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ABSTRACT

Amyotrophic lateral sclerosis (ALS) is a devastating
motoneuron disease, in which lower motoneurons lose
control of skeletal muscles. Degeneration of
neuromuscular junctions (NMJs) occurs at the initial stage
of ALS. Dipeptide repeat proteins (DPRs) from G4C2
repeat-associated non-ATG (RAN) translation are known
to cause CO9orfr2-associated ALS (C9-ALS). However,
DPR inclusion burdens are weakly correlated with
neurodegenerative areas in C9-ALS patients, indicating
that DPRs may exert cell non-autonomous effects, in
addition to the known intracellular pathological
mechanisms. Here, we report that poly-GA, the most
abundant form of DPR in C9-ALS, is released from cells.
Local administration of poly-GA proteins in peripheral
synaptic regions causes muscle weakness and impaired
neuromuscular transmission in vivo. The NMJ structure
cannot be maintained, as evidenced by the fragmentation
of postsynaptic acetylcholine receptor (AChR) clusters and
distortion of presynaptic nerve terminals. Mechanistic
study demonstrated that extracellular poly-GA sequesters
soluble Agrin ligands and inhibits Agrin-MuSK signaling.
Our findings provide a novel cell non-autonomous
mechanism by which poly-GA impairs NMJs in C9-ALS.
Thus, targeting NMJs could be an early therapeutic
intervention for C9-ALS.

Keywords: Amyotrophiclateral sclerosis; Neuromuscular
junction; Poly-Gly-Ala; Agrin

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a devastating
motoneuron disorder that affects approximately five in every
100 000 people across various populations. Degenerated
motoneurons lose control of skeletal muscles and ALS
patients rapidly exhibit progressive muscle atrophy, paralysis,
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and breathing failure, eventually dying within ~5 years of onset
(Gendron et al., 2017). To date, there is no effective treatment
for the disorder, partly because of our incomplete
understanding of the causative pathological mechanisms. One
postulated theory, referred to as the “dying-back” hypothesis,
suggests that the destabilization of the neuromuscular junction
(NMJ), the synaptic connection between motoneurons and
skeletal muscle fibers, may represent an early event in the
progression of ALS (Geevasinga et al., 2016; Moloney et al.,
2014). This hypothesis posits that the distal end of the motor
axon terminal is particularly vulnerable, with synaptic function
and structure being susceptible to defects prior to the loss of
the motoneuron cell body (Chand et al., 2018; Geevasinga
et al., 2016; Moloney et al., 2014).

As a cholinergic synapse, the NMJ rapidly conveys signals
from motoneurons to muscle fibers to control motor behaviors
(Li etal., 2018; Shen etal., 2015; Wu etal., 2010). Motor
nerve terminals release acetylcholine (ACh) to activate ACh
receptors (AChRs) on muscle fibers. The clustering of
postsynaptic AChRs (density of approximately 12 000
molecules per pm?) is regulated by the Agrin-LRP4-MuSK
complex (Li etal., 2018; Shen et al., 2015; Wu et al., 2010).
Agrin is an extracellular matrix protein belonging to the
heparan sulfate proteoglycan family (Bezakova & Ruegg,
2003). Neuronal Agrin originating from nerve terminals
activates the tyrosine kinase receptor MuSK with the aid of its
co-receptor LRP4 in muscle fibers (Kim et al., 2008; Zhang
etal.,, 2008). MuSK activation triggers a cascade of events
that culminate in the clustering of AChRs. Disruption of Agrin
signaling impairs the structure and function of NMJs and
causes neuromuscular disorders including myasthenia gravis
(MG) and ALS (Shen et al., 2015). Mutations in NMJ genes or
autoantibodies against NMJ proteins have been identified in
patients with congenital myasthenic syndrome (CMS), MG,
and/or ALS (Gilhus et al., 2016; Rivner et al., 2017; Rodriguez
Cruz etal.,, 2014; Shen etal.,, 2015; Tzartos etal., 2014).
Agrin signal enhancement rescues ALS, CMS, spinal
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muscular atrophy (SMA), and muscular dystrophy (MD) in
animal models (Arimura et al., 2014; Bentzinger et al., 2005;
Hettwer etal., 2014; Miyoshi etal., 2017; Perez-Garcia &
Burden, 2012), indicating that the NMJ may be a therapeutic
target for neuromuscular disorders (Ohno et al., 2017).

