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Increased expression of human antiviral protein MxA in FUS
proteinopathy in amyotrophic lateral sclerosis
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Abstract
FUS mutations are one of the major mutations in familial amyotrophic lateral
sclerosis (ALS). The pathological hallmark is FUS-positive neuronal cytoplas-
mic inclusions (FUS-NCI), known as FUS proteinopathy. Human myxovirus
resistance protein 1 (MxA) is an IFN-induced dynamin-like GTPase that acts
as antiviral factor. In this study, we examined the expression of MxA in neu-
rons bearing FUS-NCI. We performed immunohistochemistry for FUS and
MxA to examine the expression of MxA in two autopsy cases with different
FUS gene mutations localized at the nuclear localization signal site (Case
1, H517P; Case 2, R521C). MxA. Most neurons bearing FUS-NCI have
increased cytoplasmic MxA expression. Increased cytoplasmic MxA showed
several distribution patterns in relation to FUS-NCIs such as the following:
colocalization with NCI, distribution more widely than NCI, and different dis-
tribution peaks from NCI. Our results suggested that antiviral signaling IFNs
are involved upstream in the formation of FUS-NCI in ALS-FUS patients.
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1 | INTRODUCTION

Fused in sarcoma (FUS), coded as FUS, is a heterogeneous
nuclear ribonucleoprotein, and FUS mutations are one
of the major mutations in familial amyotrophic lateral
sclerosis (ALS-FUS) [1]. The pathological hallmark is
FUS-positive neuronal cytoplasmic inclusions (FUS-NCI),
known as FUS proteinopathy. Mutant FUS aggregates to
form stress granules (SGs), which are initially membrane-
less organelles, cytoplasmic ribonucleoprotein condensates
mediated by liquid–liquid phase separation (LLPS) of
biomacromolecules [2, 3]. Recently, Shelkovnikova et al.
reported that antiviral immune responses promote FUS
accumulation, suggesting that viral infection can trigger
FUS proteinopathy in ALS [4]. They also demonstrated
that type I interferon (IFN), induced by a viral infection,
promotes the accumulation of FUS.

Human myxovirus resistance protein 1 (MxA) is an
IFN-induced dynamin-like GTPase that acts as an anti-
viral factor [5]. MxA expression depends on the induction
of type I (alpha or beta) or III (lambda) INFs [6]. In this
study, we examined the expression of human MxA in
hippocampal neurons bearing FUS-NCI in two autopsy
cases with different FUS gene mutations (Case 1, H517P;
Case 2, R521C).

2 | METHODS

2.1 | Subjects

Case 1 (H517P) involved a 31-year-old man who expe-
rienced masseter muscle weakness as his initial symp-
tom. Mechanical ventilation support was initiated at
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F I GURE 1 Legend on next page.
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33 years. He became locked-in state at 36 years. He
died of aspiration pneumonia at 44 years. Case
2 (R521C) (described as “Patient 1(V-4)” in a previous
study [7]) showed muscle weakness in the right upper
limb as an initial symptom at the age of 31. Seven
months after the disease’s onset, the patient became
bedridden. Mechanical ventilation support was initi-
ated 8 months after the disease’s onset. He died of aspi-
ration pneumonia at 45 years.

We obtained informed consent for autopsies from
all patients or their next to kin in writing. All ana-
lyses were performed in accordance with Declaration
of Helsinki and with the relevant guidelines and regu-
lations. This study was approved by the Ethics Com-
mittee of the Faculty of Medicine, Kyushu University
(#2020-167).

2.2 | Histochemistry

For histological examination, haematoxylin and eosin
(HE), and Klüver–Barrera stains were performed.
Immunohistochemistry was performed using the pri-
mary antibodies specific to anti-FUS antibody (rabbit
polyclonal: 1:200; Novus Biologicals, Centennial, CO)
and anti-Myxovirus resistance protein 1/2/3 (MxA)
antibody (mouse monoclonal, 1:100; Santa Cruz
Biotechnology, Dallas, TX). Double immunofluores-
cence for FUS and MxA was performed. AlexaFluor
488-labeled anti-mouse IgG (Invitrogen, Carlsbad,
CA) and AlexaFluor 546-labeled anti-rabbit IgG
(Invitrogen) were used as secondary antibodies. The
specimens were visualized using a Nikon A1R-A1 con-
focal microscopy system (Nikon, Tokyo, Japan). To
examine the detailed distribution of the expression of
FUS and MxA in neurons, RGB profile and surface
plots for each fluorescence were calculated using the
ImageJ Fiji software (NIH).

