Redox Biology 65 (2023) 102817

Contents lists available at ScienceDirect

Redox Biology

ELSEVIER journal homepage: www.elsevier.com/locate/redox

Check for

Neuron-specific proteasome activation exerts cell non-autonomous el
protection against amyloid-beta (Af) proteotoxicity in
Caenorhabditis elegans

Eleni Panagiotidou™"', Anna Gioran®', Daniele Bano ¢, Niki Chondrogianni *

2 Institute of Chemical Biology, National Hellenic Research Foundation, 11635, Athens, Greece
Y Department of Biochemistry and Biotechnology, University of Thessaly, 41334, Larissa, Greece
¢ German Center for Neurodegenerative Diseases (DZNE), 53127, Bonn, Germany

ARTICLE INFO ABSTRACT
Keywords: Proteostasis reinforcement is a promising approach in the design of therapeutic interventions against protei-
C. elegans nopathies, including Alzheimer’s disease. Understanding how and which parts of the proteostasis network should

Cell non-autonomous regulation
Proteasome

Proteinopathies

Proteostasis

be enhanced is crucial in developing efficient therapeutic strategies. The ability of specific tissues to induce
proteostatic responses in distal ones (cell non-autonomous regulation of proteostasis) is attracting interest.
Although the proteasome is a major protein degradation node, nothing is known on its cell non-autonomous
regulation. We show that proteasome activation in the nervous system can enhance the proteasome activity in
the muscle of Caenorhabditis elegans. Mechanistically, this communication depends on Small Clear Vesicles, with
glutamate as one of the neurotransmitters required for the distal regulation. More importantly, we demonstrate
that this cell non-autonomous proteasome activation is translated into efficient prevention of amyloid-beta (Ap)-
mediated proteotoxic effects in the muscle of C. elegans but notably not to resistance against oxidative stress. Our
in vivo data establish a mechanistic link between neuronal proteasome reinforcement and decreased Af pro-
teotoxicity in the muscle. The identified distal communication may have serious implications in the design of
therapeutic strategies based on tissue-specific proteasome manipulation.

of the involved pathways are central to design preventive/therapeutic

strategies against both ageing and neurodegenerative diseases [2].
1. Introduction The proteasome is one of the major molecular regulators of cellular
proteostasis and one of the main secondary antioxidant mechanisms
Organisms are exposed to various stresses throughout their whole subjected to tight redox control [3]. It is responsible for the rapid
lifespan. To preserve their protein homeostasis (proteostasis) and degradation of misfolded and damaged proteins but also the proteolysis
therefore ensure the integrity of the proteome, cells have developed a of normal cellular proteins [4]. The 26S/308S proteasome consists of two
complex proteostasis network regulating protein synthesis, folding and different sub-complexes, the 20S core and the 19S regulatory particle.
protein degradation through either the ubiquitin-proteasome system The 20S complex can be capped by one (26S) or two (30S) 19S regula-
(UPS) or the autophagy lysosomal pathway (ALP). There are also sur- tory particle(s). The 208S particle is composed of 28 subunits (14 a-type

veillance stress response pathways that detect and respond to protein and 14 p-type) and exerts its proteolytic activities through the p1, 2 and
damage; the heat shock response (HSR) and the unfolded protein B5 subunits that host the caspase-like, trypsin-like, and
response in mitochondria (UPR™") and endoplasmic reticulum (UPR™). chymotrypsin-like activities, respectively [5]. There is increasing in-
The proteostasis mechanisms have been shown to become deregulated terest in the upregulation of proteasome function through various
during ageing and age-related diseases, including proteinopathies [1]. means, including the direct stereochemical alterations of the 20S core
Given this failure of proteostasis along with the fact that ageing is the that might lead to enhanced activity levels due to the opening of the
major risk factor for neurodegenerative diseases, it is reasonable to as- o-gated channel of the core, the activity-modifying phosphorylation of

sume that the induction of proteostatic mechanisms and the elucidation
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Abbreviations

AD Alzheimer’s disease

ALP autophagy lysosomal pathway
APP Amyloid precursor protein

Ap amyloid-beta

AP142  amyloid-beta amino acids 1 to 42

C. elegans Caenorhabditis elegans
DCVs dense core vesicles

dFP dual fluorescent protein
DMSO  dimethyl sulfoxide
GABA  y-aminobutyric acid
HSR heat shock response

mFP monomeric fluorescent protein

OE overexpression

RNAi RNA interference

SCVs small clear vesicles

UPRER  unfolded protein response related to the endoplasmic
reticulum

UPR™'  unfolded protein response related to mitochondria

UPS ubiquitin-proteasome system

wt wild type

the proteasome itself or the enhanced expression of proteasome sub-
units; the translational ramifications for proteinopathies are obvious [6,
7]. We and others have previously shown that overexpression of 20S [B5
subunit and its orthologs/homologs in the nematode C. elegans (pbs-5),
Drosophila (Prosp5) and mice (PSMB5)], or 19S [PSMD11 subunit and its
homolog in the nematode (rpn-6)] subunits is sufficient to enhance
proteasome activity in human cells, C. elegans, Drosophila and mice and
to positively modulate ageing progression and protect against proteo-
toxicity in AB-, amyloid precursor protein (APP)- or polyglutami
ne-expressing animal models [8-12].

