
neurodegenerative mechanism, the observation of depletion of endogenous nuclear FUS in a
significant fraction of vulnerable MN’s in mutant hFUS animals may be evidence of a loss of
FUS function. To directly test the hypothesis that loss of FUS function is sufficient to cause
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motor neuron degeneration, I have generated conditional FUS knockout mice in which FUS has
been deleted postnatally and present the results these experiments in Chapter 4.

100

Figure 3.1: Conditional expression of myc-tagged hFUS from the MAPT locus
results in the mislocalization of ALS mutant but not wild type protein
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Figure 3.1: Conditional expression of myc-tagged hFUS from the MAPT locus results in the
mislocalization of ALS mutant but not wild type protein
(A) Organization of the endogenous τ (A1) and targeted τOFF (A2) MAPT locus on mouse
Chromosome 11. An hFUS expression cassette (light blue) was introduced into exon 2 of MAPT,
replacing the endogenous start codon. Excision of the LOX-STOP-LOX transcriptional stop
sequence by Cre-mediated recombination (A3) allows expression of the myc-tagged hFUSWT,
hFUSR521C and hFUSP525L cDNAs from the τON allele of the MAPT locus.
(B) RT-qPCR analysis of hFUS transcripts in total brain and total spinal cord (P90, n=4). Data are
represented as mean and SEM.
(C) Western analysis of total spinal cord (SC) and purified ES cell derived motor neurons
(ESMNs) (C1). Mouse FUS migrated between 70-75KDa but 7x myc-tagged hFUS migrated at
90KDa.
Detection of the 90KDa hFUS bands with an anti-FUS antibody following
immunopreciptation with an anti-myc antibody (C2).
(D-I) Confocal images of L5 spinal cord cross-sections of hFUSWT (left), ALS mutant R521C
(center) and P525L (right) animals immunostained with anti-myc (gray and red) and anti-FUS
(green) antibodies showing expression of hFUS both in gray and white matter marked by the white
dotted line. Scale bar = 100μ (D-F), and 25μ (G-I).
(J-L) Mislocalization of mutant hFUS to the peripheral axons of the sciatic nerve detected by antimyc antibody (red). Scale bar = 40μ.
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Figure 3.2: Progressive and selective loss of alpha motor neurons in the lumbar
spinal cord of mice expressing ALS mutant hFUS
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Figure 3.2: Progressive and selective loss of alpha motor neurons in the lumbar spinal cord
of mice expressing ALS mutant hFUS
(A) Motor neuron numbers at lumbar level 5 in mice expressing hFUS-WT (gray), R521C (blue),
and P525L (red) normalized to wild type controls.
(B) Cell body size distributions (50 μm2 bins) of all ChAT positive MNs in the hFUSWT animals at
p360 (gray bars). Superimposed are the cell body size distributions from age matched hFUSR521C
(blue) and hFUSP525L (red) mice.
(C) Representative images of spinal cord cross sections of control τONhFUSWT and mutant
τONhFUSP525L p360 animals. Scale bar = 100µ.
(D) Numbers of small (<440μm2) and large (>440μm2) MNs in the L5 spinal cords of WT control
(black), hFUSWT (gray), hFUSR521C (blue) and hFUSP525L (red) animals.
(E) Expression of hFUS in gamma MN’s (outlined in white, <440μm2, NeuN-negative). Scale bar =
30µ.
(For A and D: *P < 0.05, **P < 0.01 and ***P < 0.001 using one-way ANOVA with Bonferroni’s
post hoc test. Error bars represent SEM. N=4)
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Figure 3.3: Expression of mutant human FUS is associated with astro- and
microgliosis

Figure 3.3: Expression of mutant human FUS is associated with astro- and microgliosis
(A) Expression of the inflammatory markers GFAP (red, top panel; gray, middle panel) and Iba1
(red, bottom panel).
(B) The number of GFAP-positive (top) and Iba1-positive (bottom) cells in 100μ radial distance
from lumbar MNs (50 MNs counted).
All genotypes are p240, N=4. *P < 0.05, **P< 0.01 and ***P < 0.001 using one-way ANOVA with
Bonferroni’s post hoc test. Error bars represent SEM
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Figure 3.4: Expression of mutant hFUS causes early synaptic changes at the
neuromuscular junction which leads to progressive and selective denervation
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Figure 3.4:
Expression of mutant hFUS causes early synaptic changes at the
neuromuscular junction which leads to progressive and selective denervation
(A) Innervation of muscle was determined by co-localization of markers for motor axon terminals
(anti-VAChT antibody) and the acetylcholine receptors of the post-synaptic surface of the NMJ
(fluorophore conjugated α-BTX). Fully denervated motor endplates are indicated by the white
arrowheads and the asterisk denotes a partially innervated NMJ. Scale bar = 40µ.
(B) Percentages of innervated NMJs in the tibialis anterior (TA), gastrocnemius (GS), and soleus
(SOL) muscles of hFUSWT (gray), hFUSR521C (blue), and hFUSP525L (red) mice normalized to WT
controls animals. * P < 0.05, **P < 0.01 and ***P < 0.001 using one-way ANOVA at each time
point with Bonferroni’s post hoc test. Error bars represent the SEM, N=4 for all genotypes.
(C) Immunostaining of the tibialis anterior muscle with antibodies raised against synaptophysin
(synaphtoph., left), neurofilament (NF, center) and synaptic vesicle 2 (SV2, right).
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Figure 3.5: MN selective expression of mutant hFUS results in degeneration of MNs
and denervation of fast muscles
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Figure 3.5: MN selective expression of mutant hFUS results in degeneration of MNs and
denervation of fast muscles
(A) Conditional expression of myc-tagged hFUS proteins in cholinergic cells of animals carrying
the ChAT-CRE allele in combination with the τOFF hFUSWT, hFUSR521C and hFUSP525L alleles (A1-3).
hFUS expression was restricted to cholinergic cells, as determined by the colocalization of myc
(red) with ChAT (green) (A4-6). Scale bar = 100µ.
(B) Cross sections of the sciatic nerves from τMNhFUSWT (left) and τMNhFUSP525L (right) animals
stained with anti-myc (red, B1, B2) and anti-ChAT (green, B3, B4) antibodies. Colocalization of
hFUS and ChAT in motor axons (yellow) was observed in the mutant τMNhFUSP525L (B4) but not in
the control τMNhFUSWT (B3) animals. Scale bar = 20µ.
(C) Motor neuron numbers at lumbar level 5 in mice expressing hFUS-WT (light gray), hFUSR521C (light blue), and P525L (orange) in cholinergic cells normalized to wild type controls.
(D) Numbers of small (<422μm2) and large (>422μm2) MNs in the L5 spinal cords of WT control
(black), hFUSWT (light gray), hFUSR521C (light blue) and hFUSP525L (orange) animals.
(E) Percentages of innervated NMJs in the tibialis anterior (TA), gastrocnemius (GS), and soleus
(SOL) muscles of τMNhFUSWT (light gray), τMNhFUSR521C (light blue), and τMNhFUSP525L (orange)
mice normalized to WT controls animals.
(F) Quantitative comparison of αMN numbers in the L5 segment (left) and the percentage of
innervated NMJ’s (right) between mice expressing hFUS (either in all τ-expressing
cells, τONhFUSWT , τONhFUSR521C, τONhFUSP525L or selectively in cholinergic cells, τMNhFUSR521C,
and τMNhFUSP525L) and wild type controls.
(For C-F: *P < 0.05, **P < 0.01, and ***P < 0.001 using one-way ANOVA at each time point with
Bonferroni’s post hoc test. Error bars represent SEM. N=4 for all genotypes.)
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Figure 3.6: Nuclear exclusion of transgenic and endogenous FUS in vulnerable,
fast fatigable motor neurons

