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Abstract: Aging is associated with the disruption of protein homeostasis and causally contributes to
multiple diseases, including amyotrophic lateral sclerosis (ALS). One strategy for restoring protein
homeostasis and protecting neurons against age-dependent diseases such as ALS is to de-repress
autophagy. BECNI1 is a master regulator of autophagy; however, is repressed by BCL2 via a BH3
domain-mediated interaction. We used an induced pluripotent stem cell model of ALS caused by
mutant FUS to identify a small molecule BH3 mimetic that disrupts the BECN1-BCL2 interaction.
We identified obatoclax as a brain-penetrant drug candidate that rescued neurons at nanomolar
concentrations by reducing cytoplasmic FUS levels, restoring protein homeostasis, and reducing
degeneration. Proteomics data suggest that obatoclax protects neurons via multiple mechanisms.
Thus, obatoclax is a candidate for repurposing as a possible ALS therapeutic and, potentially, for
other age-associated disorders linked to defects in protein homeostasis.

Keywords: phenotypic screening; autophagy; FUS; amyotrophic lateral sclerosis

1. Introduction

Amyotrophic lateral sclerosis (ALS) is an adult-onset disease characterized by progres-
sive loss of upper and lower motor neurons (MNs), leading to progressive paralysis. Death
occurs on average within 2-5 years of disease onset [1]. Conventional therapy focuses on
symptoms, including respiratory support, and preventing infections. Treatments that effec-
tively protect against ALS neurodegeneration are lacking but urgently needed. Although
most ALS cases are sporadic, about 10% show a familial pattern associated with inherited
genetic mutations [1], including in the gene Fused-in-Sarcoma (FUS) [2]. FUS encodes a
ubiquitously expressed RNA-binding protein involved in DNA damage repair, RNA splic-
ing, RNA transport, translational regulation, and the processing of microRNAs [3]. The FUS
protein contains a nuclear localization signal (NLS) domain and is primarily localized to
the nucleus. The most prevalent ALS-associated mutations in FUS, including P525L, occur
in the NLS domain [4], resulting in FUS mislocalization from the nucleus to the cytoplasm.
Importantly, cytoplasmic FUS aggregates are a hallmark of FUS-ALS pathogenesis [5,6].
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However, the molecular mechanisms of FUS aggregation and degeneration are not entirely
clear. One hypothesis is that stress granules (SGs) might play an important role. Under
stress conditions, cytoplasmic FUS is recruited into SGs, altering their composition and
causing a very high local concentration of FUS protein [7,8]. Within these aberrant SGs,
mutant FUS is thought to undergo a liquid-to-solid phase transition [9,10] that could seed
the pathological aggregates observed in patient neurons [11].

Age is one of the most important risk factors for ALS [12], and preventing pathological
aging by inducing autophagy might be an effective strategy for delaying the onset of the
disease. Autophagy targets cytosolic components such as organelles and protein aggregates
to the lysosome [13], and the induction of autophagy by BECN1 is inhibited by forming a
repressive complex with multiple anti-apoptotic BH3-domain proteins, including BCL2
(the BECN1-BCL2 complex) [14]. Using a genetic approach to disrupt the BECN1-BCL2
complex, Fernandez and collaborators demonstrated that inducing autophagy counteracts
aging, enhances health, and extends lifespan [15]. In addition, this approach rescues
the premature aging phenotype displayed by mutant Klotho3 mice, which also manifest
neurodegeneration. Consistent with this idea, we previously demonstrated that inducing
autophagy reduced cytoplasmic FUS levels and rescued the degeneration of neurons with
mutant FUS [8]. Therefore, we hypothesize that drugs inducing autophagy by disrupting
the BECN1-BCL2 complex could be effective against ALS.

Here, we aim to identify a small molecule drug that induces autophagy by disrupting
the BECN1-BCL2 complex. BH3 mimetics were developed to induce apoptosis in cancer
cells by disrupting the BECN1-BCL2 complex [16]. However, the activity of BH3 mimetics
on the BECN1-BCL2 complex remains largely unknown. Since the BECN1-BCL2 interaction
is mediated by a BH3-domain, we speculate that one of these BH3 mimetics might potently
disrupt the BECN1-BCL2 complex, leading to the induction of autophagy, thereby reducing
cytoplasmic FUS and protecting neurons against degeneration. Previously, we generated
isogenic induced pluripotent stem cell (iPSC) lines in which one FUS allele was tagged with
eGFP [8]. iPSC-derived neurons with mutant FUS exhibit altered SG dynamics as well as
increased apoptosis [17], recapitulating important aspects of ALS pathogenesis. Using this
model, we identified the BH3 mimetic obatoclax as a candidate therapeutic that rescued
human iPSC-derived neurons from mutant FUS phenotypes by inducing autophagy via
disrupting the BECN1-BCL2 complex.

2. Materials and Methods
2.1. BH3 Mimetics

The BH3 mimetic compounds ABT-263, ABT-199, ABT-737, AZD5991, Gambogic acid,
Gossypol, Obatoclax, Sabutoclax, S55746, and TW-37 (Selleckchem, Cologne, Germany)
were dissolved in DMSO to obtain 10 mM stock solutions.

2.2. iPSC Culture and Assays

The derivation and characterization of the P525L FUS-eGFP reporter iPSC line were
previously described [8]. Cells were differentiated into neurons as previously described [18].

e To assay cell survival, neurons were seeded at 4 x 104 cells per well in a 96-well plate.
After 20 days, neurons were treated with the compound at different concentrations
(1, 10, 100, 1000, and 10,000 nM) for 24 h. After the treatment, the neurons were
incubated with calcein-AM red (1 uM, Cayman, Ann Arbor, MI, USA) for 30 min.
Then, wash two times with PBS (pH 7.5). The plate was read using a 560 nm excitation
filter and a 590 nm emission filter on a Biotek Synergy™ NEO microplate reader
(Agilent, Santa Clara, CA, USA). The fluorescence intensity is proportional to the
number of viable cells.

e To assay stress granules, neurons seeded at 4 x 104 cells per well in a 96-well plate
were treated with the compound at 10 nM for 24 h. After the treatment, the formation
of stress granules was induced with the addition of sodium arsenite (500 mM, Sigma
Sigma-Aldrich, St. Louis, MO, USA) for one hour.



Cells 2023, 12, 2247

30f17

e  To monitor autophagic flux, neurons seeded at 4 x 104 cells per well in a 96-well plate
and 1.2 x 106 cells per well in a 12-well plate were treated with the compound at
10 nM for 6, 9, 24, and 48 h. Treatment with Bafilomycin A (10 nM, Selleckchem,
Cologne, Germany) for 24 h was used as a control.

2.3. Protein Extraction, Immunoblotting, and Capillary Electrophoresis

Cell samples were lysed using RIPA buffer supplemented with a protease inhibitor
cocktail (Santa Cruz Biotechnology, Dallas, TX, USA). Protein concentration was measured
using the Pierce BCA Protein assay kit (ThermoScientific, Waltham, MA, USA). 15-20 pg
of protein samples were loaded and separated using SDS-PAGE, followed by wet transfer
on a methanol-charged PDVF membrane. The membrane was blocked using 5% milk
powder for one hour at room temperature and incubated with the primary antibodies:
rabbit Microtubule-associated protein 1A /1B-light chain 3 (LC3) (1:1000, Cat# NB600-1384,
Novus Biological, Centennial, CO, USA), mouse BECN1 (1:2000, Cat# ab118148, Abcam,
Cambridge, UK), mouse BCL2 (1:1000, Cat# 15071, Cell Signaling, Trask Lane Danvers, MA,
USA), rabbit Lysosome-associated membrane glycoprotein 1 (LAMP1) (1:1000, Cat# 9091,
Cell Signaling), and rabbit GAPDH (1:4000, Cat# 21185S Cell Signaling). Subsequently,
the blots were incubated with either HRP-conjugated anti-rabbit (1:10,000, Cat# 711-035-
152, Jackson Immunoresearch, West Grove, PA, USA) or anti-mouse secondary antibodies
(1:10,000, Cat# 715-035-150, Jackson Immunoresearch). Blots were developed using ECL
detection reagents (GE Healthcare) and visualized with ImageQuant™ LAS 4000 (GE
Healthcare, Chicago, IL, USA). Band intensities were quantified using Image].

For capillary electrophoresis, cell lysates were analyzed using the 12-230 kDa separa-
tion module associated with the Protein Simple WES™ device. Here, secondary antibodies
and reagents were used according to the manufacturer’s instructions (Bio-techne). Cell
lysates were loaded at a concentration of 0.4 pug/pL. Primary antibodies were p62 (1:50,
Cat# ab56416, Abcam) and GAPDH (1:2000, Cat# 211855, Cell Signaling).

