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Abstract
Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disease, characterized by the
dysfunction of upper and lower motor neurons accompanied by muscle weakness and wasting. Recently,
several studies on ALS patients and animal models implicated muscle intrinsic toxicity played a role in
the disease progression with uncertain mechanisms. In this study, we explored the possible disorder of
lipid metabolism in myocytes associated with ALS. Initially, skeletal muscle from 41 ALS patients as well
as 53 non-ALS control subjects were investigated, and identi�ed that the accumulation of lipid droplets in
the muscle �bers of ALS patients was signi�cantly increased, especially in the patients with FUS
mutations. A myoblasts (C2C12) cell model expressing FUS-K510Q mutant induced the accumulation of
lipid droplets and mitochondrial dysfunction. Consistently, transgenic �ies expressing FUS-K510Q under a
muscle-speci�c driver showed elevated triglyceride levels in �ight muscle, as well as locomotor defects.
Biochemical analysis of C2C12 cells and �y muscle tissues showed up-regulation of PLIN2, and down-
regulation of ATGL and CPT1A, indicating inhibition of lipolysis and fatty acid β-oxidation in muscle cells
with FUS mutations. Our study provided a potential explanation for the lipid droplets accumulation in
skeletal muscle of ALS. Our data also suggested that lipid metabolism disorder and mitochondrial
dysfunction play a crucial role in the muscle intrinsic toxicity of ALS.

Introduction
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized by aggressive
degeneration of frontotemporal lobe neurons, corticospinal tract, brainstem neurons and anterior horn
neurons [1]. About 90% of cases are sporadic ALS (SALS), and the remaining 10% are familial ALS (FALS)
[2]. At present, the onset of ALS is mostly adult, and the peak age of familial ALS is 47-52 years old, while
that of sporadic ALS is 58-63 years old. The typical clinical symptoms of ALS are weakness of limbs,
muscle wasting, bulbar paralysis and respiratory insu�ciency, which lead to death 3-5 years after the
disease onset [3].

There are more than 30 known disease-causing genes for ALS, including fused in sarcoma (FUS), Cu/Zn
superoxide dismutase 1 (SOD1), TAR DNA-binding protein 43 (TARDBP), valosin containing protein (VCP),
chromosome 9 open reading frame 72 (C9ORF72) [4], and so on. FUS gene is the most common
causative gene in sporadic juvenile ALS patients in China and has become a research hotspot in recent
years. Previous studies have shown that FUS mutations can lead to abnormal cytoplasmic localization,
and formation of inclusion bodies, resulting in neurotoxicity and thus motor neuron loss. Skeletal muscle
lesions are usually considered as secondary neurogenic changes after motor neuron loss [5]. However, a
recent study in induced pluripotent stem cell (iPSC)-derived myotubes and motor neurons of patients with
ALS-FUS have shown intrinsic toxicity in both motor neurons and muscles [6]. Additionally, abnormalities
of mitochondria and lipid metabolism may appear in the pathology of muscle biopsy in most patients
with ALS, which further suggests that FUS mutations may cause toxicity to skeletal muscle [7].
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Under physiological conditions, lipid droplets are the main place for the storage of neutral lipids in cells.
The triglyceride hydrolase (ATGL) on the surface of lipid droplets is mainly responsible for decomposing
triglycerides into diglycerides and free fatty acids. It is the �rst rate-limiting enzyme of the lipolysis
pathway [8]. When the lipolysis pathway is blocked, it may be compensated by the enhancement of
selective lipid autophagy metabolism [9]. In the studies of the transgenic mice models expressing SOD1
or TARDBP mutations, it was found that the muscle �bers were more dependent on fatty acid while the
glucose uptake was decreased, suggesting that dysregulated lipid metabolism may be involved in the
pathogenesis of ALS patients with SOD1 or TARDBP mutation [10, 11]. Our previous study found that the
mutant FUS protein can impair the assembly and function of mitochondrial ATP synthase in cellular and
transgenic �y models, leading to mitochondrial dysfunction and neuronal cell death [12]. Moreover,
pathological studies have found that in muscle biopsies of patients with ALS, lipid droplets accumulated
signi�cantly in muscle cells [7]. However, in FUS-ALS skeletal muscle, the molecular mechanism of lipid
metabolism dysfunction and its correlation with mitochondrial damage are still unclear.

Herein, we systematically examined the lipid droplet accumulation in muscle biopsies from ALS patients.
ALS related FUS-K510Q mutant was expressed in a myoblast (C2C12) cellular model [13, 14] and
transgenic �y model to investigate the mechanism by which lipid metabolism disorder and mitochondrial
dysfunction in muscle cells.

