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KEY WORDS Abstract Growing evidences indicate that dysfunction of autophagy contributes to the disease patho-
genesis of amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD), two neurodegenera-

Amyotrophic lateral
sclerosis;
Frontotemporal dementia;

tive disorders. The GGGGCC-GGCCCC repeat RNA expansion in chromosome 9 open reading frame 72
(CYorf72) is the most genetic cause of both ALS and FTD. According to the previous studies,

C901172; GGGGCC-GGCCCC repeat undergoes the unconventional repeat-associated non-ATG translation, which
Autophagy; produces dipeptide repeat (DPR) proteins. Although there is a growing understanding that C9orf72 DPRs

*Corresponding authors.
E-mail addresses: zheng.ying@suda.edu.cn (Zheng Ying), wanghongfeng @suda.edu.cn (Hongfeng Wang).
"These authors made equal contributions to this work.

Peer review under the responsibility of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences.

https://doi.org/10.1016/j.apsb.2024.02.004

2211-3835 © 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese
Academy of Medical Sciences. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:zheng.ying@suda.edu.cn
mailto:wanghongfeng@suda.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsb.2024.02.004&domain=pdf
https://doi.org/10.1016/j.apsb.2024.02.004
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.elsevier.com/locate/apsb
http://www.sciencedirect.com
https://doi.org/10.1016/j.apsb.2024.02.004
https://doi.org/10.1016/j.apsb.2024.02.004

C9orf72 dipeptide repeats inhibit autophagy

2027

BCL2;
BECNI1/Beclin 1;
Dipeptide repeat;
Neurodegeneration

have a strong ability to harm neurons and induce C9orf72-linked ALS/FTD, whether these DPRs can
affect autophagy remains unclear. In the present study, we find that poly-GR and poly-PR, two
arginine-containing DPRs which display the most cytotoxic properties according to the previous studies,
strongly inhibit starvation-induced autophagy. Moreover, our data indicate that arginine-rich DPRs

enhance the interaction between BCL2 and BECN1/Beclin 1 by inhibiting BCL2 phosphorylation, there-
fore they can impair autophagic clearance of neurodegenerative disease-associated protein aggregates un-
der starvation condition in cells. Importantly, our study not only highlights the role of C90rf72 DPR in
autophagy dysfunction, but also provides novel insight that pharmacological intervention of autophagy
using SW063058, a small molecule compound that can disrupt the interaction between BECN1 and
BCL2, may reduce C90rf72 DPR-induced neurotoxicity.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute of
Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s
disease, is a devastating neurodegenerative disease which shares
genetic and pathological overlaps with frontotemporal lobar
degeneration (FTD). ALS results from the degeneration of lower
and upper motor neurons, and is characterized by rapidly pro-
gressive paralysis and death from respiratory failure'-*. At present,
there is no effective medicine and clinical treatment that can cure
ALS. According to the previous study, approximately 90% of ALS
patients are classified as sporadic, whereas the remaining 10% of
patients are identified as familial'>. GGGGCC hexanucleotide
repeat expansions in noncoding region of chromosome 9 open
reading frame 72 (C90rf72 gene) has been considered as the most
common cause of familial ALS® . Surprisingly, from repeat-
associated non-ATG (RAN) translation, the bidirectional
GGGGCC and GGCCCC hexanucleotide repeat expansions
encode five dipeptide repeats (DPRs), poly-glycine-alanine (GA),
glycine-proline (GP), glycine-arginine (GR), proline-arginine
(PR) and proline-alanine (PA). Those RAN-translated DPRs
are expressed in the affected tissue of ALS/FTD patients, which
indicates that DPRs may play important roles in disease patho-
genesis™®. According to recent studies, two arginine-rich DPRs,
poly-GR and poly-PR, are the most toxic proteins among all the
DPRs translated from C90rf72 hexanucleotide repeats® ',

Autophagy—lysosome pathway (ALP) is an evolutionally
conserved process that is essential for cellular metabolic homeo-
stasis and quality control, and autophagy dysfunction is observed
in various neurodegenerative diseases including ALS'*'?. Previ-
ous studies showed that knockout of autophagy-related genes,
such as ATGS or ATG7, in the central nervous system, can lead to
progressive motor deficits in mouse models'*'>. Those mice
exhibited ubiquitin-positive protein aggregates formed by mis-
folded proteins, which are key features of neurodegenerative
diseases, including Huntington’s disease and ALS. Importantly,
increasing evidence indicates that autophagy is abnormally regu-
lated by ALS/FTD-associated proteins, and mutations in auto-
phagy receptors, such as p62/SQSTMI1 and OPTN, genetically
cause ALS'C. However, whether and how C90rf72 DPRs affect
autophagy remains largely unknown.

