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ABSTRACT

Mutations in fused in sarcoma (fust-1) are linked to ALS. However, how these ALS causative mutations alter physiological processes and lead to the onset of ALS
remains largely unknown. By obtaining humanized fust-1 ALS mutations via CRISPR-CAS9, we generated a C. elegans ALS model. Homozygous fust-1 ALS mutant and
fust-1 deletion animals are viable in C. elegans. This allows us to better characterize the molecular mechanisms of fust-1-dependent responses. We found FUST-1 plays
a role in regulating superoxide dismutase, glutamate signaling, and oxidative stress. FUST-1 suppresses SOD-1 and VGLUT/EAT-4 in the nervous system. FUST-1 also
regulates synaptic AMPA-type glutamate receptor GLR-1. We found that fust-1 ALS mutations act as loss-of-function in SOD-1 and VGLUT/EAT-4 phenotypes,
whereas the fust-1 ALS mutations act as gain-of-function in redox homeostasis and the microbe-induced oxidative stress response. We hypothesized that FUST-1 is a
link between glutamate signaling and SOD-1. Our results may provide new insights into the human ALS alleles and their roles in pathological mechanisms that lead to

ALS.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is an incurable neurodegenera-
tive disease [1,2]. About 10 % of ALS cases are caused by inheritable
mutations [3-7]. Mutations in the ALS genes, including fused in sarcoma
(fust-1), lead to lethality [8-11]. To circumvent this, a classic ALS animal
model often contains many copies of a specific human ALS allele in a
wild-type background [10,12-14]. Using these overexpression models
to delineate the disease mechanism has strengthened the premise that
many ALS mutations are gain-of-function [15]. However, the lack of a
suitable single-copy endogenous ALS model has limited our ability to
fully understand the mechanism of ALS pathology.

One of the hallmarks of ALS disease is the aberrant accumulation of
SOD-1 [16,17]. SOD-1 is an enzyme that converts superoxide into
less-toxic hydrogen peroxide and oxygen [18-20]. It has been recently
hypothesized that many ALS genes may play a concerted role in regu-
lating a specific set of physiological and pathological processes [3]. For
example, the accumulation of SOD-1 in motor neurons caused by mu-
tations in other ALS causative genes may be a common pre-clinical
phenotype that leads to ALS.

As evidenced by the protective effect of the glutamatergic neuro-
transmission blocker riluzole in ALS patients [21,22], another patho-
logical process associated with ALS is an increase in glutamate signaling
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[23,24]. In C. elegans, eat-4 encodes a mammalian homolog of glutamate
vesicular transporter VGLUT [25,26] and glr-1 encodes a mammalian
homolog of AMPA-type glutamate receptor subunit GluR1 [27,28]. The
molecular mechanism of fust-1-dependent regulation of EAT-4 and
GLR-1 currently remains largely unknown.

It has been hypothesized that elevation of oxidative stress may
contribute to ALS [13,29]. Recent work has shown that exposing nem-
atodes to pathogens P. aeruginosa PA14 causes elevation of reactive
oxygen species (ROS) and an increase in SOD-1 expression [30,31]. In
addition, both eat-4 and glr-1 mutations elicited an altered behavioral
response to P. aeruginosa PA14 [32]. This prompts us to use this
host—pathogens paradigm to delineate fust-1 ALS mutants with regard to
their sensitivity to oxidative stress.

We hypothesized that FUST-1 regulates SOD-1 and glutamate
signaling. To test this hypothesis, we first obtained fust-1 ALS alleles fust-
1 (R4468S) and fust-1(P447L) in C. elegans. Mutations of fust-1 (R446S)
and fust-1(P447L) correspond to human fused in sarcoma (R524S) and
(P525L) alleles, respectively [33]. Because of a mutation in the nuclear
localization sequence, human FUST-1 (R524S) and FUST-1 (P525L)
proteins are mislocalized in the cytoplasm and are present in stress
granules [34-38]. Unlike other animal models, homozygous fust-1 ALS
mutant and homozygous fust-1 deletion nematodes are viable under
laboratory growing conditions [33]. This allows us to tackle questions
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that are difficult to address, such as the genetic nature of an ALS allele in
distinct physiological processes.

In this study, we examined the role of FUST-1 in motor neuro-
n-specific regulation of SOD-1. We also investigated the EAT-4 and GLR-
1 phenotypes of fust-1 deletion and fust-1 ALS mutant alleles. Finally, we
generated a redox reporter and measured the ROS in fust-1 mutations
with or without oxidative stress triggered by P. aeruginosa PA14. We
found that fust-1 (R446S) and fust-1(P447L) act as loss-of-function mu-
tations in the context of SOD-1 and EAT-4 regulation. FUST-1 suppresses
SOD-1 elevation in cholinergic motor neurons. FUST-1 also suppresses
excess EAT-4 in the nervous system, In contrast, we found that fust-1
(R446S) and fust-1(P447L) act as gain-of-function mutations in the ROS
response. The unexpected differences regarding the nature of fust-1 ALS
mutations in the ROS response and glutamate signaling illustrate the
significance of using single-copy endogenous mutations to model a
human disease such as ALS.
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2. Results