Materials And Methods
Subjects

All patients in this study were diagnosed with de�nite or probable ALS according to EI criteria [15] and
were enrolled in the Department of Neurology, the First A�liated Hospital of Nanchang University and the
Peking University First Hospital from January 2010 to December 2018, respectively. Additionally subjects
initially suspected with myopathy but without any abnormal pathological changes in muscle biopsy were
used to be controls. All clinical materials used in this study were obtained for diagnostic purposes with
written informed consent. This study was approved by the Ethics Committee of the First A�liated
Hospital of Nanchang University and the Peking University First Hospital.

Muscle pathological examination

Muscle biopsies were performed on the affected limb in all patients. The muscle tissue was frozen and
then cut at 8 μm sections. These sections were stained with standard histological and enzyme
histochemical procedures as in our previous study [7].

Cell culture and transfection

C2C12 cells were cultured in DMEM (BI) supplemented with 10% fetal bovine serum (FBS) (BI), and100
unit/ml penicillin-streptomycin in a humidi�ed incubator at 37℃ under 5% CO2/ 95% air. C2C12 cells
were respectively transfected with the Ctr (empty vector) or FUS-K510Q mutant (full length of FUS-K510Q
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protein without any tag) plasmids. For oleic acid treatment, cells were expressing Ctr or FUS-K510Q for 24
hours, and then 0.25 mM oleic acid was added to continue the culture for 24 hours after treatment
[13,14]. The adenovirus AdMax system (vigenebio) was used for transduction according to the
manufacturer's instructions.

Fly strains and antibodies

Transgenic �y expressing the human K510Q-FUS was described previously [17]. Mef2-Gal4 and Tubulin-
Gal80ts (Tub-Gal80ts) were kindly provided by Dr. Tao Wang (National Institute of Biological Sciences).
For �ies under the Mef2-Gal4/Tub-Gal80ts-driver, parental �ies were crossed and cultured at 18°C, young
�ies after eclosion were transferred to 28°C for 4 h every day to induce FUS-K510Q expression [18-20].
Other �ies were all cultured at 25°C. All �ies were raised in standard �y food, 50% relative humidity, and
12 h-12 h light-dark cycles as described previously [16].

Antibodies used in this study include polyclonal rabbit-antibodies against FUS, CPT1A, PLIN2, ATGL
(ProteinTechGroup Inc), as well as a mouse monoclonal antibody anti-β-actin (ProteinTech Group Inc).

Fly motility assay

The motility of adult �ies expressing control or FUS-K510Q mutant were determined by using the climbing
assay with small modi�cation from the previous study [21]. Brie�y, 35-day-old �ies were collected in each
group. Fly climbing ability was examined as the number of �ies climbing above a 3-cm line in 20 seconds
after they were tapped to the bottom of an empty vial. The experiment was repeated 6 times for each
group.

Fluorescence Microscopy

C2C12 cells were rinsed with 1X PBS, �xed with 4% polyformaldehyde in 1×PBS after expression of GFP
(Ctr) or K510Q FUS-EGFP for 48 h. The samples were mounted using prolong gold antifade mounting
medium with DAPI (Invitrogen). Images were acquired at 60 × magni�cation by using a confocal
microscopy (Nikon A1MP).

Oil Red O staining

Slides were �xed with 4% paraformaldehyde (PFA) solution for 20 min and then placed in ORO solution
for 25 min, rinsed with distilled water for 5 min and counterstained with Mayer's hematoxylin (C0157S,
Beyotime) for 5 min. The slides were then coverslipped with glycerin and observed by light microscopy
(Nikon), and myocytes were photographed at 20x and 40x.Image analysis was performed with Image Pro
Plus 6 software to calculate the lipid droplet ratio (the total area of red fat droplets accounted for the
percentage of the entire x20 image area used). The lipid droplet area ratio was calculated and averaged
by two investigators [22,23].

Measurement of mitochondrial membrane potential by TMRM
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Mitochondrial membrane potential was measured in cells expressing control vector or K510Q mutant FUS
using the tetramethylrhodamine methyl ester (TMRM) (Invitrogen) following a published protocol [16].
Brie�y, cells were rinsed in warm PBS and then stained using TMRM (40nM) for 20 minutes at 37°C. After
washes 2 times, the images were immediately observed and photographed using an inverted research
microscope ECLIPSE Ti2-E (Nikon). Fluorescent images were processed and quanti�ed using Image J.

Mitochondrial ROS detection assay

Cells expressing control vector or K510Q mutant FUS for 48 h were rinsed in PBS and then stained with
10μM Dihydroethidium (DHE) for 30 min at 37°C. After washes, cells were �xed with 4% PFA for 10 min at
room temperature. The images were immediately observed and photographed under an inverted research
microscope ECLIPSE Ti2-E(Nikon), and images were processed and quanti�ed using ImageJ.