The excessive expansion of GGGGCC (G4C2) repeats in
the c9orf72 gene is considered a leading genetic cause of
ALS and frontotemporal dementia (FTD) (Dejesus-Hernandez
etal.,, 2011; Renton etal.,, 2011). Multiple G4C2 RNA foci
have been detected in the spinal cord of C9-ALS patients
(Dejesus-Hernandez et al., 2011). Studies conducted in flies
and mice have demonstrated impairments in the structure and
function of the NMJ in the presence of G4C2 repeats
(Freibaum et al., 2015; Herranz-Martin et al., 2017; Liu et al.,
2016; Zhang etal., 2015). The pathological mechanisms
underlying C9-ALS have been linked to dipeptide repeat
proteins (DPRs) that result from G4C2 repeat-associated non-
ATG translation (RAN) (Gao etal., 2017b; O'rourke etal.,
2016; Taylor et al., 2016). Poly-GA is the most abundant C9-
DPR species detected in the brains of C9-ALS/FTD patients
(Mackenzie et al., 2013; Mori et al., 2013). Importantly, the
tendency of poly-GA to form protein aggregates and elicit
neurotoxicity mimics the neurocytoplasmic inclusions seen in
neurodegenerative disorders, suggesting that poly-GA is a
driving force of DPR neurotoxicity during chronic motoneuron
degeneration (Lee et al., 2017; May et al., 2014; Schludi et al.,
2015; Yamakawa etal., 2015; Zhang etal., 2016a). We
recently reported that the intraneuronal UBQLN2-HSP70 axis
facilitates poly-GA clearance and that disruption of this
process contributes to ALS pathogenesis (Zhang et al., 2021).
The toxic effects of DPR proteins, including nucleolar stress,
nucleocytoplasmic transport defects, and proteasomal
dysfunction, have been demonstrated in prior studies (Gao
etal., 2017a; Haeusler etal.,, 2016; Taylor etal., 2016).
Notably, as these effects occur intracellularly, DPR proteins
are believed to function in a cell-autonomous manner (Gao
et al., 2017a; Taylor et al., 2016).

Poly-GA has been detected in cultured cell medium
(Westergard etal., 2016; Zhou etal., 2017b) and
cerebrospinal fluid (CSF) of C9-ALS patients (Krishnan et al.,
2022). Co-culture assays have shown that poly-GA proteins
can be released and transferred between cells to cause
toxicity (Westergard etal.,, 2016; Zhou etal., 2017b).
Antibodies against poly-GA can mitigate motor defects in C9-
ALS mice, suggesting that extracellular poly-GA proteins may
play critical roles in ALS pathogenesis (Nguyen et al., 2020).
However, the potential occurrence and mechanism by which
extracellular poly-GA proteins regulate synaptic transmission
between motoneurons and skeletal muscles remain largely
unknown.

In the current study, we found that local administration of
poly-GA in peripheral synaptic regions caused muscle
weakness and impaired neuromuscular synaptic transmission.
Mechanistic studies indicated that extracellular poly-GA
sequestered the soluble Agrin ligand and inhibited Agrin-
induced AChR clustering in cultured myotubes. Thus, our
study identified a novel pathological mechanism for C9-ALS.

MATERIALS AND METHODS

Animals
All male mice (C57BL/6J background) used in this study were
raised in standard conditions under a 12 h light-dark cycle with
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free access to food and water. All animal experiments were
approved by the Institutional Animal Care and Use Committee
of Zhejiang University (Approval No.: 12306).

Western blot analysis

Western blotting was performed as described previously
(Shen et al., 2008). For the detection of C9-DPR proteins in
the cell medium, N2a cells were transfected with (G4C2)s-
Flag-pcDNA3 plasmids using Lipo2000 (ThermoFisher
Scientific, USA). After 48 h, the cell medium was replaced with
0.5% fetal bovine serum (FBS)/Dulbecco’s Modified Eagle
Medium (DMEM) for 8 h. Conditioned cell medium was
centrifuged at 5 000 xg for 5 min at 4 °C to remove cell debris,
concentrated using a Centricon-YM3 column, and subjected to
immunoblot analysis. To detect insoluble poly-GA protein
aggregates, poly-GA was resolved by sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), and the
stacking gel was transferred onto a polyvinylidene fluoride
(PVDF) membrane for immunoblotting. To detect phospho-
MuSK (pMuSK) in cultured cells, C2C12 myotubes were
pretreated with poly-GA for 3 h, followed by stimulation with
Agrin for 30 min. Cells were lysed in modified RIPA buffer (50
mmol/L Tris-HCI, pH 7.4; 150 mmol/L NaCl; 1% NP-40; 0.5%
TritonX-100; 1 mmol/L PMSF; 1 mmol/L EDTA; 5 mmol/L NaF;
2 mmol/L NazVQO,; and protease inhibitors). The resulting
lysates (60 ug of protein) were subjected to immunoblotting.
For in vivo detection of pMuSK, tibialis anterior (TA) muscles
were homogenized with RIPA buffer (1:50 mg/uL), and the
resulting lysate supernatants (60 ug of protein) were subjected
to immunoblotting.

The primary antibodies used for western blotting were: anti-
pMuSK (1:1 000; D151396; Sangon Biotech, China), anti-
MuSK (1:1 000; home-made) (Shen et al., 2013), anti-a-tubulin
(1:3 000; sc-23948; Santa Cruz, USA), anti-Flag (1:2 000;
F7425; Sigma-Aldrich, USA), and anti-His (1:1 000; D152405;
Sangon Biotech, China). Horseradish peroxidase (HRP)-
conjugated goat anti-mouse and rabbit immunoglobulin G
(IgG) antibodies were obtained from ThermoFisher (1:5 000;
31430; 1460, USA). Immunoreactive bands were visualized
using a SuperSignal West Femto Maximum Sensitivity
Substrate (ThermoFisher, USA). Immunoblot images were
analyzed with ImagedJ.