2.1. FUST-1 is expressed ubiquitously and is present in cholinergic motor
neurons in C. Elegans

We began our study by obtaining a deletion and two point mutations
of fust-1, namely fust-1 (tm4439), fust-1 (R446S), and fust-1(P447L),
respectively (Fig. 1A). To mimic human ALS mutations fust-1 (R524S)
and fust-1(P525L), fust-1 (R446S) and fust-1(P447L) were generated by
modifying the corresponding loci of fust-1 in C. elegans. To assess the
FUST-1 expression of these fust-1 mutations, we generated a polyclonal
antibody against the carboxyl region of FUST-1. We then performed
immunohistochemistry analysis using crude worm lysates. We found a
single band of ~46 kD (predicted molecular weight of FUST-1) in wild-
type, fust-1 (R446S), and fust-1(P447L). In contrast, the band is absent in
fust-1 (tm4439) deletion (Fig. 1B). Therefore, we reasoned that fust-1
(tm4439) is likely acting as a null. We then generated a fust-1p:FUST-
1mStrawberry transgene and introduced it into the fust-1 (tm4439)
background. We found a single band of ~74 kD representing the FUST-
1mStrawberry fusion protein (Fig. 1B). We blotted the same membrane
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Fig. 1. FUST-1 is expressed in cholinergic motor neurons in C. elegans.

R446S P447L

fust-1(tm4439) +
fust-1p::FUST-1::RFP

(A) Scheme of the fust-1 genomic region. The deleted region in fust-1 (tm4439) is indicated in red. The point mutations of fust-1 (R446S) and fust-1(P447L) are
indicated with arrows. Black boxes indicate exons. Connected lines indicate the region of an intron.

(B) FUST-1 immunohistochemistry results using lysates derived from wild-type N2, fust-1 (tm4439), fust-1 (R446S), fust-1(P447L), and fust-1 (tm4439); fust-1p:FUST-
1mStrawberry transgenic worms. Arrow represents the size of wild-type FUST-1. Star represents the FUST-1mStrawberry fusion protein.

(C) Fluorescence micrographs of fust-1p:FUST-1mStrawberry in fust-1 (tm4439) background. mStrawberry signals are present ubiquitously and are localized pre-

dominantly in the nucleus. Scale bar indicates 150 pm.

(D) Fluorescence micrographs of fust-1p:FUST-1GFP (left), unc129p:SOD-1mScarlet (middle), and the merge of the two (right). Arrows indicate DA- and DB-type

cholinergic motor neurons. Scale bar indicates 10 pm.
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with antibody against -tubulin. We found fust-1 (tm4439) deletion has a
reduced level of p-tubulin. The reduction of p-tubulin in fust-1 (tm4439)
deletion can be rescued by fust-1p:FUST-1mStrawberry (Supplemental
Fig. 1). As indicated by the fluorescence image of fust-1p:FUST-
1mStrawberry, FUST-1 is localized in the nucleus and is present ubig-
uitously in many tissues, including the nervous system and intestine
(Fig. 1C). Finally, we used unc-129p:SOD-1mScarlet as a co-localization
marker to determine whether FUST-1 is expressed in motor neurons. As
unc-129 promoter confers SOD-1mScarlet expression in DA and DB
motor neurons at the ventral nerve cord. We introduced unc-129p:SOD-
1mScarlet and fust-1p:FUST-1GFP into the same background. We found
that FUST-1GFP partially co-localized with SOD-1mScarlet (Fig. 1D).
This result suggests that FUST-1 is present in the cholinergic motor
neurons in C. elegans.

2.2. SOD-1 expression is suppressed by FUST-1 in cholinergic motor
neurons

To investigate the role of FUST-1 in SOD-1 regulation, we first
introduced unc-129p:SOD-1mScarlet into fust-1 (tm4439). We found the
fluorescence intensity of SOD-1mScarlet is elevated in DA and DB motor
neurons (Supplemental Fig. 2). We decided to measure the fluorescence
intensity of DA7 as a representation of the SOD-1mScarlet increase in
motor neurons. After we introduced a fust-1 genomic rescue fragment
into fust-1 (tm4439), this increase of SOD-1mScarlet in DA7 motor
neuron was restored to the wild-type level (Fig. 2A). We then introduced
unc-129p:SOD-1mScarlet into sod-1; fust-1 double mutants and found a
similar increase in SOD-1mScarlet intensity in DA7 motor neuron
(Fig. 2C). This suggests the increase of SOD-1mScarlet in fust-1 single
mutants (Fig. 2A) is likely not due to the unintended effect of SOD-1
overexpression in a SOD-1 wild-type background. We found that SOD-
1mScarlet is also elevated in DA7 of fust-1 (R446S) and fust-1(P447L)
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(Fig. 2B). Compared to fust-1 (tm4439) deletion, the increase of SOD-
1mScarlet in fust-1 (R446S) and fust-1(P447L) is to a lesser extent
(Fig. 2A and B). These results suggest that ALS fust-1 (R446S) and fust-1
(P447L) are acting as hypomorphic mutations of fust-1 in the context of
motor neuron-specific regulation of SOD-1. The aforementioned results
also suggest that FUST-1 suppresses the elevation of SOD-1.