Measurement of the total cellular ATP levels

The ATP level was detected using a rapid bioluminescent ATP assay Kit (S0026, Beyotime Corporation).
The measurement was performed according to the manufacturer’s instructions. Brie�y, C2C12 cells
expressing control vector or K510Q mutant FUS were seeded in 96-well plates. Following removal of the
culture media, cell lysis with reaction mixtures were transferred to another opaque 96-well plate to
measure luminescence. Luminescent signal values were normalized by the protein amount in each group
to determine the total cellular ATP levels.

Measurement of the triglyceride levels

The triglyceride level was detected using GPO-PAP assay Kit (A110-1-1, NanjingJiancheng Institute of
Biological Engineering). The measurement was performed according to the manufacturer’s instructions.

Western blot analysis

Thoracic �ight muscles from �ies, as well as cultured cells were lysed in RIPA buffer (50 mM Tris-HCl, pH
8.0, 150 mM NaCl, 0.25% sodium deoxycholate, 0.1% SDS, 1% NP-40, supplemented with complete
protease inhibitor mixture; Roche). Lysates were analyzed by Western blot using the corresponding
speci�c antibodies: anti-FUS (1:1000, Rabbit, Proteintech, # 11570-1-AP), anti-CPT1A (1:1000, Rabbit,
Proteintech, #15184-1-AP), anti-ATGL (1:1000, Rabbit, Proteintech, #55190-1-AP) and anti-PLIN2 (1:1000,
Rabbit, Proteintech, #15294-1-AP) The same antibodies are applied to both C2C12 cells and drosophila
for Western blot.

Transmission electron microscopy

For EM study on C2C12 cells, cells were rinsed with PBS and then �xed in 2.5% glutaraldehyde overnight
at 4°C. EM samples were prepared following protocols as described previously [16,24]. They were
sectioned on a Leica EM UC6/FC6 Ultramicrotome. After sections were transferred to copper grids,
counter staining was performed with uranyl acetate and lead acetate before EM imaging.
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Statistical Analyses

Statistical analysis was performed using the SPSS 24.0 statistical package (Chicago, IL, USA). A
parametric test was applied if the data followed normal distribution. Otherwise, non-parametric tests were
used. When a correlation between two variables was assessed, Pearson’s R correlation coe�cient was
calculated. When two groups were compared, parametric t or non-parametric Mann–Whitney tests were
used. When more than two groups were compared, parametric ANOVA with indicated post hoc tests or
non-parametric Kruskal–Wallis were used. The bar graphs represent mean ± SD. Signi�cance is indicated
by asterisks: N.S. P >0.05, *: P < 0.05, **: P < 0.01, ***: P < 0.001, ****: P < 0.0001. Actual p-values of each
test are indicated in the corresponding �gure legend.

Result

Clinical Features of This Cohort of ALS Patients
In this study, we recruited a cohort of 41 unrelated ALS patients (Patient 1 to 41), An overview of the
clinical data of all the patients is shown in Table 1. In our patients, the average age of onset was
39.95±11.37, and the median time from onset to diagnosis was 6 (5-15). Among the 7 familial ALS
probands (6 males and 1 female), most of them had limb weakness as the �rst symptom. Out of 18
sporadic ALS cases (11 males and 7 females), 14 experienced weakness of extremities, and three
developed dysphagia or dysarthria initially, and 1 had spinal cord symptoms. 16 patients with ALS did
not obtain valid data.
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Table 1
Clinical and genetic data on 41 ALS patients.

Patient Gender Age Age of
onset(y)

Disease
duration(m)

Lacation
of onset

ck(u/l) Family
histroy

Genetic
mutant

1 F 16 15 6 RUE 832 SALS FUS,
p.P525L

2 F 25 24 5 Bulbar 120 SALS FUS,
p.R495*

3 M 29 28 6 RUE 1559 SALS FUS,
p.K510Q

4 M 42 42 4 LLE 2959 FALS FUS,
p.R521H

5 M 22 21 8 LUE NA FALS FUS,
p.K510Q

6 M 19 17 24 LUE NA SALS FUS,
p.P525L

7 M 34 33 3 Spinal NA SALS FUS,
p.P525L

8 F 42 41 6 LUE 138 SALS SOD1,
p.G42S

9 F 41 40 6 RLE NA SALS SOD1,
p.G142E

10 M 53 52 5 RLE 560 SALS NI

11 M 68 67 6 RLE 484 SALS SOD1,
p.G62A

12 M 44 44 3 LLE NA SALS SOD1,
p.A146T

13 M 53 53 2 LLE 100 FALS SOD1,
p.G142A

14 M 43 43 3 RLE NA FALS SOD1,
p.G142A

15 F 45 44 12 LUE NA FALS SOD1,
p.G42D

16 F 51 50 6 RUE 100 NA SOD1,
p.S69S

Abbreviations: F: female; M: male; SALS: Sporadic amyotrophic lateral sclerosis; FALS: Family
amyotrophic lateral sclerosis; NA: not available; RUE: Right upper limb; LUE: Left upper limb; RLE:
Right lower limb; LLE: Left lower limb; NI: not identi�ed
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Patient Gender Age Age of
onset(y)