2.4. Proximity Ligation Assay

The proximity ligation assay was performed using the Duolink® In Situ Red Starter
Kit Mouse/Rabbit (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s
instructions. 4 x 104 neurons per well on a 96-well plate were fixed for 10 min at room
temperature in 4% paraformaldehyde and permeabilized with 0.5% Triton-X 100 (Roth) in
PBS for 15 min, followed by three washes with 0.05% Tween-20 (Applichem, Darmstadt,
Germany). For blocking and subsequent steps, we followed the provided protocol. Primary
antibodies used were BECN1 (1:200, Cat# 66665-1-Ig, Proteintech, Rosemont, IL, USA)
and BCL-2 (1:200, Cat# 12789-1-AP, Proteintech). Neurons were imaged using a Zeiss
LSM780/FCS laser scanning confocal microscope.

2.5. Immunocytochemistry and Image Acquisition

Neurons were fixed for 10 min at room temperature in 4% paraformaldehyde in PBS.
Permeabilization and blocking of nonspecific epitopes were performed simultaneously
using 0.1% Triton X-100, 1% BSA, and 10% FBS in PBS for 45 min. Subsequently, the primary
antibodies mouse anti-tubulin beta 3 (TUBB3) (1:1000, Cat# BLD-801202, Biolegend, San
Diego, CA, USA), rabbit cleaved caspase 3 (CC3) (1:400, Cat# 9661S, Cell Signaling), rabbit
LC3 (1:1000, Cat# NB600-1384, Novus Biological), and mouse FUS (1:500, Cat# AMAB90549,
Sigma) were applied overnight at 4 °C in 0.1% BSA in PBS. The next day, the cells were
washed with 0.1% BSA in PBS and incubated with the secondary antibody for 1 h at room
temperature. Finally, cells were washed three times with 0.1% BSA in PBS containing
0.005% Tween-20, including Hoechst counter-staining for nuclei in the second washing step.
Neurons were imaged with either a Zeiss ApoTome or a Zeiss LSM780/FCS laser scanning
confocal microscope as indicated, and image analysis was performed with a Cell Profiler.



Cells 2023, 12, 2247

40f17

2.6. Proteomics

iPSC-derived neurons treated with DMSO or obatoclax for 24 h were lysed using RIPA
1x buffer supplemented with a protease inhibitor cocktail (Santa Cruz) and an inhibitor for
phosphatase (Roche, Basel, Switzerland). Protein concentration was measured using the
Pierce BCA Protein assay kit (Thermo Scientific). A total of 20-25 pg of each sample were
separated by SDS gel electrophoresis with a short separation distance of approx. 1.5 cm.
Each lane was divided into two slices to limit the gel amount for the in-gel digestion
procedure. Proteins were digested in gel according to standard protocols [19,20]. Fractions
were combined and analyzed by nanoflow LC-MS/MS with a Dionex3000 RSLC-UPLC
hyphenated to a Q Exactive HF mass spectrometer (both Thermo Scientific) operated in
DIA mode. The MS data were processed with DIA-NN V1.8 [21]. Methodical details are
provided in the supplement (Table S3). The proteomics data were deposited at the PRIDE
database [22], a member of the ProteomeXchange consortium [23] for proteomic data (EBI,
Cambridge, UK), under an accession number that will be provided before acceptance of
the manuscript). Differential expression analysis of the proteins was performed using
the DEP package in R [24]. The threshold for the differential expression was +1.5 fold
change with an adjusted p-value of 0.05. KEGG enrichment analysis was performed using
EnrichR [25,26].

2.7. Statistical Analysis

Prism 8.0 software (GraphPad) was used for all statistical analysis. Comparison
between two groups (untreated vs. treated) was carried out by an unpaired two-tailed
t test. A p-value lower than 0.05 was considered significant.

3. Results
3.1. Obatoclax Is Well-Tolerated and Potently Reduces Aberrant SG Formation

Disrupting the BECN1-BCL2 complex induces autophagy, thereby increasing health
and lifespan. Previously, we demonstrated that inducing autophagy protected human
iPSC-derived neurons against mutant FUS, leading us to speculate that disrupting the
BECN1-BCL2 interaction in human neurons could be an effective strategy to protect them
against FUS-ALS. BH3 mimetics disrupt BCL2-interactions. Therefore, we sought to identify
a BH3 mimetic that protects human iPSC-derived neurons against FUS-ALS pathogenesis
by inducing autophagy.

Previously, we modeled FUS-ALS by generating P525L FUS-eGFP iPSCs. Neurons
differentiated from this iPSC line spontaneously fire tetrodotoxin-sensitive action potentials
(Figures S1-53) and recapitulate aspects of ALS pathology [8]. Since our objective was
to protect neurons against ALS-associated degeneration, it was important that candidate
compounds not be toxic to iPSC-derived neurons. BCL2 is an important regulator of
apoptosis, and BH3 mimetics are known to be cytotoxic and are even in clinical use to
target cancer cells [16]. Thus, our first experiment was to characterize the cytotoxicity of
ten selected BH3 mimetics using iPSC-derived neurons with P525L FUS-eGFP: ABT-263,
ABT-199, ABT-737, TW-37, obatoclax, AT101, sabutoclax, AZD5991, 555746, and gambogic
acid. Cell viability was quantified using calcein-AM Red after treatment with compounds
for 24 h at concentrations of 1 nM to 10 pM (Figure 1a and Figure S4). We found that most
compounds are well tolerated at 10 nM. ABT-263 and obatoclax showed significant toxicity
at 100 nM. ABT-737 and gambogic acid showed significant toxicity at 1 uM. ABT-199,
TW-37, and 555745 showed significant toxicity at 10 uM. AZD5991 was well tolerated at all
tested concentrations. The maximum tolerated dose of each compound was selected for
further analysis.
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Figure 1. Identification of BH3 mimetic compounds reducing the P525L FUS-eGFP SG phenotype
in iPSC-derived neurons. (a) Effect on the cell viability of the compounds in iPSC-derived neurons.
Compounds were tested at different concentrations for 24 h. Cell viability was assessed with calcein
AM-Red. The mean of three independent experiments (n = 3) is shown; error bars indicate the
standard error of the mean (SEM). Related to Figures S1 and S2. (b) Compounds were tested for
24 h at concentrations that were well tolerated. Fluorescent confocal micrographs show that the
indicated compounds reduce FUS-eGFP-positive SGs in iPSC-derived neurons treated for 24 h.
GA = gambogic acid. Scale bar = 10 um. (c) Quantification of individual FUS-eGFP-positive SGs
from three independent experiments (n = 3); error bars indicate SEM. Significance was tested using
the Kruskal-Wallis test with a Dunn post-test. **** denotes the significance of p < 0.0001 between
unstressed and arsenite. **** denotes the significance between treatments and arsenite. and
**** indicate p < 0.5, <0.01, and <0.0001, respectively. Related to Figures S1-S5.
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Aberrant SGs are thought to play an important role in ALS, including FUS-ALS [27].
When exposed to a stressor such as arsenite, iPSC neurons with mutant FUS-eGFP form
SGs containing high levels of FUS-eGFP, altering SG size and number compared to isogenic
controls [8]. We characterized the effects of treating iPSC-derived neurons for 24 h with the
maximum concentration well tolerated for each compound on P525L FUS-eGFP-positive
SG formation (500 uM arsenite for 1 h). ABT-737 and gambogic acid significantly decreased
the number of P525L FUS-eGFP-positive SGs at 100 nM (Figure 1b). However, obatoclax
was particularly interesting because we observed a significantly reduced number of P525L
FUS-eGFP-positive SGs with only 10 nM (Figure 1b), and additional testing revealed a
similar effect with only 1 nM (Figure S5). We observed no toxicity, including to senescent
cells, at 10 nM (Figure S6). Interestingly, we observe that obatoclax treatment decreases
senescent cell viability at high concentrations (about 100 nM) in a manner comparable to
ABT-263, highlighting its potential as a senolytic compound. It is also important to note
that obatoclax crosses the blood-brain barrier [28] and has been tested in phase II clinical
trials as an anti-cancer drug, although at higher concentrations in order to induce apoptosis
in cancer cells [29-31]. For these reasons, obatoclax was selected for further analysis.

3.2. Obatoclax Reduces Cytoplasmic FUS Levels, Rescuing Aberrant Protein Homeostasis

Mutations in the FUS NLS, such as P525L, cause ALS and increase the cytoplasmic
levels of FUS, leading to defects in protein homeostasis as well as neurodegeneration [32].
In addition, we demonstrated that increasing autophagy via mTOR inhibition promoted
the clearance of cytoplasmic FUS [17]. Thus, we characterized the impact of obatoclax
on the cytoplasmic levels of P525L FUS-eGFP in iPSC-derived neurons. Unfortunately,
obatoclax is an autofluorescent compound, and its emission overlaps with FUS-eGFP [33].
For this reason, we used immunostaining to quantify cytoplasmic FUS levels. We found that
treatment of P525L FUS iPSC-derived neurons with obatoclax at 10 nM for 24 h significantly
decreased the level of cytoplasmic FUS compared with DMSO (Figure 2a). Nuclear FUS
was not significantly altered.

