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Abstract

Fused in Sarcoma (FUS) is a ubiquitously expressed RNA/DNA-binding protein that plays
different roles in the cell. FUS pathology has been reported in neurodegenerative diseases
amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD). Mutations in FUS have
also been linked to a subset of familial ALS. FUS is mainly localized in the nucleus although

it shuttles between the nucleus and the cytoplasm. ALS-linked mutations cause the accumulation
of the FUS protein in cytoplasm where it forms stress granule-like inclusions. The protein- and
RNA-containing inclusions are reported to be positive of autophagosome markers and degraded

by the autophagy pathway. However, the role of FUS in the autophagy pathway remains to be
better understood. Using immunoblot and confocal imaging techniques in this study, we found that
FUS knockout (KO) cells showed a decreased basal autophagy level. Rapamycin and bafilomycin
Al treatment showed that FUS KO cells were not able to initiate autophagy as efficiently as
wild-type cells, suggesting that the autophagosome formation is affected in the absence of FUS.
Moreover, using immunoblot and quantitative PCR techniques, we found that the mRNA and
protein levels of the genes critical in the initial steps of the autophagy pathway (FIP200, ATG16L1
and ATG12) were significantly lower in FUS KO cells. Re-expressing FUS in the KO cells
restored the expression of FIP200 and ATG16L1. Our findings demonstrate a novel role of FUS

in the autophagy pathway, i.e. regulating the transcription of genes involved in early stages of
autophagy such as the initiation and elongation of autophagosomes.
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Introduction

Fused in sarcoma (FUS) is a ubiquitously expressed RNA/DNA-binding protein that plays
arole in different cellular processes such as DNA repair (Baechtold et a/. 1999; Mastrocola
et al. 2013; Wang et al. 2013), transcription (Wang ef a/. 2008; Tan et al. 2012; Schwartz
et al. 2012; Bronisz et al. 2014; Dhar et al. 2014; Yang et al. 2014), RNA splicing (Yang et
al. 1998; Dichmann & Harland 2012; Yang et al. 2014), nucleo-cytoplasmic RNA shuttling
(Zinszner et al. 1997) and dendritic RNA transport (Fujii & Takumi 2005; Fujii et al. 2005;
Sephton et al. 2014), protein translation and RNA decay (Kamelgarn ef a/. 2018; Lopez-
Erauskin et al. 2018; Baron et al. 2019), and stress response (Gal et al. 2011; Sama et al.
2013; Andersson et al. 2008). FUS contains an N-terminal prion-like domain, a glycine rich
region, an RNA recognition motif, a zinc finger domain flanked by two Arginine-Glycine-
Glycine-rich domains, and a C-terminal nuclear localization sequence (NLS) (Sama et al.
2014). FUS is mainly localized in the nucleus, although it shuttles between the nucleus and
the cytoplasm to transport RNAs (Fujii & Takumi 2005), and it is present in the cytoplasm
of neuronal cells at lower levels (Andersson et al. 2008).

FUS pathology has been reported in neurodegenerative diseases amyotrophic lateral
sclerosis (ALS) and frontotemporal dementia (FTD). Mutations in FUS have also been
linked to a subset of familial ALS (Kwiatkowski et a/. 2009). Many of the familial
ALS-related FUS mutations are localized in the C-terminal NLS, causing mis-localization
of FUS to the cytoplasm where it forms inclusions that are positive of stress granule
markers (Bosco et al. 2010; Gal et al. 2011; Dormann et al. 2010; Arenas et al. 2020).
Stress granules are dynamic cytoplasmic complexes of proteins, ribosomes, and RNAs that
form under cellular stresses such as oxidative stress, hyperosmolar stress, or heat shock
(Kedersha & Anderson 2002). Prolonged formation of SGs could become irreversible and
form pathological inclusions, contributing to neurotoxicity and neurodegeneration.

There are two major protein degradation pathways: the ubiquitin-proteasome system (UPS)
and the autophagy pathway. The UPS is responsible for the degradation of short-lived
soluble proteins, while the autophagy pathway can degrade misfolded proteins as well

as whole organelles (Ramesh & Pandey 2017). Macroautophagy (hereon referred to as
‘autophagy’) begins when the cells are under nutrient starvation or other stimuli. The
initiation complex (ULK1-ATG13-FIP200) activates to form the phagophore (Hurley

& Young 2017), which is subsequently elongated by two ubiquitin-like systems:
ATG12:ATG5:ATG16L system and phosphatidylethanolamine (PE)-microtubule-associated
protein 1A/1B-light chain 3 (LC3) system. The elongation of phagophore encloses
misfolded proteins or damaged organelles, forming a double-membraned autophagosome
(Mizushima 2007). The mature autophagosome fuses with the lysosome and its contents
are degraded by acidic proteases in the auto-lysosome. Amino acids and other degradation
products are recycled in the cytoplasm where they can be re-used for cell metabolism (Glick
et al. 2010).