Purification of recombinant poly-GA proteins

For the expression of recombinant poly-GA proteins, G4C2
repeats (kindly provided by Dr. Taylor Paul from St. Jude
Children's Research Hospital, USA) were inserted into a
pFlag-CMV vector (pFlag-GAsy,-His-CMV) containing an ATG
start codon and artificial signal peptide to facilitate the
expression and secretion of poly-GA, and a His tag at the C
terminus to facilitate Ni-NTA column purification. Poly-GA
proteins were purified as described previously (Shen et al.,
2013). Briefly, N2a cells at 70% confluence were transfected
with the empty vector or pFlag-GAsy-His-CMV using Lipo2000.
After 48 h, the cell medium was replaced with 0.5%
FBS/DMEM for 8 h. Conditioned medium of control or poly-
GA-expressed cells was centrifuged at 5 000 xg for 5 min at
4 °C to remove cell debris, and the supernatants were then
mixed with BeyoGold™ His-tag purification resin (4% of cell
medium volume, Beyotime Biotechnology, China) pre-
equilibrated in 0.5% FBS/DMEM medium. The mixture was
incubated at 4 °C overnight on a rotator. After the samples
were loaded in gravity-flow columns, beads were washed five
times with 10 bed volumes of washing buffer. Poly-GA was
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eluted with 3 bed volumes of elution buffer, and different
fractions were pooled together and dialyzed in cold
phosphate-buffered saline (PBS) overnight. Poly-GA was
further concentrated through a Centricon-YM3 column
(Millipore, USA) and quantified using the Bradford assay. The
same amount of bovine serum albumin (BSA) was added to
the control solution. The purity of poly-GA was confirmed by
western blot analysis with an anti-Flag antibody.

Local administration of poly-GA

Poly-GA (5 ng/pL in PBS, 20 pL) was injected into the center
of the TA muscle in one hindlimb of 8-week-old male C57/B6J
mice. To reduce variability among mice, the corresponding TA
muscle in the opposite hindlimb of each mouse was injected
with the same volume of PBS or BSA (5 ng/uL, 20 uL) as a
control. The injections were repeated every three days and the
mice subjected to blinded behavioral and electromyography
analyses 30 days later.

Measurement of grip strength

Grip strength was assessed using a rodent grasping force
measuring instrument (YLS-13A, Shandong Academy of
Medical Sciences, China) as described previously (Xiao et al.,
2020). To measure grip strength of the GA-injected hindlimb,
the other three feet were secured using soft tape. The mice
were held by their tail, allowed to grip a grid connected to a
scale, then gently pulled in the horizontal direction until the
grip was released. The top five grip strength values of 10
consecutive trials were recorded.

Foot fault test

The foot fault test was conducted as described previously with
minor modifications (Li etal.,, 2018; Zhou etal., 2017a). In
brief, the mice were evaluated for hindlimb movement while
walking on elevated metal grids with regularly placed bars (0.8
cm spacing). The instances in which the hindlimb fell or
slipped between the bars were recorded as foot faults. The
total number of hindlimb steps and total number of foot faults
were recorded and the percentage of hindlimb foot faults to
total steps within 5 min was calculated. Each mouse was
required to cross the metal grids three times, with a 15 min
rest period between each trial.

Electromyography

Mice were anesthetized with isoflurane (RWD Life Science,
China). A stimulation needle electrode (092-DMF25-S; TECA,
USA) was inserted near the sciatic nerve in the thigh of GA-
injected and control mice. The reference needle electrode was
inserted near the Achilles tendon, and the recording needle
electrode was inserted in the middle of the TA muscle of the
GA-injected or control legs (Shen et al., 2018). Reference and
recording electrodes were connected to an Axopatch 200B
amplifier (Molecular Devices, USA). Supramaximal stimulation
was applied to the sciatic nerve for 10 stimulations at 1, 2, 5,
10, 20, and 30 Hz (30 s pause between trains). Compound
muscle action potentials (CMAPs) were collected with a
Digidata 1550A (Molecular Devices, USA). Peak-to-peak
amplitudes were analyzed in Clampfit10.5 (Molecular Devices,
USA).

Light microscopy analysis of NMJs

Whole-mount staining of TA muscles was performed as
described previously (Shen et al., 2018; Tu et al., 2021). TA
muscles of GA-injected mice were fixed in 4%
paraformaldehyde (PFA) for 1 h and permeabilized for 2 h in
0.5% TritonX-100/PBS. Muscles were teased into fibers and

incubated at 4 °C overnight with a mixture of R-BTX (1:2 000)
and primary antibodies. After the tissues were washed with
PBS three times, muscle fibers were incubated with goat anti-
mouse/rabbit IgG conjugated with Alexa Fluor 488 (1:750; A-
11029, A-11034; ThermoFisher, USA) for 2 h at room
temperature. Images were obtained with a Nikon confocal
microscope and analyzed with ImagedJ. The following primary
antibodies were used for immunostaining: anti-neurofilament
(anti-NF, 1:1 000; 2837S; Cell Signaling Technology, USA),
anti-SV2 (1:1 000; SV2; Developmental Studies Hybridoma
Bank, USA), and anti-Flag (1:1 000; F7425; Sigma-Aldrich,
USA).