It has been shown that iPSC-derived neurons with mutant FUS manifest an accumu-
lation of p62, which indicates that cytoplasmic FUS is associated with defects in protein
homeostasis [17,34]. Since obatoclax reduced cytoplasmic FUS levels, we next tested if
obatoclax would rescue protein homeostasis as marked by p62 levels. We assessed p62
protein levels via WES capillary electrophoresis and found that iPSC-derived neurons
with P525L FUS-eGEFP treated with 10 nM obatoclax for 24 h showed decreased p62 levels
compared with DMSO (Figure 3), which indicates that obatoclax ameliorates defects in
protein homeostasis in iPSC-derived neurons with mutant FUS.
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Figure 2. Obatoclax is associated with ALS-associated phenotypes in P525L FUS-eGFP iPSC-derived
neurons. (a) Levels of cytoplasmic and nuclear FUS-eGFP in iPSC-derived neurons treated with
DMSO and obatoclax at 10 nM for 24 h. The mean of six independent experiments (n = 6) is shown;
error bars indicate SEM. Treatments were analyzed via an unpaired student’s {-test. * indicates p <
0.05. n.s. indicates not significant. Scale bar = 20 um. (b) Cleaved caspase 3 (CC3) levels in iPSC-
derived neurons treated with DMSO and obatoclax at 10 nM for 24 h. The mean of six independent
experiments (n = 6) is shown; error bars indicate SEM. Treatments were analyzed via an unpaired
student’s t-test. * indicates p < 0.05. Scale bar = 20 um. Related to Figure Sé6.
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Figure 3. Obatoclax restores protein homeostasis in P525L FUS-eGFP iPSC-derived neurons. p62
protein levels in iPSC-derived neurons treated with DMSO and obatoclax at 10 nM for 24 h. The
mean of three independent experiments (n = 3) is shown; error bars indicate SEM. Treatments were
analyzed via an unpaired student’s {-test. ** indicates p < 0.01.

3.3. Obatoclax Ameliorates the Degeneration of iPSC-Derived Neurons with Mutant FUS

FUS-ALS patients suffer paralysis due to the loss of MNs, and previously our group
reported that P525L FUS-eGFP iPSC-derived neurons manifest increased degeneration
as marked by the apoptosis marker cleaved-caspase 3 (CC3) [8,17]. Although high con-
centrations of obatoclax induce apoptosis, we unexpectedly found that at concentrations
as low as 1 nM, obatoclax unexpectedly ameliorates mutant FUS-associated phenotypes.
Nevertheless, the ability of obatoclax to induce apoptosis makes it particularly important
to characterize the effects of low nM concentrations of obatoclax on neurodegeneration as
marked by CC3. We observed that P525L FUS-eGFP iPSC-derived neurons treated with
10 nM obatoclax for 24 h showed lower levels of CC3 compared with controls (Figure 2b). It
is important to note that obatoclax’s neuroprotective effects are observed at concentrations
(1-10 nM) that are at least two orders of magnitude less than the concentrations (0.2-1 uM)
used to induce cell death in cancer cell lines [29-31]. Thus, our results suggest that there is
a therapeutic window for using obatoclax as a possible ALS therapeutic. However, more
work is needed, including in mouse models, before initiating clinical trials.
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3.4. Obatoclax Induces Autophagy by Disrupting the BECN1-BCL2 Complex

We speculated that obatoclax rescued mutant FUS-associated phenotypes in iPSC-
derived neurons by inducing autophagy. Thus, we evaluated the ability of obatoclax to
induce autophagy in mutant FUS iPSC-derived neurons. LC3-II levels were quantified
using Western blot on iPSC-derived neurons treated with obatoclax for increasing amounts
of time (6, 9, 24, and 48 h). We found that the levels of LC3B-II protein increased gradually
(maximum level in 24 h) and then decreased at 48 h (Figure 4a), demonstrating that

obatoclax alters autophagy.
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Figure 4. Obatoclax induces autophagy in P525L FUS e-GFP iPSC-derived neurons. (a) Obatoclax
was tested at 10 nM for 6, 9, 24, and 48 hours. We assessed the LC3B-II protein levels using Western
blotting. Results show the mean of six independent experiments (n = 6); error bars indicate SEM.
Treatments were analyzed via one-way ANOVA with a Dunnett post-test, * indicates p < 0.5; n.s.
indicates not significant. (b) Obatoclax was tested at 10 nM for 24 hours with and without Bafilomycin
A at 10 nM for 24h. We assessed the LC3B-II protein levels using Western blotting. Results show the
mean of three independent experiments (n = 3); error bars indicate SEM. Treatments were analyzed
via one-way ANOVA with a Dunnet post-test; * indicates p < 0.05. ** indicates p < 0.01. n.s. indicates
not significant. BafA1l = Bafilomycin Al. (c) Obatoclax was tested at 10 nM for 24 hours with and
without Bafilomycin A at 10 nM for 48 hours. We assessed the LC3B-II protein levels using Western
blotting. Results show the mean of five independent experiments (n = 5); error bars indicate SEM.
Treatments were analyzed via one-way ANOVA with a Dunnet post-test, ** indicates p < 0.01. n.s.,
not significant. BafAl = Bafilomycin Al. (d) Obatoclax was tested at 10 nM for 24 hours. We assessed
the LAMP1 protein using Western blotting. Results show the mean of eight independent experiments
(n = 8); error bars indicate SEM. n.s. indicates not significant. Related to Figures S7 and S8.
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To distinguish whether the decrease of LC3-II at the 48-h time point is due to a reduction
in the production of autophagosomes or due to increased autophagic flux, we examined
obatoclax-stimulated autophagosome formation in the presence and absence of Bafilomycin
A1l (BafAl), which inhibits fusion of autophagosomes with lysosomes as well as lysosome
acidification [35]. Obatoclax was relatively stable in solution for 48 h, and resupplying
obatoclax every 24 h yielded similar results as one dosage for 48 h (Figures S7 and S8). BafA1l
in combination with obatoclax increased LC3-II protein levels compared with those treated
with obatoclax alone (Figure 4b,c), suggesting that autophagic flux is indeed stimulated by
obatoclax. In addition, we measured the protein levels of LAMP1, which marks lysosomes,
and we found a trend toward increased LAMP1 protein levels at 48 h (Figure 4d). Finally, we
performed LC3 immunostaining to visualize the autophagosomes and observed a significant
increase in LC3 puncta in iPSC-derived neurons treated with obatoclax at 24 h (Figure 5). Taken
together, these results demonstrate that obatoclax induces autophagy in P525L FUS-eGFP
iPSC-derived neurons.
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Figure 5. Obatoclax induces autophagy in P525L FUS-eGFP iPSC-derived neurons. Confocal fluo-
rescent micrographs showing LC3 puncta in P525L FUS-eGFP iPSC-derived neurons treated with
DMSO and obatoclax at 10 nM for 24 hours. Obatoclax was tested at 10 nM for 24 hours. We assessed
the LC3B-II protein levels using Western blotting. The mean of three independent experiments
(n = 3); error bars indicate SEM. Treatments were analyzed via an unpaired student’s t-test. * indicates
p <0.05. Scale bar = 10 pm.

Since obatoclax is a BH3 mimetic, we hypothesized that obatoclax induces autophagy
by disrupting the interaction between BCL2 and BECN1. To test this hypothesis, we
performed the proximity ligation assay, which revealed a decrease in the interaction of
BECN1 and BCL2 in P525L FUS-eGFP iPSC-derived neurons treated with obatoclax at
10 nM for 24 h compared with DMSO (Figure 6). This result demonstrates that obatoclax
induces autophagy by disrupting the BCL2 interaction with BECN1, consistent with being a
BH3 mimetic. Therefore, we conclude that obatoclax ameliorates ALS phenotypes in mutant
FUS iPSC-derived neurons, including reducing cytoplasmic FUS levels, reducing aberrant
SG formation, ameliorating defects in protein homeostasis, and reducing degeneration, by
inducing autophagy via disruption of BCL2-mediated inhibition of BECN1.
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DMSO
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Figure 6. Obatoclax disrupts the BECN1-BCL2 complex in iPSC-derived neurons. Proximity ligation
assay to assess the interaction of BECN1 and BCL2 in iPSC-derived neurons treated with DMSO and
obatoclax at 10 nM for 24 h. The mean of eight independent experiments (n = 8); error bars indicate SEM.
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Treatments were analyzed via an unpaired Student’s ¢-test. * indicates p < 0.05. Scale bar = 10 um.