To further understand the relationship between autophagy and
the C9orf72 DPRs, we studied the effects of five DPRs on auto-
phagy in cellular and mouse model. In our current study, we find
that the two arginine-rich DPRs, poly-GR and poly-PR, impair the
initiation step of the autophagosome formation by regulating

BCL2—BECNI interaction in association with BCL2 phosphor-
ylation. The BH3 mimetic compound SW063058 effectively in-
hibits the BECN1—BCL2 interaction and alleviates autophagy
impairment driven by poly-GR and poly-PR. Intriguingly, poly-
GR and poly-PR also reduce the mTORC1 (mechanistic target
of rapamycin kinase complex 1) activity and enhance TFEB nu-
clear translocation, as shown in models of protein loss of function
associated with ALS'’?°. In addition, we found that C9orf72
arginine-rich DPR blocks autophagic turnover and increases
pathogenic protein aggregation in starved cells. Taken together,
our study shows that C9orf72-linked poly-GR and poly-PR can
impair autophagy through enhancing BECN1—BCL2 binding and
impede the quality control of protein aggregates, suggesting that
autophagy dysfunction may contribute to C90rf72 DPR-mediated
pathogenesis, similarly as other ALS/FTD cases.

2. Materials and methods
2.1.  Plasmid constructions

GFP, GFP-TFEB, GFP-BCL2, GFP-LC3, GFP-Htt-60Q, GFP-Hitt-
150Q, GFP-BCL2, FLAG, FLAG-BECNI1, mCherry, mCherry-
GFP-LC3B, GFP-GAggagca (GA*30), GFP-GRggaaga (GR*30),
GFP-PRccaaga (PR*30), Flag-GAggagca (GA*30), Flag-
GRggaaga (GR*30) and mCherry-PRcceccgg (PR*46) plasmids
were described previously'"'7?%"?*, mCherry-LC3B was a gift
from Dr. David Rubinsztein (Addgene plasmid #40827). pMRX-
IP-GFP-LC3-RFP-LC3AG was a gift from Dr. Mizushima
(Addgene plasmid #84572). ATG5-GFP, ATG9-GFP, DFCP1-GFP
and ATG16-mCherry were kindly provided by Dr. Quanhong Ma
(Soochow University, China). GABARAPL1 cDNA was first
amplified using PCR from a human fetal brain cDNA library
(Clontech) using the primers 5-GAAGATCTACCATGAAG
TTCGTGTAC-3' and 5'-GCGTCGACTCACAGACCGTAGAC-
3’. The PCR product was subsequently inserted into the
p3xFLAG-Myc-CMV-24 (Sigma) vector at the Bgl II/Sal I sites.

2.2.  Cell culture, transfection and drug treatment

Human embryonic kidney 293 cells (HEK293), Human embryonic
kidney 293T cells (HEK293T), Human cervical cancer cells
(HeLa), ATG5 WT, and KO mouse embryonic fibroblast (MEF)
cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco) containing 10% fetal bovine serum
(FBS) (Gibco) with streptomycin (100 pg/mL) and Penicillin
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Figure 1

C9orf72-linked poly-GR and poly-PR inhibit the formation of autophagosomes under starvation condition. (A, B) HEK 293 cells

were transfected with 0.1, 0.5 or 3.5 pg GFP-GR*30, GFP-PR*30 or GFP tag. After 48 h, the cells were incubated with Earle’s balanced salt
solution (EBSS) for 1 h, and cell lysates were subjected to immunoblot analysis using antibodies against GAPDH and LC3. Quantification of the
relative intensity of LC3-1I to GAPDH. Data from three independent experiments are represented as means + SEM, ns, not significantly different;



C9orf72 dipeptide repeats inhibit autophagy

2029

(100 U/mL). Primary mouse cortical neurons were harvest as
described®. Lipofectamine RNAIMAX transfection reagent
(Invitrogen) was applied for siRNAs transfection upon cell split-
ting, the cells were transfected with Lipofectamine 2000 trans-
fection reagent (Invitrogen) in Opti-MEM (Invitrogen) without
serum according to the manufacturer’s instructions. Cells were
starved with Earle’s balanced salt solution (EBSS) (Gibco) for 1 h.
Cells were treated with DMSO (BBI Life Science Corporation),
250 nmol/L Torin-1 (Tocris Bioscience) for 1 h, 100 nmol/L
Bafilomycin A1 (Sigma) for 12 h, or SW063058 (Sigma) for 12 h.

2.3.  Intracerebroventricular injections in C57BL/6 mice

AAV-PHP.eB-CAG>Kozak-EGFP-GGAAGA Repeat (GR*30)
was generated by Cyagen Bioscience. Two microliters of AAV
were injected into right lateral cerebral ventricle of 2-month or
3-month mouse brain through intracerebroventricular injection at
the flow rate of 0.2 pL/min. Bafilomycin Al (40 nmol, 70 nmol
and 100 nmol in 2 pL. PBS) were injected into mouse brain at the
flow rate of 0.2 pL/min. Stereotaxic injection of 1.5 nug endotoxin
free DNA of EGFP-PR*30 mixing with in vivo-jetPEI (Polyplus)
at N/P = 7 into right lateral cerebral ventricle of 4-months mouse
brain (0.2 pL/min).