2.3. Loss of fust-1 causes an increase in glutamate transporter in the
nervous system

Glutamate transporter EAT-4 is the C. elegans homolog of mamma-
lian VGLUT [25,26]. Synaptic EAT-4GFP is localized at the ventral nerve
cord as punctate structures [32]. To investigate the role of FUST-1 in
glutamate signaling, we introduced EAT-4GFP into sod-1 (tm776), fust-1
(R4468S), fust-1(P447L), and fust-1 (tm4439) (Fig. 3A). We found that the
intensity of EAT-4GFP is not altered in sod-1 (tm776). In contrast, fust-1
(tm4439) animals showed a strong increase in EAT-4GFP intensity
compared to wild-type (Fig. 3B). ALS mutants fust-1 (R446S) and fust-1
(P447L) also showed an increase in EAT-4GFP intensity, but to a lesser
extent compared to fust-1 (tm4439) (Fig. 3B). The increase of EAT-4GFP
intensity in fust-1 (tm4439) deletion, fust-1 (R4468S), and fust-1(P447L) is
rescued by a genomic fragment of fust-1 (Supplemental Fig. 3). These
results suggest that FUST-1 plays a role in regulating glutamate trans-
porter EAT-4 at the synapses. In addition, fust-1 (R446S) and fust-1
(P447L) are acting as hypomorphic mutations of fust-1 in the
EAT-4-dependent phenotype.

2.4. FUST-1 modulates AMPA-type ionotropic glutamate receptor GLR-1
Since FUST-1 suppresses EAT-4 at the ventral nerve cord, we sought

to determine whether FUST-1 regulates synaptic AMPA-type ionotropic
glutamate receptor GLR-1. GLR-1 is the mammalian homolog of GluR1
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Fig. 2. FUST-1 suppresses excess SOD-1 in motor neurons.

(A) Motor neuron-specific SOD-1 expression is elevated in fust-1 (tm4439) background. By introducing a genomic fragment that contains fust-1, the fluorescence
intensity of SOD-1mScarlet in fust-1 (tm4439) is restored to a level similar to wild-type. Error bar represents s. e.m. **** represents p < 0.0001. Ns represents not
significant. As determined by one-way ANOVA, followed by Tukey’s multiple comparison analysis. N > 29.

(B) Motor neuron-specific SOD-1 expression is elevated in fust-1 (R446S) and fust-1(P447L). Error bar represents s. e.m. * represents p < 0.05. *** represents p <
0.001. Ns represents not significant. As determined by one-way ANOVA, followed by Tukey’s multiple comparison analysis. N > 15.

(C) Motor neuron-specific SOD-1 expression in sod-1 (tm776); fust-1 (tm4439) double mutant is similar to fust-1 (tm4439) single mutant. Error bar represents s. e.m.
*** represents p < 0.001. **** represents p < 0.0001. Ns represents not significant. As determined by one-way ANOVA, followed by Tukey’s multiple comparison
analysis. N > 20.
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EAT-4::GFP
sod-1(tm776)

EAT-4::GFP
fust-1(R446S)

EAT-4:GFP
fust-1(P447L)

-
EAT-4:GFP
fust-1(tm4439)

Fig. 3. FUST-1 regulates glutamate transporter EAT-4 at the ventral nerve cord.
(A) Representative fluorescence micrographs of eat-4p:EAT-4GFP in wild-type N2, sod-1 (tm776), fust-1 (R446S), fust-1(P447L), and fust-1 (tm4439) backgrounds.

Scale bar indicates 10 pm
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(B) fust-1 (tm4439) shows the strongest increase in EAT-4GFP intensity. fust-1 (R446S) and fust-1(P447L) show an intermediate increase in EAT-4GFP intensity. Error
bar represents s. e.m. *** represents p < 0.001. **** represents p < 0.0001. Ns represents not significant. As determined by one-way ANOVA, followed by Tukey’s

multiple comparison analysis. N > 20.

in C. elegans [39,40] and is localized as punctate structures at the ventral
nerve cord [27,41]. We introduced GLR-1GFP into fust-1 (tm4439),
fust-1 (R446S), and fust-1(P447L) (Fig. 4A). We found that the density of
GLR-1GFP at the ventral nerve cord is increased in all fust-1 mutations.
In addition, the size of synaptic GLR-1GFP is reduced in all fust-1 mu-
tations (Fig. 4B and C). Compared to wild-type, the intensity of
GLR-1GFP is reduced in fust-1 (tm4439). In contrast, the intensity of
GLR-1GFP is increased in fust-1 (R446S) and fust-1(P447L) (Fig. 4D).
These results suggest that FUST-1 modulates AMPA-type ionotropic
glutamate receptor GLR-1 at the ventral nerve cord.

