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ARTICLE INFO ABSTRACT
Keywords: Mutations in the C9orf72 gene are the most common cause of familial amyotrophic lateral sclerosis (ALS) and
ALS frontotemporal dementia (FTD). The pathogenetic mechanisms linked to this gene are a direct consequence of an
FTD aberrant intronic expansion of a GGGGCC hexanucleotide located between the 1a and 1b non-coding exons,
sflgr(ecg:;es which can be transcribed to form cytotoxic RNA foci or even translated into aggregation-prone dipeptide repeat
Aut}(,) phagy proteins. Importantly, the abnormal length of these repeats affects also the expression levels of C9orf72 itself,
Lysosomes which suggests haploinsufficiency as additional pathomechanism. Thus, it appears that both toxic gain of
C9orf72 function and loss of function are distinct but still coexistent features contributing to the insurgence of the disease
hiPSC in case of C9orf72 mutations. In this study, we aimed at identifying a strategy to address both aspects of the
Neurodegeneration C9orf72-related pathobiochemistry and provide proof-of-principle information for a better understanding of the
Neurons mechanisms leading to neuronal loss. By using primary neurons overexpressing toxic poly(GA), the most

abundant protein product of the GGGGCC repeats, we found that the antiarrhythmic drug propranolol could
efficiently reduce the accumulation of aberrant aggregates and increase the survival of C9orf72-related cultures.
Interestingly, the improved catabolism appeared to not depend on major degradative pathways such as auto-
phagy and the proteasome. By analyzing the proteome of poly(GA)-expressing neurons after exposure to pro-
pranolol, we found that the drug increased lysosomal degradation through a mechanism directly involving
C9orf72 protein, whose levels were increased after treatment. Further confirmation of the beneficial effect of the
beta blocker on aggregates’ accumulation and survival of hiPSC-derived C9orf72-mutant motoneurons
strengthened the finding that addressing both facets of C9orf72 pathology might represent a valid strategy for the
treatment of these ALS/FTD cases.

1. Introduction the same line, aberrant aggregates are also detected within the motor

neurons of patients suffering from amyotrophic lateral sclerosis (ALS).

The accumulation of toxic protein aggregates is a pathological
feature characterizing several neurodegenerative conditions, such as
aberrant extracellular beta amyloid plaques and intracellular hyper-
phosphorylated tau inclusions in Alzheimer’s disease (AD), mutant
huntingtin aggregates in Huntington’s disease, and Lewy bodies in
Parkinson’s disease (PD) (reviewed by Ross and Poirier, 2004). Along

Importantly, an intronic hexanucleotide-repeat expansion (HRE) in the
C9orf72 gene has been identified as the most common genetic cause of
both ALS and frontotemporal dementia (FTD) (Delesus-Hernandez
et al., 2011; Burrell et al., 2016). This HRE is translated in an
AUG-independent manner from both sense and antisense transcripts in
all reading frames into five dipeptide repeat proteins (DPRs): poly(GA),
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poly(GR), poly(GP), poly(PR) and poly(PA) (Mori et al., 2013; Zu et al.,
2013). In post-mortem samples from C9orf72 patient brains, poly(GA)
constitutes the majority of TDP-43-negative inclusions, which can be
attributed to its highly aggregation-prone, amyloid-like (biophysical)
properties (Chang et al., 2016; Edbauer and Haass, 2016; Brasseur et al.,
2020). Its toxic characteristics have been suggested to result in the
sequestration of other molecules such as SQSTM1/p62 and Uncl19,
which play a crucial role in catabolic processes (Maduro et al., 2000;
May et al., 2014), as well as proteasomal subunits (Zhang et al., 2014;
Khosravi et al., 2020). This leads to a disruption of protein degradation
systems and, eventually, neuronal loss (May et al., 2014; Zhang et al.,
2014; Khosravi et al., 2020; Catanese et al., 2021). In addition, the
CCCCGG-transcripts form nuclear RNA-foci that sequestrate and subse-
quently disable some major ribonucleic-binding proteins (RBP), thus
linking altered RNA metabolism to the C9orf72 pathobiochemistry
(DeJesus-Hernandez et al., 2011). As a third pathomechanism, it has
been shown that HRE reduces the expression of C9orf72 transcripts, and
the resulting haploinsufficiency seems to depend on epigenetic alter-
ations (Xi et al., 2013; Belzil et al., 2013; Gijselinck et al., 2016).
Interestingly, loss of C9orf72 has been shown to alter neuronal
morphology and impair autophagy initiation, as well as the endolyso-
somal pathway (Levine et al., 2013; Farg et al., 2014; Sullivanet al.,
2016; Sellier et al., 2016; Ho et al., 2019). Thus, the loss of C9orf72
might impact key catabolic mechanisms, resulting in an inefficient
degradation of toxic aggregates that further exacerbates the HRE toxic
gain of function in a pathologic vicious circle leading to neuronal death.
Interestingly, catabolic impairments are not exclusively observed in the
presence of C9orf72 mutations, but represent a commonly shared
pathomechanism among heterogenous cases of ALS/FTD. In fact, mu-
tations in several other genes associated with autophagy and/or lyso-
somal function such GRN, VCP, CHMP2B, SQSTM1, OPTN and TBK1
have been causally linked to FTD and ALS.

While these observations suggest that autophagy modulation might
represent a promising therapeutic strategy to reduce the aggregates’
burden and relieve vulnerable neurons from high levels of cellular stress,
the evidences in support of this theory have been inconsistent. Though
some recent studies have demonstrated that increased autophagy effi-
ciently clears intracellular aggregates (Cheng et al., 2015; Boivin et al.,
2020), contrasting results have demonstrated that autophagy induction
exacerbates the burden of protein aggregates in vulnerable neurons and
contributes in speeding up the disease progression by creating an
autophagy overload (Zhang et al., 2011; Saxena et al., 2013; Catanese
et al., 2019). Indeed, autophagy blockade through ATG7 knockout
significantly increases the lifespan of the SOD1-G93A mutant mice
(Rudnick et al., 2017).