2.4. Antibodies

The following primary antibodies were used: anti-FLAG antibody
(Sigma), anti-GFP antibody (Santa Cruz), anti-GAPDH antibody
(Millipore), anti-phospho-p70S6K (T389) antibody (Cell Signaling
Technology), anti-p70S6K antibody (Epitomics), anti-mTOR anti-
body (Cell Signaling Technology), anti-LC3B antibody (Novus
Biologicals), anti-LC3B antibody (Abcam), anti-GAPDH antibody
(Proteintech), anti-Tubulin antibody (Proteintech), anti-MAP2
antibody (Proteintech), anti-LAMP2 antibody (Santa Cruz), anti-
Bcl2 (total, pS70 or pS87) antibody (Santa Cruz) and anti-BECNI1
antibody (Santa Cruz). The following secondary antibodies were
used: horseradish peroxidase-conjugated sheep anti-mouse and
anti-rabbit antibodies (Jackson ImmunoResearch Laboratories) for
immunoblotting and Alexa Fluor 594-conjugated AffiniPure
Donkey Anti-Mouse IgG antibody (Proteintech), Alexa Fluor
594-conjugated AffiniPure Donkey Anti-Rabbit IgG antibody
(Proteintech) or Alexa Fluor 647-conjugated AffiniPure Donkey
Anti-Rabbit IgG antibody (Yasen Biotechnology) for immunocy-
tochemistry and immunohistochemistry. DAPI (Sigma) or Hoechst
(Sigma) were used for nuclei staining.

2.5.  Immunoblot

The cells were collected at indicated time after transfection and
were lysed in the cell lysis buffer containing 50 mmol/L Tris-HCI
(pH 7.6) with protease inhibitor cocktail (Roche), 150 mmol/L
NaCl, 0.5% sodium deoxycholate, and 1% Nonidet P-40. Proteins
were separated by 10%, 12%, 13.5% or 15% SDS—PAGE (poly-
acrylamide gel electrophoresis) and transferred onto a PVDF
membrane (polyvinylidene difluoride membrane; Millipore).
Samples were sequentially incubated by primary antibodies and
secondary antibodies. Proteins were visualized by ECL kit
(Thermo Fisher Scientific).

2.6.  Immunocytochemistry, immunohistochemistry and live cell
imaging

For immunocytochemistry assay, the cells were washed with pre-
warmed PBS and fixed with 4% paraformaldehyde in PBS at room
temperature for 5—10 min. Cells were permeabilized with 0.1%
Triton X-100 in PBS for 5 min and blocked for 20 min with 0.2%
FBS in PBST. Then the cells were incubated with primary anti-
body diluted with PBST at room temperature for 4 h, washed
lightly with PBST for 5 min. Then the cells were incubated with
secondary antibody for 2 h at room temperature. For immuno-
histochemistry assay, mouse brains were fixed with 4% para-
formaldehyde in PBS at 4 °C for 24 h, followed by dehydration
with 30% sucrose in PBS at 4 °C for 24 h. Then, the brains were
embedded with O.T.C. compound (SAKURA), frozen on liquid
nitrogen and stored at —80 °C for cryosections (18 pum). Sections
were permeabilized with 0.4% Triton X-100 in PBS for 1 h and
blocked for 2 min with 4% FBS and 0.4% Triton X-100 in PBST.
Tissues were incubated with anti-LC3B antibody (Abcam) at 4 °C
overnight and secondary antibody for 4 h at room temperature.
DAPI (blue) was added for incubation for 3 min at room tem-
perature to visualize the nuclei. Finally, the immune-stained cells,
tissues or live cells were imaged using fluorescent microscope
(Nikon ECLIPSE TE2000-E or Ti2-E) or a Zeiss confocal

. 26.2
mlcroscope“6’“7.

2.7.  Immunoprecipitation

HEK?293T cells transfected with the indicated plasmids were
collected 24 h after transfection and lysed in cell lysis buffer. Cell
pellets were discarded after centrifugation at 12,000x g for 15 min
at 4 °C, and the supernatants were used for immunoprecipitation.

**P < 0.01, one-way ANOVA. NT indicates no transfection. (C, D) HEK 293 cells were transfected with GFP, GFP-GR*30 or GFP-PR*30, along
with mCherry-LC3 or mCherry-GABARAPLI. After 24 h, the cells were incubated with EBSS or normal culture medium for 1 h and visualized
using fluorescence microscopy. Scale bar, 10 um. Insets were higher magnifications of the dashed box area. Scale bars, 2 pm. (E) Experimental
design of assessing autophagy level in mouse model. (F) C57BL/6 mice at 4 months were injected in vivo-jetPEI mixed with or without GFP-
PR*30 in right lateral cerebral ventricle. Mice were sacrificed after 21 days and the brain lysates were subjected to immunoblot analysis using
antibodies against GFP, Tubulin and LC3 (n = 3 animals per group). (G) Quantification of the relative intensity of LC3-II to Tubulin in F. Data
from three independent experiments are represented as means £ SD; **P < 0.01, one-way ANOVA. (H) C57BL/6 mice at 2 months or 3 months
were injected with or without AAV-GFP-GR*30 in right lateral cerebral ventricle. Mice were sacrificed after 21 days and the brain lysates were
subjected to immunoblot analysis using antibodies against GFP, Tubulin and LC3 (n = 3 animals per group). (I) Quantification of the relative
intensity of LC3-II to Tubulin in (H). Data from three independent experiments are represented as means =+ SD; **P < 0.01, one-way ANOVA. (J)
C57BL/6 mice at 2 months were injected with BafiAl (40 or 70 or 100 nmol). Mice were sacrificed after 24 h and subjected to immunostaining
analysis using antibodies against LC3 (n = 3 animals per group), yellow arrows indicate LC3-positive autophagosomes. (K) C57BL/6 mice at 2
months were injected with or without AAV-GFP-GR*30 in right lateral cerebral ventricle and injected with 100 nmol BafiA1 after 20 days. Mice
were sacrificed after 24 h and subjected to immunostaining analysis using antibodies against LC3 (n = 3 animals per group), yellow arrows
indicate LC3-positive autophagosomes. Scale bar, 10 um. Insets were higher magnifications of the dashed box area. Scale bars, 5 um.
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Figure 2  Poly-GR and poly-PR inhibit the autophagic clearance of poly-Q proteins. (A, B) HEK 293 cells were transfected with mCherry-
GFP-LC3 and FLAG-GA*30, FLAG-GR*30 or FLAG tag. After 24 h, the cells were incubated with normal culture medium or EBSS for
1 h. Cells were visualized using confocal microscopy. Scale bars, 10 um. Insets were higher magnifications of the dashed box area. Scale bars,
2 um. The quantitative data of yellow dots (autophagosomes) or red dots (autolysosomes) are shown in (B). Data from three independent ex-
periments represented as means + SEM; ***P < 0.001, one-way ANOVA. (C) HEK 293 cells were transfected with GFP-Htt-60Q or GFP-Htt-
150Q, along with FLAG-GA*30, FLAG-GR*30, mCherry-PR*46 or FLAG tag (Mock). After 12 h, the cells were incubated with normal culture
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The protein G Sepharose (Roche) or Protein A/G Magnetic Beads
(Biotool) were incubated with anti-GFP or anti-FLAG antibody at
4 °C for 4 h, and then washed twice with PBS and incubated with
cell supernatants for 4 h at 4 °C. The beads were washed three
times with cell lysis buffer. Then, the proteins were eluted with
SDS sample buffer for immunoblot analysis.