2.5. Gut oxidative homeostasis is altered in fust-1 mutations

To investigate the role of FUST-1 in oxidative stress, we generated a
transgene that confers expression of a redox fluorescence reporter rxRFP
[42] in the nervous system and intestine. Due to undetectable baseline
expression of rxRFP in the nervous system, we decided to focus our
analyses on the intestine. We introduced the rxRFP reporter into fust-1
(tm4439), fust-1 (R446S), and fust-1(P447L) and measured rxRFP fluo-
rescence intensity (Fig. 5A). We found the intensity of rxRFP is higher in
fust-1 (R4468S) and fust-1(P447L) (Fig. 5B). Compared to wild-type, the
intensity of rxRFP is lower in fust-1 (tm4439) (Fig. 5C and D). The
reduction in rxRFP intensity in fust-1 (tm4439) can be restored by a
fust-1 genomic fragment (Fig. 5C and D). In addition, heterozygous fust-1
(R446S)/+ and fust-1(P447L)/+ animals showed a stronger rxRFP
fluorescence intensity compared to +/+ animals (Supplemental Fig. 4).
These data indicate fust-1 (R446S) and fust-1(P447L) animals have the
opposite phenotype in ROS homeostasis to fust-1 (tm4439). Our data
suggest fust-1 (R446S) and fust-1(P447L) are gain-of-function mutations
in ROS response. Together, these results suggest FUST-1 plays a role in
regulating oxidative homeostasis.

2.6. FUST-1 ALS mutants elicit a heightened response to oxidative stress
triggered by P. Aeruginosa PA14

Exposure to P. aeruginosa PA14 causes an increase in oxidative stress
in C. elegans [30]. To investigate the role of FUST-1 in the
pathogen-induced ROS response, we transferred the rxRFP containing
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wild-type and fust-1 mutant animals onto a Petri dish with a lawn of
P. aeruginosa PA14 and recorded the rxRFP fluorescence after 8 h.
Similar to previous observations [30], wild-type animals showed an
increase in ROS after 8 h exposure to P. aeruginosa, as indicated by an
increase in gut rxRFP fluorescence (Fig. 6A and B). The ROS in fust-1
deletion showed a similar increase after 8 h (Fig. 6A and B). Without
P. aeruginosa exposure, fust-1 (R446S) and fust-1(P447L) animals elicited
a higher baseline of ROS (Fig. 5A and B). After 8 h exposure to
P. aeruginosa, the fust-1 (R446S) and fust-1(P447L) animals elicited a
further increase in ROS (Fig. 6C and D). This indicates that fust-1 ALS
mutant animals have a higher sensitivity to P. aeruginosa-induced
oxidative stress.

2.7. FUST-1 ALS alleles contribute to heightened pathogen avoidance
response

Elevation in pathogen-induced oxidative stress is often associated
with pathogen avoidance behavior [30,31]. Therefore, we sought to
investigate the role of FUST-1 in C. elegans behavioral response to
pathogens. We performed the pathogen avoidance assay by transferring
fust-1 (tm4439), fust-1 (R446S), and fust-1(P447L) animals onto a Petri
dish that contained a small lawn of P. aeruginosa PA14 [43]. After 7 h,
fust-1 (R446S) and fust-1(P447L) animals showed a heightened pathogen
avoidance response compared to wild-type (Fig. 7A). In contrast, fust-1
(tm4439) deletion showed an avoidance response similar to wild-type
(Fig. 7B). By overexpressing a fust-1 transgene in fust-1 (tm4439), the
aforementioned animals showed a heightened avoidance to P. aeruginosa
(Fig. 7B). Together, these results suggest fust-1 (R446S) and fust-1
(P447L) are acting as gain-of-function alleles in behavioral and oxida-
tive stress response to pathogens.

Here, we showed that FUST-1 is present in cholinergic motor neurons
in C. elegans. In motor neurons, FUST-1 suppresses SOD-1 elevation.
FUST-1 also suppresses excess EAT-4 in the nervous system. In addition,
a lack of FUST-1 increases the density of synaptic GLR-1. Our data
suggest that fust-1 ALS alleles are loss-of-function mutations in SOD-1
and EAT-4 phenotypes. When grown on E. coli, fust-1 deletion animals
elicited a reduction in ROS, whereas fust-1 ALS mutants elicited an in-
crease in ROS. Finally, fust-1 ALS mutants showed a heightened
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Fig. 4. FUST-1 plays a role in regulating synaptic GLR-1 at the ventral nerve cord.

(A) Fluorescence micrographs of glr-1p:GLR-1GFP in wild-type N2, fust-1 (tm4439), fust-1 (R446S), and fust-1(P447L). Arrow indicates GLR-1GFP. Scale bar indicates

10 pm

(B) fust-1(tm4439), fust-1 (R446S), and fust-1(P447L) mutant animals show an increase in GLR-1GFP density compared to wild-type.
(C) fust-1(tm4439), fust-1 (R446S), and fust-1(P447L) mutant animals elicit a reduced GLR-1GFP size.
(D) fust-1 (R446S) and fust-1(P447L) mutant animals show an increase in GLR-1GFP fluorescence intensity. Compared to wild-type, a reduced GLR-1GFP intensity

was observed in fust-1(tm4439).

(B-D) Error bar represents s. e.m. * represents p < 0.05. ** represents p < 0.01. **** represents p < 0.0001. Ns represents not significant. As determined by one-way

ANOVA, followed by Tukey’s multiple comparison analysis. N > 18.

sensitivity in pathogen-induced oxidative stress and behavioral
response. Our results suggest that fust-1 ALS alleles are gain-of-function
mutations in redox homeostasis and the microbe-induced stress
response. The loss-of-function vs. gain-of-function differences of fust-1
ALS alleles in distinct physiological processes demonstrate the impor-
tance of using single-copy endogenous mutations to model ALS.