3.5. Proteomics Suggests Obatoclax Contributes to Neuroprotection via Multiple Mechanisms

To better understand the mechanism by which obatoclax ameliorates mutant FUS-
associated phenotypes in iPSC-derived neurons, we performed label-free proteomics.
Specifically, we compared WT FUS-eGFP neurons with P525L FUS-eGFP neurons as well
as P525L FUS-eGFP neurons treated with either DMSO or obatoclax. 6696 proteins were
identified in the samples, of which 6531 were quantifiable (Table S1). The principle compo-
nent analysis (Figure 7a) showed two different clusters that correspond to WT FUS-eGFP
and P525L FUS-eGFP neurons. In comparison with WT FUS-eGFP neurons, 56 proteins
were increased and 56 decreased in P525L FUS-eGFP neurons (Figure 7b). The Kyoto
Encyclopedia of Genes and Genomes (KEGG) (Table S2) pathway enrichment analysis
identified only one term as being significantly enriched: proteasome (p = 0.000126). Three
proteasome-associated proteins, PSME1, PSME2, and PSME3, are downregulated in P525L
FUS-eGFP neurons compared with WT (Figure 7d), suggesting that mutant FUS signifi-
cantly alters proteasome activity in iPSC-derived neurons. This is consistent with previous
reports [36—40], which have shown an association between decreased proteasome activity
and ALS pathogenesis. Thus, increasing autophagy using obatoclax might help alleviate
some of the stress caused by aberrant proteasome regulation.

Next, we analyzed the effects of obatoclax. A total of 17 proteins were increased and
4 decreased by obatoclax in P525L FUS-eGFP neurons and iPSC-derived neurons compared
to DMSO (Figure 7c). KEGG pathway enrichment showed that only one term was enriched:
Mucin type O-glycan biosynthesis (p = 0.000647). One of the two proteins associated was
ST3GALL, which is critical for the biosynthesis of the ganglioside GM1 [41] and is down-
regulated in mutant FUS compared with WT FUS. ST3GALL1 protein levels are rescued in
mutant FUS neurons treated with obatoclax (Figure 7e). B4GALTS is another protein in-
volved in the biosynthesis of the gangliosides [42] and is upregulated in mutant FUS treated
with obatoclax (Figure 7e). This is important because GM1 is an important factor in main-
taining the mammalian central nervous system and preventing neurodegeneration [43,44].
One report showed increased anti-GM1 autoantibodies in ALS patients, which could suggest
that increasing GM1 could be protective against age-associated degenerative disorders such as
ALS [45]. Consistent with this idea, supplementation with GM1 improved the spatial learning
and memory of aged rats [46].
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Figure 7. Proteomic analysis of iPSC-derived neurons. (a) Principle component analysis (PCA) plot of
the proteome of the samples analyzed: WT FUS-eGFP treated with DMSO, P525L FUS-eGFP treated
with DMSO, and P525L FUS-eGFP treated with obatoclax at 10 nM for 24 h. Three independent
experiments. See also Tables S1 and S2. (b) Volcano plot of the comparison between WT FUS-eGFP
treated with DMSO and P525L FUS-eGFP treated with DMSO. (c) Volcano plot of the comparison be-
tween P525L FUS treated with DMSO and P525L FUS-eGFP treated with obatoclax at 10 nM for 24 h.
(d) Differentially expressed proteins related to the proteasome pathway. Proteasome subunit alpha
type-1 (PSMAL1, p = 0.000103), proteasome activator complex subunit 1 (PSME1, p = 0.000251), protea-
some activator complex subunit 2 (PSME2, p = 0.000132), and proteasome activator complex subunit
3 (PSME3, p = 0.000054) are downregulated in P525L FUS-eGFP compared with WT FUS-eGFP.
(e) Differentially expressed proteins related to the mucin type O-glycan biosynthesis pathway. Lacto-
sylceramide alpha-2,3-sialyltransferase (ST3GALL, p = 0.005826) and beta-1,4-galactosyltransferase
5 (B4GALTS5, p = 0.000386) are upregulated in P525L FUS-eGFP treated with obatoclax compared
with P525L FUS-eGFP treated with DMSO. (f) Proteins related to endocytic trafficking. EH domain-
containing protein 4 (EHD4, 0.000021) and AP-1 complex subunit sigma-2 (AP1S1, p = 0.004056) are
upregulated in P525L FUS-eGFP treated with obatoclax compared with P525L FUS-eGFP treated with
DMSO. (g) MRG/MORF4L-binding protein (MRGBP, p = 0.000154) related to DNA double-strand
break repair. (h) DnaJ homolog subfamily C member 9 (DNAJC9, p = 0.001442) related to histone
chaperone network and heat shock-induced response. Related to Tables S1 and S2.
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It is also interesting to note that obatoclax ameliorated the effects of P525L FUS-eGFP
on several proteins that are important regulators of neuronal survival (Figure 7f,h). EHD4
is implicated in endocytic trafficking, especially in early endosomes [47], and AP1S1 is
involved in protein sorting in the Golgi network and endosomes [48]. MRGBP inhibits
DNA double-strand break repair [49], and DNAJC9 is both a histone chaperone as well as
a heat shock-induced chaperone [50]. Each of these processes has been causally linked to
neurodegeneration in ALS [51-58]. Our data suggest that obatoclax could contribute to the
protection of neurons against ALS pathogenesis via multiple mechanisms.

4. Discussion

Aging is a significant risk factor for ALS and other neurodegenerative diseases. Ge-
netically disrupting the BECN1-BCL2 complex induces autophagy in vivo independent
of the mTOR pathway, leading to increased health and lifespan [15,59,60]. This suggests
that disrupting the BECN1-BCL2 complex could be an effective therapeutic strategy for
ALS. Since the BECN1-BCL2 interaction is mediated by a BH3 domain, we screened BH3
mimetics for their ability to ameliorate mutant FUS-associated phenotypes in iPSC-derived
neurons. We identified obatoclax as a compound that reduced mutant FUS-eGFP stress
granules at concentrations as low as 1 nM and had the capability to cross the blood-brain
barrier [28].

Obatoclax was developed as a pan-BH3 mimetic to induce apoptosis of cancer cells
by disrupting multiple interactions, including those between anti-apoptotic BCL2 family
proteins (BCL2, BCLXL, and MCL1) and BAX and BAK interactions [61]. To inhibit so many
complexes, obatoclax has previously been characterized at high concentrations (0.2-1 uM),
at which it is cytotoxic [29-31]. However, disrupting a single interaction, namely BECN1-
BCL2, induces autophagy, a considerably more specific target than disrupting all BH3
interactions to induce apoptosis. This difference could explain why obatoclax induced
autophagy, reduced cytoplasmic FUS, and decreased neuronal cell death at only 10 nM,
which is one to two orders of magnitude less than the concentration at which cytotoxicity
is observed. This could have important clinical implications as well.

Obatoclax rescues mutant FUS-associated phenotypes in iPSC-derived neurons. Our
proteomics analysis suggested that the proteasome may not be functioning normally
in neurons with P525L FUS-eGFP, which is consistent with a previous report showing
impairment of proteasome function in sporadic ALS [39]. In addition, failure of protein
quality control, to which the proteasome is a critical contributor, is a hallmark of ALS [62].
Therefore, we speculate that cytoplasmic FUS might impair the activity of the proteasome in
P525L FUS-eGFP neurons, which could explain why increasing autophagy using obatoclax
would have a beneficial effect.

Our proteomics analysis suggests that obatoclax could contribute to neuroprotec-
tion via multiple mechanisms, including increased biosynthesis of gangliosides such as
GML1. Importantly, GM1 ganglioside is linked to both aging and autophagy. GM1 gan-
glioside induces autophagy and neuroprotection in models of Parkinson’s disease [63]
and Alzheimer’s disease [64]. We found that neurons with mutant FUS showed de-
creased ST3GALL, an enzyme involved in GM1 ganglioside biosynthesis. Obatoclax
restored ST3GALLI protein levels to WT levels. It is also interesting to note that obato-
clax significantly altered the levels of proteins involved in endosomal trafficking, the
Golgi network, DNA damage, and chaperone activity, each of which have been causally
linked to ALS pathogenesis [51,52,54-56,65], suggesting that obatoclax protects neurons via
multiple mechanisms.

Obatoclax has been evaluated preclinically and clinically in both hematological ma-
lignancies and solid tumors. It has been reported that in animal models, obatoclax did
not provoke weight loss or other indicators of generalized toxicity [66-68]. However,
obatoclax leads to neurological toxicity at high doses [67,68]. In clinical trials in cancer
patients, the drug was well tolerated, producing predominantly transient, mild central
nervous system side effects. Those side effects were more frequent at higher doses in
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shorter infusions [28,69,70]. However, those trials were aimed at inducing apoptosis in
cancer cells. We observed the rescue of mutant FUS phenotypes at a concentration as
low as 1 nM, and, at this lower dose, the only adverse effect reported was diarrhea [70].
Thus, our work identifies obatoclax as a potential drug candidate for repurposing to tar-
get ALS by inducing autophagy. Since BECN1-BCL2 regulates age-associated decreases
in health span, it could be interesting to characterize the effects of obatoclax on other
age-associated diseases.