2.8.  In situ proximity ligation assay (PLA)

4% paraformaldehyde and 0.1% Triton X-100 were applied for
cells fixation and permeabilization. The cells were incubated with
the BECN1 antibody (BBI Life Science Corporation) and BCL2
antibody (Santa Cruz). Duolink in situ PLA kit were used for the
next step according to the manufacturer’s instructions (Duolink®
In Situ Red, Sigma—Aldrich). The cells were visualized by a
Nikon fluorescent microscope (Ti2-E) and images were captured
using a SCMOS camera (pco.edge 4.2 bi).

2.9.  Statistical analysis

The Photoshop 7.0 (Adobe) software was used to perform
immunoblot densitometric analyses of three independent experi-
ments. The obtained data were used for generating charts using
Prism 9.0 (GraphPad Software) software. P-values were indicated
in figure legends.

3. Results

3.1.  C9orf72-linked poly-GR and poly-PR, two arginine-
containing DPRs, reduce the numbers of autophagic vesicles
under starvation condition

Autophagy plays an important role in neurodegenerative disease
including ALS/FTD. To understand the relationship between
C9orf72-linked ALS/FTD and autophagy, we first tested whether
the five DPRs could influence autophagy. In cells overexpressing
different doses of C90rf72 arginine-containing poly-GR and poly-
PR, the protein level of microtubule associated protein 1 light
chain 3 beta-Il (MAPILC3B/LC3B-II, hereafter referred to as
LC3-1I), which is the marker of cellular autophagic vesicles, was
strikingly decreased under starvation condition (Fig. 1A and B).
Whereas, LC3-II level was not reduced in other C9orf72 DPR
(poly-GA, poly-PA or poly-GP)-expressing cells (data not shown).
These data suggest that expression of poly-GR and poly-PR may
reduce the numbers of autophagic vesicles. To further confirm this
hypothesis, we tested the influence of different amount of poly-GR
and poly-PR on the formation of autophagosomes. The data
indicate that poly-GR and poly-PR can decrease the protein level
of LC3-II in a dose-dependent manner under starvation condition
(Fig. 1A and B). Furthermore, immunofluorescence showed that
poly-GR and poly-PR could strikingly decrease the numbers of

LC3B and GABARAPL1 (GABA type A receptor-associated
protein like 1)-positive autophagosomes in starved cells (Fig. 1C
and D, Supporting Information Fig. S1). To further assess the
effect of DPRs on autophagy in vivo, we measured autophagy by
detecting LC3 levels in mouse brain expressing poly-GR and
poly-PR (Fig. 1E). Our data suggest that LC3-II level was
decreased upon poly-PR and poly-GR expression in vivo
(Fig. 1F—I). Bafilomycin Al (BafiAl) was employed to amplify
autophagosomal accumulation (Fig. 1J). We observed that LC3
dots (which reflects autophagosome numbers) were reduced in the
mouse brain expressing poly-GR (Fig. 1K). These results indi-
cated that two arginine-containing DPRs, poly-GR and poly-PR,
may impair ALP.