3. Discussion

Research to define the pathological processes of amyotrophic lateral
sclerosis has facilitated therapeutics development. It includes drugs to
alleviate oxidative stress, reduce glutamate excitotoxicity, and maintain
ER and mitochondrial homeostasis [22,44-46]. However, a cure for this
fetal neurodegenerative disease is not yet achievable with either one of
or with the combination of these medications. This illustrates the need to
identify additional disease mechanisms that lead to the malaise of ALS.

To create a nematode ALS model, ALS mutations were obtained by
modifying the endogenous loci of fust-1 via CRISPR-CAS9 (Fig. 1) [32,
47-49]. These homozygous ALS mutant nematodes are viable [32,33].
In addition, these ALS worms showed changes in neurophysiology
similar to what was found in ALS patients (Figs. 2 and 3). Thus, the
single-copy ALS model has opened a door for us to investigate the role of
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FUST-1 in distinct physiological processes that contribute to the pa-
thology in the nervous system.

Compared to fust-1 deletion, fust-1 (R446S) and fust-1(P447L) ani-
mals elicited an increase in EAT-4 and SOD-1, but to a lesser extent
(Figs. 2 and 3). Based on previous studies [10,14], we originally thought
that fust-1 (R446S) and fust-1(P447L) were gain-of-function. Instead, we
discovered that fust-1 (R446S) and fust-1(P447L) are hypomorphic mu-
tations of fust-1 in the context of EAT-4 and SOD-1 regulation. Due to a
lack of deletion/null mutation as a control in an overexpression ALS
model, we reasoned this may contribute to the differences in interpre-
tation regarding the nature of fust-1 ALS mutations.

In contrast, we found that fust-1 (R446S) and fust-1(P447L) act as
gain-of-function mutations in the ROS response. The ROS reporter rxRFP
intensity was elevated in the intestine of fust-1 (R446S) and fust-1
(P447L) when they were on an E. coli diet. In contrast, the ROS reporter
rxRFP intensity was reduced in fust-1 (tm4439) deletion (Fig. 5). In
addition, fust-1 (R446S) and fust-1(P447L) animals elicited a more
robust response to pathogen-induced oxidative stress (Fig. 6). A
heightened avoidance response to P. aeruginosa was also observed in
fust-1 (R446S) and fust-1(P447L) (Fig. 7).

Due to an undetectable baseline expression of rxRFP in the nervous
system, in this report, we focused on investigating the changes of ROS in
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Fig. 5. FUST-1 modulates reactive oxygen species levels in the intestine.

(A) Fluorescence micrographs of redox reporter rxRFP in wild-type N2, fust-1 (tm4439), fust-1 (R446S), and fust-1(P447L). Scale bar indicates 150 pm

(B) The gut rxRFP fluorescence is increased in fust-1 (R446S) and fust-1(P447L). Error bar represents s. e.m. ** represents p < 0.01. *** represents p < 0.001. ****
represents p < 0.0001. As determined by one-way ANOVA, followed by Tukey’s multiple comparison analysis. N > 24.

(C) Fluorescence micrographs of redox reporter rxRFP in wild-type N2, fust-1 (tm4439), and fust-1 (tm4439) + fust-1 rescue. Scale bar indicates 150 pm.

(D) The gut rxRFP fluorescence is reduced in fust-1 (tm4439). By introducing a fust-1 fragment into fust-1 (tm4439), the rxRFP intensity is increased. Error bar
represents s. e.m. * represents p < 0.05. * * represents p < 0.01. *** represents p < 0.001. It is determined by Student’s t-test. N > 24. (A-D) All animals were grown
on petri dishes containing staple food E. coli OP50.
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Fig. 6. FUST-1 ALS mutant animals elicit an increase in ROS after exposure to P. aeruginosa PA14.

(A) Fluorescence intensity of intestinal rxRFP in wild-type and fust-1 (tm4439). Animals were on E. coli OP50 or switched to P. aeruginosa PA14 for 8 h. A similar
increase in rxRFP intensity was observed in wild-type and fust-1 (tm4439) animals after 8 h. Error bar represents s. e.m. ** represents p < 0.01. *** represents p <
0.001. Ns represents not significant. As determined by one-way ANOVA, followed by Tukey’s multiple comparison analysis. N > 17.

(B) Fluorescence micrographs illustrating the intestinal rxRFP of wild-type and fust-1 (tm4439) on E. coli OP50 or 8 h on P. aeruginosa PA14.

(C) Fluorescence intensity of intestinal rxRFP in fust-1 (R446S) and fust-1(P447L). Animals were on E. coli OP50 or switched to P. aeruginosa PA14 for 8 h. A further

increase in rxRFP intensity was observed in fust-1 (R446S) and fust-1(P447L) after 8 h. Error bar represents s. e.m. ** represents p < 0.01. *** represents p < 0.001.

=x%% represents p < 0.0001. As determined by Student’s t-test. N > 20.
(D) Fluorescence micrographs illustrating the intestinal rxRFP of wild-type, fust-1 (R446S), and fust-1(P447L) animals on E. coli OP50 or 8 h on P. aeruginosa PA14.