Figure 3.6: Nuclear exclusion of transgenic and endogenous FUS in vulnerable, fast
fatigable motor neurons
(A) Examples of nuclear clearing of hFUS (red) and endogenous mFUS (green) in MNs of
τONhFUSR521C or τONhFUSP525L animals marked by white arrows. Nuclear hFUS-negative MN’s are
positive for MMP9 (green, right panel).
(B) Percentage of total MN’s showing the absence of nuclear hFUS (top) and the percentage of
nuclear hFUS-negative MN’s that are MMP9-positive (bottom).
(All genotypes are p120, N=4. *P < 0.05, **P< 0.01 and ***P < 0.001 using one-way ANOVA
with Bonferroni’s post hoc test. Error bars represent SEM)
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Figure S3.1
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Figure S3.1
(A) Southern blot analysis of BamHI digested genomic DNA with the probe indicated in Figure
3.1A1.
(B) In the absence of Cre-recombinase there is no expression of myc tagged hFUS from the
MAPT locus.
(C) Expression of τ protein visualized with an anti-τ antibody in spinal cord sections (green,C1)
and by Western analysis of total spinal cord extracts (C2) of control mice and τON animals.
(D) Representative confocal images showing the degree of cytoplasmic mislocalization of hFUS
protein (D1). Ratios of cytoplasmic to nuclear gray values in myc-stained MN’s of τONhFUSR521C
and τONhFUSP525L animals (D2).
(E) Representative confocal images showing the presence of nuclear foci and aggregates
(indicated by the red arrows) in mice expressing hFUSR521C or hFUSP525L.
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Figure S3.2
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Figure S3.2
(A) Representative image and quantification of the number of parvalbumin positive (PV+) sensory
neurons in the L5 dorsal root ganglia in τON animals normalized to wild type controls.
(B) Representative image and quantification of the number of MNs in the oculomotor nucleus (III)
in τON animals normalized to wild type controls.
(C) Representative confocal images showing co-localization of myc and Olig2 (top) but not myc
and GFAP (bottom).
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Chapter 4:
Testing the requirement of FUS function for long-term motor neuron
survival with novel conditional FUS knockout mice
4.1 Introduction
Experiments in fruit flies and in zebrafish have shown that elimination or reduction of the
homologs of FUS produces motor phenotypes that can be rescued by the expression of the wild
type but not ALS-associated mutant human FUS (Kabashi et al. 2011; Wang et al. 2011).
Similarly, homozygous deletion of FUS in mice causes perinatal death (Hicks et al. 2000) and
our results from Chapter 2 show that mutant FUS can only partially rescue the FUS knockout
phenotype. These studies highlight the critical importance of the activity of FUS in development
and survival and even show that mutant FUS has reduced activity but do not directly implicate
normal FUS function in the pathogenesis of ALS.
We used a novel conditional FUS knockout mouse to eliminate FUS selectively in motor
neurons or broadly postnatally to directly test the hypothesis that loss of FUS function is
sufficient to cause motor neuron degeneration. Our results demonstrate that long-term survival
of MNs in vivo is not dependent on postnatal FUS and suggest that the toxic effects of ALSrelated mutant FUS are independent of the normal activities of FUS.
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4.2 Results
Generation of conditional FUS knockout mice
The perinatal lethality of FUS elimination in the mouse (Hicks et al. 2000) limits our
ability to investigate the long term consequences of FUS deficiency on MN survival and
function. Therefore, to test whether FUS loss-of-function underlies MN degeneration in ALSFUS we generated a novel, conditional FUS knockout (KO) mouse in which exons 4 through 6
of murine FUS are flanked by loxP recombination sites (FUSFLOX) (Figure 4.1A; see Chapter 6
for Methods). Homozygous FUSFLOX/FLOX and FUSFLOX/KO mutants on the C57BL/6 background
showed normal postnatal survival and by RT-qPCR, FUS transcript level in the FUSFLOX/FLOX
brain at p10 was 101 + 9% of the WT control. Together with Western and immunohistochemical
analysis of FUS expression (Figure 4.1B,F), these data demonstrate that the FUSFLOX allele is
fully functional. The FUSFLOX mice were crossed to a germline Cre deleter strain to generate a
constitutive FUS knockout allele (FUSKO*) (Figure 4.1A) distinct from the original FUSKO null
allele generated by a gene trap insertion in FUS exon 12 (Hicks et al. 2000). Like the original
FUSKO/KO mutants, the homozygous FUSKO*/KO* mutants died at birth (data not shown) and no
FUS transcript or protein was detected in these pups (Figure 4.1C,D), demonstrating that
FUSKO* is a null allele.