3.2.  Arginine-containing DPRs impair the autophagic flux and
the clearance of autophagic substrates

To further test the effect of poly-GR and poly-PR on autophagic
flux, we used mCherry-GFP-LC3 as a reporter of autophagic flux.
According to the previous studies, GFP signal quenches in the
acidic lysosomes, therefore the yellow dots, which are recognized
as the combination of mCherry (red) and GFP (green) signals,
indicate autophagosomes, and the red dots indicate autolyso-
somes'”?®, Under starvation condition, the numbers of both
autophagosomes (yellow dots) and autolysosomes (red dots) were
significantly decreased in poly-GR, but not poly-GA-expressing
cells, indicating that arginine-containing DPR may inhibit the
formation of autophagosomes (Fig. 2A and B). Huntingtin protein
containing expanded polyglutamine (poly-Q) can form protein
aggregates in cells and can be used as a reporter of autophagic
substrate degradation®’. We therefore tested the aggregation of
N-terminus of Huntingtin containing 60 poly-Q (Htt-60Q) and 150
poly-Q (Htt-150Q), which reflects the level of autophagic clear-
ance, in cells expressing C9orf72 DPRs. Our results indicated that
poly-GR and poly-PR inhibited the autophagic clearance of Hitt-
60Q and Htt-150Q aggregates under starvation condition,
whereas poly-GA had no such effect (Fig. 2C, Supporting
Information Fig. S2). To confirm the impaired clearance of
poly-Q aggregates is related to perturbed autophagy, we did the
similar experiment in wild type and atg5 knockout mouse em-
bryonic fibroblast (MEF) cells. In contrast to the effect in WT
MEFs, poly-GR or poly-PR failed to block the clearance of Htt-
60Q aggregates in starved atg5 knockout MEFs, indicating that
poly-GR and poly-PR inhibit the autophagic clearance of poly-Q
aggregates (Fig. 2D). To test the overall autophagic turnover
in poly-GR and poly-PR expressing cells, we employed a
fluorescent reporter of autophagic degradation known as GFP-
LC3-RFP-LC3AG, which is cleaved by ATG4 into GFP-LC3 and
RFP-LC3AG. GFP-LC3 can be digested in autolysosome, while
RFP-LC3 AG still stays in cytosol, working as a cellular internal
control (Fig. 2E, left upper panel)zo. The ratio of GFP to RFP
reflects autophagy flux®’. Our experiments demonstrated that

medium or EBSS for 1 h. Then the cells were visualized using fluorescence microscopy. The quantitative data of poly-Q aggregates from three
independent experiments are represented as means = SEM; ns, not significantly different; **P < 0.01, one-way ANOVA. (D) Mouse embryonic
fibroblast (MEF) cells or ATG5 KO MEF cells were similarly transfected with GFP-Htt-60Q, along with FLAG-GA*30, FLAG-GR*30, mCherry-
PR*46 or FLAG tag (Mock). Cells processed as in (C). The quantification data of poly-Q aggregates are shown as means + SEM; ns, not
significantly different; **P < 0.01, one-way ANOV. (E) HEK 293 cells were transfected with GFP-LC3-RFP-LC3AG and FLAG-GA*30, FLAG-
GR*30, FLAG-PR*30 or FLAG tag. After 48 h, the cells were incubated with normal culture medium or EBSS for 1 h. Then, cells were visualized
using confocal microscopy. Scale bars, 10 um. Insets were higher magnifications of the dashed box area. Scale bars, 2 um. Statistical data from
three independent experiments are represented as means = SEM; ns, not significantly different; **P < 0.01, one-way ANOVA.
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poly-PR inhibited the turnover of autophagic substrate GFP-LC3,
while poly-GA showed little effect on this process (Fig. 2E).
Taken together, these data indicate that poly-PR perturbs the
overall function of autophagy.

According to the previous studies, active mTORC1 localizes
on the lysosomal surface, and mTOR releasing from the lysosomal
surface will result in mTOR deactivation and TFEB nuclear
translocation, with in turn increase autophagy'®. To test whether
C9orf72-linked poly-GR and poly-PR inhibit autophagy by
regulating mTOR signaling, we detected the cellular localization
of mTOR in cells expressing C9orf72 DPRs. In control and poly-
GA expressing cells, mTOR localized on lysosome (Supporting
information Fig. S3A). Surprisingly, mTOR translocated from
the lysosome to cytosol when we expressed poly-GR and poly-PR
into the cells, indicating that poly-GR and poly-PR inhibited the
mTOR lysosomal localization (Fig. S3A). In consistent with
these evidences, phosphorylation of p70S6K, a well-recognized
mTORCI1 substrate, reduced in cells transfected with poly-GR
and poly-PR under starvation condition, although autophagy was
inhibited (the protein level of LC3-II also decreased)
(Fig. S3B—S3D). Note that poly-GR and poly-PR, but not poly-
GA, could promote nuclear translocation of TFEB, a well-
known autophagy regulator that acts downstream of mTORCI,
suggesting that TFEB signaling was activated in these cells
(Fig. S3E and S3F). In conclusion, poly-GR and poly-PR inhibit
the activity of mMTORCI and promote TFEB nuclear translocation,
but doesn’t thereby enhance autophagy. These data suggest that
the effect of poly-PR and poly-PR on autophagic inhibition is
mTORCI1 independent.

3.3.  C9orf72 arginine-containing poly-PR inhibits
autophagosome formation

Given that poly-GR and poly-PR may not regulate the formation
of autophagosomes via mTORCI, to further explore the mecha-
nism, we examined several key factors which function in different
steps of autophagy, including ATG9A, ZFYVE1/DFCP1 and
ATG5—ATG16™. Trafficking of ATG9 from peripheral mem-
brane, Golgi apparatus and endosomes is important for phag-
ophore biogenesis™. We firstly examined the localization of ATG9
in cells, and found that starvation decreased the numbers of ATG9
vesicles (indicating ATG9 delivers the membrane materials to the
phagophore), whereas poly-PR increased the numbers of ATG9
vesicles in starved cells (Fig. 3A). In addition, poly-PR reduced
the vesicle numbers of the phagophore nucleation factor DFCP1
and the phagophore expansion factor ATG5—ATG16 in starved
cells (Fig. 3B—G). Taken together, our results suggest that poly-
PR inhibits the initiation step of autophagy (autophagosome for-
mation) and target the factors upstream of ATGY9, DFCP1 and
subsequent phagophore expansion factors.