Neurons are post-mitotic cells that are very susceptible to protein aggregation, thus defects
in protein homeostasis are highly detrimental to neurons. Defects in the autophagy pathway
have been reported in neurodegenerative diseases such Alzheimer’s disease and ALS (Ryu
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et al. 2014; Boland et al. 2008; Kesidou et a/. 2013). For instance, mutant FUS-positive
SGs were co-localized with autophagosomes and autophagy deficient mouse embryonic
fibroblasts (MEFs) showed an increase of SGs (Ryu et al. 2014). However, the specific role
of FUS in the autophagy pathway remains to be better understood. In this study, we found
that proteasome played a more prominent role in FUS turnover while autophagy had little
impact on FUS in the radioimmunoprecipitation assay (RIPA) buffer -insoluble fraction.
More importantly, we found that FUS knockout (KO) decreased the basal autophagy
function. After the bafilomycin Al (Baf-Al) treatment, FUS KO cells had lower levels

of the autophagy flux. The rapamycin treatment failed to induce the autophagy levels in FUS
KO cells, suggesting that FUS regulates initial stages of the autophagy pathway. Moreover,
the MRNA and proteins levels of genes involved in autophagy initiation and phagophore
elongation, such as Atg3, Atg16L1 and Fip200, were downregulated in FUS KO cells.
FUS overexpression in the KO cells restored the mRNA and protein levels of Fip200 and
Atgl6L1. In summary, this study shows a new function of FUS in the cell, i.e. FUS affects
the basal autophagy flux by regulating the transcription of genes required for autophagy
initiation and phagophore elongation.

Materials and Methods

Cell culture and transfection

The study was not pre-registered. Institutional ethics approval was not required for your
study. Custom-made materials will be shared upon reasonable request.

Neuro-2a (N2A), FUS KO N2A, N2A FLAG-FUS re-expression, and NSC34 cells were
cultured in Dulbecco’s Modified Eagle’s Medium (Sigma-Aldrich, D5796) with 10% fetal
bovine serum, penicillin-streptomycin, and amphotericin B at 37°C in 5% CO,/95% air with
humidification. The pCMV10-3xFLAG-FUS plasmids, were generated as reported (Gal et
al. 2011). Cells were treated with Baf-Al (200 nM) for 6 hours, rapamycin (2 uM) for 4h,
or MG-132 (5 uM) for 16 hours. FUS mutations were introduced using the QuickChange

Il Site-Directed Mutagenesis Kit (Agilent). N2A, FUS KO N2A and NSC34 cells were
transfected with Lipofectamine 2000 (Thermo Fisher Scientific, 11668). sSiRNA-FUS (Santa
Cruz, sc-40563) oligonucleotides were reversed-transfected into N2A and NSC34 cells at a
final concentration of 1uM using Lipofectamine™ RNAiIMAX (Thermo Fisher Scientific,
13778100). N2A cells were originally obtained from ATCC. NSC34 cells were originally
obtained from Dr. Neil Cashman at University of British Columbia who generated NSC34
cells. The maximum number of passages used in this study was 20. Cell lines used in this
study are not listed as a commonly misidentified cell line by the International Cell Line
Authentication Committee.

Generation of FUS KO (AFUS) N2A cells and FLAG-FUS re-expression cells lines.

The FUS KO cells were generated by employing CRISPR technology. N2A cells were
transfected with FUS double nickase CRISPR plasmid (Santa Cruz Biotechnology,
sc-433326-NIC) following the manufacturer’s instructions. Clonal cell lines were isolated
with serial dilution, and the FUS status of the clones was determined with immunoblotting.
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FLAG-tagged FUS WT was transfected into FUS KO N2A cells using Lipofectamine 2000
as described above. Selection of stable cells with FLAG-FUS WT integration was performed
with G-418 (Millipore Sigma G418-R). Clonal cells lines were isolated with serial dilution,
and the FUS expression levels were compared to endogenous FUS in N2A cells by western
blot, using anti-FUS and anti-FLAG antibodies. The KO and re-expression cell lines were
authenticated with Western blot to confirm the FUS protein expression.