Disease
duration(m)

Lacation
of onset

ck(u/l) Family
histroy

Genetic
mutant

17 M 38 37 6 LLE 473 FALS SOD1,
p.G42D

18 M 62 60 24 LUE 266 FALS NI

19 M 41 39 24 LLE NA NA NI

20 F 36 34 18 Bulbar NA SALS NI

21 F 52 51 8 RLE NA NA NI

22 M 40 39 12 RLE NA SALS NI

23 M 32 31 6 RUE 353 SALS NI

24 F 38 37 6 RLE NA NA NI

25 F 42 41 12 LUE 55 NA NI

26 M 49 48 6 LLE 337 NA GRN,
p.R538Q

27 F 30 28 24 RUE NA NA NI

28 M 55 53 24 LLE NA NA MATR3,
p.N787S

29 M 48 47 12 LLE NA NA NI

30 M 46 46 2 RLE NA SALS NEFH,
p.S787R

31 M 47 46 8 RUE NA SALS NI

32 F 44 44 4 LUE NA NA GRN,
p.T18K

33 F 50 48 24 LLE NA NA NI

34 M 47 46 8 RUE NA SALS TBK1,
p.I334T

35 M 24 24 4 RUE NA NA VCP,
p.R89Q

36 F 29 26 30 RUE NA SALS NIPA1,
p.A13V

37 F 51 49 24 RUE 245 NA NI

38 M 36 31 60 RUE 828 NA NI

Abbreviations: F: female; M: male; SALS: Sporadic amyotrophic lateral sclerosis; FALS: Family
amyotrophic lateral sclerosis; NA: not available; RUE: Right upper limb; LUE: Left upper limb; RLE:
Right lower limb; LLE: Left lower limb; NI: not identi�ed
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Patient Gender Age Age of
onset(y)

Disease
duration(m)

Lacation
of onset

ck(u/l) Family
histroy

Genetic
mutant

39 F 33 33 1 Bulbar NA SALS TARDBP,
p.N378D

40 F 50 49 6 LUE 265 NA BICD2,
p.N731S

41 F 38 37 12 LUE NA NA NI

Abbreviations: F: female; M: male; SALS: Sporadic amyotrophic lateral sclerosis; FALS: Family
amyotrophic lateral sclerosis; NA: not available; RUE: Right upper limb; LUE: Left upper limb; RLE:
Right lower limb; LLE: Left lower limb; NI: not identi�ed

Nine patients carrying SOD1 variants suffered from the disease at the ages of 42, 41, 68, 44, 53, 43, 45, 51
and 38 years, respectively. Four of them were FALS patients. Seven out of nine patients developed motor
symptoms in the lower limbs.

Seven patients carrying a FUS mutation (two females and �ve males) developed �rst symptoms at the
ages of 15, 24, 28, 42, 21, 17, and 33 years, respectively. Patients 2 had a bulbar onset, and patient 7
developed the disease in the spinal cord, and others in limb weakness. More importantly, an increase in
creatine kinase was found in patients 1, 3, and 4 with FUS mutant, suggesting the presence of myogenic
lesion.

Lipid droplet accumulation in skeletal muscle of ALS
patients
In our previous study, the main pathological feature of skeletal muscle in ALS patients with FUS mutation
was found to be neurogenic skeletal muscle damage accompanied by lipid metabolism disorder [7]. In
order to further explore whether ALS patients are more prone to have abnormal lipid metabolism
compared to normal subjects. We compared the degree of lipid droplet accumulation in skeletal muscle
between ALS patients (n=41) and non-ALS control subjects (n=53), as well as different genotypes of ALS.