Interestingly, a recent retrospective study linked the use of beta-
blockers with high blood-brain barrier permeability, such as proprano-
lol, to a decreased risk of developing AD (Beaman et al., 2023). Given
the lysosomotropic properties of this beta blocker (Miiller et al., 2020)
and the still controversial role of autophagy induction in ALS/FTD, in
the present work we aimed at better characterizing the consequences of
toxic aggregates accumulation in ALS/FTD C9orf72-related models and
to test the potential beneficial effect of propranolol in the clearance of
these pathologic structures from affected neurons.

2. Materials and methods
2.1. Primary rat cortical neurons

Primary cultures of rat cortical neurons were prepared from rat
embryos (Sprague-Dawley rats, Janvier Laboratories) at embryonic day
18 as described previously (Catanese et al., 2018). Briefly, cerebral
cortices were manually dissected under stereomicroscopic guidance.
After 10 min of incubation with 0.25% trypsin-EDTA (Gibco), the tissues
were washed three times with DMEM (Gibco) (containing 10% foetal
bovine serum, 1% penicillin/streptomycin, and 1% GlutaMAX,
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henceforth referred to as DMEM+) and thus mechanically dissociated.
Following a filtration through a 100 pm mesh filter, the dissociated cells
were plated on poly-L-lysine-coated (Sigma-Aldrich) glass coverslips or
plastic dishes and cultured in Neurobasal Medium (Gibco) (containing
1% P/S, 1% GlutaMAX and 2% B27 — henceforth NB™).

The expression of poly-(GA),75-EGFP aggregates in primary neurons
was performed using an AAV9 vector; expression of the ALS construct
was under the control of the human Synapsin 1 promoter to ensure se-
lective neuronal expression. Viruses were produced by the Penn Vector
Core (University of Pennsylvania, Philadelphia, USA). Transduction of
neurons was performed at DIV 3 with either AAV9-hSyn-poly(GA),7s-
EGFP or AAV9-hSyn-EGFP (a gift from Bryan Roth; Addgene viral prep #
50 465-AAV9).

2.2. Pharmacological treatment

Primary and hiPSC-derived neurons were treated with (S)-(-)-Pro-
pranolol (Sigma-Aldrich, P8688) at a 10 pM concentration for 24 h,
except when we evaluated the effect of the beta blocker on neuronal
survival: in this case neuronal cultures were treated for 72 h by replacing
half of the medium on the second and third day of treatment.

For the investigation of the autophagic flux, we used bafilomycin
(Sigma-Aldrich, B1793) at a concentration of 100 nM. The lysosome
blocker E-64 (Tocris, 4545) was used at a final concentration of 10 pM.

2.3. Immunocytochemistry

Immunostainings were performed as previously described (Catanese
etal., 2021). Following fixation with 4% paraformaldehyde (containing
10% sucrose), cells were first incubated with blocking solution (PBS +
10% Goat Serum + 0.2% Triton-x100) for 2 h and subsequently with
primary antibodies diluted in the same blocking solution overnight (24 h
at 4 °C). After three washes with PBS, the cells were incubated with
secondary antibodies (diluted 1:1000 in PBS) for 2 h at room tempera-
ture. Then, cells were washed again 3 times and mounted with Pro-
Long™ Gold Antifade mountant with DAPI (Invitrogen, P36935) and
ibidi Mounting Medium (Ibidi, 5001).

2.4. Microscopy

Fluorescence microscopy was performed with a Thunder imaging
system (Leica) equipped with a DFC9000 sCMOS camera, a HC PL
Fluotar 20x air (N.A. 0.4) or a HC PL Apo 63x (N.A. 1.4) oil immersion
objective and using the LasX software (Leica).

Confocal microscopy was performed with a laser-scanning micro-
scope (Leica DMi8) equipped with ACS APO 40x and 63x oil DIC im-
mersion objectives. Images were acquired using the LasX software
(Leica), with a resolution of 1024x1024 pixels and a number of Z-stacks
(step size of 0.3 or 0.5 pm) encompassing the entire cell soma.

2.5. Image analysis

To analyze the number of cleaved caspase-3+ neurons, the signal of
the apoptotic markers was thresholded and overlapped to the MAP2
channel. Afterwards, the number of cleaved caspase-3-MAP2 double-
positive cells was manually counted.

The number of LAMP1 structures was assessed by using the plug-in
Find Foci for Fiji after having defined a region of interest (ROI)
around the neuronal soma.

The load of poly(GA) aggregates within the cell body of the primary
neurons transduced with poly-(GA);75-EGFP, the respective channel was
thresholded to distinguish GFP-positive aggregates and the area taken
up by these was set into relation with the total soma area to reflect the
percentage of cytosol occupied by these aberrant structures. The same
procedure was also applied for the analysis of SQSTM1/p62 aggregates.

The colocalization analysis was performed with the semi-automated
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colocalization tool of the IMARIS software (Oxford Instrument).

To analyze the cluster size and intensity of synaptic markers, 3
different primary dendrites for each neuron were randomly selected. A
ROI was then drawn along the dendrites and synaptic clusters traced
with the ImageJ plugin FindFoci (Herbert), using the Max Entropy al-
gorithm and the resulting data was normalized to a ROI length of 10 pm.

The computational parameters and post-acquisition modifications
were equally applied to analyze pictures belonging to the same experi-
ments and for figure display, which was performed with either Fiji or
Imaris.

2.6. Western blot

Western blots were performed by resolving equal concentrations of
protein (determined by Bradford Assay) on 10% acrylamide SDS-PAGE
gels, which were then transferred to a nitrocellulose membrane using
a Trans-Blot Turbo device (BioRad, USA). To block non-specific binding
sites, the membranes were incubated with a 5% BSA solution (diluted in
TBS pH 7.5 + 0.2% TWEEN) for 2 h and incubated with the primary
antibody overnight at 4 °C. Afterwards, blots were washed 3 times with
TBS+0.2% TWEEN, incubated with HRP-conjugated secondary Ab
(DAKO) for 1 h, and again washed. Chemiluminescent signal was
detected using ECL detection kit (ThermoFischer Scientific, 32 106) and
a MicroChemi 4.2 device (DNR Bio Imaging System). For quantification,
Gel-analyzer Software 2010a was used. The values of the proteins of
interest were normalized against the loading control $-actin.