Immunofluorescence Microscopy

N2A and FUS KO cells were seeded on gelatin coated glass coverslips. Cells were rinsed
with 1x PBS, fixed with 4% formaldehyde in 1x PBS, and permeabilized with 0.25 % (v/v)
Triton-X100 in 1x PBS. The coverslips were blocked with 10% [w/v] bovine serum albumin
in 1x PBS for 1h, followed by incubation with the primary antibody at 4°C overnight.
Coverslips were rinsed with 1x PBS and incubated with secondary antibodies for 1 hour

at 37°C. The primary antibody was mouse anti-FUS (Santa Cruz, sc-47711) and rabbit
anti-LC3 (Millipore Sigma L8918). The secondary antibody was Alexa Fluor 488 donkey
anti-mouse (Life Technologies, A-21202) and Alexa Fluor 568 donkey anti-rabbit (Life
Technologies, A10042). All the samples were stained with 4”,6-Diamidino-2-phenylindole
(DAPI) and mounted with Vectashield Mounting Medium (Vector Laboratories, H-1000—
10). Confocal images were acquired using a Nikon Al confocal microscope with a 40x
objective. Quantification of cells containing LC3-positive autophagosomes was performed
from multiple random fields with >150 cells.

Western blot analysis

Cells were lysed with 1x RIPA buffer (Millipore Sigma, 20-188) supplemented with
protease inhibitor cocktail (Millipore Sigma, P8340, 1:500) and sodium orthovanadate (1
mM) Lysates were homogenized by sonication and centrifuged at 1,000g for 15 minutes
at 4°C. Supernatant was collected and protein concentration was determined using a
colorimetric Protein Assay Dye Reagent Concentrate (BIO-RAD, 5000006,). 6x SDS
(sodium dodecyl sulphate) buffer sample was added to samples containing equal amounts of
protein and heated for 5 min at 95°C. Proteins were resolved by 10% SDS-PAGE (sodium
dodecyl sulphate—polyacrylamide gel electrophoresis) gel (with the exception of 15% gel
for LC3 immunoblotting) and transferred to nitrocellulose membranes (Pall, 66485). The
membranes were blocked with 5% non-fat dry milk in TBST (100 mM Tris-HCI, pH 7.5,
0.9% NaCl, 0.1% Tween-20) or bovine serum albumin for 1 hour.

Cellular fractionation

Antibodies

Cells were sonicated and centrifuged at 100,000g for 15min at 4°C in order to obtain the
RIPA soluble fraction in the supernatant. Consecutively, the pellet was collected, and urea
buffer was added, followed by a centrifugation at 70,0009 for 30min. The urea resolubilized
fraction was collected in the supernatant and samples were analyzed through a western blot.

The antibodies used include: mouse anti-FUS (Santa Cruz, sc-47711), mouse monoclonal
ANTI-FLAG® M2-Peroxidase (HRP) (Millipore Sigma, A8592), rabbit anti-p-actin (Cell
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Signaling 8457). Rabbit anti-LC3 (Millipore Sigma L8918), mouse anti-SQSTM1/p62
(H00008878-M01), autophagy induction (ULK1 Complex) antibody sampler kit (Cell
Signaling 46486) containing ULK1 (D8H5) rabbit mAb (Cat #8054), Atg13 (D4P1K)
rabbit mAb (Cat# 13273), FIP200 (D10D11) rabbit mAb (Cat#12436), Atg101 (E1Z4W)
rabbit mAb (Cat#13492), phospho-ULK1 (Ser757) (D706U) rabbit mAb (Cat#14202),
phospho-ULK1 (Ser555) (D1H4) rabbit mAb (Cat#5869). Autophagy antibody sampler kit
(Cell Signaling, 4445) containing Beclin-1 (D40C5) rabbit mAb (Cat#3495), Atg5 (D5F5U)
rabbit mAb (Cat#12994), Atg12 (D88H11) rabbit mAb (Cat#4180), Atgl6L1 (D6D5) rabbit
mAb (Cat#8089), Atg7 (D12B11) rabbit mAb (Cat#8558), Atg3 antibody (Cat#3415).