In ALS patients with FUS mutations, muscle tissue ORO staining showed signi�cantly increased lipid
droplets in muscle �bers (Fig. 1A-C), suggesting a possibility of lipid metabolism disorders. In ALS
patients with GRN, SOD1 or TARDBP mutations, ORO staining of muscle tissue showed mildly increased
lipid droplets in muscle �bers (Fig. 1D-F). No obvious lipid droplet accumulation was found in the muscle
tissue of non-ALS control subjects (Fig. 1G-I). The quanti�cation showed that the degree of lipid droplet
accumulation in the muscle tissue of ALS patients was signi�cantly higher than that of the control group
(Fig. 1J). In addition, in ALS patients, compared with other genotype groups, the number of lipid droplets
accumulation in the muscle �bers of the FUS mutant group were signi�cantly higher (Fig. 1K).
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Establishment and characterization of C2C12 cell model
with FUS-K510Q mutation
To investigate whether mutant FUS expression leads to lipid metabolism disorder in muscle cell, we
established a cellular model overexpressing the FUS-K510Q mutation in a myoblast cell (C2C12) by
adenovirus transduction. FUS protein expression level was examined at 24 h, 48 h, or 72 h post-
transduction. The results showed that the expression level of FUS protein in the FUS-K510Q mutant group
was signi�cantly higher than that in the control group at 24 h post-transduction, and reached the peak at
48 h (Fig. 2A-B). It should be noted that after the FUS protein expression level reached the peak at 48 h,
we were ready to induce muscle cell differentiation, but the muscle cells signi�cantly died at 72 h post-
transduction, so we were unable to establish a differentiated C2C12 myotube model expressing FUS-
K510Q mutant. Thus, we selected the 48h transduction time point for the subsequent experiments.

Then, we performed immuno�uorescence staining of FUS protein on C2C12 cells expressing FUS-K510Q.
As shown in Fig. 2C, FUS protein was mainly distributed in the nucleus in the Ctr group. In contrast,
C2C12 cells expressing FUS-K510Q showed signi�cantly abnormal cytoplasmic localization of FUS
protein, and FUS without any nuclear localization. It indicates nuclear clearance of wild-type FUS protein
in myoblasts expressing FUS-K510Q, which mimic the main pathological feature of ALS.

Expression of FUS-K510Q mutant causes lipid metabolism
disorder
To examine the relationship between FUS mutation and lipid metabolism in myoblasts, C2C12 cells
expressed Ctr or ALS-associated K510Q mutant FUS for 48 h and subjected for Oil Red O staining. The
results showed that intracellular lipid droplet deposition was increased in the FUS-K510Q compared to the
Ctr group (Supplementary Fig. S1A), and further quantitative analysis showed that the intracellular lipid
droplet ratio content was signi�cantly elevated in the FUS-K510Q compared to the Ctr (Supplementary
Fig. S1B). In addition, on the basis of adenovirus transduction for 48 h, the cells were treated with 0.25
mM oleic acid (OA) for 24 h and subjected for Oil Red O staining. Compared with the Ctr group, the
number and volume of intracellular lipid droplets in cells expressing FUS-K510Q increased signi�cantly
(Fig. 3A-B). In order to further study the morphology and distribution of lipid droplets in cells under
ultrastructure, EM analysis was performed on cells expressing Ctr and FUS-K510Q. After 0.25 mM OA
treatment, normal nuclei and mitochondrial structures could be seen in the cells expressing Ctr, with a few
lipid droplet deposition. In contrast, in cells expressing FUS-K510Q, it was found that the number of lipid
droplets increased and accumulated in the vicinity of mitochondria (Fig. 3C).

Expression of FUS-K510Q mutant causes mitochondrial
dysfunction
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To investigate whether FUS mutant expression leads to mitochondrial dysfunction in myoblasts, we
measured intracellular ROS levels by using a �uorescent probe DHE. The results showed that the
�uorescence intensity of intracellular ROS in C2C12 cells expressing the FUS-K510Q mutation was
signi�cantly higher than that of Ctr (Fig. 4A-B). In addition, we detected the mitochondrial membrane
potential levels by the live cell staining of TMRM. The results showed that compared with Ctr, the
�uorescence intensity of TMRM in myoblasts expressing the FUS-K510Q mutation was signi�cantly
decreased (Fig. 4C-D). We further explored whether overexpression of FUS-K510Q leads to insu�ciency of
ATP production, and it showed that compared with the Ctr, the ATP level of myoblasts expressing FUS-
K510Q mutation was signi�cantly decreased (Fig. 4E). In addition, EM study showed that the morphology
of nucleus, endoplasmic reticulum and mitochondria were normal in the Ctr group, while the FUS-K510Q
mutant group presented with aggregation of mitochondria, abnormal mitochondria (indicated by thick
white arrows), and deposition of lipid droplets in the cytoplasm (indicated by thin white arrows) (Fig. 4F).
These results indicate that overexpression of the FUS-K510Q mutation in C2C12 cells leads to
mitochondrial dysfunction, accompanied by lipid metabolism disorder.