2.7. Antibody list

In this study, the following primary antibodies were used: anti-MAP2
(Encor, CPCA-MAP2), anti-LC3A (Cell Signaling, 4599), anti-ChAT
(custom made by Abcam in rat using the same epitope as ab181023),
anti-Synaptophysin (Abcam, ab14692), Homer1 b/c (Synaptic Systems,
160 025), anti-LAMP1 (Invitrogen, MA1-164), anti-cleaved caspase 3
(Cell Signaling, 9661), anti-ubiquitin (Abcam, ab7254), anti-C9orf72
(Genetex, GTX632041, anti-B-actin (Sigma-Aldrich, A5441), anti-RagC
(Cell Signaling, 9480), anti-FLCN (Proteintech, 11236-2-AP), anti-
NPRL2 (Cell Signaling, 37 344).

For western blot experiments, we used HRP-conjugated anti-Mouse
purchased from DAKO.

For immunostainings, the following secondary antibodies from
ThermoFisher Scientific were used: goat anti-Chicken DyLight 350 (SA5-
10069), goat anti-Mouse Alexa Fluor® 488 (A-11001), goat anti-Rabbit
Alexa Fluor® 488 (A-11008), goat anti-Mouse Alexa Fluor® 568 (A-
11004), goat anti-Rabbit Alexa Fluor® 568 (A-11011), goat anti-
Chicken Alexa Fluor® 647 (A32933), goat anti-Mouse Alexa Fluor®
647 (A-21235), goat anti-Rabbit Alexa Fluor® 647 (A-21244).

2.8. Proteasome activity assay

Proteasomal Activity under treatment conditions was examined by
using a Proteasome Activity Assay Kit (Abcam, ab107921). The Assay
was performed according to the protocol provided by the manufracturer.
Briefly, lysates were prepared using 0.5% NP-40 (Thermo Fisher, 85
124) in PBS (-/-) and added to an opaque 96-well plate and filled up to
100 pl with Assay Buffer. Next, either 1 pl of Assay Buffer or Proteasome
inhibitor was added to each sample well to discern non-proteasome
activity. Finally, 1 pl of Proteasome Substrate was added to all wells
and incubated at 37 °C. Proteolytic activity was measured as fluorescent
signal at Ex/Em 350/440 nM in a Gen5 microplate reader (BioTek) at T1
(20 min) and T2 (40 min). To calculate the proteasomal activity the non-
proteasome activity was substracted from the total proteolytic activity at
both time points (T1 & T2) and the activity at T1 is substracted from the
activity a T2 to quantify the proteasome substrate turnover over time.
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2.9. qRT-PCR

The RNeasy Mini kit (Qiagen) was used following the protocol pro-
vided by the manufacturer for mRNA extraction. First strand synthesis
and quantitative real-time-PCR amplification were performed in a one-
step, single-tube format using the QuantiFast™ SYBR Green RT-PCR
kit from Qiagen according to the manufacturer’s instructions in a total
volume of 20 pl. The primers used for qRT-PCR were purchased (Qiagen
QuantiTect Primer Assays, Qiagen - validated primers without sequence
information). The following settings were used: 10 min at 55 °C and 5
min at 95 °C, followed by 40 cycles of PCR for 5 s at 95 °C for dena-
turation and 10 s at 60 °C for annealing and elongation (one-step). The
SYBR Green I reporter dye signal was measured against the internal
passive reference dye (ROX) to normalize non-PCR-related fluctuations.
The Rotor-Gene Q software (version 2.0.2) was used to calculate the
cycle threshold values.

2.10. Mass-spectrometry

S-TrapTM micro spin column (Protifi, Hutington, USA) digestion was
performed on 50 pg of primary rat neurons lysates according to manu-
facturer’s instructions. Briefly, samples were supplemented with 20%
SDS to a final concentration of 5%, reduced with 20 mM TCEP (Tris(2-
carboxyethyl) phosphine hydrochloride) and alkylated with 50 mM CAA
(chloracetamide) for 5min at 95 °C. Aqueous phosphoric acid was then
added to a final concentration of 2.5% following by the addition of S-
Trap binding buffer (90% aqueous methanol, 100 mM TEAB, pH7.1).
Mixtures were then loaded on S-Trap columns. Five washes were per-
formed for thorough SDS elimination. Samples were digested with 2.5 pg
of trypsin (Promega) at 47 °C for 2h. After elution, peptides were vac-
uum dried and resuspended in 2% ACN, 0.1% formic acid in HPLC-grade
water prior to MS analysis.

The tryptic peptides were resuspended in 250 pL and 400 ng were
injected on a nanoelute (Bruker Daltonics, Germany) HPLC (high-per-
formance liquid chromatography) system coupled to a timsTOF Pro
(Bruker Daltonics, Germany) mass spectrometer. HPLC separation
(Solvent A: 0.1% formic acid in water, 2% acetonitrile; Solvent B: 0.1%
formic acid in acetonitrile) was carried out at 250 nL/min using a
packed emitter column (C18, 25 cm x 75 pm 1.6 pm) (Ion Optics,
Australia) using a 70min gradient elution (2 to 13% solvent B during
42min; 13 to 20% during 23min; 20% to 30% during 5min; 30% to 85%
for 5min and finally 80% for 5min to wash the column). Mass-
spectrometric data were acquired using the parallel accumulation se-
rial fragmentation (PASEF) acquisition method in DIA mode. The mea-
surements were carried out over the m/z range from 100 to 1700 Th.
The range of ion mobilities values from 0.6 to 1.6 V s/cm2(1/k0). The
total cycle time was set to 1.5s and the number of PASEF MS/MS scans
was set to 10.