3 | RESULTS

At autopsy, in Case 1, the brain weight was 885 g, with
severe bilateral frontotemporal lobe atrophy. The cere-
bellum and spinal cord were both atrophic. For Case
2, the brain weighed 1070 g with severe bilateral fron-
totemporal lobe atrophy. Spinal cord was also atro-
phic. HE staining showed severe neuronal loss of the

spinal anterior horns in both Cases 1 and case 2. While,
neurons were relatively preserved in the dentate gyrus
and pyramidal cell layer of the hippocampi in both
cases. Immunohistochemistry for FUS revealed numer-
ous FUS-NCIs in the neurons of the granular cell
layers and pyramidal cell layers in the hippocampi
(Figure 1A,B: case 1, Figure 1C,D: case 2). In the spi-
nal cords, FUS-NCIs were rarely seen because of
severe neuronal loss. Double immunofluorescence for
FUS and MxA revealed increased MxA expression in
neurons bearing FUS-NCI, and cross sections of
z-stacked images revealed colocalization of FUS-NCI
and MxA (Figure 1E: case 1). While, neurons without
FUS-NCI did not show increasing of cytoplasmic
MxA (Figure 1E, *). There were some variations in the
localization of FUS and MxA. Almost all neurons
bearing FUS-NCI showed increased MxA expression
(Figure 1F: case 2, Figure 1G,H: case 1, Figure 1I:
case 2). To examine the detailed distribution of FUS
and MxA expression in neurons, profile and surface
plots for each fluorescence were calculated using the
ImageJ Fiji software. The profile and surface plots
showed that the fluorescence peak of MxA almost
coincided with that of FUS-NCI; additionally, the
peak was slightly broader than that of NCI
(Figure 1F: case 2, Figure 1G,H: case 1, Figure 1I:
case 2). In contrast, some neurons showed very strong
FUS fluorescence but almost no MxA fluorescence
throughout the cytoplasm (Figure 1J: case 1). While,
neurons without FUS-NCI showed normal cytoplas-
mic MxA (Figure 1J, *). Approximately 66.7% of neu-
rons with FUS inclusion showed higher cytoplasmic
MxA levels (percentage, neurons with high MxA / neu-
rons with FUS inclusion; total (case 1 +case 2): 66.7%,
40/60, Case 1: 62.2%, 23/37; Case 2: 73.9%, 17/23).
Neurons without FUS-NCI showed normal distribu-
tion, FUS localized in the cytoplasm and the nucleus,
and MxA localized mainly in the cytoplasm
(Figure 1K: control).

Neurons of hippocampal cornus ammonis 1 in Duch-
enne muscular dystrophy case showed no FUS inclusion
and no increase in cytoplasmic MxA (Figure 2A). In both
ALS-FUS cases 1 and 2, neuronal loss in the precentral
gyrus and anterior horns of the spinal cords was severe.
Very few neurons bearing FUS-NCI could be observed,
and there was a mild increase in cytoplasmic MxA
(Figure 2B: case 1, precentral gyrus, Figure 2C: case
1, anterior horn cell of spinal cord).

F I GURE 1 Immunohistochemistry for FUS and MxA and their fluorescence intensity plots (Case 1: A, B, E, G, H, J; Case 2: C, D, F, I,
Control: K). (A–D) Immunohistochemistry for FUS reveals FUS-positive neuronal cytoplasmic inclusions (FUS-NCIs) in the hippocampal neurons.
(E) Double immunofluorescence for FUS and MxA reveals colocalization of FUS-NCI and MxA. Cross sections of z-stacked images also revealed
colocalization of FUS-NCI and MxA. (F–I) Neurons bearing FUS-NCI often have a broader distribution of MxA expression than FUS. (J) Neuron
that strongly expresses FUS has reduced MxA expression throughout the cytoplasm. (K) Normal FUS and MxA subcellular distribution in neurons
without FUS-NCI are shown. Scale bars: 50 μm.
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4 | DISCUSSION

MxA assembles into tetramers in the cytosol and it also
assembles around viral ribonucleoprotein complexes into
the oligomeric ring of MxA, which has antiviral
effects [8]. Mutated FUS tends to spontaneously form the
SGs [2]. In the early phase, FUS-positive SGs are mem-
braneless organelles formed by LLPS which are revers-
ible, and the involvement of IFN causes persistent
SGs [4]. FUS physically interacts with the genomes of
some viruses [9, 10].

In this study, most FUS-NCIs co-localized with
MxA, and the subcellular distribution of MxA tended to
be slightly broader than that of NCIs. This is probably
because, as mentioned above, both FUS and MxA tend
to aggregate as membraneless organelles formed by
LLPS. In contrast, MxA expression was markedly
reduced in some neurons with obvious FUS-NCI.
Decreased MxA expression in neurons with FUS-NCI
may suggest that NCI is at an advanced stage and neuro-
nal dysfunction has occurred. In neurons bearing FUS-
NCI in the precentral gyrus and anterior horn of the
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F I GURE 2 Double immunofluorescence for FUS and MxA (Hippocampal cornus ammonis 1 of Duchenne muscular dystrophy (A), Case 1:
precentral gyrus (B), anterior horns of spinal cord (C). (A) There are no FUS inclusions and no cytoplasmic MxA increasing. (B, C) Neurons bearing
FUS-NCI shows mild increase of cytoplasmic MxA.
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spinal cord, we found a mild increase in cytoplasmic
MxA, but the observable neurons were too few to make a
strong association between FUS inclusion and cytoplas-
mic MxA yet. This study has some limitations. We have
not been able to determine whether a viral infection
occurs or which virus is present in such cases. Long-term
monitoring of viral infection and INFs expression in
patients with ALS-FUS are important.

In conclusion, our study demonstrated increased
MxA expression in neurons bearing FUS-NCI in two
autopsy cases of ALS-FUS. MxA and FUS are common
in the sense that they have antiviral activity. Therefore, it
is suggested that antiviral signaling type I or III IFNs are
involved upstream in the formation of FUS-NCI in ALS-
FUS patients.
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