5. Conclusions

This work provides evidence that obatoclax ameliorates mutant FUS-associated ALS
phenotypes in human neurons by inducing autophagy by disrupting the BECN1-BCL2
complex. Our data demonstrate that obatoclax reduces cytoplasmic FUS, restores protein
homeostasis, and reduces degeneration of neurons with mutant FUS. Thus, obatoclax is
a candidate for drug repurposing for ALS; however, additional experiments, including
in vivo testing, are required to evaluate its therapeutic potential.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/cells12182247/s1, Figure S1: Electrode-cell arrangements. Related to Figure 1.
Figure S2: Representative voltage traces and spike waveforms. Related to Figure 1. Figure S3: Descriptive
statistics of electrophysiological activity across time and pharmacological manipulation. Related to Figure 1.
Figure S4: Cell viability of the BH3 mimetics compounds. Related to Figure 1. Figure S5: 1 nM obatoclax
ameliorates FUS-eGFP SG formation. Related to Figure 1. Figure S6: Effects of obatoclax on senescent cells.
Related to Figure 2. Figure S7: Stability of Obatoclax. Related to Figure 4. Figure S8: Obatoclax induces
autophagic efflux in P525L FUS-eGFP iPSC-derived neurons. Related to Figure 4. Table S1: Proteomics.
Related to Figure 7. Table S2: KEGG pathway analysis. Related to Figure 7 [71,72].

Author Contributions: Conceptualization, J.S. and C.M.C.B.; Formal Analysis. C.M.C.B.; Inves-
tigation, CM.C.B., K.E.,, M.G., S.P, HEW. and M.H.Y.; Resources, ] M., M.G.,, M.H.Y. and ].S;;
Writing—Original Draft. C.M.C.B.; Writing—Review and Editing.; ]. M., M.H.Y. and ].S., Visualization,
C.M.C.B.,, HEW. and S.P; Supervision, ].S.; Funding Acquisition, J.M., M.H.Y. and ].S. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the DFG Research Center (DFG FZT 111) and Cluster of Ex-
cellence (DFG EXC 168), including a seed grant. ]J.S. was supported by the DFG (CA 893/18-1). CF
Mass Spectrometry and Proteomics was supported by grants from the German Federal Ministry of
Education and Research (BMBF) program ‘Unternehmen Region’ (grants # 03Z2ES1, # 03Z22EB1), the
German Research Foundation (INST 269/731-1 FUGG), and the European Regional Development Fund
(ERDF/EFRE) (Contract # 100232736). S.P. and ].M. were supported by the BrightFocus Foundation
(A2019562S); the European Union grants ERC-STG-2019-852086 and H2020-MSCA-IF-2017-797205; and
the National Institute on Aging R01 AG056306. H.E.W. was supported by an Alexander von Hum-
boldt postdoctoral research fellowship and a TU Dresden Graduate Academy ‘Postdoc Starter Kit’
grant; M.H.Y. is supported by Deutsche Forschungsgemeinschaft grants (DFG 22137416, 450807335 and
497658823). ].S. and M.H.Y. are supported by TUD-CRTD core funds.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data for this study are available from the corresponding authors
upon reasonable request.

Acknowledgments: We gratefully acknowledge financial support from the Deutsche Forschungsge-
meinschaft (DFG) and the CRTD, which is part of the TUD. We acknowledge and thank the CMCB
Light Microscopy Facility as well as the Technology Development Studio (TDS) at the Max Planck
Institute of Molecular Cell Biology and Genetics for their assistance. The author thanks K.E., Core
Facility Mass Spectrometry and Proteomics, CMCB, TU Dresden, for excellent technical assistance.
We thank the Electrophysiology Facility of the CRTD for data acquisition, preprocessing, and analysis,
as well as reporting, including the generation of figures. We thank Tanya Levin for assisting with the
manuscript. Graphical abstract was created with BioRender.com (accessed on 8 September 2023).


https://www.mdpi.com/article/10.3390/cells12182247/s1
https://www.mdpi.com/article/10.3390/cells12182247/s1
BioRender.com

Cells 2023, 12, 2247 14 of 17

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

Traxinger, K.; Kelly, C.; Johnson, B.A.; Lyles, R.H.; Glass, J.D. Prognosis and epidemiology of amyotrophic lateral sclerosis:
Analysis of a clinic population, 1997-2011. Neurol. Clin. Pract. 2013, 3, 313-320. [CrossRef]

Andersen, PM.; Al-Chalabi, A. Clinical genetics of amyotrophic lateral sclerosis: What do we really know? Nat. Rev. Neurol. 2011,
7,603-615. [CrossRef]

Lagier-Tourenne, C.; Polymenidou, M.; Cleveland, D.W. TDP-43 and FUS/TLS: Emerging roles in RNA processing and neurode-
generation. Hum. Mol. Genet. 2010, 19, R46-R64. [CrossRef] [PubMed]

Boeynaems, S.; Bogaert, E.; Van Damme, P.; Van Den Bosch, L. Inside out: The role of nucleocytoplasmic transport in ALS and
FTLD. Acta Neuropathol. 2016, 132, 159-173. [CrossRef] [PubMed]

Japtok, J.; Lojewski, X.; Naumann, M.; Klingenstein, M.; Reinhardt, P.; Sterneckert, J.; Putz, S.; Demestre, M.; Boeckers, T.M.;
Ludolph, A.C,; et al. Stepwise acquirement of hallmark neuropathology in FUS-ALS iPSC models depends on mutation type and
neuronal aging. Neurobiol. Dis. 2015, 82, 420-429. [CrossRef]

Kwiatkowski, T.J., Jr.; Bosco, D.A.; Leclerc, A.L.; Tamrazian, E.; Vanderburg, C.R.; Russ, C.; Davis, A.; Gilchrist, ].; Kasarskis, E.J.;
Munsat, T.; et al. Mutations in the FUS/TLS gene on chromosome 16 cause familial amyotrophic lateral sclerosis. Scierice 2009,
323, 1205-1208. [CrossRef]

Bosco, D.A.; Lemay, N.; Ko, HK.; Zhou, H.; Burke, C.; Kwiatkowski, TJ., Jr.; Sapp, P.; McKenna-Yasek, D.; Brown, RH,, Jr;
Hayward, L.J. Mutant FUS proteins that cause amyotrophic lateral sclerosis incorporate into stress granules. Hum. Mol. Genet.
2010, 19, 4160-4175. [CrossRef]

Marrone, L.; Poser, I.; Casci, L; Japtok, J.; Reinhardt, P; Janosch, A.; Andree, C.; Lee, H.O.; Moebius, C.; Koerner, E.; et al. Isogenic
FUS-eGFP iPSC Reporter Lines Enable Quantification of FUS Stress Granule Pathology that Is Rescued by Drugs Inducing
Autophagy. Stem Cell Rep. 2018, 10, 375-389. [CrossRef] [PubMed]

King, O.D.; Gitler, A.D.; Shorter, J. The tip of the iceberg: RNA-binding proteins with prion-like domains in neurodegenerative
disease. Brain Res. 2012, 1462, 61-80. [CrossRef]

Wang, J.; Choi, ] M.; Holehouse, A.S.; Lee, H.O.; Zhang, X.; Jahnel, M.; Maharana, S.; Lemaitre, R.; Pozniakovsky, A.; Drechsel, D.;
et al. A Molecular Grammar Governing the Driving Forces for Phase Separation of Prion-like RNA Binding Proteins. Cell 2018,
174, 688-699.e16. [CrossRef]

Patel, A.; Lee, H.O.; Jawerth, L.; Maharana, S.; Jahnel, M.; Hein, M.Y.; Stoynov, S.; Mahamid, J.; Saha, S.; Franzmann, TM.; et al. A
Liquid-to-Solid Phase Transition of the ALS Protein FUS Accelerated by Disease Mutation. Cell 2015, 162, 1066—-1077. [CrossRef]
[PubMed]

Pandya, V.A ; Patani, R. Decoding the relationship between ageing and amyotrophic lateral sclerosis: A cellular perspective. Brain
2020, 143, 1057-1072. [CrossRef] [PubMed]

Klionsky, D.J.; Petroni, G.; Amaravadi, R.K.; Baehrecke, E.H.; Ballabio, A.; Boya, P.; Bravo-San Pedro, ].M.; Cadwell, K.; Cecconi,
F.; Choi, AMK; et al. Autophagy in major human diseases. EMBO J. 2021, 40, €108863. [CrossRef] [PubMed]

Boya, P.; Kroemer, G. Beclin 1: A BH3-only protein that fails to induce apoptosis. Oncogene 2009, 28, 2125-2127. [CrossRef]
Fernandez, A.F.; Sebti, S.; Wei, Y.; Zou, Z.; Shi, M.; McMillan, K.L.; He, C.; Ting, T.; Liu, Y.; Chiang, W.C.; et al. Disruption of the
beclin 1-BCL2 autophagy regulatory complex promotes longevity in mice. Nature 2018, 558, 136-140. [CrossRef]

Merino, D.; Kelly, G.L.; Lessene, G.; Wei, A.H.; Roberts, A.W.; Strasser, A. BH3-Mimetic Drugs: Blazing the Trail for New Cancer
Medicines. Cancer Cell 2018, 34, 879-891. [CrossRef]