TagMan gPCR Assay

RNA isolation was performed using Aurum Total RNA Mini Kit (BIO-RAD, 732-

6820) following the manufacturer’s instructions. 1ug of isolated RNA was reverse
transcribed using the SuperScript 111 First-Strand Synthesis System (Thermo Fisher
Scientific, 18080). The resulting cDNA was subjected to Real-time PCR. Briefly, FAM-
labeled Tagman probes for autophagy related genes and controls were obtained from

the TagMan Gene expression assay library from ThermoFisher Scientific. TagMan® Fast
Advanced Master Mix (ThermoFisher Scientific, 4444556, Thermo Fisher Scientific)
was prepared following manufacturer’s instructions. The assay IDs for the FAM-
labelled probes analyzed are: Mm00456545_m1 (Rbccl, FIP200), Mm00509659 _m1
(Atg101), Mm00512209_m1 (Atg7), Mm00471287_m1 (Atg3), Mm00503201_m1 (Atgl2),
MmO00513085_m1 (Atg16L1), Mm01612987_g1 (Rpl13a), Mm99999915_g1 (GAPDH),
MmO00607939_s1 (Actin). The gPCR results were analyzed using the A A CT method.

Statistical analysis

Results

Lane quantification for Western blot bands was performed using Image Lab software by
BioRad. Statistical analysis was calculated with SigmaPlot 14.0 software. qPCR CT values
and the Western blot band intensities were calculated and comparison between groups

was performed using Anova with post hoc Tuckey HSD test. Student’s t test was used

to determine statistical significance between two groups. A normality test was performed
in ANOVA analysis. No outlines are identified. No statistical methods were employed to
predetermine the sample size. Experiments were not blinded. All experiments were done
in triplicates unless noted. According to the Journal policy, the Western blot and gPCR
quantification data are presented as scatter plots with a bar representing the median. N
numbers were specified where appropriate.

Proteasome inhibition increased the accumulation of detergent insoluble FUS whereas
autophagy modulation had little effect.

To evaluate the contribution of UPS and autophagy to FUS protein degradation, we
performed a cellular fractionation to separate RIPA soluble and insoluble fractions (Figure
1A) in the presence of various UPS and autophagy inhibitors. NSC34 cells were transfected
with GFP-tagged wild-type (WT), R521G, or R495X FUS followed by the treatment of the
proteasome inhibitors MG132 (5 pM for 16 hours), the mechanistic target of rapamycin
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(mTORC) inhibitor rapamycin (2 pM for 4h), or the autophagy flux inhibitors Baf-Al (200
nM for 6 hours). After the subcellular fractionation as depicted in Figure 1A, fractions were
analyzed by Western blot. We found that FUS protein levels remained largely unchanged in
the RIPA soluble fraction regardless WT or mutant FUS or any treatment. However, R495X
showed a significantly higher level as compared to WT FUS in the urea re-solubilized (i.e.
RIPA-insoluble) fractions in the non-treated cells (Figure 1B, lane 3 vs lane 1), suggesting
that R495X mutant FUS formed insoluble protein inclusions as previously reported (Bosco
et al. 2010; Gal et al. 2011; Dormann et al. 2010). In the samples treated with MG132, FUS
protein levels in the RIPA soluble fraction did not change as compared to the non-treated
cells. In contrast, the proteasome inhibitors increased the levels of WT, R521G and R495X
FUS in the urea re-solubilized fraction as compared to non-treated cells (Figure 1B, lanes 4—
6 vs lanes 1-3). Interestingly, the treatment of rapamycin (Figure 1B, lanes 7-9) or Baf-Al
(Figure 1B, lanes 10-12) did not change FUS protein levels in the urea re-solubilized
fractions. These results suggest that the UPS pathway, but not autophagy, is the primary
mechanism responsible for the turnover of WT and mutant FUS proteins to prevent the
formation of FUS aggregates.

Loss of FUS reduced the basal level of autophagy.

Although the insoluble FUS level was not affected by the autophagy modulation, we asked
whether the absence of FUS would affect the autophagy pathway. We used siRNA to
knockdown FUS and examined the levels of autophagy markers LC3-1 and LC3-1I. The
LC3-11/LC3-1 ratio was reduced by approximately 70% (p < 0.005) in the FUS knockdown
cells as compared to WT N2A cells (Figure 2A). Similarly, the LC3-11/LC3-1 ratio decreased
by approximately 75% (p < 0.05) in FUS KO N2A cells generated using the CRISPR
technology (Figure 2B). In addition, confocal imaging analysis showed that the formation

of LC3-positive autophagosomes decreased in FUS KO cells as compared to WT N2A cells
(Figure 2C-D). Together, these data suggest that FUS might play an important role in the
basal autophagy pathway. We next examined whether the ALS-linked FUS mutations would
affect the levels of basal autophagy. FUS KO N2A cells were transfected with FLAG-tagged
WT, R521G, R495X or P515L FUS, along with WT N2A cells and non-transfected FUS

KO cells as controls. Consistent with Figure 2B, FUS KO cells showed a decreased LC3-I1/
LC3-I ratio. Moreover, introducing WT FUS back in the KO cells restored the LC3-11/LC3-I
ratio (Figure 2E-F), confirming that FUS is important in the basal autophagy pathway.
However, neither the LC3-11/LC3-I ratio nor the p62 level changed between any ALS mutant
FUS and WT FUS (Figure 2E-G), indicating that mutant FUS did not affect the autophagy
flux under the conditions in this study. The expression level of WT or mutant FUS was
comparable to the endogenous FUS level in WT N2A cells (Figure 2E).