2.11. Human iPSCs

In this study, 3 hiPSC lines from ALS patients with C9orf72 HRE have
been used: the line ALS®*"72 I was reprogrammed at the Ulm University
(Catanese et al., 2019), while the other two were commercially pur-
chased from the Stem Cell Core of Cedars-Sinai (Los Angeles, USA):
ALS®72 11 (CS29iALS-C9nxx) and ALS®2 1II Cedars-Sinai
(CS30iALS-C9nxx). All these lines have been previously characterized
(Catanese et al., 2021, 2023).

HiPSCs were cultured at 37 °C (5% COj, 5% O2) on Matrigel®
-coated (Corning, 354 277) 6-well plates using mTeSR1 medium (Stem
Cell Technologies, 83 850). At 80% confluence, the colonies were de-
tached using Dispase (Stem Cell Technologies, 07923) and passaged in a
1:3 split ratio.
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2.12. Differentiation of hiPSC-derived motoneurons

Motoneurons differentiation was carried out as previously described
in Catanese et al., 2021). Briefly, hiPSC colonies were detached and
cultivated in suspension in ultra-low attachment flasks T75 for 3 days for
the formation of embryoid bodies (EBs) in hESC medium (DMEM/F12 +
20%  knockout serum replacement + 1% NEAA +
1% p-mercaptoethanol + 1% antibiotic-antimycotic + SB-431542 10
pM + Dorsomorphin 1 pM + CHIR 99021 3 pM + Purmorphamine 1 pM
+ Ascorbic Acid 200 ng/pL + cAMP 10 pM + 1% B27 + 0.5% N2). On
the fourth day, medium was switched to MN Medium (DMEM/F12 + 24
nM sodium selenite + 16 nM progesterone + 0.08 mg/mL apotransferrin
+0.02 mg/mL insulin +7.72 pg/mL putrescine + 1% NEAA, 1% anti-
biotic-antimycotic + 50 mg/mL heparin +10 pg/mL of the neurotrophic
factors BDNF, GDNF, and IGF-1, SB-431542 10 pM, Dorsomorphin 1 pM,
CHIR 99021 3 pM, Purmorphamine 1 pM, Ascorbic Acid 200 ng/pL,
Retinoic Acid 1 pM, cAMP 1 pM, 1% B27, 0.5% N2). Ultimately, after 5
further days of cultivation EBs were dissociated into single cells with
Accutase (Sigma Aldrich) and plated onto pDishes, 24-well pPlates
(Ibidi) or 6-well plates (Corning) pre-coated with Growth Factor
Reduced Matrigel (Corning).

2.13. Data and statistical analysis

Data collection and statistical analysis were performed using
Microsoft Excel and GraphPad Prism (Version 8).

All experiments with primary cells were performed in a minimum of
N=3 independent replicates (independent preparations) and the
following statistical tests were used: to compare two independent
groups, unpaired t-test with Welch correction in case of normally
distributed data, and nonparametric Mann-Whitney test in case of non-
normal distribution; nonparametric ANOVA (Kruskal-Wallis test) fol-
lowed by the Dunn’s correction for multiple comparisons to evaluate
differences among multiple groups; two-way ANOVA followed by the
Holm-$id4k test for multiple comparisons was used to evaluate the effect
of treatments on two independent experimental groups.

The experiments with hiPSC-derived neurons were performed in
triplicates (independent differentiations) for each cell line. Since each
line has been obtained from an individual and represents n=1, the
average of the values obtained from all the neurons analyzed from the
independent differentiations (after normalization to the vehicle treat-
ment) was used to obtain a single value for each individual patient to
perform statistical analysis (in order to compare the different genotypes
or treatments). In this case, the effect of propranolol was evaluated
performing a paired t-test.

The analysis of proteomic experiments was performed using DIA-NN
software (version 1.8.1). A search against the rat UniProtKB Swiss-Prot/
TrEMBL Rattus norvegicus database (release 02-2022, 52 910 entries)
was performed using library free workflow. For this purpose, “FASTA
digest for library free search/library generation” and “Deep learning
spectra, RTs and IMs prediction” options were checked for precursor ion
generation. Maximum of 1 trypsin missed cleavages was allowed and
maximum variable modification was set to 2. Carbamidomethylation
(Cys) was set as fixed modification, whereas protein N-terminal methi-
onine excision, methionine oxidation and protein N-terminal acetylation
were set as variable modifications. Peptide length range was set to 7-30
amino acids, precursor charge range 2-4, precursor m/z range 300-1800
and fragment ion m/z range 300-1800. To search parent mass and
fragment ions, accuracy was was set to 10 ppm for each analysis. The
false discovery rates (FDRs) at the protein and peptide level were set to
1%. Match between runs was allowed. For the quantification strategy,
Robust LC (high precision) was used as advised in the software docu-
mentation, whereas default settings were kept for the other algorithm
parameters.

Statistical and bioinformatic analysis, including heatmaps, profile
plots and clustering were performed with Perseus software (version
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1.6.15) freely available at www.perseus-framework.org. R/R Studio (R
version 4.1.2 (www.R-project.org) and RStudio version 2021.09.1
(www.rstudio.com)) were used for batch effect correction. The pg_re-
port matrix output by DIA-NN was used and intensities were log2
transformed for statistical analysis. For statistical comparison, we set
four groups (GFP_propranolol, GFP_vehicle, polyGA_propranolol, poly-
GA _vehicle), each containing 3 independent replicates. We then filtered
the data to keep only proteins with at least 3 valid values in at least one
group. HarmonizR R package (version 0.0.0.9; Vol et al., 2022) was
used to correct for batch effect using harmonizR() function with the
ComBat algorithm and ComBat_mode was set to 1. Next, the data were
imputed to fill missing data points by creating a Gaussian distribution of
random numbers with a standard deviation of 30% relative to the
standard deviation of the measured values and 1.8 standard deviation
downshift of the mean to simulate the distribution of low signal values.
Then, a Student t-test was performed between control groups
(GFP_propranolol and GFP_vehicle) and case groups (poly-
GA _propranolol and polyGA _vehicle) with sO = 0.1 and FDR = 0.05.
Finally, in order to investigate the interaction between polyGA group
and treatment group, 2-way ANOVA was performed using a 2-factor
experimental design (presence of treatment; genotype) and proteins
with an interference p-value <0.01 were retained. Enrichment analysis
was performed with Enrichr (Chen et al., 2013), while protein-protein
interaction analysis and visualization were carried out using OmicsNet
2.0 (Zhou et al., 2022).