178



C.-H. Wong et al. Free Radical Biology and Medicine 210 (2024) 172-182

A B
7h 7h
| —
1.00q o 1.00 4 NS
| — °
%0_75_ : %0.75_ : _}_ .
: 1 . 2 5 [H -
= 050+ X c 09 T T
g T g e
2 2 0.25 s3.
g 0.25 _ -L R § ,:3
L : L
0.00 LLL17 %' 0.00 -4+
SR I P F
b‘b‘ b&b‘ b& \Qfo
'\& 4 '\(‘& K
\' . ‘_ol 06
NN N
)
5>
&
NS
&
QY
C
EAT-4
FUST-1 1?
SOD-1

Fig. 7. FUST-1 ALS mutant animals elicit a heightened pathogen avoidance response.

(A) Pathogen avoidance response of fust-1 (R446S) and fust-1(P447L) at 7 h.

Error bar represents s. e.m. ** represents p < 0.01. **** represents p < 0.0001. As determined by Student’s t-test. N > 9.

(B) Pathogen avoidance response of fust-1 (tm4439) at 7 h. Overexpressing fust-1 in fust-1 (tm4439) enhances the avoidance response.
Error bar represents s. e.m. * represents p < 0.05. Ns represents not significant. As determined by Student’s t-test. N > 9

(C) Working hypothesis of FUST-1-dependent regulation of EAT-4 and SOD-1 in the nervous system.
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the intestine. Since the intestine is where P. aeruginosa accumulate, we
reasoned that the gut rxRFP is a reasonable reporter to delineate the ROS
levels of a fust-1 mutant. Future studies using a strong motor neuro-
n-specific promoter to drive rxRFP expression may better illustrate the
neuron-specific ROS response regulated by FUST-1.

Excitatory glutamatergic transmission plays a key role in mediating
oxidative stress [50,51]. Indeed, both fust-1 (R446S) and fust-1(P447L)
mutants showed an increase in the intensity and density of GLR-1GFP at
the ventral nerve cord (Fig. 4). These results correlate with the increase
of ROS observed in fust-1 (R446S) and fust-1(P447L) (Fig. 5). In fust-1
(tm4439) deletion, the overall GLR-1GFP intensity is reduced (Fig. 4D).
The reduction of GLR-1GFP intensity may offer a possible explanation
regarding the reduction of ROS in fust-1 (tm4439) (Fig. 5D). It remains to
be tested whether aberrant cytoplasmic localization of FUST-1 (R446S)
and FUST-1(P447L) in stress granules contributes to the increase of ROS.

The data presented here establish that FUST-1 plays a role in regu-
lating SOD-1, EAT-4, and GLR-1. We hypothesize that FUST-1 may be
the link between the SOD-1-dependent response and glutamate
signaling in the nervous system (Fig. 7C and graphical abstract). In
contrast to fust-1 deletion, fust-1 ALS alleles cause elevation of ROS.
These results may provide insights into the pathological processes that
lead to ALS and potential targets for ALS treatments.

4. Material and methods
4.1. Resource availability

4.1.1. Lead contact

Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Howard C. Chang
(changh@rowan.edu).

4.1.2. Materials availability

The C. elegans strains and DNA plasmids generated in this study will
be shared upon request. We may require a payment to cover shipping,
and a completed materials transfer agreement is required if there is
potential for commercial application.

4.1.3. Data and code availability

All data reported in this paper will be shared upon request. This
paper does not include any datasets that require accession numbers,
DOIs, unique identifiers, or original code.

4.1.4. Strains

C. elegans strains were maintained at 20 °C using standard methods
[52]. Strains were maintained at 20 °C, then shifted to 22.5 °C for
P. aeruginosa lawn avoidance assays. The mutant strains used in this
study, including sod-1 (tm776), fust-1 (R446S), and fust-1(P446L), were
obtained from the Caenorhabditis Genetics Center and backcrossed six
times with N2 prior to analysis. Strain of fust-1 (tm4439) is a gift from
NBRP and backcrossed six times with N2 prior to analysis. Transgenic
animals KP1148 nuls25 glr-1p:GLR-1GFP were also obtained from the
Caenorhabditis Genetics Center and backcrossed six times. Integrated
transgenic animals HCX1443 bosIs1443 [fust-1p:FUST-1GFP; unc-122p:
mCherry], HCX1446 boslIs1446 [fust-1p:FUST-1mStrawberry; unc-122p:
GFP], HCX1536 bosIs1536 [unc-129p:SOD-1mScarlet; unc-122p:GFP],
HCX1596 bosIs1557 [eat-4p:EAT-4GFP; unc-122p:mCherry], and
HCX1537 bosIs1240 [sod-1p:rxRFP; ges-1p:rxRFP; unc-122p:GFP] were
backcrossed before being crossed into sod-1 and fust-1 mutant strains.
Because sod-1 and fust-1 are closely linked on chromosome II, sod-1
(tm776); fust-1 (tm4439) double mutants were generated using
CRISPR-CAS9 by deleting the sod-1 locus in fust-1 (tm4439). Transgenic
strains were isolated by microinjecting plasmids (typically at 100-150
pg/mL), together with one of the following co-injection mar-
kers—unc-122p::GFP or unc-122p::mCherry—in wild-type or mutant
animals. UV integration of the extrachromosomal array was performed
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following the protocol originated by S. Mitani [53]. The integrated lines
were then backcrossed with N2 prior to analysis.