FUS interfered with the initiation of the autophagy pathway.

To test whether FUS plays a role in the autophagy initiation, phagophore elongation,

or autophagy flux stage, we treated N2A and N2A FUS KO cells with Baf-Al or
rapamycin, followed by Western blots of autophagy markers. Baf-Al disrupts the late stages
of the autophagy flux by inhibiting the autophagosome-lysosome fusion and preventing
autolysosome acidification (Mauvezin et a/. 2015). Consistent with earlier results, the ratio
of LC3-11/LC3-1 was significantly lower in FUS KO cells as compared to WT cells without
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Baf-Al (Figure 3A-B). After the Baf-Al treatment (200 nM, 6 hrs), the LC3-11/LC3-I ratio
increased significantly in WT N2A cells (Figure 3A, lane 2 vs lane 1) as well as FUS KO
cells (Figure 3A, lane 4 vs lane 3). However, even in the presence of Baf-Al, the LC3-1l/
LC3-I ratio was still significantly lower in FUS KO cells compared to WT cells (Figure
3A, lane 4 vs lane 2). These results suggest that FUS KO did not affect the late stages of
autophagosome-lysosome fusion or autophagy flux, but rather affected the early stages of
the autophagy pathway.

Rapamycin is a well-stablished mTOR inhibitor that induces the initiation of autophagy
(Sarkar et al. 2009). After the rapamycin treatment (2 uM, 4 hrs), the LC3-11/LC3-I ratio
significantly increased in WT N2A cells as compared to non-treatment (Figure 3C-D, lane
2 vs lane 1). In contrast, the LC3-11/LC3-I ratio did not change in FUS KO cells in the
presence of rapamycin (Figure 3C, lane 4 vs lane 3), suggesting that FUS KO cells were not
able to respond to the rapamycin-mediated initiation of autophagy.

FUS affected the levels of proteins critical in early phases of autophagy.

We next analyzed the expression of proteins involved in the ULK1 initiation complex that
is composed of ULK1, Atg13, Atg101 and FIP200. This complex promotes or suppresses
the autophagy process depending on the nutrient status of the cell (Wang et a/. 2015). We
tested the expression of Atgl3, Atg101, FIP200, total ULK1 and phosphorylated ULK1 in
WT and FUS KO N2A cells (Figure 4A-B). Atgl3, Atg101, total ULK1 expression did not
change between WT and FUS KO cells. The phosphorylation on UKL1 Ser757 or Ser555
did not change in FUS KO cells either (Figure 4C). Interestingly, FIP200 expression was
significantly reduced in FUS KO cells as compared to WT cells (Figure 4A-B).

We also evaluated the proteins involved in the phagohore elongation (Xie & Klionsky
2007): Atg3, Atg5, Atgl2, Atg7 and Athl16L1 (Figure 4D-E). Atg3, Atgl6L1, and the
Atg5-Atgl2 complex showed a significant decrease in FUS KO cells as compared to WT
cells. However, the protein level of Atg5 alone did not change between FUS KO and WT
cells, indicating that only Atg12 protein was affected in the absence of FUS. Similarly, Atg7
did not change in FUS KO cells. Taken together, these results suggest that FUS likely plays
an important role in the autophagy initiation and phagophore elongation stages by regulating
the expression of FIP200, Atg 3, Atg 12 and Atg16L1.

FUS regulated the transcription of genes involved in autophagy initiation and phagophore

elongation.

Since FUS regulated the protein levels, we examined whether FUS might regulated the
transcription of corresponding genes involved in the initial phases of autophagy using
quantitative RT-PCR. For genes involved in the autophagy initiation, the mRNA levels of
FIP200 showed a significant decrease (~57%) in FUS KO cells (Figure 4F) while Atg101
and Atg7 mRNA levels did not significantly change between the two groups. For genes
involved in the phagophore elongation, the mRNA levels of Atg3 (~ 48%), ATG16L1
(~54%), and Atgl2 (~48%) decreased significantly in FUS KO cells (Figure 4G). Atg7
was used as a negative control and did not change significantly. These results suggest that
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FUS likely plays a role in regulating the gene expression of those critical to the autophagy
initiation and phagophore elongation.