3.4.  Poly-PR and poly-GR promote the interaction between
BECNI and BCL2 by reducing BCL2 phosphorylation, thereby
inhibiting autophagy

BECNI1 is one component of the PI3KC3 complex I which
coordinate with ULK1 complex to regulate the initiation and
nucleation of phagophore’®. BCL2 regulates the kinase activity
of the BECN1—Vps34 complex by interacting with BECN1 and

disrupting the association between BECN1 and Vps34, leading
to decreased autophagosome formation®’ 2. To ask whether
arginine-rich DPR could affect the interaction between BCL2
and BECNI1, we tested the BCL2—BECNI1 interaction in poly-
PR expressing cells. The immunoblot assay showed that the
protein level of BECNIwas not changed in cells transfected
with poly-PR or poly-GR (Fig. 4A and B). Interestingly,
immunoprecipitation assay revealed that the interaction be-
tween BCL2 and BECN1 was enhanced by poly-PR expression,
indicating that poly-PR inhibited the autophagosome formation
by promoting the interaction between BCL2 and BECNI
(Fig. 4C and D).

Previous studies showed that BCL2 has multiple phosphory-
lation sites (T69, S70, S87), and BCL2 phosphorylation inhibits
its interaction with BECN1 to stimulate autophagosome forma-
tion. We wondered if poly-GR and poly-PR could promote
BECN1—BCL2 interaction by reducing BCL2 phosphorylation.
To test this possibility, we examined the level of endogenous
BCL2 phosphorylation on S87 and S70 sites. Immunoblot ex-
periments demonstrated that phosphorylation of BCL2 on both
S87 and S70 sites decreased after poly-GR and poly-PR expres-
sion (Fig. 4E—G). To further confirm the mechanism underlying
poly-GR and poly-PR-mediated inhibition of autophagosome
formation, we knocked down the BECNI gene and checked the
effect of poly-PR on autophagy. Our data showed that poly-PR
failed to inhibit autophagy in starved cells lacking BECN1, sug-
gesting that C9orf72 arginine-rich DPRs regulate autophagosomal
formation in a BECNI-dependent manner (Fig. 4H and I).
Moreover, the similar results were obtained when we performed
immunoblot analysis of LC3 (Fig. 4] and K). Taken together, our
results demonstrated that C9orf72 arginine-rich DPRs inhibit
autophagosome formation by regulating BCL2 phosphorylation
and BCL2—BECNI interaction.

3.5.  SW063058 restores DPRs-inhibited autophagy through
targeting BECNI—BCL2 interaction

The process of autophagy is crucial to both cellular physiology
and pathology. We wondered that whether restoring autophagy in
DPR-expressing cells is benefit for cellular survival. According to
the previous study, SW063058 is a small molecular compound
which selectively disrupts the BECN1—BCL2 binding through
BH3 domain of BECNI1 to promote autophagy without inducing
apoptosis”". Since we have found that DPRs dramatically impaired
autophagy by increasing the BECN1—BCL2 binding, we sought
to test effect of SW063058 on autophagy and toxicity in DPR-
expressing cells. Our data showed that SW063058 treatment
recovered autophagy in a dose-dependent manner in poly-PR-
expressing cells under starvation (Fig. 5A—D), and the effective
drug concentration was higher than 2 pumol/L. 10 pmol/L
SW063058 strongly restored autophagy and disrupted
BECN1—BCL2 binding in poly-PR-expressing cells (Fig. 5SC—E).