Agrin-induced AChR clustering in C2C12 myotubes

AChR clusters were assayed as described previously with
minor modifications (Chen et al., 2020; Zhang et al., 2014).
C2C12 myotubes were pretreated with poly-GA (0.5, 5, and 50
ng/mL) followed by Agrin (1 nmol/L) for 16 h. After fixation in
4% PFA, cells were incubated with R-BTX (1:2 000) to label
AChR clusters. Myotubes were viewed using a Leica
fluorescence microscope, and AChR clusters (diameter or axis
>4 um) were scored. At least 10 views per dish in at least two
dishes were scored in three independent experiments.

MTT assay

Cell viability was analyzed using the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide) assay
(Beyotime Biotechnology, China). Briefly, C2C12 myotubes in
12-well plates were treated with poly-GA (5 ng/mL) for 3 h.
The MTT solution (5 mg/mL, 100 uL) was incubated with the
cell medium for 4 h at 37 °C until purple pellets were seen in
the plate. Formazan solution (800 pL) was added for another
4 h to dissolve the pellets. Absorbance was measured at 570
nm.

Mass spectrometry (MS) analysis

Intracerebroventricular  AAV2/8  virus injections were
administered in the brains of neonatal mice as described
previously (Zhang etal., 2021). In brief, C57BL/6 neonatal
pups (P0O) were cryoanesthetized on ice. In total, 2 pyL of
AAV2/8 (AAV-GFP or AAV-GFP-GA, 2.5x10'? vg/mL each)
was slowly injected into the cerebral ventricles. The cortices
were harvested at 3 months of age in lysis buffer containing
0.5% NP-40 and protease inhibitor cocktail. The lysates were
centrifuged at 13 000 xg for 15 min at 4 °C to remove debris,
then incubated with GFP-conjugated beads overnight at 4 °C.
The beads were washed three times with lysis buffer, and the
bound proteins underwent MS analysis (PTM BioLabs, China).

Statistical analysis

The electromyography data were analyzed using two-way
analysis of variance (ANOVA). Behavioral tests were analyzed
by two-tailed paired Student's t-test. Western blots and
images were analyzed using two-tailed unpaired Student's t-
test. Unless otherwise indicated, data were expressed as the
meantstandard error of the mean (SEM), and at least three
independent experiments were performed. P-values of less
than 0.05 were considered significant.

RESULTS

Poly-GA  proteins motor functions and
neurotransmission.
To better mimic the endogenous poly-GA proteins with no

ATG translation initiation, we inserted (G4C2)s5, into the

impair
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pcDNAS3 vector without ATG in the N-terminus. We added tag
sequences to express Flag tag in open-reading frames of
poly-GA (G4C2-Flag-pcDNA3). As expected, poly-GA-Flag
was expressed in the total cell lysates (Figure 1A). Consistent
with previous reports (Westergard et al., 2016; Zhou et al.,
2017b), poly-GA proteins were present in the cell medium
(Figure 1A). Whether extracellular poly-GA influences synapse
functions in vivo is unknown. Thus, we transfected N2a cells
with pFlag-GAsy-His-CMV plasmids that contain a signal
peptide to facilitate the secretion of poly-GA. Poly-GA proteins
were secreted in the conditioned cell medium (Figure 1B, lane
2). Extracellular poly-GA was further purified by affinity
chromatography using Ni-NTA columns (Figure 1B, lanes 5
and 6).

Motoneurons innervate skeletal muscle and form NMJs at
the surface of muscle fibers. We injected recombinant poly-GA
proteins into the middle of mouse TA muscles where NMJs
are enriched (Bai etal, 2022). To reduce background
variation in different mice, we injected poly-GA in one hindlimb
and injected the same volume of PBS in the other hindlimb of
the same mouse as a control (Figure 1C; Supplementary
Figure S1A). No differences in motor function or NMJ size

were observed between the right and left hindlimbs (data not
shown). Mice were injected every three days and subjected to
behavioral analysis 30 days later. Strikingly, grip strength of
the GA-injected hindlimbs was notably lower than that of the
control hindlimbs (51.6+6.4 g in GA-injected mice vs. 83.8+9.2
g in PBS controls, n=11 mice, P<0.001; Figure 2D), indicating
muscle weakness. The foot fault test showed that the
percentage of foot faults during grid-walking was 58% higher
in  GA-injected hindlimbs compared to control limbs
(158%123% in GA-injected mice vs. 100%+22% in PBS
controls, n=10 mice, P<0.001; Figure 2E).