MN-selective deletion of FUS does not cause MN degeneration
To test whether the cell autonomous degeneration of α-MNs we observed in the
τMNhFUS mutants was a consequence of a functional deficiency of FUS in MNs induced by
mutant hFUS (Figure 3.6), we used the same ChAT-Cre deleter with which we generated the
τMN mutants to selectively eliminate FUS from MNs (FUS-KOMN). This was achieved with high
efficiency so that at p4 we could not detect FUS by immunostaining in 67.1 ± 5.6% of L5 ChATIR MNs in the FUS-KOMN mutant. At p30 the elimination of FUS was nearly complete (99.5 +
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0.3% of MNs) (Figure 4.1E). We reasoned that if ALS mutant hFUS acts as a dominant
negative, then deletion of FUS from MNs would result in at least comparable if not more severe
loss of MNs in the FUS-KOMN mice. Analysis of the number of L5 MN somata and the extent of
denervation of NMJs in the TA muscle (Figure 4.1G) however revealed no appreciable MN
degeneration in the MN-selective FUSKO mutant compared to controls even at one year (p360)
of age.

Broad postnatal deletion of FUS does not cause MN degeneration
We next generated FUSFLOX/KO mice that also carried a ubiquitously-expressed,
tamoxifen-inducible Cre recombinase (UBC-Cre ERT2 (Ruzankina et al. 2007) ) to test whether
the more widespread, postnatal elimination of FUS could cause MN degeneration. Tamoxifen
was administered to nursing mothers to induce early postnatal FUSFLOX recombination (Figure
4.2A and Chapter 6). Analysis of the L5 spinal cord of these animals at p240 confirmed the
efficient loss of FUS immunoreactivity in 96.0 ± 3.8% of NeuN-positive neurons and 83.0 ±
4.8% of NeuN-negative cells (n=3) (Figure 4.2B,C). The widespread, postnatal elimination of
FUS in the CNS resulted in seizures that first became evident at p120, characterized by startleor stress-induced, generalized seizure activity lasting 20-30 seconds followed by a prolonged
post-ictal period. Despite this profound defect, suggesting a disorder of cortical circuit formation
or function, there was no obvious motor phenotype, and careful analysis of MN number in the
L5 spinal cord revealed no significant MN loss or any significant denervation of the TA muscle at
p240 (Figure 4.2D) and p480 (n=2, data not shown), well after MN degeneration was observed
in the τONhFUSR521C and τONhFUSP525L mutants.

117

The toxic effects of mutant human FUS on MN survival does not depend on
endogenous mouse FUS expression
In the τONhFUSR521C and τONhFUSP525L mice, progressive motor denervation and MN
loss is induced by small amounts of mutant hFUS protein expressed well below the levels of
endogenous mFUS (Figure 3.1C).

Our previous finding that FUS associates with itself

(Yamazaki et al. 2012) led us to consider whether or not the MN phenotype we observed in the
τON mice depends on the interaction of mutant hFUS with the much more abundant,
endogenous FUS protein – perhaps through the formation of toxic aggregates of mutant and
WT protein. To test this, we generated inducible FUSFLOX/KO (UBC-Cre ERT2) mice that were also
heterozygous for the τONhFUSP525L allele. Postnatal treatment of these mutants with tamoxifen
resulted in elimination of endogenous mFUS in more than two-thirds (68% ± 3.342%) of all
NeuN-positive L5 spinal neurons at p60 (Figure 4.2E). To determine whether this loss of
endogenous FUS had any effect on the onset of the τONhFUSP525L MN phenotype, we quantified
hFUSP525L-induced denervation of the TA muscle at p60 as a measure of disease onset.
Despite the elimination of mFUS in a large majority of cells in the spinal cord, we observed no
difference in the degree of TA denervation in this mutant (13 ± 1.01%, n=3) compared to
tamoxifen-treated, littermate controls of the same genotype (FUSFLOX/KO; τONhFUSP525L+/-; 12.04 ±
1.25%) that lacked the Cre allele and in which mFUS was expressed in all cells (Figure 4.2E,F).

Together, these data demonstrate that the MN-selective toxicity of mutant hFUS in the
τON mice does not depend on the recruitment of endogenous WT FUS protein, but rather acts
directly through a toxic gain of function to induce progressive MN degeneration in this novel
mouse model of ALS-FUS.
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4.3 Discussion
A loss-of-function mechanism can be difficult to prove, especially in the case of complex
regulatory proteins like FUS and TDP-43 that serve a multitude of distinct roles required for the
development, maintenance and function of various cell types, circuits and systems throughout
life. In the case of TDP-43 (reviewed in (Vanden Broeck et al. 2014; Xu 2012)), the loss-offunction argument is based first on the observation that TDP-43 is excluded from nuclei of
affected neurons in ALS patients (Mackenzie, Rademakers, and Neumann 2010), suggesting a
nuclear deficiency of TDP-43. Evidence from several animal models in which the knockdown or
knockout of TDP-43 causes a variety of developmental, locomotor and survival phenotypes –
including axonal loss and altered synaptic transmission and structure - has also been used to
support a role for TDP-43 function in neurodegeneration in ALS. In the mouse, the selective
elimination of TDP-43 from postmitotic MNs was reported to result in progressive, agedependent MN degeneration consistent with a role for TDP-43 in long term MN survival and with
TDP-43 loss-of-function as mechanism of disease in ALS. The difficulty with this interpretation
however is that TDP-43 is a critical regulatory protein, loss of which results in early embryonic
lethality in the mouse. Moreover, overexpression of the wild type protein is also toxic in vivo
(Shan et al. 2010; Wils et al. 2010; Xu et al. 2010), which explains the need to tightly control the
level of TDP-43 expression by a variety of autoregulatory mechanisms (Ayala et al. 2011;
Polymenidou et al. 2011). Elimination of so critical a protein in any specific cell type or system
will undoubtedly result in a degenerative phenotype, but this cannot be used to argue in favor of
a loss-of-function mechanism. Even “validation” in ALS patient sample by comparison of genes
lost in ALS KO/knockdown cannot be used in proof, as these changes are possibly secondary to
dysfunction and death of MNs and other ALS-related cell types by mechanisms unrelated to the
normal pathogenesis of mutant TDP-43-mediated disease.
In this context, our data demonstrating that long term MN survival and function in vivo
does not depend on postnatal FUS expression are more revealing, and provide unequivocal
119