All the experiments were performed in n = 3 independent cultures
and treatments. Data are displayed as mean + SEM.

Ethics approval

All procedures with human material were in accordance with the
ethical committee of the Ulm University (Nr.0148/2009 and 265/12)
and in compliance with the guidelines of the Federal Government of
Germany. All participants gave informed consent for the study. The use
of human material was approved by the Declaration of Helsinki con-
cerning Ethical Principles for Medical Research Involving Human
Subjects.

Preparation of rat primary cells was allowed by the Permit Nr. 0.103
of Land Baden-Wiirttemberg (Germany), and performed in respect of the
guidelines for the welfare of experimental animals issued by the German
Federal Government and the Max Planck Society, and the ARRIVE
guidelines.

3. Results

3.1. Accumulation of toxic poly(GA) aggregates detrimentally impairs
ubiquitin-dependent catabolism in neurons

We employed a AAV9-poly(GA);75-EGFP (henceforth poly(GA))
previously generated and characterized by our group (Catanese et al.,
2021) to investigate how cytotoxic protein aggregates affect neuronal
fitness in ALS/FTD. Overexpression of poly(GA), the most abundant
HRE toxic product, leads to the accumulation of aberrant cytosolic ag-
gregates, reduces dendritic arborization (Catanese et al., 2021), triggers
neuronal apoptosis (Fig. S1) and induces ubiquitin sequestration
(Fig. 1A) and accumulation (Fig. 1B) in primary rat cortical cultures. To
further investigate the detrimental effect exerted by aggregate accu-
mulation in neuronal cells, we analyzed the total proteome of EGFP- and
poly(GA)-EGFP neurons. With this approach, we identified 1071
significantly-altered proteins (470 down- and 601 up-regulated; Fig. 1C)
in poly(GA)+ cells when compared to those transduced with the control
AAV9-EGFP. By performing enrichment analysis using the Gene
Ontology (GO) biological processes database, we found a deep alteration
in the ubiquitin-dependent catabolic mechanisms (Fig. 1D), highlighting
that the levels of several proteins involved in these pathways were either
significantly reduced or increased in comparison to EGFP + neurons. In
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Fig. 1. Proteomic analysis of poly(GA)-expressing neurons highlights alterations in ubiquitin-dependent catabolism. (A) Representative confocal image showing
sequestration of ubiquitin within poly(GA) aggregates. The yellow arrow indicates the poly(GA) aggregate sequestrating ubiquitin that has been displayed beside the
composite picture. (B) Immunoblot analysis confirms significantly elevated levels of ubiquitinated proteins in poly(GA)+ neurons compared to EGFP + ones. (C)
Heatmap representing the differentially expressed proteins in poly(GA)-expressing neurons vs. control EGFP + neurons. (D) GO (biological processes) terms of the top
significant down- or up-regulated pathways in poly(GA)+ neurons. (E) Protein-protein interaction based on the clustering and distribution of the significantly up-
regulated proteins in poly(GA)+ neurons. (F) Immunoblot analysis confirms higher levels of RagC in poly(GA)+ neurons compared to EGFP + ones. Scale bar in (A):
5 pm. In all experiments, n = 3 independent cultures; *p < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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fact, protein-protein interaction analysis identified a significant
enrichment in proteins clustering into ubiquitination and catabolic
processes (Fig. 1E), confirming a profound impairment in this specific
arm of neuronal metabolism in the presence of poly(GA) aggregates.
Interestingly, this bioinformatic approach highlighted also the enrich-
ment of important interactors of C9orf72 within the poly
(GA)-dependent interactome. The paralogs NPRL2 and FLCN
(Figs. S2A-B), as well as the GTPase RagC (Fig. 1F), were indeed
up-regulated in poly(GA)-expressing neurons, suggesting that the
accumulation of toxic aggregates directly involves the disruption of the
C9orf72-dependent autolysosomal machinery.

3.2. Propranolol reduces the accumulation of cytotoxic aggregates and
improves neuronal survival independently from autophagy in poly(GA)-
transduced neurons

The anti-hypertensive beta blocker propranolol has been previously
shown to reduce the accumulation of amyloid and tau toxic species, as
well as to improve cognitive alterations, in a mouse model of AD
(Dobarro et al., 2013). Based on these observations, we asked whether
this clinically approved drug might also exert a neuroprotective effect in
our model of ALS/FTD. To this aim, we treated poly(GA) cultures with
either DMSO (vehicle) or 10 pM propranolol for 24 h and assessed the
burden of toxic aggregates. Microscopy analysis revealed that the
treated neurons displayed a significantly lower accumulation of poly
(GA)+ structures in comparison to the vehicle treated group (Fig. 2A).
Importantly, the reduced burden appeared to be specific for this
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molecule since sotalol, another beta-blocker with reduced blood-brain
barrier permeability than propranolol (Beaman et al., 2023), did not
affect the accumulation of poly(GA) aggregates (Fig. S3).

The propranolol-dependent reduction of toxic aggregates correlated
with an improved neuronal survival (as indicated by the lower number
of cleaved caspase 3+ neurons; Fig. 2B), indicating a neuroprotective
effect exerted by propranolol in this in vitro model of neurodegeneration.
Accordingly, we confirmed the improved neuronal fitness upon pro-
pranolol treatment by observing that the signal intensity of the synaptic
markers Synaptophysin and Homerl along the dendrites was signifi-
cantly higher in treated poly(GA) neurons than in the vehicle ones
(Fig. S4).