To elucidate the pathological mechanisms underlying
muscle weakness caused by GA-injection, electromyography
was applied to assess potential impairment of neuromuscular
transmission. CMAPs were measured in TA muscles in
response to repetitive sciatic nerve stimulation (Shen etal.,
2013; Zhao etal., 2017). In the control hindlimbs, CMAPs
exhibited minimal variation after 10 consecutive nerve stimuli
at different frequencies (Figure 2F). In contrast, CMAPs in the
GA-injected muscles began to decrease from the 3rd stimulus
and significantly decreased from the 7th (30 Hz) stimulus; the
decrease in CMAP amplitude at the 10th stimulus was
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Figure 1 Poly-GA proteins impair motor function and neurotransmission

A: Conditioned medium of (G4C2)s,-Flag transfected cells was concentrated and subjected to immunoblot analysis. Poly-GA was detected in cell
medium. B: Purification of poly-GA recombinant proteins with Ni-NTA columns. Conditioned medium of SP-Flag-GA-transfected cells was collected
for purification. C: Diagram of local administration of poly-GA. Recombinant poly-GA proteins were injected into the middle of mouse tibialis anterior
(TA) muscles where NMJs are enriched. To reduce background variation in different mice, poly-GA was injected into one hindlimb, and the same
volume of PBS was injected in the other hindlimb in the same mouse. D: Grip strength of two hindlimbs of mice injected with control and poly-GA.
n=11 mice, ***: P<0.001. E: Foot faults of two hindlimbs of mice injected with control and poly-GA. n=10 mice, ***: P<0.001. F: Ten CMAP traces
were stacked in succession for better comparison. With successive stimulations, CMAP amplitude was reduced in GA-injected muscles. G:
Reduced CMAP amplitudes in GA-injected muscles at 10th stimulation at 30 Hz. n=9 mice, **: P<0.01. H: Reduced CMAP amplitudes in GA-
injected muscles at 10th stimulation at 30 Hz. n=9 mice, **: P<0.01. I: Reduction in CMAP amplitudes was stimulation frequency-dependent. n=9
mice, *: P<0.05; **: P<0.01. Unless otherwise specified, data are presented as meantSEM. At least three independent experiments were
performed. *: P<0.05; **: P<0.01; ***: P<0.001; ns: Not significant. Two-tailed paired Student's t-test in D, E, and G. Two-way ANOVA in H and I.
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Figure 2 Poly-GA attenuates NMJ maintenance
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A: TA muscle was whole-mount stained with R-BTX (red) to label AChRs. Scale bar: 50 ym. Broken NMJ fragments in GA-injected muscle are
indicated by arrows. B: TA muscle was stained with R-BTX (red) to label AChR and antibodies against NF and SV2 (NF/SV2; green) to label nerve
branches and terminals. Arrows indicate fragmented NMJs. Arrowheads indicate loss of nerve terminal coverage staining where R-BTX signal is
positive. Scale bar: 10 um. C: Quantitative analysis of AChR cluster fragments per NMJ. n=20 NMJs in poly-GA samples and n=20 NMJs in controls
from three animals were analyzed. ***: P<0.001. D: Quantitative analysis of AChR intensity. n=13 NMJs in poly-GA samples and n=16 NMJs in
controls from three animals were analyzed. **: P<0.01. E: Quantitative analysis of nerve coverage with AChR clusters. n=10 NMJs in poly-GA
samples and n=8 NMJs in controls from three animals were analyzed. **: P<0.01. Unless otherwise specified, data are presented as meantSEM. At
least three independent experiments were performed. **: P<0.01; ***: P<0.001; Two-tailed unpaired Student's t-test in C, D, and E.

approximately 10% (Figure 2G, H). The reduction in CMAP
amplitude in GA-injected hindlimbs was frequency-dependent
and significant from 5 Hz to 30 Hz (Figure 2l), indicating a
progressive loss of successful neuromuscular transmission
after repeated stimulation. Collectively, these observations
demonstrate that local administration of poly-GA impairs
synaptic transmission and induces muscle weakness in vivo.

Poly-GA attenuates NMJ maintenance

The structural integrity of NMJs is crucial for ensuring the
proper conveyance of nerve signals from presynaptic to
postsynaptic regions. To determine whether poly-GA injection
causes structural changes in NMJs, whole-mount TA muscles
were stained with a mixture of R-BTX to label postsynaptic
AChRs and antibodies against neurofilaments (NFs) and SV2
to label nerve branches and terminals (Shen etal., 2018).
Subsequently, z-serial images were collected with confocal
microscopy and collapsed into single images. In the control
muscles, NMJs exhibited characteristic  pretzel-like
morphology, with complex continuous branches (Figure 2A,
B). No inflammation was detected in either GA-injected or
control muscles. However, the NMJs of GA-injected muscles
were fragmented into many small pieces and showed a loss of