To better understand the effect of DPRs on autophagy in
neurons, we examined autophagy in primary cortical neurons
expressing poly-PR. Importantly, upon on long-term EBSS treat-
ment, poly-PR strikingly impaired autophagy and neurite
outgrowth, which could be rescued by SWO063058 treatment
(Fig. 6A and B). Moreover, proximity ligation assay (PLA) was
applied to assess the interactions between BECN1 and BCL2, and
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Figure 3  Poly-PR inhibits the initiation of autophagosomal biogenesis. (A) HEK 293 cells were transfected with ATG9-GFP and mCherry-
PR*46 or mCherry tag (Mock). After 48 h, the cells were treated with EBSS for 1 h. Then, cells were visualized using confocal microscopy. Scale
bar, 10 um. (B) HEK 293 cells were transfected with DFCP1-GFP and mCherry-PR*46 or mCherry tag (Mock). After 48 h, the cells were starved
for 1 h with EBSS. Then, cells were visualized using confocal microscopy. Scale bar, 10 pm. Insets were higher magnifications of the dashed box
area. Scale bars, 2 pum. (C) The number of DFCP1 dots per cell in (B) was counted, and 20—30 cells in each group from three independent
experiments were statistically analyzed. Data are represented as means & SEM; ns, not significantly different; **P < 0.01, one-way ANOVA. (D)
HEK 293 cells were transfected with ATG16-mCherry and GFP-PR*30 or GFP tag (Mock). After 48 h, the cells were incubated with normal
culture medium or EBSS for 1 h. Then, cells were visualized using confocal microscopy. Scale bar, 10 um. Insets were higher magnifications of
the dashed box area. Scale bars, 2 pm. (E) The number of ATG16 dots per cell was counted, and 20—30 cells in each group from three inde-
pendent experiments were statistically analyzed. Data are represented as means = SEM; ns, not significantly different; **P < 0.01, one-way
ANOVA. (F) HEK 293 cells were transfected with ATG5-GFP and mCherry-PR*46 or mCherry tag (Mock). After 48 h, the cells were incu-
bated with normal culture medium or EBSS for 1 h Then, the cells were visualized using confocal microscopy. Scale bar, 10 pm. Insets were
higher magnifications of the dashed box area. Scale bars, 2 um. (G) The number of ATGS dots per cell was counted, and 20—30 cells in each
group from three independent experiments were statistically analyzed. Data are represented as means == SEM; ns, not significantly different;
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Figure4  Poly-PR inhibits the autophagy by promoting the interaction between BECN1 and BCL2. (A, B) HEK 293 cells were transfected with
GR*30, PR*46 or empty tag (Mock). After 48 h, cells lysates were subjected to immunoblot analysis using antibodies against BECN1 and
GAPDH. The relative intensity of BECN1 to GAPDH are shown in (B). Data from three independent experiments are represented as
means = SEM; ns, not significantly different, one-way ANOVA. (C) HEK 293T cells were transfected with FLAG-BECN1 and GFP-BCL2 or
GFP tag and mCherry-PR*46 or mCherry tag. After 48 h, the supernatants of the cell lysates were used in immunoprecipitation assay using GFP
antibody. Bound proteins were detected with GFP, FLAG and GAPDH antibodies. (D) HEK 293T cells were transfected with GFP-BCL2 and
FLAG-BECNI1 or FLAG tag and mCherry-PR*46 or mCherry tag. After 48 h, the supernatants of the cell lysates were used in immunopre-
cipitation assay with FLAG antibody. Bound proteins were detected with GFP, FLAG and GAPDH antibodies. (E—G) HEK 293 cells were
transfected with GFP-GR*30, GFP-PR*30 or GFP tag (Mock). After 48 h, cell lysates were subjected to immunoblot analysis using antibodies
against phosphorylated BCL2 (S87) in (E) or phosphorylated BCL2 (S70) in (F), BCL2, LC3 and GAPDH. The relative intensity of phos-
phorylated BCL2 (S87) or (S70) to total BCL2 are shown in (G). Data from three independent experiments are represented as means + SEM;
*P < 0.05; **P < 0.01, one-way ANOVA. (H) HEK 293 cells were transfected with indicated siRNA for 48 h. Then the cells were re-transfected
with mCherry-LC3 and GFP-PR*30 or GFP tag. After 24 h, the cells were incubated with EBSS for 1 h. Then, cells were visualized using
confocal microscope. Scale bars, 10 um. Insets were higher magnifications of the dashed box area. Scale bars, 2 pm. (I) The number of LC3 dots
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BCL2—BECNI protein complex. (A) HEK 293 cells were transfected with mCherry-LC3 and GFP or GFP-PR*30, and then the cells were pre-
treated with SW063058 at indicated concentrations for 11 h. The cells were incubated with EBSS for 1 h and visualized using fluorescence
microscope. Scale bars, 10 pum. Insets were higher magnifications of the dashed box area. Scale bars, 2 pm. (B) The number of LC3 dots per cell
in (A) was counted, and 20—30 cells in each group from three independent experiments were statistically analyzed. Data are represented as
means + SEM; ns, not significantly different; ***P < 0.001, one-way ANOVA. (C) HEK 293 cells were similarly transfected and treated as (A).
The cell lysates were subjected to immunoblot with indicated antibodies. (D) The relative intensities in C from three independent experiments
were presented as means + SD; ns, not significantly different; *P < 0.05, one-way ANOVA. (E) HEK 293 cells were transfected with indicated
plasmids and treated with 10 pmol/L SW063058 for 12 h. The supernatants of the cell lysates were used in immunoprecipitation assay using anti-
FLAG antibody. * indicates IgG heave chains. Right region: schematic model illustrating the disruption of the interaction between BECN1 and
BCL2 by SW063058.

poly-PR-expressing neurons displayed increased PLA signal, 4.
indicating the enhancement of BECN1—-BCL2 binding (Fig. 6C

Discussions

and D). Whereas, the PLA signal was reduced by SW063058
treatment, suggesting the inhibition of BECN1—BCL2 in-
teractions (Fig. 6C and D). Taken together, our data revealed that
the impairment of autophagy may contribute to C9orf72-meidated
neurotoxicity and provided a potential strategy (drug intervention
of BECNI—BCL2 interaction) for C9orf72-linked ALS/FTD
therapy (Fig. 6E).