evidence that FUS loss-of-function alone does not underlie MN degeneration in ALS. It remains
possible that the postnatal elimination of FUS misses a critical early phase of FUS activity
required for long term MN survival that is inhibited by ALS mutant FUS . This however is
unlikely given the severe, perinatal lethal phenotype associated with early FUS elimination in
the mouse and the absence of any apparent early/developmental phenotype in ALS patients
with even the most pathogenic, disease-associated FUS mutations.
The absence of MN degeneration or denervation even in the most vulnerable MN pools
a year after FUS elimination in the mouse, in a background in which the expression of ALSmutant hFUS causes MN degeneration by cell autonomous and non-autonomous mechanisms
argues strongly that loss of FUS function is not sufficient to cause MN degeneration in ALSFUS. This data also suggests that since FUS and TDP-43 interact in shared pathways in which
FUS is downstream of TDP-43 (Kabashi et al. 2011; Wang et al. 2011), these data also argue
against the sufficiency of TDP-43 loss of function as a mechanism of disease in ALS. This
however does not rule out the possibility that FUS loss of function may contribute to MN
degeneration through a combinatorial mechanism in which the activity of other regulatory
proteins (e.g. TDP-43) is also lost, perhaps by aggregation and sequestration in the cytoplasm,
or by nuclear exclusion. Moreover, since gain and loss of function mechanisms are not
necessarily exclusive, these data are consistent with a model in which ALS-causing mutation in
FUS could both impair the normal function of the protein and make the mutant protein toxic to
MNs and other cell types required for MN survival, with both effects contributing to agedependent MN degeneration.
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Figure 4.1: MN-selective deletion of FUS does not cause MN degeneration