We then asked whether the reduced accumulation of aggregates
might result from improved catabolism, which was shown to be altered
by the proteomic analysis. First, we performed qPCR with samples from
vehicle- and propranolol-treated neurons to analyze the expression
levels of EGFP and did not observe any significant difference between
the two groups (Fig. S5). Since this ruled out a possible effect coming
from reduced expression of the transgene, we next tested whether the
neuroprotective effect exerted by propranolol might depend on macro-
autophagy, a major catabolic pathway. We first assessed the levels of
SQSTM1/p62, which is sequestrated within poly(GA) aggregates (May
et al.,, 2017), and found that propranolol significantly reduced the
accumulation of this autophagy receptor (Fig. 2C). Afterwards, we
investigated the effect of the beta blocker on the autophagic flux. In
EGFP-expressing neurons, propranolol slightly increased the
autophagosome-specific LC3-II form, whose levels were higher in
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Fig. 2. Propranolol reduces aggregates’ accumulation and improves neuronal survival in poly(GA) cultures. (A) Treatment of poly(GA) neurons with propranolol
significantly decreases the aggregate burden in comparison to vehicle-treated cells. (B) Immunofluorescence analysis of the apoptotic marker cleaved caspase 3
reveals a significant decrease in neuronal death in poly(GA) cultures after propranolol treatment (p=0.06). (C) Propranolol reduces the accumulation of SQSTM1/
p62 aggregates in ppoly(GA)-expressing neurons. (D) Analysis of autophagy dynamics upon treatment of poly(GA) neurons with bafilomycin A1, propranolol or both.
Immunoblot against the autophagy-specific form LC3-II shows a late-phase blockade of the autophagic flux, as detected by the lack of additive effect on the
autophagy marker in co-treated cultures. Scale bars in (A) and (B): 10 pm. Scale bar in (C): 15 pm. In all experiments, n = 3 treatments with independent cultures; *p

< 0.05, **p < 0.01, ***p < 0.001.
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bafilomycin-treated cultures and, in agreement with a flux induction
(Mizushima and Yoshimori, 2007), further enhanced in co-treated
neurons (Fig. S6). In disease-associated neurons we also detected a
light LC3-II increase after propranolol treatment, while bafilomycin
again induced LC3-II accumulation according to its canonical function
(Klionsky et al., 2016). Interestingly, poly(GA) neurons did not display
any additive effect on the levels of LC3-II upon co-treatment with pro-
pranolol and bafilomycin (Fig. 2D), which was indicative for a degra-
dation blockade at the late steps of the autophagic flux (Mizushima and
Yoshimori, 2007). Accordingly, we could not detect any increased
colocalization between LC3A and the lysosomal marker LAMP1 in
propranolol-treated poly(GA) neurons (Fig. S7). This suggested that
propranolol enhances the autophagic flux in wild type neurons (as also
previously observed in other models; Cammalleri et al., 2017), but fails
to do so in cells loaded with toxic aggregates. Interestingly, propranolol
treatment also did not increase the proteasomal activity in poly(GA)
neurons (Fig. S8), indicating that both these major catabolic mecha-
nisms are not responsible for the reduced accumulation of aggregates
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observed upon treatment with the beta blocker in this

C9orf72-associated model.

3.3. Increased levels of C9orf72 protein and lysosomal degradation are
part of the neuroprotective effect of propranolol on poly(GA)-expressing
neurons

To elucidate the exact mechanisms by which propranolol induces the
degradation of protein aggregates, we looked at the total proteome of
EGFP- and poly(GA)-EGFP neurons treated with vehicle or the beta
blocker. Using a stringent two-way ANOVA analysis (with a cutoff for
significance set at p-value <0.01) we identified 165 significantly altered
proteins that were grouped into 5 main clusters by hierarchical clus-
tering (Fig. 3A). Interestingly, we noticed that the proteins grouped
within the blue cluster displayed differential dynamics in EGFP and poly
(GA) cultures upon treatment: while the levels of these proteins dropped
below the values of vehicle-treated neurons in control cultures, they
were significantly higher after propranolol exposure in the poly(GA)
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Fig. 3. Proteomic analysis reveals effects of propranolol on lysosomal dynamics and C9orf72 levels. (A) Heatmap representing the 165 significantly expressed
proteins (two-way ANOVA, p<0.01) identified by proteomic analysis of poly(GA) an EGFP neurons treated with vehicle or propranolol. (B) Profile plot of the blue
cluster displaying differential dynamics in EGFP and poly(GA) cultures upon propranolol treatment. The levels of the clustered proteins drop below the values of
vehicle-treated neurons in control cultures, while they are significantly higher after propranolol exposure in the poly(GA) group. Single lines represent the proteins of
the clustered, which are color-coded on the base of the distance from cluster (from red to green, closest to farthest). (C) GO (biological processes) enrichment analysis
based on the blue cluster identifies terms related to axon extension, endo-lysosomal pathway and negative regulation of chemokine signaling. (D) Propranolol
significantly elevates C9orf72 protein levels in poly(GA)+ neurons. (E) Profile plot of the pink cluster: clustered proteins are selectively increased in EGFP neurons by
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(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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group (Fig. 3B). We found that the proteins grouped in these clustered
were also involved in lysosomal degradation (Fig. 3C) and, most
notably, included C9orf72, whose protein levels were up-regulated in
poly(GA) neurons after propranolol treatment (Fig. 3D). In contrast, the
proteins of the pink cluster showed an opposite trend than those of the
blue cluster: their levels were increased in EGFP-expressing neurons upon
propranolol treatment while being reduced by the same treatment in
poly(GA) cultures (Fig. 3E). These proteins clustered into pathways
related to mRNA metabolism (Fig. 3F), which has been widely described
to be altered, but not exclusively, in the C9orf72 cases of ALS/FTD,
suggesting a stabilization of different poly(GA)-related pathomechan-
isms after exposure to the beta blocker.