FUS re-expression restored expression of autophagy related genes.

To further solidify our conclusion, we examined whether re-expression of FUS in the FUS
KO cells can restore the expression of the affected autophagy related genes. To this end,
we generated a cell line that stably expresses FLAG-tagged WT FUS in N2A-FUS KO
cells. The FUS re-expression level was comparable to the endogenous FUS level in WT
N2A cells. FUS re-expression largely restored the protein levels of Atg16L1 (100%) and
FIP200 (~80%) as compared to FUS KO cells (Figure 5A-B). Similarly, FUS re-expression
also increased the mRNA levels of Atg16L1 and FIP200 as compared to the FUS KO cells
(Figure 5C). The mRNA levels of Atg16L1 and FIP200 were restored to ~60% in WT N2A
cells. The results support that FUS plays a role in regulating the transcription of the genes
involved in the autophagy initiation and phagphore elongation.

DISCUSSION

FUS is a DNA/RNA binding protein that has been linked to familial cases of ALS, and
its pathology has been reported in FTD patients (Mackenzie et al. 2010). Research has
found that FUS plays multiple roles in various pathways inside the cell. We hereby report
a previously unknown function of FUS, i.e. FUS regulates the initiation of autophagy by
mediating the transcription of genes that are critical to autophagosome formation.

We found that neither activating autophagy by rapamycin nor inhibiting autophagy by
Baf-A1l had any significant effect on the level of insoluble FUS in cells (Figure 1). In
contrast, inhibiting the ubiquitin-proteasome system significantly increased the level of
insoluble FUS in the RIPA-insoluble fraction. Moreover, the expression of mutant FUS

had little effect on the levels of autophagy markers (Figure 2F-G). The role of autophagy
in FUS mediated ALS has been debatable. One study reported that impairment of the
proteasome pathway replicated ALS phenotypes in mice with TAR DNA-binding protein
43 (TDP-43) and FUS proteinopathy, but impairment of the autophagy pathway by motor
neuron-specific knock-out of Atg7 did not show ALS phenotype (Tashiro ef a/. 2012). This
is consistent with our findings that UPS, but not autophagy, is primarily responsible for the
turnover of WT and mutant FUS to prevent the accumulation of FUS in the RIPA-insoluble
fraction (Figure 1B). However, another study showed that torkinib, an autophagy-enhancing
compound that functions as mTOR inhibitor, reduced FUS cytoplasmic aggregates and
rescued motor function in P525L induced pluripotent stem cells (iPSC)-derived motor
neurons (Marrone et al. 2019). Thus, it remains possible that both UPS and autophagy
pathways contribute to the degradation of toxic protein aggregates in various experimental
systems in neurodegenerative diseases (Limanagqi ef a/. 2020).

Our results showed that re-expression of mutant FUS in FUS KO cells had little affect on
autophagy as compared to cells re-expressed WT FUS (Figure 2E-G). This is consistent
with a previous study showing that the expression of FUS mutant R521C did not impair
autophagy (Ryu et al. 2014). However, another study reported that overexpressing mutant
FUS affects autophagy by impairing early stages of Rab-1 dependent autophagy pathway
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(Soo et al. 2015). A recent study elegantly showed that the over-expression of WT

and mutant FUS by impairing the FUS autoregulation produced progressive ALS-like
phenotypes. Moreover, FUS overexpression altered the autophagy-lysosome pathway and
protein homeostasis (Ling ef a/. 2019). It is noted that the level of WT or mutant FUS
re-expression in FUS KO cells was comparable to the endogenous FUS level in N2A cells
in this study, which is different from other studies in which FUS was over-expressed at high
levels on top of the endogenous mouse FUS. It is conceivable that mutant FUS affected the
autophagy pathway differently in different experimental systems.

More interestingly, FUS knockdown or KO cells showed significantly decreased levels of
autophagy flux marker (Figure 2A-B). The formation of LC3-positive autophagosomes was
also reduced in FUS KO cells (Figure 2C-D). Moreover, the FUS KO cells did not respond
to rapamycin treatment as WT cells did (Figure 3C-D). Consistently, the level of LC3-11
increased in the presence of Baf-Al, but the level in FUS KO cells was significantly lower
than that in WT cells (Figure 3A-B). The results suggest that FUS is involved in the LC3-11
lipidation, phagophore elongation and autophagosome formation. It is well documented
that the ALS-linked mutations cause cytoplasmic accumulation of FUS protein (Bosco et
al. 2010; Gal et al. 2011; Dormann et al. 2010), resulting in a reduced level of FUS in

the nucleus. The results regarding the effect of FUS knockdown and KO on autophagy in
this study provide an additional mechanism how mutant FUS would disrupt the autophagy
pathway.