Expression of the FUS-K510Q mutant alters the expression
levels of lipid metabolism related genes
To further explore the molecular mechanism by which FUS-K510Q impaired lipid metabolism, several
proteins related to fatty acid metabolism were examined, including carnitine palmitoyl transferase 1A
(CPT1A), adipose triglyceride lipase (ATGL), and adipose differentiation-related protein (PLIN2). As shown
in Fig. 5A, compared with Ctr, PLIN2 protein level was signi�cantly up-regulated in cells expressing FUS-
K510Q, while the ATGL protein level was down-regulated. At the same time, although the CPT1A protein
failed to reach a signi�cant statistical difference, a down-regulated trend can be observed (Fig. 5A, 5C-F).
Similarly, we also detected the protein levels after 0.25 mM OA treatment. Consistently, it found that
compared with the Ctr, PLIN2 protein level was signi�cantly up-regulated in cells expressing FUS-K510Q,
while the level of ATGL protein was down-regulated, the level of CPT1A protein also had a downward
tendency (Fig. 5B-F).

Expression of FUS-K510Q in �y muscle leads to locomotor
defects and dysregulated lipid metabolism
To investigate the intrinsic toxicity or cell-autonomous toxicity in ALS muscle cells, and the molecular
mechanism of lipid metabolism disorder, FUS-K510Q mutant protein was expressed speci�cally in the
thoracic �ight muscle of drosophila under a Mef2-Gal4 driver. It should be noted that the F1 �ies with
genetic background Mef2-Gal4/UAS-FUS-K510Q were lethal and could not survive to the pupa stage. It
indicated that FUS mutant protein was toxic in muscle cells in vivo. Then, we used a system in which
FUS-K510Q expression was induced only in adulthood using a temperature-sensitive Tub-Gal80ts

promoter with the Mef2-Gal4 muscle-speci�c driver. In this system, �ies expressing FUS-K510Q in muscle
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following heat shock induction at the adult stage indeed exhibited signi�cant locomotor defects at 35-
day-old compared with the Ctr �ies (Fig. 6A-B, supplemental video 1).

To con�rm whether expression of FUS-K510Q mutant dysregulated lipid metabolism in vivo, triglyceride
level was examined in the �ight muscle of �ies expressing Ctr or FUS-K510Q. The results revealed that
triglyceride level was signi�cantly higher in the FUS-K510Q mutation group compared to the Ctr group
(Fig. 6C). Consistent with the �ndings in myoblasts, PLIN2 protein level was signi�cantly up-regulated in
the �y muscle expressing FUS-K510Q compared to the Ctr, while ATGL and CPT1A protein levels were
down-regulated signi�cantly (Fig. 6D-H). These results indicate that FUS mutation causes the intrinsic
toxicity of muscle cells, and lipid metabolism disorder may be one of the reasons.

Discussion
Muscle atrophy with weakness of ALS has long been attributed to motor neuron loss alone, but several
studies in ALS patients and animal models have challenged this assumption by providing direct evidence
that muscle can play an active role in the disease [25–27]. Recent studies on the skeletal muscle of ALS
patients found that phosphorylated TAR DNA-binding protein 43 (pTDP-43) aggregates appeared in the
muscle �bers and the autophagy-related gene SQSTM1 expression level was up-regulated signi�cantly,
implicating that the skeletal muscle could be an additional pathological site of pTDP-43 [25]. In addition,
studies on animal models found that: 1) overexpressing UCP1 in mice as a way to produce muscle-
speci�c mitochondrial uncoupling, showed progressive deterioration of the neuromuscular junction
followed by denervation and mild late-onset motor neuron pathology [26]; 2) overexpressing SOD1
mutants in mice muscle showed ALS pathological features including muscle degeneration, abnormal
neuromuscular junction, and motor neuron degeneration, suggesting a muscle-to-motor neuron “dying-
back” phenomen [27].