connection between the AChR clusters (Figure 2A, B, arrow).
The number of fragmented AChR clusters was 3.6-fold higher
in GA-injected muscles than in the control group (6.05+1.09
vs. 1.70£0.24; P<0.001; Figure 2C). The intensity of R-BTX
staining was significantly reduced in the GA-injected muscles
(1.00£0.15 in controls vs. 0.43x0.10 in GA-injected mice;
P<0.01; Figure 2D), suggesting dispersal of AChR clusters
and a reduction in NMJ stability. Moreover, nerve fibers in
control muscles were continuous, as evidenced by NF/SV2
staining, and the nerve terminal signal was well co-localized
with the postsynaptic AChR pattern; in contrast, nerve fibers in
the GA-injected muscles appeared disconnected and
disorganized (Figure 2B, arrowhead). The AChR area covered
by axon terminals was reduced from 92.0%+3.3% in control
muscles to 52.9%%10.2% in GA-injected muscles (P<0.01;
Figure 2E). Furthermore, some broken AChR clusters were
located far from the NMJ regions but were still innervated,
suggesting a reduction but not complete abolishment of NMJ
functions in poly-GA-injected mice (Supplementary Figure S2).

NMJ defects are closely related to muscle injury. Indeed, we
found a proportion of centralized nuclei in GA-injected
muscles compared to control muscles (Supplementary Figure
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S3A, B), although no differences in muscle fiber diameter
(Supplementary Figure S3C). The use of BSA as a control
confirmed that poly-GA proteins impaired motor functions (grip
strength in Supplementary Figure S1B and foot steps in
Supplementary Figure S1C) and synaptic transmission
(CMAPs in Supplementary Figure S1D-G). No observable
defects were present in the control muscles, suggesting that
motor defects were primarily due to the poly-GA proteins
rather than protein impurity. Together, these results indicate
that poly-GA impairs neurotransmission, as demonstrated by
the electrophysiological recordings (Figure 1).

Poly-GA inhibits Agrin-induced AChR clustering

We next investigated the cellular mechanisms by which
extracellular poly-GA perturbs NMJ stability. Agrin binds to
LRP4 to activate MuSK, thereby stimulating AChR clustering
in muscle cells, which is considered critical for NMJ formation
and maintenance in vivo. Having demonstrated a reduction in
CMAP amplitude (Figure 1) and NMJ disassembly (Figure 2)
in GA-injected muscles, we next sought to determine whether
poly-GA impairs Agrin-induced AChR clustering in cultured
C2C12 myotubes. As shown in Figure 3A, AChR clusters
increased in response to Agrin stimulation, while pretreatment
of poly-GA proteins in the medium significantly reduced Agrin-
induced AChR clustering in a dose-dependent manner
(Figure 3A, B). These results demonstrate that extracellular
poly-GA may inhibit Agrin-induced AChR clustering in
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Figure 3 Poly-GA proteins inhibit Agrin-induced AChR clustering

myotubes.

MuSK is phosphorylated at tyrosine 755 in response to
Agrin stimulation, which is critical for the activation of the
downstream signaling cascade (Burden etal., 2013). To
investigate the underlying molecular mechanisms, we sought
to determine whether extracellular poly-GA blocks Agrin-
induced MuSK activation. C2C12 myotubes were pretreated
with or without poly-GA before Agrin stimulation, and lysates
were probed with an anti-pMuSK-specific antibody. In the
controls, Agrin elicited MuSK tyrosine phosphorylation
(Figure 3C, D). Poly-GA alone had little effect on the level of
pMuSK, while Agrin-induced pMuSK was dramatically
diminished by poly-GA pretreatment (Figure 3C, D). Total
protein levels of MuSK remained consistent in the presence of
poly-GA (Figure 3C, D). Importantly, pMuSK was reduced in
the GA-injected muscle lysates (61.1%+8.8% vs.
100.0%+2.0% in controls, n=6, P<0.001; Figure 3F), while the
total level of MuSK was sustained at a comparable level
(Figure 3E). Taken together, these observations indicate that
poly-GA can prevent Agrin from activating MuSK, thus
explaining the inhibition of AChR clustering in vitro (Figure 3A)
and NMJ disassembly in vivo (Figure 3).

Extracellular poly-GA sequesters Agrin

Previous studies have reported that poly-GA penetrates cells
to promote the formation of RNA foci and seed aggregation of
DPR proteins (Zhou et al., 2017b). However, we did not detect
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A: C2C12 myotubes were incubated with or without Agrin for 8 h in the presence of different doses of poly-GA (GA-L, GA-M, GA-H). AChR clusters
were visualized by R-BTX staining. B: Quantification of AChR clusters >4 pm in length from A. n=8 images in each group for statistics. ***: P<0.001.
C: pMuSK and MuSK protein levels in GA-treated C2C12 myotubes. C2C12 was incubated with or without Agrin with poly-GA pretreatment. Cells
were lysed and subjected to immunoblotting. D: Quantitative analysis of immunoblot in C. n=6 samples in each group. *: P<0.05. E: Immunoblots of
pMuSK and MuSK in control and GA-injected muscles. F: Quantitative analysis of pMuSK/MuSK in E. n=6 samples in each group. ***: P<0.001.
Unless otherwise specified, data are presented as meantSEM. At least three independent experiments were performed. *: P<0.05; **: P<0.01, Two-