Marrone, L.; Drexler, H.C.A.; Wang, J.; Tripathi, P; Distler, T.; Heisterkamp, P.; Anderson, E.N.; Kour, S.; Moraiti, A.; Maharana,
S.; et al. FUS pathology in ALS is linked to alterations in multiple ALS-associated proteins and rescued by drugs stimulating
autophagy. Acta Neuropathol. 2019, 138, 67-84. [CrossRef]

Bellmann, J.; Goswami, R.Y.; Girardo, S.; Rein, N.; Hosseinzadeh, Z.; Hicks, M.R.; Busskamp, V.; Pyle, A.D.; Werner, C.; Sterneckert,
J. A customizable microfluidic platform for medium-throughput modeling of neuromuscular circuits. Biomaterials 2019, 225,
119537. [CrossRef]

Shevchenko, A.; Wilm, M.; Vorm, O.; Mann, M. Mass Spectrometric Sequencing of Proteins from Silver-Stained Polyacrylamide
Gels. Anal. Chem. 1996, 68, 850-858. [CrossRef]

Vasilj, A.; Gentzel, M.; Ueberham, E.; Gebhardt, R.; Shevchenko, A. Tissue Proteomics by One-Dimensional Gel Electrophoresis
Combined with Label-Free Protein Quantification. J. Proteome Res. 2012, 11, 3680-3689. [CrossRef]

Demichev, V.; Messner, C.B.; Vernardis, S.I; Lilley, K.S.; Ralser, M. DIA-NN: Neural networks and interference correction enable
deep proteome coverage in high throughput. Nat. Methods 2020, 17, 41-44. [CrossRef] [PubMed]

Perez-Riverol, Y.; Csordas, A.; Bai, J.; Bernal-Llinares, M.; Hewapathirana, S.; Kundu, D.]J.; Inuganti, A.; Griss, J.; Mayer, G.;
Eisenacher, M.; et al. The PRIDE database and related tools and resources in 2019: Improving support for quantification data.
Nucleic Acids Res. 2019, 47, D442-D450. [CrossRef] [PubMed]

Deutsch, E.W.; Bandeira, N.; Sharma, V.; Perez-Riverol, Y.; Carver, J.J.; Kundu, D.].; Garcia-Seisdedos, D.; Jarnuczak, A.F.;
Hewapathirana, S.; Pullman, B.S.; et al. The ProteomeXchange consortium in 2020: Enabling ‘big data” approaches in proteomics.
Nucleic Acids Res. 2020, 48, D1145-D1152. [CrossRef]


https://doi.org/10.1212/CPJ.0b013e3182a1b8ab
https://doi.org/10.1038/nrneurol.2011.150
https://doi.org/10.1093/hmg/ddq137
https://www.ncbi.nlm.nih.gov/pubmed/20400460
https://doi.org/10.1007/s00401-016-1586-5
https://www.ncbi.nlm.nih.gov/pubmed/27271576
https://doi.org/10.1016/j.nbd.2015.07.017
https://doi.org/10.1126/science.1166066
https://doi.org/10.1093/hmg/ddq335
https://doi.org/10.1016/j.stemcr.2017.12.018
https://www.ncbi.nlm.nih.gov/pubmed/29358088
https://doi.org/10.1016/j.brainres.2012.01.016
https://doi.org/10.1016/j.cell.2018.06.006
https://doi.org/10.1016/j.cell.2015.07.047
https://www.ncbi.nlm.nih.gov/pubmed/26317470
https://doi.org/10.1093/brain/awz360
https://www.ncbi.nlm.nih.gov/pubmed/31851317
https://doi.org/10.15252/embj.2021108863
https://www.ncbi.nlm.nih.gov/pubmed/34459017
https://doi.org/10.1038/onc.2009.83
https://doi.org/10.1038/s41586-018-0162-7
https://doi.org/10.1016/j.ccell.2018.11.004
https://doi.org/10.1007/s00401-019-01998-x
https://doi.org/10.1016/j.biomaterials.2019.119537
https://doi.org/10.1021/ac950914h
https://doi.org/10.1021/pr300147z
https://doi.org/10.1038/s41592-019-0638-x
https://www.ncbi.nlm.nih.gov/pubmed/31768060
https://doi.org/10.1093/nar/gky1106
https://www.ncbi.nlm.nih.gov/pubmed/30395289
https://doi.org/10.1093/nar/gkz984

Cells 2023, 12, 2247 15 of 17

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Zhang, X.; Smits, A.H.; van Tilburg, G.B.A.; Ovaa, H.; Huber, W.; Vermeulen, M. Proteome-wide identification of ubiquitin
interactions using UbIA-MS. Nat. Protoc. 2018, 13, 530-550. [CrossRef]

Chen, E.Y;; Tan, C.M.; Kou, Y.; Duan, Q.; Wang, Z.; Meirelles, G.V.; Clark, N.R.; Ma’ayan, A. Enrichr: Interactive and collaborative
HTMLS5 gene list enrichment analysis tool. BMC Bioinform. 2013, 14, 128. [CrossRef]

Kuleshov, M.V,; Jones, M.R.; Rouillard, A.D.; Fernandez, N.F,; Duan, Q.; Wang, Z.; Koplev, S.; Jenkins, S.L.; Jagodnik, K.M.;
Lachmann, A.; et al. Enrichr: A comprehensive gene set enrichment analysis web server 2016 update. Nucleic Acids Res. 2016, 44,
WO90-W97. [CrossRef] [PubMed]

Dudman, J.; Qi, X. Stress Granule Dysregulation in Amyotrophic Lateral Sclerosis. Front. Cell. Neurosci. 2020, 14, 598517.
[CrossRef]

Hwang, ].J.; Kuruvilla, J.; Mendelson, D.; Pishvaian, M.].; Deeken, ].F;; Siu, L.L.; Berger, M.S.; Viallet, ].; Marshall, ].L. Phase I dose
finding studies of obatoclax (GX15-070), a small molecule pan-BCL-2 family antagonist, in patients with advanced solid tumors
or lymphoma. Clin. Cancer Res. 2010, 16, 4038—4045. [CrossRef]

McCoy, E; Hurwitz, J.; McTavish, N.; Paul, I; Barnes, C.; O’'Hagan, B.; Odrzywol, K.; Murray, J.; Longley, D.; McKerr, G.; et al.
Obatoclax induces Atg7-dependent autophagy independent of beclin-1 and BAX/BAK. Cell Death Dis. 2010, 1, €108. [CrossRef]
Basit, F,; Cristofanon, S.; Fulda, S. Obatoclax (GX15-070) triggers necroptosis by promoting the assembly of the necrosome on
autophagosomal membranes. Cell Death Differ. 2013, 20, 1161-1173. [CrossRef]

Koehler, B.C.; Jassowicz, A.; Scherr, A.L.; Lorenz, S.; Radhakrishnan, P.; Kautz, N.; Elssner, C.; Weiss, J.; Jaeger, D.; Schneider, M.;
et al. Pan-Bcl-2 inhibitor Obatoclax is a potent late stage autophagy inhibitor in colorectal cancer cells independent of canonical
autophagy signaling. BMC Cancer 2015, 15, 919. [CrossRef] [PubMed]

Daigle, ].G.; Lanson, N.A,, Jr.; Smith, R.B.; Casci, I.; Maltare, A.; Monaghan, J.; Nichols, C.D.; Kryndushkin, D.; Shewmaker, E;
Pandey, U.B. RNA-binding ability of FUS regulates neurodegeneration, cytoplasmic mislocalization and incorporation into stress
granules associated with FUS carrying ALS-linked mutations. Hum. Mol. Genet. 2013, 22, 1193-1205. [CrossRef] [PubMed]

Wei, WJ.; Sun, Z.K,; Shen, C.T.; Song, H.J.; Zhang, X.Y.; Qiu, Z.L.; Luo, Q.Y. Obatoclax and LY3009120 Efficiently Overcome
Vemurafenib Resistance in Differentiated Thyroid Cancer. Theranostics 2017, 7, 987-1001. [CrossRef] [PubMed]

Soo, K.Y,; Sultana, J.; King, A.E.; Atkinson, R.; Warraich, S.T.; Sundaramoorthy, V.; Blair, I.; Farg, M.A.; Atkin, ].D. ALS-associated
mutant FUS inhibits macroautophagy which is restored by overexpression of Rabl. Cell Death Discov. 2015, 1, 15030. [CrossRef]
[PubMed]

Klionsky, D.J. The autophagosome is overrated! Autophagy 2011, 7, 353-354. [CrossRef]

Cheroni, C.; Marino, M.; Tortarolo, M.; Veglianese, P.; De Biasi, S.; Fontana, E.; Zuccarello, L.V.; Maynard, C.J.; Dantuma,
N.P.; Bendotti, C. Functional alterations of the ubiquitin-proteasome system in motor neurons of a mouse model of familial
amyotrophic lateral sclerosis. Hum. Mol. Genet. 2009, 18, 82-96. [CrossRef]