Furthermore, we demonstrated that the mRNA and protein levels of FIP200, Atg3, Atg16L1
and Atg12 decreased in FUS KO cells (Figure 4). Moreover, the mRNA and proteins levels
of the affected genes were restored by expression of FUS (Figure 5). Consistent with

gene and protein levels changes, the autophagosome marker LC3-11/LC3-I ratio was also
increased when WT FUS was expressed in FUS KO cells (Figure 2E). ULK1, FIP200 and
Atg13 form a complex that is required for ULK1 localization to the isolation membrane and
subsequent phagophore formation (Jung et al. 2009; Hosokawa et al. 2009a; Ganley et al.
2009). Atg101 is associated with the ULK1 complex by interacting with Atgl3 (Hosokawa
et al. 2009b). Among the four genes/proteins examined, only FIP200 was affected by FUS
KO. FIP200 has been reported to be an essential regulator of autophagy in Drosophila
melanogaster (Kim et al. 2013) and mammalian cells (Hara et a/. 2008). In both studies,
when the FIP200 was silenced, the induction of autophagy activity was severely impacted.
Thus, we conclude that the regulation of FIP200 expression by FUS is a critical mechanism
in autophagy initiation.

Atg (AuTophaGy-related) genes function as a ubiquitin-like conjugation system to facilitate
LC3-11 lipidation and phagophore elongation (Xie & Klionsky 2007). Among five Atg genes
examined in this study, the levels of Atg3, Atgl6L1 and Atg5-Atgl2 complex decreased
consistently. The Atg5-Atg12 complex conjugates with Atgl6L1 (Mizushima et a/. 2003)
and facilitate the attachment of phosphatidylethanolamine (PE) to the C-terminal glycine of
Atg8 (LC3) (Nakatogawa 2013), which promotes phagophore elongation (Xie & Klionsky
2007; Fujita et al. 2008; Saitoh et al. 2008). These studies support our model (Figure 6) that
FUS regulates the expression of genes critical to LC3 lipidation, phagophore elongation, and
autophagosome formation.
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It is noted that it is yet to be determined in future studies how FUS regulates the expression
of FIP200, Atg3, Atgl6L1 and Atgl2 genes. FUS was reported to be associated with

active chromatin (Yang et al. 2014), to interact with nuclear receptors (Powers et al.

1998), transcription factors (Hallier et a/. 1998), and RNA polymerase Il and the TFIID
complex (Schwartz et al. 2012), suggesting that FUS is a part of the transcription machinery.
However, it is unclear how FUS specifically regulate these genes while it does not change
other Atg genes. It is conceivable that there are specific elements in the regulatory region

of these genes that specifically interact with FUS. Future studies are needed to determine
such FUS-interacting elements for those genes. Alternatively, FUS can regulate splicing and
mutant FUS was reported to cause aberrant splicing alterations (Qiu et a/. 2014; Zhou et

al. 2013). Thus, it is possible that FUS KO can also cause abnormal splicing such as intron
retention and change mMRNA homeostasis, leading to alterations in mRNAs of autophagy
genes. This alternative mechanism remains to be tested in future studies.

Our study discovered a novel function of FUS in protein homeostasis. Specifically, FUS
regulates the early stages of autophagy by modulating the transcription of genes that play a
role in autophagy initiation (FIP200) and phagophore elongation (Atg12 and Atg16L1). The
lack of FUS causes the downregulation of the gene expression and protein levels, leading to
decreased phagophore formation, and thus the reduction in basal autophagy flux (Figure 6).
The function of FUS in autophagy /7 vivo remains to be further examined in future studies.
The significance of FUS regulation of autophagy genes in the context of neurodegenerative
diseases such as ALS and FTD is also to be better understood.
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ALS Amyotrophic lateral sclerosis

ATG Autophagy-related

Baf-Al bafilomycin Al

FTD frontotemporal dementia

FUS Fused in Sarcoma

GFP green fluorescent protein

iPSCs induced pluripotent stem cells

KO knockout

LC3 microtubule-associated protein 1A/1B-light chain 3
mTORC mechanistic target of rapamycin
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NLS nuclear localization sequence
PE phosphatidylethanolamine
RIPA radioimmunoprecipitation assay buffer
SDS-PAGE sodium dodecyl sulphate—polyacrylamide gel electrophoresis
SG stress granule
SiRNA small interference RNA UPS: ubiquitin-proteasome system
WT wild-type
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Figure 1. The proteasome pathway, but not autophagy, isthe primary mechanism for FUS
protein turnover.