4.1.5. Antibodies and immunohistochemistry

Affinity purified FLAG-tag FUST-1 proteins were used to immunize
animals to generate anti-FUST-1 polyclonal antibodies (Cocalico Bi-
ologicals). Primary polyclonal anti-FUST-1 antibodies were used at the
dilution of 1:2000. Primary monoclonal anti-p-tubulin antibodies (Hy-
bridoma Bank, E7) were used at the dilution of 1:3000. Anti-guinea pig
and anti-mouse HRP-conjugated secondary antibodies were purchased
from Jackson Laboratories and were used at the dilution of 1:5000. For
SDS-PAGE, worms of each genotype were collected from three 100 mm
x 15 mm plates. Crude lysates were treated with protease inhibitors
(Roche) and 30 pg total proteins were loaded into each lane for the
analysis.

4.1.6. P. aeruginosa avoidance assay

A 100 mL solution of LB was inoculated with a single colony of
P. aeruginosa PA14 and grown overnight without shaking at 22.5 °C for
48 h until O.D. reached 0.2-0.3.30 pL of this culture was used to seed the
center of the 60 mm NGM plate. Seeded plates were incubated for 24 h at
room temperature (22.5 °C) prior to the experiment. Approximately 30
animals (young adults) were transferred onto plates containing the
P. aeruginosa PA14 lawn at 22.5 °C, and lawn occupancy was measured
at the indicated times. Three plates of each genotype were used in each
experiment, and all experiments were performed at least three times.
Upon being transferred to the P. aeruginosa—containing plates, animals
explored the plate for about 10-15 min until they found the bacterial
lawn and then remained on the lawn. Subsequently, lawn occupancy
was measured over time as the lawn avoidance behavior was observed
[43].

4.1.7. Molecular cloning

The promoter region of eat-4 was amplified by PCR using primers 5
TGCCTGGCGCCCCCCATATCTC — 3’ and 5-GATGATGATGATGATG-
GAGTTGTTGTAAGAGGAAGG — 3'. The cDNA of eat-4 was synthesized
based on the sequence of eat-4 cDNA isoform a from WormBase. The eat-
4 promoter and eat-4 cDNA were cloned using Sphl/Kpnl and Kpnl/Nhel
cloning sites respectively onto a pUC57 mini vector that contains GFP.
The rescue construct of fust-1 is a transgene that contains the fust-1
genomic sequence with either GFP or mStrawberry fusion at the
carboxyl end of FUST-1. Plasmid containing rxRFP cDNA were obtained
from Addgene [42]. Detailed primer sets and methods used for cloning
are available upon request.

4.1.8. Microscopy

Animals were mounted in M9 with levamisole (10 mM) or with beads
onto slides with a 3 % agarose pad. The slides were viewed using an
Axiolmager fluorescence microscope with 20x/0.5 and 40x/0.75 ob-
jectives. The fluorescence signals were recorded by a CCD camera in a
16-bit format without saturation.