121

Figure 4.1: MN-selective deletion of FUS does not cause MN degeneration
(A) Schematic illustration of the conditional FUS allele (FUSFLOX) and the null FUS allele (FUSKO*)
produced by the Cre-dependent deletion of FUS exons 4-6. LoxP sites are shown as red triangles.
(B) Western analysis of total brain extracts with anti-FUS antibody from P10 wild type controls
(WT/WT) and animals homozygous for the conditional FUS allele (FLOX/FLOX).
(C) RT-qPCR of FUS transcript abundance using primers specific to FUS Exons 12-14 in whole
brains of wild type (dark gray), heterozygous FUS null (light gray), and homozygous FUS null
(white) P0 animals normalized to the wild type (N=3). FUS transcript abundance in FUSKO*/KO*
animals relative to wild type controls was measured to be 4.1 ± 0.3% and similar results (6.7 ±
0.8%) were obtained using primers specific to FUS Exons 1-3 (N=3).
(D) Immunoblot of FUS protein in whole brains of wild type (WT/WT), heterozygous FUS null
(WT/KO*), and homozygous FUS null (KO*/KO*) P0 animals probed with N-terminal anti-FUS
antibody (ab84078). No protein products of any size were observed in FUSKO*/KO* animals. Similar
results were obtained with 11570-1-AP and SC-47711 anti-FUS antibodies (data not shown).
(E) Time course of FUS elimination from ChAT immunoreactive MNs showing the fraction of
lumbar level 5 MNs that were immunopositive for FUS in control animals (black) and FUS-KOMN
(gray) at postnatal days 4, 13, and 30. N=3.
(F) Ventral horn of L5 spinal cord of p360 control and FUS-KOMN animals immunostained for FUS
(red) and ChAT (white). Outlined areas of top panels are reproduced at higher magnification in
the bottom panels. Scale bar = 100µ (top), 25µ (bottom).
(G) Percentage of MNs in the L5 spinal cord (top) and the percentage of innervated
neuromuscular junctions in the tibialis anterior (TA) muscle (bottom) in p360 τMN or FUS-KOMN
animals relative to their respective controls. τMN data is reproduced from Figure 3.5 for ease of
comparison. N=4 for all groups.
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Figure 4.2: Broad postnatal deletion of FUS does not cause MN degeneration
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Figure 4.2: Broad postnatal deletion of FUS does not cause MN degeneration
(A) Experimental paradigm for early postnatal induction of Cre-ERT2 activity. Mice were treated
with tamoxifen at postnatal days 1-5 and were analyzed at p240.
(B) L5 spinal cord of p240 control (left) and FUS-KOUBC (right) animals immunostained for FUS
(red) and ChAT (white). Outlined areas of top panels are reproduced at higher magnification in
the bottom panels, in which immunolableling for FUS is in red, NeuN in green, and DAPI in blue.
Scale bar = 200µ (top), 50µ (bottom).
(C) Fraction NeuN positive neurons (green) and NeuN negative cells (blue) that are positive for
FUS in p240 FUS-KOUBC animals. N=3.
(D) Percentage MN’s in the L5 spinal cord (left) and the percentage of innervated neuromuscular
junctions in the tibialis anterior (TA) muscle (right) of p240 control (gray) and FUS-KOUBC (white)
animals normalized to the controls. N=3.
(E-F) Representative images of L5 MN’s in control (τONhFUSP525L) and postnatal FUS knockout
(τONhFUSP525L; FUS-KOUBC) animals (F) and quantification of the fraction of NeuN positive neurons
(green) that are positive for endogenous mouse FUS in p60 τONhFUSP525L; FUS-KOUBC animals (E,
left). Percentage of denervated NMJ’s in the tibialis anterior muscle of control (τONhFUSP525L, red)
and postnatal FUS knockout (τONhFUSP525L; FUS-KOUBC, green) animals (E, right).
(P < 0.05, **P < 0.01, and ***P < 0.001 using one-way ANOVA with Bonferroni’s post hoc test.
Error bars represent SEM. N=3.
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Chapter 5:
Conclusions
The discovery of novel ALS genes leads to the question of whether causal mutations
result in a loss of function of the encoded protein or a gain of toxic properties, related or not to
the normal activity of the ALS-associated protein. If the normal function of the ALS-causing
genes is intimately linked to ALS pathogenesis, then their vast functional diversity is difficult to
reconcile with a single common pathogenic pathway and raises the possibility that ALS may
instead be a clinical syndrome comprising many disease variants that act through distinct
pathogenic mechanisms.
The structural and functional similarities between TDP-43, FUS and other ALSassociated RNA-binding proteins encouraged the view that the role of these proteins in MN
disease relates to the normal RNA processing functions of these regulatory factors. Physical
interaction between FUS and TDP-43 as well as evidence of their shared role in genetic
pathways (Kabashi et al. 2011; Wang et al. 2011) required for survival and motor function
further implicated the normal activities of these proteins in MN survival in ALS. These early
observations led to the suggestion that mutant FUS acts as a dominant negative to interfere
with the normal activity of the wild type FUS protein to cause a partial or complete loss of
function, leading to MN degeneration in ALS-FUS.
However, despite the structural and functional similarities between FUS, TDP-43 and the
related hnRNP’s causally implicated in ALS (Kim et al. 2013; Robberecht and Philips 2013), it is
possible that the activity of the RNA binding proteins is unrelated to their role in ALS. Indeed,
our experiments described in Chapter 4 show that loss of FUS function is not sufficient to cause
MN degeneration strongly argue for a toxic gain of function mechanism of mutant FUS in ALS
that may be unrelated to its normal activity. The parallels in protein domain structure suggest a
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similar gain of function pathogenic mechanism for TDP-43 and other RNA-binding proteins as
well.
In Chapter 2 we provide evidence for a gain of toxic function effect of mutant FUS. And
while the toxicity of mutant FUS is yet to be characterized, the common disease-relevant feature
of RNA-binding proteins and a key determinant of their function may be the presence of low
complexity (LC) “prion-like” polypeptide sequences that have been proposed by McKnight and
colleague to mediate the movement of these regulatory proteins in and out of RNA-containing,
subcellular structures like stress granules (Han et al. 2012; Kato et al. 2012) and underlie their
role as transcriptional activators (Kwon et al. 2013) through reversible interactions with other LC
domain-containing proteins regulated by phosphorylation or other post-translational
modifications (Han et al. 2012; Kwon et al. 2013, 2014). The relevance of this for ALS and
related neurodegenerative disorders appears to be that these proteins can enter irreversibly into
fibrous aggregates that are selectively toxic to subpopulations of neurons. The propensity of
these proteins to anneal leads to a model of disease in which the probability of wild type protein
aggregation is small – accounting for the rarity of sporadic disease – but in familial cases,
disease-related mutations increase the likelihood of aggregate formation and the onset of
neurodegeneration (Kim et al. 2013). Our demonstration that loss of FUS function does not
cause MN degeneration is consistent with this model, as is the evidence we provide that the
τhFUS MN phenotype does not depend on endogenous mFUS, given potential pathogenic
interactions with a large number of LC domain-containing proteins (Han et al. 2012; Kato et al.
2012).
Interestingly, because affected motor neurons of every ALS patient have protein
inclusions that contain either TDP-43, FUS or SOD1, and ALS-causing mutations in all of these
proteins have been shown to increase their propensity to aggregate (Johnson et al. 2009;
Nomura et al. 2014; Pratt et al. 2014), abnormal protein aggregation may be the common
pathogenic pathway in ALS. Because TDP-43 is the protein deposited in sporadic cases of ALS
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as well as in familial ALS cases not due to mutations of FUS or SOD1, it may be particularly
suceptible to aggregation in motor neurons, having the ability to effectively form inclusions even
when it is not mutated. Mutations in the large number of other ALS-associated genes (such as
C9ORF72 and others) may then act to promote the formation of TDP-43-containing protein
inclusions. The identification of ALS-causing mutations in the genes encoding
p62/sequestosome1, ubiquilin-2, VCP and optineurin, which all function in protein degradation
pathways, further supports such a common mechanism. In this case, abnormal inclusion
formation is not due to an increased aggregation propensity of the precipitating protein but,
rather, is the result of decreased clearance of misfolded proteins or microaggregates which may
serve as nucleation sites for additional aggregation.
In addition, the evidence that misfolded FUS, TDP-43 and SOD1 can seed aggregation
through a prion-like propagation (Nomura et al. 2013; Polymenidou and Cleveland 2011) makes
this pathogenic mechanism particularly attractive, as it may explain the puzzling features of ALS
that include the late, focal onset of symptoms as well as the contiguous neuroanatomical spread
of pathology. In this model, robust protein quality control and degradation pathways may keep
abnormal aggregation in check. However, age-dependent decreases in the efficiency of
proteostatic pathways can shift the balance from clearance to aggregation, which would explain
the adult onset of disease symptoms. As the first cells are overwhelmed by protein inclusions
and die, they may release abnormally folded proteins that seed protein misfolding in their
neighbors, explaining the focal onset and contiguous spread of ALS symptoms.
If and how abnormal protein inclusions of FUS, TDP-43 and SOD1 cause motor neuron
degeneration remains to be determined, but perhaps if abnormal protein aggregation in ALS can
be controlled, motor neuron degeneration can be prevented.
The relevance of such a mechanism can be tested in mouse models by experiments
similar to ones carried out in models of Alzheimer’s and Parkinson’s diseases, in which brain
extracts from old, symptomatic mice were able to induce the early onset of disease in younger
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asymptomatic mice (Polymenidou and Cleveland 2011) as well as by experiments in which
protein aggregation is reduced or prevented, for example by the use of engineered
disaggregases (Jackrel et al. 2014). In Chapter 3 we present a highly disease-relevant mouse
model of ALS-FUS and we hope that it will prove useful in further elucidating the pathogenic
mechanisms of ALS as well as in preclinical testing of drug candidates.
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Chapter 6:
Methods

All procedures were performed in accordance with the National Institutes of Health
Guidelines on the Care and Use of Animals and approved by the Institutional Animal Care and
Use Committee (IACUC) at Columbia University.