Muscle degeneration can be caused by an imbalance between protein synthesis and degradation in the
muscle, or abnormal changes in energy metabolism. In the study on an ALS mouse model
(MLC/SOD1G93A), muscle dependence of fatty acids is increased [10], but the lipid metabolism in ALS
muscle has rarely been elucidated. Studies have shown that increased amounts of the glycolytic enzyme
G3PDH were found by mass spectrometry in mouse models of motor neuron disease, indicating a shift
from oxidative metabolism to glycolysis during the disease progression [28]. In addition, the glycolytic
muscle of mutant SOD1 mice was found to shift to fatty acid metabolism in fuel preference, when
mitochondrial dysfunction and under oxidative stress [11]. In this study, we found that a large number of
muscle �bers in ALS patients showed moderate to severe increase in lipid droplets. Among different
genotypes, ALS patients with FUS mutations are more likely to have lipid droplets accumulation than
other ALS patients with different gene mutations. To further investigate the relationship between FUS
mutations and lipid metabolism in myocytes. We established a muscle-speci�c FUS-K510Q mutant cell
model and a drosophila model. Both in vitro and in vivo studies showed FUS-K510Q increased lipid
droplet accumulation in myocytes. Moreover, we used Mef2-Gal4 to speci�cally express the FUS mutant
protein in �y muscle, and examined the locomotive ability. The results showed that �ies expressing the
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FUS mutant protein had locomotor de�cits, mimicking the ALS phenotype, and further suggested the
possibility of muscle intrinsic toxicity. Studies have shown that oral creatine supplementation as an
energy source is bene�cial for SOD1 mutant mice [29]. Similarly, in SOD1 mutant mice, L-carnitine-
stimulated beta-oxidation of fatty acids improves motor function and prolongs survival [30]. Here we
provide evidence that muscle metabolic changes occur in ALS, suggesting that skeletal muscle may be
an important target for the treatment of this disease.

Mitochondria play important roles in energy production, metabolism, intracellular signaling [31, 32], free
radical generation [33, 34], autophagy [35, 36], and other pathways [37], whose dysfunction is highly
relevant to the onset of neurodegenerative diseases. There are growing evidences that FUS and TDP-43
are closely associated with mitochondrial dysfunction [38]. FUS and TDP-43 not only localize in
mitochondria, but also regulate mitochondrial biological functions. It has been reported that oxidative
damage caused by the increase of reactive oxygen species leads to mitochondrial dysfunction, which is
also one of the pathogenesis of ALS [39]. Our previous studies indicated that mutant FUS protein
interacted with HSP60 to localize into mitochondria, and disrupted ATP synthase complexes assembly by
directly interacting with ATP5B [12, 16]. Here, we found that in myoblasts expressing FUS mutant
proteins, ROS levels were signi�cantly up-regulated, membrane potential levels were down-regulated, and
ATP production was reduced, which were consistent with the �ndings in our previous studies [12, 17].
These results suggest that FUS mutations cause mitochondrial dysfunction in myocytes.

Lipid droplets are neutral lipid storage organelles, which play an important role in energy homeostasis
and lipid metabolism through interaction with mitochondria [40]. Generally, the fatty acids taken up by
muscle cells will eventually be converted into triglycerides and stored in the lipid droplets. Under
physiological conditions, the breakdown of lipid droplets is mainly mediated by triglyceride hydrolase and
diglyceride hormone-sensitive lipase in the lipolysis pathway, and then the glycerol and fatty acids
produced by the hydrolysis of oil are transported to the inner mitochondrial membrane for beta-oxidation
of fatty acids, and �nally ATP is generated. Through the muscle-speci�c cell model and drosophila model,
we found that the PLIN2 protein level was signi�cantly up-regulated compared with the Ctr, while the
ATGL and CPT1A protein levels were signi�cantly down-regulated in FUS mutant group. These results
suggest that the FUS mutation may inhibit the lipolysis and the mitochondrial transport of acyl-CoA
(Fig. 6I). There are still limitations in our study. Firstly, since muscle cells expressing FUS-K510Q begin to
die at 72 hours post-transduction, we have not been able to detect the functional changes of C2C12 cells
after they differentiate into myotubes. Secondly, we focused on the mechanism of FUS mutations and
lipid droplet accumulation associated with ALS in this study, while overexpressed FUS wild-type may also
be toxic in cellular model as reported previously [12, 16]. Additional studies are required to uncover
whether elevated FUS wild-type protein level could lead to lipdid metabolism disorder. Finally, although
Mef2-Gal4 express FUS-K510Q strongly in �y muscle, it may also have leakage expression in a few
neurons that contribute to the motor defects in our drosophila model. Further studies on iPSCs derived
muscle cells are needed to support the hypothesis of FUS induced muscle cell intrinsic toxicity.
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In summary, our study uncovered the possible relationship between mitochondrial dysfunction and lipid
metabolism disorder in ALS-FUS skeletal muscle. The data presented in this study led us to propose a
working model: Firstly, the FUS-K510Q mutant protein causes mitochondrial dysfunction, including loss
of membrane potential and increased ROS production in myocytes. Secondly, FUS-K510Q mutant protein
down-regulates ATGL protein levels, leading to reduced lipolysis, thereby increasing the accumulation of
cytoplasmic lipid droplets. Altogether, mitochondrial dysfunction and impaired lipolysis eventually inhibit
fatty acid β-oxidation, leading to decreased ATP production (see working model in Fig. 6I).
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Figure 1

Lipid droplets accumulation in skeletal muscle of ALS patients. A-I Oil Red O staining of skeletal muscle
sections (scale bar: 100μm). A-C ALS patients with FUS mutations. D-F ALS patients with GRN, SOD1,
and TARDBP gene mutation, respectively. G-I Non-ALS control subjects. J Lipid droplet ratio was
determined and compared between Ctr (n=53) and ALS (n=41) (****: p<0.0001). K Lipid droplet ratio of
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different genotypes of ALS were determined, NI: unidenti�ed variants, Other: other pathogenic gene
mutations (***: p<0.001).