4.2. Quantification and statistical analysis

The images were captured and analyzed using MetaMorph imaging
software. For all experiments, the significance of differences between
conditions was evaluated with GraphPad Prism software. Data sets were
either analyzed using one-way ANOVA followed by Tukey’s multiple
comparison test or analyzed and determined by Welsh’s t-test.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains
Pseudomonas aeruginosa PA14 Ausubel Lab WB Cat# WBStrain00041978
Escherichia coli OP50 CGC WB Cat# WBStrain00041969
Experimental models: Organisms/strains
C. elegans: N2 CGC WB Cat# WBStrain00000001
C. elegans: GA187 sod-1 (tm776) CGC WB Cat# WBStrain00007662
C. elegans: HCX1407 fust-1 (R446S) 6x backcross from HA2846 CGC N/A
C. elegans: HCX1405 fust-1(P447L) 6x backcross from HA2847 CGC N/A
C. elegans: HCX475 fust-1 (tm4439) 6x backcross NBRP N/A
C. elegans: HCX1101 sod-1(tm776); fust-1 (tm4439) 6x backcross This study N/A
C. elegans: HCX1443 bosls1443 [fust-1p::FUST-1:GFP; unc-122p::mCherry] 4x backcross This study N/A
C. elegans: HCX1446 boslIs1446 [fust-1p::FUST-1:mStrawberry; unc-122p::GFP] 4x backcross This study N/A
C. elegans: HCX1536 bosIs1536 [unc-129p::SOD-1:mScarlet; unc-122p::GFP] 4x backcross This study N/A
C. elegans: HCX1596 bosls1557 [eat-4p::EAT-4:GFP; unc-122p::mCherry] 5x backcross This study N/A
C. elegans: HCX1537 boslIs1240 [sod-1p:rxRFP; ges-1p:rxRFP; unc-122p::GFP] 4x backcross This study N/A
C. elegans: HCX923 nuls25 [glr-1p::glr-1::GFP] 4x backcross from KP1148 This study N/A
C. elegans: HCX1477 fust-1 (tm4439); bosls1443 [fust-1p::FUST-1:GFP; unc-122p::mCherry] This study N/A
C. elegans: HCX1480 fust-1 (tm4439); bosIs1446 [fust-1p::FUST-1:mStrawberry; unc-122p::GFP] This study N/A
C. elegans: HCX1572 fust-1 (tm4439); bosIs1536 [unc-129p::SOD-1:mScarlet; unc-122p::GFP] This study N/A
C. elegans: HCX1575 sod-1(tm776); fust-1 (tm4439); bosIs1536 [unc-129p::SOD-1:mScarlet; unc-122p::GFP] This study N/A
C. elegans: HCX1579 fust-1 (R446S); bosIs1536 [unc-129p::SOD-1:mScarlet; unc-122p::GFP] This study N/A
C. elegans: HCX1581 fust-1(P447L); bosIs1536 [unc-129p::SOD-1:mScarlet; unc-122p::GFP] This study N/A
C. elegans: HCX1585 fust-1 (tm4439); bosIs1443 [fust-1p::FUST-1:GFP; unc-122p::mCherry]; bosIs1536 [unc-129p::SOD-  This study N/A
1:mScarlet; unc-122p::GFP]
C. elegans: HCX1605 fust-1 (tm4439); bosIs1557 [eat-4p::EAT-4:GFP; unc-122p::mCherry] This study N/A
C. elegans: HCX1618 fust-1 (R446S); bosIs1557 [eat-4p::EAT-4:GFP; unc-122p::mCherry] This study N/A
C. elegans: HCX1622 fust-1(P447L); bosIs1557 [eat-4p::EAT-4:GFP; unc-122p::mCherry] This study N/A
C. elegans: HCX1648 sod-1 (tm776); bosIs1557 [eat-4p::EAT-4:GFP; unc-122p::mCherry] This study N/A
C. elegans: HCX1665 fust-1 (tm4439); bosIs1557 [eat-4p::EAT-4:GFP; unc-122p::mCherry]; bosIs1446 [fust-1p::FUST-1:  This study N/A
mStrawberry; unc-122p::GFP]
C. elegans: HCX742 fust-1 (tm4439); nuls25 [glr-1p::glr-1::GFP] This study N/A
C. elegans: HCX937 fust-1 (R446S); nuls25 [glr-1p::glr-1::GFP] This study N/A
C. elegans: HCX940 fust-1(P447L); nuls25 [glr-1p::glr-1::GFP] This study N/A
C. elegans: HCX1398 fust-1 (tm4439); bosIs1240 [sod-1p:rxRFP; ges-1p:rxRFP; unc-122p::GFP] This study N/A
C. elegans: HCX1516 fust-1 (R446S); bosIs1240 [sod-1p:rxRFP; ges-1p:rxRFP; unc-122p::GFP] This study N/A
C. elegans: HCX1519 fust-1(P447L); bosIs1240 [sod-1p:rxRFP; ges-1p:rxRFP; unc-122p::GFP] This study N/A
C. elegans: HCX1522 fust-1 (tm4439); bosIs1240 [sod-1p:rxRFP; ges-1p:rxRFP; unc-122p::GFP]; bosIs1443 [fust-1p: This study N/A
FUST-1:GFP; unc-122p::mCherry]
C. elegans: HCX1870 fust-1 (R446S); bosIs1557 [eat-4p::EAT-4:GFP; unc-122p::mCherry]; bosIs1446 [fust-1p::FUST-1: This study N/A
mStrawberry; unc-122p::GFP]
C. elegans: HCX1871 fust-1(P447L); bosIs1557 [eat-4p::EAT-4:GFP; unc-122p::mCherry]; bosIs1446 [fust-1p::FUST-1: This study N/A
mStrawberry; unc-122p::GFP]
Oligonucleotides
eat-4 promoter PCR forward primer 5'- TGCCTGGCGCCCCCCATATCTC — 3 IDT N/A
eat-4 promoter PCR reverse primer 5-GATGATGATGATGATGGAGTTGTTGTAAGAGGAAGG — 3' IDT N/A
sod-1 promoter PCR forward primer 5-GAACACCAAACCGGACTGACCAAGT-3' IDT N/A
sod-1 promoter PCR reverse primer 5-CAAAGTTGTAGATTCAGTATTTTAGATCGGTG-3' IDT N/A
unc-129 promoter PCR forward primer 5- CATGTCTTTTTACCTCTTTTGGCATGTACCGTTCTTC -3' IDT N/A
unc-129 promoter PCR reverse primer 5- GGGATCAAACAAATAAGATGCGGAGTTTCTCAAATAG-3' IDT N/A
Recombinant DNA
pUC57 mini GFP This study N/A
pUC57 mini mScarlet This study N/A
pUC57 simple eat-4 cDNA This study N/A
pUC57 simple rxRFP cDNA This study N/A
Software and algorithms
GraphPad Prism 9.0 GraphPad Prism https://www.graphpad.com/
Software, Inc
MetaMorph Molecular Devices https://www.moleculardev
ices.com/
Declaration of competing interest Acknowledgments
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.freeradbiomed.2023.11.015.
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