Generation of mice and mouse genetics
C57BL/6J (Stock # 000664), ChAT-CRE (Stock #018957), Protamine-CRE (Stock #
003328), Pgk1-FLPo (Stock # 011065) and UBC-CRE-ERT2 (Stock # 008085) mouse lines
were obtained from the Jackson Laboratory (Bar Harbor, Maine, United States). The ChATCRE and Protamine-CRE lines were back-crossed to the C57BL/6J strain for 6 generations.

Mutant FUS knock-in mice
Mutant FUS knock-in mice were generated by targeting of the endogenous mouse FUS
locus by homologous recombination. The targeting construct included ~6.4kb of C57BL/6
mouse strain genomic FUS sequence spanning exons 11-15, 3’UTR and downstream
sequence. FUS genomic sequence was subcloned from BAC RP24-297F14 by gap-repair
recombineering and its border sequences (inclusive) were
“GGTCACCTCAAATAGTGAGTTTCATG” on the 5’ end and
“CTTGTAGCTCAATTGGGTTGAAATA” on the 3’ end. FRT-site flanked Neomycin resistance
cassette (NEO) was inserted 50bp downstream of the end of the 3’UTR for positive selection of
drug resistant ES. A diphtheria toxin A (DTA) cassette was included in the vector backbone for
negative selection.
For R513C and P517L point mutants, single base pair substitutions were introduced in
FUS exon 15. In the conditional FUS c14 construct, exon 14 was flanked by LoxP sites and
part of mouse exon 15 was replaced with human exon 15 sequence in order to accurately
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reproduce the novel human C-terminal Δ14 protein sequence when exon 14 is skipped and
exon 15 is read out of frame in the FUS Δ14 mouse.
Targeting constructs were electroporated into GFP-expressing LB10 mESCs derived
from a C57BL6/N mouse (GlobalStem, GSC-5003) and recombinants were detected by
Southern blot with 5’ and 3’ probes amplified by PCR with primers listed in Table 6.2.
Recombination frequency was approximately 50%.

Mice expressing human FUS cDNA’s from the tau locus
To generate the τOFFhFUSWT, τOFFhFUSR521C and τOFFhFUSP525L mouse lines, lox-STOPlox-myc-hFUS-pA expression cassettes, each comprised of LoxP-flanked triple poly-A
transcriptional “stop” sequence followed by the N-terminally myc-tagged (7x) human FUS cDNA
(hFUSWT, hFUSR521C or hFUSP525L, generously provided by Dr. Brian McCabe), were cloned into
a vector designed to target the mouse MAPT (tau) genomic locus (Hippenmeyer et al. 2005)
(provided by Dr. Silvia Arber). The ATG was removed in the targeting vectors as described
(Hippenmeyer et al. 2005). The resultant targeting constructs were electroporated into Ola/129
ES cells and homologous recombinants were detected in approximately 35% of G418 resistant
ES cell colonies by Southern analysis using a probe in the 5’ region. Positive ES cell clones
were injected into mouse blastocysts to generate chimeras, which were then back-crossed to
the C57BL/6J strain for 6 generations to establish the τOFF mouse lines.
τON mice were generated by crossing τOFF and Protamine-CRE mouse lines.

Conditional FUS knockout mice
FUSKO mouse line (C57BL/6 background) previously generated by a gene trap insertion
in FUS exon 12 (Hicks et al. 2000) was a kind gift from Dr. Hicks.
The FUSFLOX mouse line (C57BL/6 background) used for this research project was
created from targeted mouse ES cells generated by the Helmholtz Zentrum München
130