We then aimed to confirm the increased lysosomal activity high-
lighted by the proteomics experiment by analyzing the levels of LAMP1.
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We observed that poly(GA) neurons had a baseline of significantly lower
number of lysosomes than EGFP controls and, confirming the proteome
data, propranolol increased both the number and the signal intensity of
LAMP1+ structures (Fig. 4A). In addition, by confocal microscopy we
observed that the localization of the LAMPI1 signal overlapped at
significantly higher degrees with the poly(GA) aggregates upon pro-
pranolol treatment (Fig. 4B), suggesting local lysosomal activity. In fact,
the lysosomal blocker E-64 completely abolished the degradation of poly
(GA) structures induced by propranolol (Fig. 4C).

3.4. Propranolol reduces aggregate accumulation and improves the
survival of C9orf72-mutant hiPSC-derived neuronal cultures

In order to gain more translational relevance on the potentially
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Fig. 4. Propranolol boosts lysosomal degradation in poly(GA) neurons. (A) Immunofluroescence analysis of the lysosomal marker LAMP1 shows a significantly
decreased number of LAMP1 puncta in poly(GA) neurons compared to EGFP neurons. Upon treatment with propranolol, the number and intensity of LAMP1 puncta
are increased both in poly(GA) as well as in EGFP cellss. (B) Representative confocal image showing increased colocalization of LAMP1 with poly(GA) aggregates
upon propranolol treatment. (C) The lysosome blocker E-64 prevents the propranolol-dependent degradation of poly(GA) aggregates. Scale bars in (A) and (C): 10
pm. Scale bar in (B): 3 ym In all experiments, n = 3 treatments with independent cultures; *p < 0.05, ***p < 0.001.
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beneficial effect of increased lysosomal degradation in ALS/FTD, we
treated human iPSC-derived mutant motoneurons (MNs) with pro-
pranolol. We considered hiPSCs derived from 3 patients characterized
by HRE within the C9orf72 gene (Fig. 5A). Our group previously showed
that these cells display the accumulation of aberrant SQSTM1/p62 ag-
gregates and are characterized by a time-dependent increase in neuronal
death (Catanese et al., 2021). We cultured the hiPSC-MNs for 9 weeks
and treated mature neurons with propranolol for 24 h. Notably, we
observed that propranolol treatment significantly reduced the
SQSTM1/p62 burden (Fig. 5B) as well as the number of apoptotic
cleaved caspase 3+ neurons (Fig. 5C) in the cultures derived from all the
3 patients.

Since the proteomic analysis revealed a selective increase of the
C9orf72 protein levels in poly(GA) neurons after treatment with pro-
pranolol, we asked whether this might hold true also in our human
model. First, we looked at the expression of C9orf72 using a RNAseq
dataset previously published by our group (Catanese et al., 2021;
GSE168831) that included 2 of the ALS®°772 lines considered in this
study and compared them to a healthy patient and an isogenic control
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haploinsufficiency contributes to ALS pathogenesis (Shi et al., 2018), we
found significantly lower levels of its transcript in the ALS®**2.mutant
MNs than in Healthy ones (Fig. 5D). Notably, we found that MNs from
ALS patients (Fig. 5E), as well as from healthy controls (Fig. S9), dis-
played a clear trend toward increased protein levels of C9orf72 after
treatment with the beta blocker. This suggested that the
propranolol-dependent neuroprotective induction of catabolic pro-
cesses, which reduce the accumulation of cytotoxic aggregates in ALS
neurons, includes C9orf72 protein itself.