tailed unpaired Student’s t-test in F.
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any difference in MTT values between the control and GA-
treated myotubes (Figure 4A), excluding the possibility that
inhibition of AChR clustering was caused by a GA-induced
reduction in cell viability. We found that the injected poly-GA
protein was enriched at NMJs, suggesting potential interaction
between poly-GA and NMJ proteins (Figure 4B). We
performed immunoprecipitation MS (IP-Mass) analysis using
anti-GFP antibodies to pull down the GFP-GA protein complex
in AAV-GFP-GA-injected mouse brains (Zhang et al., 2021),
and identified neuronal Agrin as a GA-interacting protein. To
determine whether poly-GA interferes with Agrin signaling by
directly interacting with the extracellular Agrin ligand, we
collected the conditioned cell medium of the Agrin-transfected
N2a cells. Agrin proteins were pulled down by Myc antibody-
conjugated agarose beads and were incubated with a poly-GA
solution. We found that poly-GA was present in the same
immunocomplex as Agrin but not in the control (Figure 4C).
Poly-GA peptides tend to form protein aggregates with -
sheet conformation in solution (Chang etal.,, 2016; Flores
etal.,, 2016) and remain in stacking gels when resolved by
SDS-PAGE (Zhang etal., 2016). Consistent with previous
reports (Zhang et al., 2021), we detected insoluble GA in the
stacking gel and soluble GA in the separating gel (Figure 4D).
Interestingly, upon incubation with Agrin, there was more
insoluble GA in the stacking gel, indicating that Agrin
promoted poly-GA to form protein aggregates (285.3%+20.1%

A B
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Citrl

MTT value (%)
(8}
o

with Agrin vs. 100.0%%26.7% in controls, n=5, P<0.001;
Figure 4D, F). Agrin also co-existed in the stacking gel with
insoluble GA (Figure 4D), supporting interaction between
Agrin and poly-GA (Figure 4C). Remarkably, the protein level
of soluble Agrin in the separating gel was significantly reduced
(100.0%+7.0% in control vs. 47.7%+9.7% with Agrin, n=5,
P<0.01; Figure 4D, E). Taken together, our results suggest
that extracellular poly-GA inhibits Agrin-MuSK signaling by
sequestering the Agrin ligand.

DISCUSSION

NMJ degeneration occurs at the early stage of ALS. However,
whether poly-GA of C9-ALS impairs synapse homeostasis is
unknown. Here, we report that local administration of poly-GA
at peripheral synaptic regions caused muscle weakness,
impaired synaptic transmission, and destabilization of NMJ
synapses. We further found that extracellular poly-GA
sequestered soluble Agrin and inhibited Agrin-induced AChR
clustering. Our study provides a novel pathological
mechanism for poly-GA-mediated neurotoxicity in C9-ALS
(Figure 5).

Cell non-autonomous effect of extracellular poly-GA

Microsatellite expansions in the genome have been implicated
in several neurodegenerative diseases, including Huntington’s
(HD),

disease spinocerebellar ataxia (SCA), myotonic
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Figure 4 Extracellular poly-GA proteins sequester Agrin
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A: MTT values in control and GA-treated C2C12 myotubes. ns: Not significant, P>0.05. B: Location of GA recombinant protein in GA-injected

muscles. Anti-Flag, green; BTX, red; DAPI, blue. Scale bar: 10 ym. C: Poly-GA binding to Agrin. Agrin-AP5-Myc proteins in medium were

immunoprecipitated by anti-Myc and incubated with poly-GA proteins. Poly-GA bound with Agrin but not with the control. D: GA sequesters soluble

Agrin. When incubated with GA, Agrin in the stacking gel (insAgrin) increased, while Agrin in the separating gel (sAgrin) decreased. E, F:
Quantitative analysis of sAgrin and insoluble GA in D. n=5 samples in each group. ** P<0.01; ***: P<0.001. Unless otherwise specified, data are
presented as mean+SEM. At least three independent experiments were performed. **: P<0.01; ***: P<0.001, Two-tailed unpaired Student's t-test in

E and F.
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Figure 5 Proposed model

In the early stages of C9-ALS, poly-GA may be released from
motoneuron terminals and sequester Agrin ligands to inhibit Agrin-
induced AChR clustering, eventually causing NMJ disassembly,
synaptic neurotransmission impairment, and muscle weakness.