(Germany) as part of the International Knockout Mouse Consortium (IKMC) Project: 84575.
Briefly, ES cell clone EPD0667_5_C04 was obtained from the European Conditional Mouse
Mutagenesis Program (EUCOMM) and was used to generate mice carrying the knockout-first
version of the FUS allele (EUCOMM allele FUStm1a). FUStm1a mice were then crossed to Pgk1FLPo mice to produce the FUSFLOX mouse line carrying the conditional FUS allele (EUCOMM
allele FUStm1c) in which the critical FUS exons 4-6 are flanked by LoxP sites (see Figure 4.1A
and (Skarnes et al. 2011) or https://www.eummcr.org/faq for details).
A novel FUSKO* null allele (EUCOMM allele FUStm1d, distinct from FUSKO, above) was
generated by crossing FUSFLOX mice to the Protamine-CRE line. Cre-mediated deletion of FUS
exons 4-6 produces a frame shift mutation starting at codon 65 and a premature stop at codon
102 in the resulting mRNA, subjecting it to degradation by nonsense mediated decay. Any
protein product, if generated, would contain only the initial 64 of 518 mouse FUS amino acids
and is predicted to be non-functional.
FUS-KOMN mice were generated by crossing (FUSFLOX/FLOX) to (FUSKO/WT; ChAT-CRE+/+)
mice. FUS-KOMN mice carried all 3 alleles (FUSFLOX/KO; ChAT-Cre+/-), while control littermates
carried the wild type FUSWT allele instead of the FUSKO allele (FUSFLOX/WT; ChAT-Cre+/-).
UBC-CREERT2 mouse line was obtained from Jackson Labs (strain #008085, Bar Harbor,
Maine, United States). FUS-KOUBC mice were generated by crossing (FUSFLOX/FLOX) to
(FUSKO/WT, UBC-CREERT2+/-). FUS-KOUBC mice carried all 3 alleles (FUSFLOX/KO; UBC-CREERT2+/-)
while control littermates carried the wild type FUSWT allele instead of the FUSKO allele
(FUSFLOX/WT; UBC-CREERT2+/-). To induce post-natal recombination of the FUSFLOX allele,
tamoxifen was administered to FUS-KOUBC and littermate control mouse pups at postnatal days
1-5 by feeding tamoxifen (dissolved in corn oil at 20mg/mL) to their nursing mother in 5
consecutive daily doses (200mg tamoxifen/kg body weight/dose) using oral gavage.
Mice with the correct genotype were identified using the primers listed in Table 6.2.
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Tissue Collection for Immunohistochemical Analysis
Animals were deeply anesthetized using ketamine (100mg/kg) and xylazine (10 mg/kg)
and transcardially perfused with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer.
For analysis of muscle, Tibialis anterior (TA), Gastrocnemius (GS) and Soleus (SO)
were dissected from mice following PFA perfusion fixation and immersion-fixed for 2 hours in
the same fixative solution and washed in 1 x PBS. Muscles were then equilibrated in a gradient
of sucrose (10%-20%-30%) until they sunk to the bottom and embedded in O.C.T (O.C.T.
compound; Sakura, Torrance, CA), frozen at −20°C. Consecutive longitudinal sections (30μm
thick) were cut using a freezing microtome (Leica CM 3050S) and stored at −80°C.
Spinal cords were isolated following PFA perfusion fixation and immersion-fixed
overnight in the same fixative solution and washed in 1 x phosphate buffered saline (PBS).
Lumbar segment 5 of the spinal cords was embedded in warm 4% low melting point agarose
(Promega) and serial transverse sections (70μm) cut in a vibratome and processed free-floating.
The sections were blocked with 5% normal donkey serum diluted in Tris buffered saline (TBS)
(pH 7.4) with 0.2% Triton X-100 and incubated overnight at room temperature in primary
antisera (Table 6.1) diluted in TBS with 0.2% Triton X-100 and 5% normal donkey serum.
Tissue sections were then washed and incubated with species-specific goat or donkey
secondary antibodies coupled to Alexa 488, 555, 647 (1:1,000; Life Technologies, Carlsab, CA,
USA), Cy3 or Cy5 (dilution 1:50 to 1:100; Jackson Immunoresearch Labs, West Grove, PA,
USA). Stained tissue sections were mounted on slides in Flouromount G (Southern Biotech,
Birmingham, Alabama).

Muscle Innervation Analysis
Cryosections (30μ) of muscles were stained with antibodies against Vesicular Acetyl
Choline Transferase (VAChT) to identify the pre-synapse and tetramethylrhodamine conjugated
α-bungarotoxin (Invitrogen) to detect post-synaptic acetylcholine receptors (AChR). Images
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were acquired using Zeiss Pascal LSM 510 confocal microscope using a 10 x objective
maintaining individual pixel intensities in the linear range. Areas of overlap between the two
channels were identified and counted. Percentage (%) NMJ innervation was determined by
dividing the total number of areas of overlap between VAChT and BTX signals (total number
innervated endplates) by the number of areas BTX signal (total number of endplates).

Motor Neuron Counts
At each postnatal age, counts of MNs were performed on the lateral motor column of
lumbar spinal segment L5 from z-series of confocal optical sections obtained at a magnification
of 20× (0.7× optical zoom; z-step of 1.5 μm). Motor neurons labeled with ChAT were counted
and measured using Axiovision (Carl Zeiss). All ChAT+ MNs were outlined in the confocal plane
with the maximum cell body cross-sectional area. Size distribution histograms were constructed
for each animal by grouping cell body cross-sectional areas in 50 μm2 bins. Average histograms
were fit to either single or dual Gaussian distributions using GraphPad Prism (version 9.0; Axon
Instruments, Union City, CA, USA). From the fitted distributions we estimated the average
cross-sectional area and standard deviation (SD) of the small and large size MN populations.
From the raw histogram data we obtained relative percentages for each population according to
cell size or phenotype. In the histograms, error bars always represent ± standard error of the
mean (SEM). Depletions in certain genotypes were calculated against all ChAT+ MNs or the
number of cells identified by a particular set of markers or cells below a certain threshold cutoff
size. Cutoff sizes for the small population were estimated as the average (μ) + 2 SD (σ) of the
fitted small population distribution in control animals of similar age.
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Measurment of GFAP and Iba1+ cells
A perimeter of 100μ was drawn around twenty MNs in ten 70μ lumbar spinal cord
sections. The numbers of GFAP positive or Iba1 positive cells within this perimeter were then
counted.