Farrawell, N.E.; McAlary, L.; Lum, J.S.; Chisholm, C.G.; Warraich, S.T.; Blair, I.P; Vine, K.L.; Saunders, D.N.; Yerbury, J.J. Ubiquitin
Homeostasis Is Disrupted in TDP-43 and FUS Cell Models of ALS. iScience 2020, 23, 101700. [CrossRef]

Kabashi, E.; Agar, ].N.; Taylor, D.M.; Minotti, S.; Durham, H.D. Focal dysfunction of the proteasome: A pathogenic factor in a
mouse model of amyotrophic lateral sclerosis. J. Neurochem. 2004, 89, 1325-1335. [CrossRef]

Kabashi, E.; Agar, ].N.; Strong, M.].; Durham, H.D. Impaired proteasome function in sporadic amyotrophic lateral sclerosis.
Amyotroph. Lateral Scler. 2012, 13, 367-371. [CrossRef]

Tashiro, Y.; Urushitani, M.; Inoue, H.; Koike, M.; Uchiyama, Y.; Komatsu, M.; Tanaka, K.; Yamazaki, M.; Abe, M.; Misawa, H.; et al.
Motor Neuron-specific Disruption of Proteasomes, but Not Autophagy, Replicates Amyotrophic Lateral Sclerosis. J. Biol. Chem.
2012, 287, 42984-42994. [CrossRef]

Yoshihara, T.; Satake, H.; Nishie, T.; Okino, N.; Hatta, T.; Otani, H.; Naruse, C.; Suzuki, H.; Sugihara, K.; Kamimura, E.; et al.
Lactosylceramide synthases encoded by B4galt5 and 6 genes are pivotal for neuronal generation and myelin formation in mice.
PLoS Genet. 2018, 14, €1007545. [CrossRef] [PubMed]

Nishie, T.; Hikimochi, Y.; Zama, K.; Fukusumi, Y.; Ito, M.; Yokoyama, H.; Naruse, C.; Ito, M.; Asano, M. Beta4-galactosyltransferase-
5is a lactosylceramide synthase essential for mouse extra-embryonic development. Glycobiology 2010, 20, 1311-1322. [CrossRef]
[PubMed]

Chiricozzi, E.; Lunghi, G.; Di Biase, E.; Fazzari, M.; Sonnino, S.; Mauri, L. GM1 Ganglioside Is A Key Factor in Maintaining the
Mammalian Neuronal Functions Avoiding Neurodegeneration. Int. J. Mol. Sci. 2020, 21, 868. [CrossRef] [PubMed]

Fazzari, M.; Lunghi, G.; Henriques, A.; Callizot, N.; Ciampa, M.G.; Mauri, L.; Prioni, S.; Carsana, E.V.; Loberto, N.; Aureli, M.;
et al. GM1 Oligosaccharide Efficacy in Parkinson’s Disease: Protection against MPTP. Biomedicines 2023, 11, 1305. [CrossRef]
[PubMed]

Pestronk, A.; Adams, R.N.; Clawson, L.; Cornblath, D.; Kuncl, R.W.; Griffin, D.; Drachman, D.B. Serum antibodies to GM1
ganglioside in amyotrophic lateral sclerosis. Neurology 1988, 38, 1457-1461. [CrossRef] [PubMed]

Fong, T.G.; Neff, N.H.; Hadjiconstantinou, M. GM1 ganglioside improves spatial learning and memory of aged rats. Behav. Brain
Res. 1997, 85, 203-211. [CrossRef] [PubMed]

Sharma, M.; Naslavsky, N.; Caplan, S. A role for EHD4 in the regulation of early endosomal transport. Traffic 2008, 9, 995-1018.
[CrossRef]

Canagarajah, B.J.; Ren, X.; Bonifacino, ].S.; Hurley, ]. H. The clathrin adaptor complexes as a paradigm for membrane-associated
allostery. Protein Sci. 2013, 22, 517-529. [CrossRef]


https://doi.org/10.1038/nprot.2017.147
https://doi.org/10.1186/1471-2105-14-128
https://doi.org/10.1093/nar/gkw377
https://www.ncbi.nlm.nih.gov/pubmed/27141961
https://doi.org/10.3389/fncel.2020.598517
https://doi.org/10.1158/1078-0432.CCR-10-0822
https://doi.org/10.1038/cddis.2010.86
https://doi.org/10.1038/cdd.2013.45
https://doi.org/10.1186/s12885-015-1929-y
https://www.ncbi.nlm.nih.gov/pubmed/26585594
https://doi.org/10.1093/hmg/dds526
https://www.ncbi.nlm.nih.gov/pubmed/23257289
https://doi.org/10.7150/thno.17322
https://www.ncbi.nlm.nih.gov/pubmed/28382170
https://doi.org/10.1038/cddiscovery.2015.30
https://www.ncbi.nlm.nih.gov/pubmed/27551461
https://doi.org/10.4161/auto.7.4.14730
https://doi.org/10.1093/hmg/ddn319
https://doi.org/10.1016/j.isci.2020.101700
https://doi.org/10.1111/j.1471-4159.2004.02453.x
https://doi.org/10.3109/17482968.2012.686511
https://doi.org/10.1074/jbc.M112.417600
https://doi.org/10.1371/journal.pgen.1007545
https://www.ncbi.nlm.nih.gov/pubmed/30114188
https://doi.org/10.1093/glycob/cwq098
https://www.ncbi.nlm.nih.gov/pubmed/20574042
https://doi.org/10.3390/ijms21030868
https://www.ncbi.nlm.nih.gov/pubmed/32013258
https://doi.org/10.3390/biomedicines11051305
https://www.ncbi.nlm.nih.gov/pubmed/37238977
https://doi.org/10.1212/WNL.38.9.1457
https://www.ncbi.nlm.nih.gov/pubmed/3412595
https://doi.org/10.1016/S0166-4328(97)87584-5
https://www.ncbi.nlm.nih.gov/pubmed/9105576
https://doi.org/10.1111/j.1600-0854.2008.00732.x
https://doi.org/10.1002/pro.2235

Cells 2023, 12, 2247 16 of 17

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Rivero, S.; Rodriguez-Real, G.; Marin, I.; Huertas, P. MRGBP, a member of the NuA4 complex, inhibits DNA double-strand break
repair. FEBS Open Bio 2021, 11, 622-632. [CrossRef]

Hammond, C.M.; Bao, H.; Hendriks, I.A.; Carraro, M.; Garcia-Nieto, A.; Liu, Y.; Reveron-Goémez, N.; Spanos, C.; Chen, L.;
Rappsilber, J.; et al. DNAJC9 integrates heat shock molecular chaperones into the histone chaperone network. Mol. Cell 2021, 81,
2533-2548.€9. [CrossRef]

Aoki, Y.; Manzano, R.; Lee, Y.; Dafinca, R.; Aoki, M.; Douglas, A.G.L.; Varela, M.A ; Sathyaprakash, C.; Scaber, J.; Barbagallo, P,;
et al. C9orf72 and RAB7L1 regulate vesicle trafficking in amyotrophic lateral sclerosis and frontotemporal dementia. Brain 2017,
140, 887-897. [CrossRef]

Chen, H.]J.; Mitchell, J.C.; Novoselov, S.; Miller, J.; Nishimura, A.L.; Scotter, E.L.; Vance, C.A.; Cheetham, M.E.; Shaw, C.E. The
heat shock response plays an important role in TDP-43 clearance: Evidence for dysfunction in amyotrophic lateral sclerosis. Brain
2016, 139, 1417-1432. [CrossRef]

Mourelatos, Z.; Adler, H.; Hirano, A.; Donnenfeld, H.; Gonatas, ].O.; Gonatas, N.K. Fragmentation of the Golgi apparatus of
motor neurons in amyotrophic lateral sclerosis revealed by organelle-specific antibodies. Proc. Natl. Acad. Sci. USA 1990, 87,
4393-4395. [CrossRef] [PubMed]

Naumann, M.; Pal, A.; Goswami, A.; Lojewski, X.; Japtok, J.; Vehlow, A.; Naujock, M.; Gunther, R.; Jin, M.; Stanslowsky, N.; et al.
Impaired DNA damage response signaling by FUS-NLS mutations leads to neurodegeneration and FUS aggregate formation.
Nat. Commun. 2018, 9, 335. [CrossRef] [PubMed]

Schwenk, B.M.; Hartmann, H.; Serdaroglu, A.; Schludi, M.H.; Hornburg, D.; Meissner, F.; Orozco, D.; Colombo, A.; Tahirovic, S.;
Michaelsen, M.; et al. TDP-43 loss of function inhibits endosomal trafficking and alters trophic signaling in neurons. EMBO ].
2016, 35, 2350-2370. [CrossRef] [PubMed]