4. Discussion

Targeting catabolic pathways has been often indicated as a valid
strategy for the development of novel therapies against neurodegener-
ative diseases. In fact, several proof-of-principle studies focusing on
different neurological disorders have shown that increasing autophagic,
proteasomal or endo-lysosomal degradation effectively reduces the
accumulation of cytotoxic aggregates, re-establishes physiological ho-
meostasis and neurons from high levels of intracellular stress. The het-
erogenic aggregates’ composition appears indeed to affect not only
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degradative mechanisms, but also several other important cellular
pathways such as synaptic activity and transport (Catanese et al., 2021;
Baron et al., 2022). Accordingly, beside inducing the accumulation of
ubiquitinated proteins (which indicates degradative impairment), poly
(GA) overexpression significantly altered the levels of proteins involved,
among others, in mRNA and amino acid metabolism, Wnt signaling and
synaptic composition. This confirmed that the accumulation of such
aberrant structures per se is sufficient to trigger in healthy neurons, some
of the typical pathologic features observed in ALS/FTD (May et al.,
2017) that can be rescued by reducing the aggregates load in neuronal
cells. In fact, propranolol ameliorated the overall fitness of poly(GA) and
ALS®°™72 neurons, as demonstrated by the increased levels of the syn-
aptic proteins and the improved survival observed upon treatment.
Accordingly, RNAseq experiments have shown that propranolol treat-
ment modifies the expression of genes involved in neuronal survival and
axon guidance (Castonguay et al., 2022), which supports the specific
effect exerted by this molecule in poly(GA) neurons that was highlighted
by the blue cluster of our proteomic analysis. These results also revealed
that the beta blocker, in line with its lysosomotropic properties (Miiller
et al., 2020), triggers lysosomal degradation to efficiently reduce the
aggregates accumulating within ALS-related neurons without influ-
encing macroautophagy or proteasomal activity. Since other molecules
with similar biochemical properties have already been shown to
ameliorate disease phenotypes in neurodegeneration (Vest et al., 2022),
this might represent a valid alternative to reduce neuronal stress in
ALS/FTD instead of boosting the canonical autophagic flux. Several
groups have indeed shown that enhancing autophagic degradation ex-
acerbates, instead of resolving, the degradative impairments that char-
acterize vulnerable neurons. For example, treating the SOD1G93A
mouse with autophagy inducers such as rapamycin or rilmenidine
worsens the disease progression in this animal model of ALS (Zhang
et al., 2011; Saxena et al., 2013; Perera et al., 2018). In contrast, inde-
pendent pieces of evidence highlighted therapeutic potential for chem-
icals enhancing catabolic pathways as drugs inducing autophagy tested
beneficial, among others, in FUS and C9orf72 human in vitro models
(Marrone et al., 2018; Licata et al., 2022). This controversy on the
effectiveness of enhanced degradation in ALS is even worsened when
considering some of the genetic causes of this disease, which are genes
directly involved in the autophagic pathway (reviewed by Nguyen et al.,
2019). Thus, mutations in genes such as TBK1 or SQSTM1 have a direct
detrimental effect on the efficiency of the autophagic flux and lead to
intrinsic autophagy blockades, which contribute to the accumulation of
cytotoxic aggregates and that require to be addressed before increasing
degradation (Catanese et al., 2019; Deng et al., 2020). In the specific
case of C9orf72, its role in cellular catabolism has been described in both
autophagic and endolysosomal proteostasis (Sellier et al., 2016 Shi et al.,
2018. In both cases, it was shown that this protein is required at the early
phase of the catabolic mechanisms where it contributes to the formation
of the degradative compartment (Sellier et al., 2016; Webster et al.,
2016; Amick et al., 2020). Mechanistically, it has been demonstrated
that C9orf72 interacts with several members of the Rab family (Sellier
et al., 2016; Webster et al., 2016; Aoki et al., 2017), which are involved
in canonical and, at least partially, non-canonical autophagy (Nishida
et al., 2009). This latter form of macroautophagy has been shown to not
necessarily rely on ubiquitin-like conjugation proteins such as Atg5,
Atg7 and LC3 to support the formation of lysosomal compartments
(Codogno et al.,, 2011). Notably, we identified a detrimental
up-regulation of the C9orf72 paralogs NPRL2 and FLCN, as well as of the
GTPase RagC, in poly(GA)-expressing neurons. These proteins are
important  regulators of lysosomal  biogenesis involving
mTORC1-dependent signaling (Shen et al., 2017, 2019) and their
accumulation in the presence of cytotoxic aggregates suggests a pro-
found alteration of the catabolic machinery that does not solely affects
the C9orf72-SMCR8 complex (Sellier et al., 2016). Still, propranolol
efficiently reduced the accumulation of poly(GA) structures despite the
underlying blockade of the autophagic flux. This suggests that
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alternative and non-canonical forms of catabolic processes might
represent a valid strategy to overcome the degradative blockades that
lead to autophagic overload in ALS (Catanese et al., 2019). In fact,
despite propranolol could activate the autophagic flux in control but not
in poly(GA) neurons, we could detect higher levels of lysosomes in both
experimental groups after treatment, strengthening the idea of uncon-
ventional degradative pathways activated by the beta blocker in
disease-associated cultures. Although the molecular mechanisms behind
this specific effect of propranolol still have to be dissected, a possible
explanation is the recruitment and activation of Rab9-dependent
non-conventional autophagy (Nishida et al., 2009). This monomeric
GTPase, in contrast to other members of the same family, does not
appear to neither interact with nor being involved in the catabolic
signaling cascade related to C9orf72 (Webster et al., 2018), supporting
the idea that this pathway might efficiently increase degradation
without being limited by the underlying impairments deriving from
pathogenic mutations. In fact, Rab9 directly controls lysosome biogen-
esis (Riederer et al., 1994).

For completeness, it has to be mentioned that lysosomotropic drugs
have been shown to induce the phosphorylation of Rab10, which is
involved in the maturation of the phagosome, as a result of increased
Rab29(Rab7L1)-mediated activation of the PD-related protein LRRK2
(Kuwahara et al., 2020). Notably, Rab10 and other members of the Rab8
subfamily interact with C9orf72 (Sellier et al., 2016; Frick et al., 2018)
and propranolol increased the C9orf72 protein levels. Thus, it is
reasonable to speculate that enhanced functionality of specific
Rab-members might trigger a positive feedback loop activating several
interactors of these proteins including C9orf72 itself. This aspect, which
still has to be experimentally proven, represents an intriguing possibility
to beneficially improve the effectiveness of degradative mechanisms in
the presence of C9orf72 mutations. An important finding highlighted in
this work is in fact the potential detrimental synergism between loss-
and toxic gain-of-function related to C9orf72 pathology. Indeed, while
the presence of HRE results in the accumulation of cytotoxic RNA foci
and DPRs (DeJesus-Hernandez et al., 2011), reduced expression of
C9orf72 impairs the autophagic flux by limiting the maturation of the
phagophore (Webster et al., 2018). Interestingly, several groups have
aimed at targeting the deposition of DPRs and RNA foci with hetero-
geneous methods such as small molecules, antibodies, CRISPR-Cas9
editing and antisense oligonucleotides (Zhou et al., 2017; Czuppa
et al., 2022; Meijboom et al., 2022; Tran et al., 2022), speculating that
this aspect of HRE pathology might be prioritized when developing
therapeutic strategies. Indeed, C9orf72 haploinsufficiency has been
inconsistently reported (Shi et al., 2018; Sareen et al., 2013). Unfortu-
nately, the recently discontinued clinical trial of the antisense oligonu-
cleotides targeting C9orf72 suggests that the disease mechanisms
associated to this mutation cannot only be explained by the toxic
products of the hexanucleotide expansion and that the dosage and
functionality of the native C9orf72 protein should be addressed as well.
Accordingly, its levels were increased by propranolol, confirming the
role of this protein in lysosomal activity and highlighting an important
interplay between the accumulation of toxic DPRs and their efficient
lysosomal degradation. The significance of these findings is further
strengthened by the work of Zhu and colleagues, who observed
increased disease severity and progression when silencing the C9orf72
gene in the presence of DPRs (Zhu et al., 2020). Of note, the presence of
the genetic mutation in our human model, which display significantly
lower levels of C9orf72 mRNA in comparison to healthy and isogenic
controls (Catanese et al., 2021), might explain the reduced magnitude of
propranolol effect in comparison to the overexpression of poly(GA) in
primary neurons. Nevertheless, this study highlights an important cor-
relation between both sides of C9orf72-related pathology, which appear
to create a pathologic vicious circle if not efficiently addressed at the
same time.
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