dystrophy (MD), and C9-ALS (Cleary & Ranum, 2017). The
discovery of RAN translation in 2011 changed our
understanding of the underlying mechanisms of microsatellite
expansion diseases (Zu et al., 2011). Most previous C9-ALS
studies have focused on intracellular DPR proteins with cell-
autonomous  functions, such as nucleolar stress,
nucleocytoplasmic transport defects, and proteasomal
dysfunctions (Gao et al., 2017a; Haeusler et al., 2016; Taylor
et al., 2016). However, no correlation has been found between
the severity of DPR inclusion burdens and neurodegeneration
in C9-ALS patients, except for poly-GR, suggesting there may
be an additional cell non-autonomous effect of DPR proteins
(Mackenzie etal., 2013; Saberi etal., 2018; Schludi etal.,
2015). Poly-GA is the most abundant DPR species in the
cerebellum of carriers of C9orf72 repeat expansion (Gendron
et al.,, 2015). Poly-GA has also been detected in the CSF of
C9-ALS patients (Krishnan etal., 2022) and can transfer
between cells to spread toxicity in co-culture assays
(Westergard etal., 2016; Zhou etal., 2017b). Antibodies
against poly-GA can mitigate motor defects in C9-ALS mice,
further suggesting that extracellular poly-GA proteins play
critical roles in ALS pathogenesis (Nguyen et al., 2020). Here,
we provide direct evidence that poly-GA proteins inhibit Agrin
signaling and impair neuromuscular transmission in vivo, thus
expanding our understanding of the pathological mechanisms
of c9orf72-DPR proteins.

Synaptic regulation of extracellular poly-GA

Multiple G4C2 RNA foci have been detected in the spinal cord
of C9-ALS patients (Dejesus-Hernandez etal., 2011), and
NMJ function and structure are impaired in G4C2-
overexpressed flies and mice (Freibaum et al., 2015; Herranz-
Martin et al., 2017; Liu et al., 2016; Zhang et al., 2015). These
observations suggest that peripheral synapses of lower
motoneurons are damaged in C9-ALS. Our study revealed
that recombinant GA proteins were accumulated at the NMJs
(Figure 4), but cell viability was not reduced upon incubation
with poly-GA in the cell medium of C2C12 myotubes
(Figure 4), indicating that the GA-induced inhibitory effect on
AChR clustering mainly occurred at the cell surface by
blocking extracellular Agrin signaling, rather than functioning
in myotubes through uptake. Proteomics results showed that
poly-GA sequestered soluble Agrin and inhibited Agrin-MuSK
signaling extracellularly (Figure 4). However, it is possible that
poly-GA and Agrin interact intracellularly when both are
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expressed in motoneurons, and thus we cannot rule out the
possibility that neuronal poly-GA may trigger the retention of
Agrin inside motoneurons and reduce the secretion of Agrin at
NMJs. As a component of extracellular matrix proteins, Agrin
may promote poly-GA aggregation (Moretto etal., 2022),
possibly related to heparan sulfate proteoglycans (Bezakova &
Ruegg, 2003). In other neurodegenerative disorders, fibrils of
a-synuclein, Ap42, and HTTExon1 are transported along
axons and secreted in medium without axon lysis (Brahic
etal., 2016). Secreted AB can target many synaptic proteins
and impair their functions. Poly-GA causes a reduction in
presynaptic protein SV2 (Jensen et al., 2020). To the best of
our knowledge, this is the first study to report that extracellular
poly-GA regulates postsynaptic assembly. Furthermore, our
study dissected the neurotoxic effects of DPR proteins from
G4C2/C4G2-induced RNA foci, providing direct evidence that
DPR proteins exhibit neuronal toxicity by targeting synapses.

Targeting NMJs as an early therapeutic intervention for
ALS

Despite tremendous efforts, more than 50 clinical trials related
to ALS treatment have failed, with only one minimally effective
drug, riluzole, currently approved for clinical use (Gendron
et al.,, 2017). These failures can partially be attributed to the
delay in treating ALS patients, after motoneuronal cell bodies
have already begun to degenerate (Bertrand etal., 2018).
NMJ degeneration is believed to occur during the early stages
of ALS, preceding the loss of motoneuronal cell bodies and
the manifestation of clinical symptoms (Chand et al., 2018;
Moloney et al., 2014). Poly-GA triggers motor deficits before
neuronal loss in C9orf72 mouse models (Schludi et al., 2017).
Dysfunctional NMJs impair neurotransmission between
motoneurons and skeletal muscles, resulting in the
destabilization of hypofunctional synapses and eventual death
of motoneurons, starting from the nerve terminals (Moloney
etal., 2014). Agrin signaling plays a critical role in NMJ
formation and maintenance (Li et al., 2017; Wu et al., 2010)
and its disruption results in impaired NMJ structure and
function (Li etal., 2017), contributing to neuromuscular
disorders, including ALS and MG. Autoantibodies against
Agrin, LRP4, MuSK, or AChR have been identified in MG and
ALS (Gilhus et al., 2016; Rivner etal., 2017; Tzartos et al.,
2014). Mutations in the AGRN, MuSK, LRP4, and DOK7
genes can also cause neuromuscular disorders such as CMS
(Rodriguez Cruz etal., 2014; Shen etal, 2015). Thus,
enhancing Agrin signaling to stabilize NMJs may offer
therapeutic benefit for these diseases (Ohno et al., 2017). Our
study suggests that targeting NMJs could serve as an early
therapeutic intervention for ALS and other neuromuscular
disorders. Future investigations will explore whether
extracellular poly-GA impairs synapse neurotransmission in
the central nervous system to elucidate the potential
mechanisms of the cognitive defects observed in C9-ALS/FTD
patients.
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