Seminary, E.R.; Sison, S.L.; Ebert, A.D. Modeling Protein Aggregation and the Heat Shock Response in ALS iPSC-Derived Motor
Neurons. Front. Neurosci. 2018, 12, 86. [CrossRef]

van Dis, V.; Kuijpers, M.; Haasdijk, E.D.; Teuling, E.; Oakes, S.A.; Hoogenraad, C.C.; Jaarsma, D. Golgi fragmentation precedes
neuromuscular denervation and is associated with endosome abnormalities in SOD1-ALS mouse motor neurons. Acta Neuropathol.
Commun. 2014, 2, 38. [CrossRef]

Wang, H.; Guo, W.; Mitra, ].; Hegde, PM.; Vandoorne, T.; Eckelmann, B.J.; Mitra, S.; Tomkinson, A.E.; Van Den Bosch, L.; Hegde,
M.L. Mutant FUS causes DNA ligation defects to inhibit oxidative damage repair in Amyotrophic Lateral Sclerosis. Nat. Commun.
2018, 9, 3683. [CrossRef] [PubMed]

Gelino, S.; Chang, ].T.; Kumsta, C.; She, X.; Davis, A.; Nguyen, C.; Panowski, S.; Hansen, M. Intestinal Autophagy Improves
Healthspan and Longevity in C. elegans during Dietary Restriction. PLOS Genet. 2016, 12, e1006135. [CrossRef]

Miller, R.A.; Harrison, D.E.; Astle, C.M.; Fernandez, E.; Flurkey, K.; Han, M.; Javors, M.A.; Li, X.; Nadon, N.L.; Nelson, J.F; et al.
Rapamycin-mediated lifespan increase in mice is dose and sex dependent and metabolically distinct from dietary restriction.
Aging Cell 2014, 13, 468-477. [CrossRef]

Nguyen, M.; Marcellus, R.C.; Roulston, A.; Watson, M.; Serfass, L.; Murthy Madiraju, S.R.; Goulet, D.; Viallet, J.; Belec, L.; Billot,
X.; et al. Small molecule obatoclax (GX15-070) antagonizes MCL-1 and overcomes MCL-1-mediated resistance to apoptosis. Proc.
Natl. Acad. Sci. USA 2007, 104, 19512-19517. [CrossRef] [PubMed]

Shahheydari, H.; Ragagnin, A.; Walker, A.K.; Toth, R.P; Vidal, M.; Jagaraj, C.J.; Perri, E.R.; Konopka, A.; Sultana, ].M.; Atkin, J.D.
Protein Quality Control and the Amyotrophic Lateral Sclerosis/Frontotemporal Dementia Continuum. Front. Mol. Neurosci. 2017,
10, 119. [CrossRef] [PubMed]

Guo, Y.-L.; Duan, W.-J.; Lu, D.-H.; Ma, X.-H,; Li, X.-X,; Li, Z.; Bi, W.; Kurihara, H.; Liu, H.-Z; Li, Y.-F,; et al. Autophagy-dependent
removal of a-synuclein: A novel mechanism of GM1 ganglioside neuroprotection against Parkinson’s disease. Acta Pharmacol.
Sin. 2021, 42, 518-528. [CrossRef] [PubMed]

Dai, R.; Zhang, S.; Duan, W.; Wei, R.; Chen, H.; Cai, W.; Yang, L.; Wang, Q. Enhanced Autophagy Contributes to Protective
Effects of GM1 Ganglioside Against A31-42-Induced Neurotoxicity and Cognitive Deficits. Neurochem. Res. 2017, 42, 2417-2426.
[CrossRef] [PubMed]

Lai, C; Xie, C.; Shim, H.; Chandran, J.; Howell, B.W.; Cai, H. Regulation of endosomal motility and degradation by amyotrophic
lateral sclerosis 2/alsin. Mol. Brain 2009, 2, 23. [CrossRef] [PubMed]

Chen, K.F; Su, J.C.; Liu, C.Y,; Huang, ].W.; Chen, K.C.; Chen, W.L.; Tai, W.T; Shiau, C.W. A novel obatoclax derivative, SC-2001,
induces apoptosis in hepatocellular carcinoma cells through SHP-1-dependent STAT3 inactivation. Cancer Lett. 2012, 321, 27-35.
[CrossRef]

Rahmani, M.; Aust, M.M.; Attkisson, E.; Williams, D.C., Jr.; Ferreira-Gonzalez, A.; Grant, S. Inhibition of Bcl-2 antiapoptotic
members by obatoclax potently enhances sorafenib-induced apoptosis in human myeloid leukemia cells through a Bim-dependent
process. Blood 2012, 119, 6089-6098. [CrossRef]

Trudel, S.; Li, Z.H.; Rauw, ].; Tiedemann, R.E.; Wen, X.Y.; Stewart, A.K. Preclinical studies of the pan-Bcl inhibitor obatoclax
(GX015-070) in multiple myeloma. Blood 2007, 109, 5430-5438. [CrossRef]

O’Brien, S.M.; Claxton, D.E; Crump, M.; Faderl, S.; Kipps, T.; Keating, M.].; Viallet, J.; Cheson, B.D. Phase I study of obatoclax
mesylate (GX15-070), a small molecule pan-Bcl-2 family antagonist, in patients with advanced chronic lymphocytic leukemia.
Blood 2009, 113, 299-305. [CrossRef]


https://doi.org/10.1002/2211-5463.13071
https://doi.org/10.1016/j.molcel.2021.03.041
https://doi.org/10.1093/brain/awx024
https://doi.org/10.1093/brain/aww028
https://doi.org/10.1073/pnas.87.11.4393
https://www.ncbi.nlm.nih.gov/pubmed/2349244
https://doi.org/10.1038/s41467-017-02299-1
https://www.ncbi.nlm.nih.gov/pubmed/29362359
https://doi.org/10.15252/embj.201694221
https://www.ncbi.nlm.nih.gov/pubmed/27621269
https://doi.org/10.3389/fnins.2018.00086
https://doi.org/10.1186/2051-5960-2-38
https://doi.org/10.1038/s41467-018-06111-6
https://www.ncbi.nlm.nih.gov/pubmed/30206235
https://doi.org/10.1371/journal.pgen.1006135
https://doi.org/10.1111/acel.12194
https://doi.org/10.1073/pnas.0709443104
https://www.ncbi.nlm.nih.gov/pubmed/18040043
https://doi.org/10.3389/fnmol.2017.00119
https://www.ncbi.nlm.nih.gov/pubmed/28539871
https://doi.org/10.1038/s41401-020-0454-y
https://www.ncbi.nlm.nih.gov/pubmed/32724177
https://doi.org/10.1007/s11064-017-2266-0
https://www.ncbi.nlm.nih.gov/pubmed/28497346
https://doi.org/10.1186/1756-6606-2-23
https://www.ncbi.nlm.nih.gov/pubmed/19630956
https://doi.org/10.1016/j.canlet.2012.03.023
https://doi.org/10.1182/blood-2011-09-378141
https://doi.org/10.1182/blood-2006-10-047951
https://doi.org/10.1182/blood-2008-02-137943

Cells 2023, 12, 2247 17 of 17

70. Schimmer, A.D.; O’Brien, S.; Kantarjian, H.; Brandwein, J.; Cheson, B.D.; Minden, M.D; Yee, K.; Ravandi, F; Giles, F.; Schuh, A;
et al. A phase I study of the pan bcl-2 family inhibitor obatoclax mesylate in patients with advanced hematologic malignancies.
Clin. Cancer Res. 2008, 14, 8295-8301. [CrossRef]

71. Schlosser, A.; Volkmer-Engert, R. Volatile polydimethylcyclosiloxanes in the ambient laboratory air identified as source of extreme
background signals in nanoelectrospray mass spectrometry. J. Mass. Spectrom. 2003, 38, 523-525. [CrossRef] [PubMed]

72.  Walters, H.E; Troyanovskiy, K.E.; Graf, A.M.; Yun, M.H. Senescent cells enhance newt limb regeneration by promoting muscle
dedifferentiation. Aging Cell 2023, 22, €13826. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1158/1078-0432.CCR-08-0999
https://doi.org/10.1002/jms.465
https://www.ncbi.nlm.nih.gov/pubmed/12794873
https://doi.org/10.1111/acel.13826
https://www.ncbi.nlm.nih.gov/pubmed/37025070

	Introduction 
	Materials and Methods 
	BH3 Mimetics 
	iPSC Culture and Assays 
	Protein Extraction, Immunoblotting, and Capillary Electrophoresis 
	Proximity Ligation Assay 
	Immunocytochemistry and Image Acquisition 
	Proteomics 
	Statistical Analysis 

	Results 
	Obatoclax Is Well-Tolerated and Potently Reduces Aberrant SG Formation 
	Obatoclax Reduces Cytoplasmic FUS Levels, Rescuing Aberrant Protein Homeostasis 
	Obatoclax Ameliorates the Degeneration of iPSC-Derived Neurons with Mutant FUS 
	Obatoclax Induces Autophagy by Disrupting the BECN1-BCL2 Complex 
	Proteomics Suggests Obatoclax Contributes to Neuroprotection via Multiple Mechanisms 

	Discussion 
	Conclusions 
	References