(A) Schematic representing the protein fractionation process. (B) NSC34 cells were
transfected with GFP-FUS WT, R521G, or R495X and treated with 200 nM Baf-A1l for

6 hours, or 5 yM MG132 for 16 hours, or 2 pM rapamycin for 4 hours. Immunoblotting was
performed using the indicated antibodies.
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Figure 2. Loss of FUS reduced the basal level of autophagy.
(A) N2A cells were transfected with FUS siRNA using Lipofectamine™ RNAIMAX.

48h after transfection cells were harvested and immunoblotting was performed using the
indicated antibodies. (B) N2A and FUS KO cells were cultured and immunoblotting

was performed using the indicated antibodies. (C) Confocal imaging of FUS and LC3

in N2A and FUS KO cells. Scale bars are 10 um. (D) Quantification of the percentage

of cells containing LC3-positive autophagosomes from multiple random viewfields (N >
150 cells). **, p <0.01. (E) FUS KO cells were transfected with FLAG-tagged WT FUS,
FUS-R495X, R521G, P525L. WT N2A cells and FUS KO cells with no transfection were
included as positive and negative controls. 48h after transfections cells were collected

and immunoblotting was performed with the indicated antibodies. (F-G) Quantification of
(E) from three independent experiments. Results are shown in scatter plots with the bar
representing the median. Student’s £test was performed for individual comparisons against
FLAG-FUS WT. **, p <0.01. N.S., no significance.
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Figure 3. FUS knockout impaired the initiation of the autophagy pathway.
(A) N2A and FUS KO cells were treated with 200 nM Baf-A1 for 6h. Cells were harvested,

and immunoblotting was performed with the indicated antibodies. (B) Quantification of

(A) from four independent experiments. One Way Anova was performed to determine
statistical significance. *p <0.05; **p<0.01 (C) N2A and FUS KO cells were treated with

2 UM rapamycin for 4h. Cells were harvested, and immunoblotting was performed with the
indicated antibodies. (D) Quantification of (C) from three independent experiments. One
Way Anova was performed to determine statistical significance. *p <0.05; **p<0.01; N.S,,
not significant. All quantification results are shown in scatter plots with the bar representing
the median.
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Figure 4. FUSregulated the protein and mRNA levels of proteinsinvolved in early phases of the
autophagy pathway.

N2A and FUS KO cells were cultured and immunoblotting was performed using the
indicated antibodies. (B-C) Quantification of (A) from three independent #test was
performed for individual comparisons against N2A WT cells. *, p <0.05; N.S., not
significant. (D) N2A and FUS KO cells were cultured and immunoblotting was performed
using the indicated antibodies. (E) Quantification of (D) from three independent #test
was performed for individual comparisons against WT N2A WT cells. *, p 0.05; N.S.,
not significant. (F-G). N2A and FUS KO cells were cultured and harvested for RNA
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isolation, followed by reverse transcription and quantitative PCR using TagMan probes
for the indicated genes. Actin probe was used to normalize gene expression. Results from
three (F) or four (G) independent experiments are shown. Student’s #test was performed
for individual comparisons against N2A WT cells. *, p <0.05; N.S., not significant. All
quantification results are shown in scatter plots with the bar representing the median.
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(A) N2A, FUS KO, and FUS re-expression (KO + WT) cells were cultured and
immunoblotting was performed using the indicated antibodies. (B) Quantification of (A)
from three independent experiments. One Way Anova was performed to determine statistical
significance. *p <0.05; **p<0.01; ***p<0.005; N.S., not significant. (C) N2A, FUS KO, and
FUS re-expression cells were cultured and harvested for RNA isolation, followed by reverse
transcription and quantitative PCR using TagMan probes for the indicated genes. Actin
probe was used to normalize gene expression. Results from three independent experiments
are shown. Student’s #test was performed for individual comparisons against N2A WT
cells. *, p 0.05; N.S., not significant. All quantification results are shown in scatter plots

with the bar representing the median.
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Figure 6. Proposed model of therole of FUS in the autophagy pathway.
We propose that FUS is involved in transcription regulation of genes involved in autophagy

initiation and phagophore elongation. Lack of FUS in the cells causes downregulation at
the gene expression and protein levels, causing a decrease in autophagosome formation, and
thus the reduction in basal autophagy flux.
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