Figure 2

C2C12 cell model expressing FUS-K510Q. A, B Analysis of FUS protein levels by Western blotting at
different time points after Ctr (empty vector) or FUS-K510Q expressing in C2C12 cells, β-Actin was used
as an internal control (**: p<0.01). C Confocal images of C2C12 cells expressing Ctr (empty vector) or
FUS-K510Q (scale bar: 25μm).



Page 22/26

Figure 3

Expression of FUS-K510Q causes lipid metabolism disorder. A Oil Red O staining of C2C12 cells under
0.25 mM OA treatment. B The lipid droplet ratio was measured and quanti�ed using Image-Pro Plus
software (***: p<0.001). C Electron microscopic images of C2C12 cells expressing Ctr (empty vector) or
FUS-K510Q for 48 h and under 0.25 mM OA treatment, thick white arrows: lipid droplets.
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Figure 4

Expression of FUS-K510Q causes mitochondrial dysfunction. A, B Intracellular ROS level was detected in
cells expressing Ctr (empty vector) or FUS-K510Q for 48 h by using the DHE staining and images were
captured by inverted �uorescence microscopy (scale bar: 25μm), GFP: green; DHE: red; DAPI: blue. The
ROS levels were measured and quanti�ed in a bar graph (n>100, ****: p<0.0001). C, D Mitochondrial
membrane potential was detected in cells expressing Ctr (empty vector) or FUS-K510Q for 48 h by using
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the TMRM staining and images were captured by inverted �uorescence microscopy (scale bar: 25μm),
GFP: green; TMRM: red; DAPI: blue. The membrane potential was measured and quanti�ed in a bar graph
(n>100, ****: p<0.0001). E Intracellular ATP levels in cells expressing Ctr (empty vector) or FUS-K510Q for
48h were detected, data represented four independent experiments and analyzed using two-tailed t-test
(***: p<0.001). F Electron microscopic images of C2C12 cells expressing Ctr (empty vector) or FUS-K510Q
for 48 h, thick white arrows: mitochondria; thin white arrows: lipid droplets.

Figure 5



Page 25/26

Expression of FUS-K510Q alters the protein levels of CPT1A, ATGL and PLIN2. A Western blot analysis of
FUS, ATGL, CPT1A and PLIN2 protein levels in cells expressing Ctr (empty vector) or FUS-K510Q for 48h.
β-Actin was used as an internal control. B Under 0.25 mM OA treatment, Western blot analysis of FUS,
ATGL, CPT1A and PLIN2 protein levels in cells expressing Ctr or FUS-K510Q for 48h. C-F Quanti�cation of
the FUS, ATGL, CPT1A and PLIN2 protein levels in respective groups. Data are presented as the means ±
SD. Data were collected from three independent experiments and analyzed using two-tailed t-test (N.S.:
p>0.05, *: p<0.05, **: p<0.01, ****: p<0.0001).

Figure 6

Expression of FUS-K510Q in �y muscle leads to locomotor defects and dysregulated lipid metabolism. A
Model diagram of climbing assay of adult �ies. B The climbing ability was measured in adult �ies at 35-
day-old following induction of expression of Ctr or FUS-K510Q mutant under the Mef2-Gal4/Tub-Gal80ts
driver. Expression of FUS-K510Q in �y muscle led to severe locomotor de�cits. More than 100 �ies were
measured in each group (repeat 6 times per group, **: p<0.01). C Triglycerides levels in �y muscles were
detected and quanti�ed (n=3, **: p<0.01). D-H Representative Western blot and quantitative analysis of
the FUS, ATGL, CPT1A, and PLIN2 protein level in the �ight muscles of �ies. β-Actin was used as an
internal control. Data are presented as the means ± SD. Data were collected from three independent
experiments and analyzed using two-tailed t-test (*: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001). I
Working model diagram of the FUS-K510Q mutant protein causing lipid metabolism disorder and
mitochondrial dysfunction. Fly genotypes: Ctr: Mef2-Gal4/Tub-Gal80ts/W1118; FUS-K510Q: Mef2-
Gal4/Tub-Gal80ts/UAS-K510Q-FUS.
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