Protein extraction and quantification
Whole spinal cords were extracted and homogenized in SDS sample buffer (2% SDS,
10% glycerol, 5% β-mercaptoethanol, 60 mM Tris-HCl, pH 6.8, bromophenol blue), passed
through a 27-gauge needle five times, and sonicated. Protein extracts were quantified using the
RC DC protein assay (Bio-Rad). Protein extracts (10µg) were run on a 12% SDS-PAGE gel
and transferred onto a Trans-Blot transfer medium nitrocellulose membrane (Bio-Rad) using a
TE77x semidry transfer unit (Hoefer) using 1× Tris-glycine buffer (Bio-Rad) containing 20%
methanol. Membranes were stained with 0.1% (wt/vol) Ponceau S and 5% acetic acid,
destained in distilled H2O, and blocked for 1 h at room temperature with 5% nonfat dry milk
(LabScientific) in TBS containing 0.1% Tween 20 (Acros). Immunoblots were probed with
primary antibodies (Table 6.1) for 2 hours at room temperature or overnight at 4 degrees C.
Membranes were washed 3 times for 10 min with TBS containing 0.1% Tween 20 at room
temperature and incubated with secondary antibodies conjugated to horseradish peroxidase
(Jackson Immunoresearch) in TBS containing 0.1% Tween 20 for 1 h at room temperature.
Membranes were again washed 3 times for 10 min with TBS containing 0.1% Tween 20 at room
temperature and incubated with the SuperSignal West Pico chemiluminescent substrate
(Thermo Scientific) according to the manufacturer's instructions. Signal was detected by
autoradiography using Full Speed Blue sensitive medical X-ray film (Ewen Parker X-Ray
Corporation). Quantitation of protein levels was performed using ImageJ.
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Immunoprecipitation
To immunoprecipitate myc hFUS, FUS and or negative control antibodies (Table 6.1,
myc and FUS) were crosslinked to protein G Dynabeads at a 1:1 ratio of beads to antibody.
Total spinal cords were lysed in ice cold lysis buffer (1x PBS, 0.1% SDS, 0.5% deoxycholate,
0.5% NP-40, complete© (Roche) protease inhibitors) on ice for 15 minutes after which they
were briefly sonicated and precleared by centrifugation at 10,000g for 20 minutes. Spinal cord
lysates were quantified using the Pierce™ 660 Protein Assay Kit (Thermo Scientific).
Approximately 200μg of total protein was mixed with 500μl buffer A (PBS/0.1% Triton X-100/0.2
mM PMSF), protease inhibitor EDTA-free (Roche), and 25 μl of antibody-crosslinked beads.
The mixtures were rotated overnight at 4°C. The beads were washed five times with buffer A.
Bound proteins were eluted with 50μl of SDS sample buffer and run on a 12% SDS-PAGE,
transferred to nitrocellulose and probed with antibodies as described above.

RNA Extraction and Quantitation
Whole brain and whole spinal cords were isolated. RNA from brain and spinal cord was
extracted with TRIzol reagent (Invitrogen). RNA was purified using the directzol RNA miniprep
kit (Zymo research) and then reverse transcribed using the RevertAid first-strand cDNA kit
(Fermentas). For quantitative RT-qPCR analysis, each sample was measured in triplicate and
1μg of cDNA was used and in each standard 3-step qPCR reaction with a Mastercycler ep
Realplex4 (Eppendorf) PCR system and Power SYBR Green PCR Master Mix (ABI). RT-qPCR
data from whole brain and spinal cord was normalized to GAPDH. Primers used in this study
are listed in Table 6.2.

Statistical Analysis
Statistical analysis was performed using one way ANOVA with Bonferroni’s post hoc test
for statistical significance.
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Table 6.1: Antibodies used in western blotting and immunofluorescence
Protein

Host

Source

ChAT

Goat

Millpore Cat AB144P

Myc-tag

Guinea Pig

Kind gift from Susan Morton /TMJ

Myc-tag

Rabbit

Cell signaling 2272

Myc-tag

Mouse

Invitrogen R95025

FUS

Mouse

Santa Cruz clone 4H11 SC-47711

FUS

Rabbit

Proteintech 11570-1-AP

FUS

Rabbit

Abcam AB84078

Parvalbumin

Chicken

Kind gift from Susan Morton /TMJ

NeuN

Mouse

Millipore MAB377

GFAP

Rabbit

DAKO Z0334

Iba1

Rabbit

WAKO

TDP-43

Rabbit

Proteintech 10782-2-AP

α tubulin

Mouse

Sigma-Aldrich T9026

MBP

Rat

Millipore MAB386

Olig2

Guinea Pig

Kind gift from Susan Morton /TMJ

VAChT

Rabbit

Kind gift from Susan Morton /TMJ

Neurofilament

Rabbit

Millipore AB1987

SV2

Mouse

DHSB

Synaptophysin
MMP-9

Rabbit
Rabbit

Invitrogen Cat 18-0130
Abcam AB38898

Myosin heavy chain 2A

Mouse IgG1

DHSB clone SC-71

mysosin heavy chain α
and β slow
Myosin heavy chain 2B

Mouse IgG2b

DHSB clone BA-D5

Mouse IgM

DHSB clone BF-F3
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Table 6.2: Primers sets used in this study
Primer

Target

Sequence

Use

mFUS Ex1 FW

mFUS

GCTTCAAACGACTATACCCAACA

qPCR
qPCR

mFUS Ex3 REV

mFUS

GGCCATAACCACTGTAACTCTGT

mFUS Ex13 FW

mFUS

ACTGGAAGTGTCCTAATCCTACATG

qPCR

mFUS Ex13-14 REV

mFUS

ATCTCCATAGTTTCCCCCCATA

qPCR

mFUS Ex13-15 REV

mFUS

TGTCTGTGCTCACCCCCATA

qPCR

mychFUS FOR

hFUS

AGAGTGGGAGCTACAGCCAG

qPCR
qPCR

mychFUS REV

hFUS

TTGATTGCCATAACCGCCAC

GAPDH FOR

GAPDH

AATGTGTCCGTCGTGGATCTGA

qPCR

GAPDH REV

GAPDH

GATGCCTGCTTCACCACCTTCT

qPCR

τON/OFF hFUS59 FOR

hFUS targeted

GCCGGATGGGAAACTGAGGCTCTCC

Genotyping τON/OFF

hFUS75 REV

hFUS targeted

TGCTCCATGGTGAGGTCGCCCAAGC

Genotyping τON

τOFF hFUS63 FOR

hFUS targeted

GGGCTGCTAAAGCGCATGCTCCAG

Genotyping τOFF
Southern probe

τ

ON

5’ FUS kin probe FW

Mouse genomic

CAGGTTTTACACAGCACAAACTTGAATTCATGG

5’ FUS kin probe REV

Mouse genomic

GGAACCATTAGCTAACAGGAAAGGACAGATAAGGC

Southern probe

3’ FUS kin probe FW

Mouse genomic

ATAATGCTATGATACTGACATGTATTGAGC

Southern probe

3’ FUS kin probe REV

Mouse genomic

GTAAAATCCCAGTAACACAATTTAAAAG

Southern probe
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