C90rf72-linked neurodegeneration is mainly recognized as gain-of-
function disease, despite that loss of function mechanism may also
contribute to disease pathogenesis due to transcriptional inhibition of
C90rf72 gene®**'%2%3 For the Protein/RNA gain of function
mechanism, expanded hexanucleotide RNA and RAN translated
DPR proteins, especially arginine-rich poly-GR and poly-PR, have
both been shown to damage cells and contribute to C9orf72-linked
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Figure 6  C90rf72 arginine-containing DPRsimpede neuronal autophagy. (A) Mouse cortical neurons (DIV 7) were transfected with mCherry-LC3 and
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analyzed. Data are represented as mean + SEM; **P < 0.01; ***P < 0.001, one-way ANOVA. (C) Mouse cortical neurons (DIV 7) were transfected with
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puncta. Scale bars, 10 pm. (D) The number of PLA dots per neuron in (C) was counted, and 20 somas of neuron in each group from three independent
experiments were statistically analyzed. Data are represented as mean = SEM; ***P < 0.001, one-way ANOVA. (E) The schematic model of this study.
BECNI1—BCL2 interaction regulates autophagy in cells. DPRs significantly inhibit neuronal autophagy by enhancing the interactions of BECN1 and
BCL2. A small molecule compound SW063058 disrupts BECN1—BCL2 interaction, thereby restoring autophagy in DPR-expressing neurons.
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ALS/FTD"%~ '3 Interestingly, poly-GR and poly-PR are linked to
impaired ribosomal biogenesis, an important step in protein quality
control system. Here, we discuss how poly-GR and poly-PR may act
to disrupt autophagy and contribute to C9orf72-linked ALS/FTD.
Since defective autophagy is a common feature of neurodegenerative
diseases that display abnormal protein aggregation in association with
declined protein homeostasis'**, our findings link autophagy to the
interaction between C9orf72-mediated pathogenesis and protein
quality control system.

Although the role of C9orf72 DPR-mediated autophagy
dysfunction in ALS/FTD disease pathogenesis remains unclear,
this pathway may participate in the disease progress in combi-
nation with other mechanisms including C9orf72 loss of function.
Interestingly, it has been shown that loss of C90rf72 strongly link
to autophagic regulation'****°~%°_ Therefore, the gain and loss of
function mechanisms may coordinate together to facilitate the
autophagic failure and disease progress. Also, given that altered
C90rf72 in both glial cells and neurons can complicate the disease
pathogenesis, the potential contribution of C9orf72-mediated
autophagy to ALS/FTD pathogenesis needs to be further explored
in the future.

Induction of autophagy has therapeutic potential to treat
neurodegenerative disorders, and there are several strategies to
enhance the overall function of autophagy, including stimulation
from the upstream signaling such as mTOC1 and/or TFEB which
in turn increases the number of autophagosomes and lysosomes
throughout the whole flux'®>°. However, such strategies may not
be helpful of the treatment of poly-GR and poly-PR-mediated
neurotoxicity, since mTORCI is already inhibited and TFEB
stays in the active form (translocation into the nucleus) in cells
expressing poly-GR and poly-PR (Supporting Information
Fig. S3). In summary, the arginine-rich DPRs affects the interac-
tion between BCL2 and BECNI1 through modulating BCL2
phosphorylation (Figs. 4 and 5). This modulation in turn domi-
nantly inhibits the ALP despite that mTOC1—TFEB signaling is
activated, as indicated by the fluorescent reporter of autophagic
degradation (Fig. 2E). Regarding the effect of DPRs on BCL2
phosphorylation, future study needs to check whether DPRs can
direct interact with BCL2, or whether DPRs affect the upstream
signaling that modulate BCL2 phosphorylation. Taken together,
our data reveal a novel mechanism that poly-GR and poly-PR
encoded by the C90rf72 hexanucleotide repeat expansions may
display “cytoplasmic toxicity” in combination with the previously
reported nuclear toxicity™'*'".

It is worth to note that ALS can be considered as a “quality
control disease” associated with dysfunction in RNA and protein
homeostasis, since many proteins involved in RNA homeostasis
(FUS, TDP-43, angiogenin, ataxin-2, hnRNPA1, hnRNPA2/B1,
EWSRI1, TAF15 and SETX) and ubiquitin—proteasome system
(VCP and UBQLN2) or ALP (p62/SQSTM1, OPTN, TBK1 and
VAPB) are genetically associated with ALS™'®. Thus, perturbed
RNA and protein quality control was reasonably thought to be the
critical mechanism underlying the pathogenesis of ALS/FTD. We
and others previously identified that C90rf72-linked poly-GR and
poly-PR could impair rRNA and ribosome biogenesis®'"**', which
may therefore affect the global RNA and protein homeostasis.
With this in mind, the current research highlights autophagy as an
important protein quality control system in poly-GR and poly-PR-
mediated neurodegeneration, suggesting that RNA and protein
quality control systems may coordinately contribute to ALS/FTD
pathogenesis.

5. Conclusions

The present study identifies BCL2—BECNI1 protein complex,
which functions as the key component in the regulation of auto-
phagy, is a novel drug target of C9orf72-linked ALS/FTD. We
show that C90rf72 arginine-enriched DPRs, including poly-GR
and poly-PR, can increase the interaction between BCL2 and
BECNI1 through reducing BCL2 phosphorylation, therefore the
arginine-containing DPRs can impair the overall function of
autophagy and the clearance of protein aggregates in association
with neurodegenerative diseases. Importantly, we show that
pharmacological inhibition of BCL2—BECNI interaction, using
small molecule compound SW063058, displays protective effect
in neuron model of C9orf72-linked ALS/FTD.
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