The cell autonomous regulation of various key proteostasis players is
increasingly revealed but there are still many molecular processes that
need to be elucidated. Notably, the cell non-autonomous regulation of a
few, but importantly not all, key players has also emerged the past few
years, further pinpointing the need to understand how tissues can ex-
change signals, thus affecting phenomenically distal tissues and
impacting on organismal physiology. In this regard, C. elegans has
played a central role in the investigation of the proteostatic cell non-
autonomous responses in vivo. More specifically, regulation of the
cellular heat shock response of somatic cells in C. elegans is regulated in a
cell non-autonomous manner by thermosensory neurons [13]. Mito-
chondrial deficiency in neurons activates the UPR™ in the intestine of
C. elegans [14,15]. Likewise, germline proteostasis affects mitochondrial
function and protein aggregation across multiple tissues via the UPR™It
and long-range Wnt signaling pathway [16], while binding of an
aggregation-prone protein expressed in the neurons of C. elegans to the
mitochondria elicits a global induction of UPR™! affecting
whole-animal physiology [17]. This inter-tissue communication also
extends to the UPRTR; overexpression of a UPRER-related protein in the
nervous system of C. elegans leads to the activation of UPRER in
non-neuronal tissues of the animal [18,19]. Neuronal and intestinal
overexpression of the autophagy-related gene atg-18 in C. elegans leads
to lifespan extension in a cell non-autonomous manner [20], while a
microRNA produced and secreted by the intestine can regulate the
autophagy levels in the body wall muscle of the animal [21]. Cell
non-autonomous proteostasis regulation has been also reported in
Drosophila. Neuron-specific upregulation of AMPK (AMP-activated pro-
tein kinase) can elevate autophagy in the intestine of the flies [22].
Similarly, neuronal overexpression of Gclc (glutamate-cysteine ligase
catalytic subunit) increases longevity in Drosophila and causes
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longevity-associated gene transcription changes in the thorax [23].
Despite the highly important role of the proteasome, it is noteworthy
that no reports exist so far on its potential cell non-autonomous regu-
lation and the potential downstream effects on animal physiology.

With the knowledge that proteasome activity can be pharmacologi-
cally modulated and, therefore, may be exploited for novel therapeutic
approaches, we sought to unravel the potential cell-non autonomous
regulation of the proteasome and the downstream effects on proteo-
toxicity in a distal tissue. To this end, we generated transgenic nema-
todes overexpressing the pbs-5 proteasome subunit in the nervous
system and examined its effects in the muscle tissue of the animal. Our
results reveal that pbs-5 overexpression in the nervous system is suffi-
cient to cell non-autonomously increase the proteasome activity and
function in the muscle. We also provide evidence that this intercon-
nection occurs via a specific type of synaptic vesicles, the small clear
vesicles (SCVs). Furthermore, we identify glutamate as at least one of the
responsible neurotransmitters and we reveal that the dense core vesicles
(DCVs), a different type of synaptic vesicles, are also involved in the
proteasome-regulating signal transmission. Together, our in vivo find-
ings may significantly contribute to shaping our current perception of
how the proteasome should be manipulated in therapeutic strategies
targeting proteinopathies.

2. Materials and Methods
2.1. C. elegans strains and culture

All strains were grown and maintained at 20°C, unless otherwise
specified, using standard techniques for maintenance [24] and RNAi
experiments [25]. The following C. elegans strains were obtained from
the Caenorhabditis Genetics Center (CGC): wild type (wt) N2 (Bristol),
CL4176 dvIs27[myo-3p:Ap;.4:let-851 3'UTR + rol-6(sul006)]), DLM9
uwaEx5[myo-3p::CERULEAN-VENUSIgg-1 + unc-119(+)], GMC101
dvIs100[unc-54p::APy-42::unc-54 3’UTR + mtl-2p::GFP], CB246 unc-64
(e246), CB928 unc-31(e928), KR1787 unc-13(e51). The modified
ZsProSensor-1  reporter strains YD114  xzIs2[unc-54p::UIM2Z-
sProSensor-1] and YD70 xzIs1[vha-6p::UIM2::ZsProSensor-1] were a
kind gift from Dr. Carina I. Holmberg (University of Helsinki). The strain
expressing Ap in glutamatergic neurons UA198 baln34[eat-4p::ssAB42 +
myo-2p::mCherry]; adls1240[eat-4p::GFP] [26] was a kind gift from Prof.
Guy A. Caldwell (The University of Alabama). The following strains
carrying extrachromosomal arrays were also used: Ex[myo-2p::GFP], Ex
[let-858p::pbs-5 + myo-2p::GFP], Ex[rgef-1p:pbs-5 + myo-2p::GFP], Ex
[rol-6(su1006)]1, Ex[let-858p::pbs-5 + rol-6(sul006)] and Ex[rgef-1p:
pbs-5 + rol-6(su1006)]. A full list of the strains used in this work is
documented in Table S1.

2.2. Cloning and C. elegans transgenesis

For the construct encoding the rgef-Ip:pbs-5 transgene, the
Gateway® Cloning (Invitrogen life technologies, CA, USA) was used.
The rgef-1p was amplified with a PCR on gDNA of wt nematodes with the
attB primers Fw: GGGGACAAGTTTGTACAAAAAAGCAGGCTTActtt
actgctcatcgtcgtcgt and Rev: GGGGACAACTTTTGTATACAAAGTTGTc
gtttccgatacccecttatatca gc and recombined with BP recombinase in
pDONR™ 221 P1-P5r. The sequence of pbs-5 was amplified also from wt
gDNA with the attB primers Fw: GGGGACAACTTTGTATA-
CAAAAGTTGTAATG TGGGGCGAGACATTCG and Rev: GGGGAC-
CACTTTGTACAAGAAAGCTGGGTTACGT CATCAACACCCAGCC and
recombined with BP recombinase in pPDONR221™ P5-P2. The two entry
clones carrying rgef-1p and pbs-5 were recombined with pGC93 with the
LR recombinase to produce an expression clone. This vector was
microinjected in the gonads of wt nematodes at 50 ng/pL together with
either 5 ng/pL of the co-injection marker myo-2p::GFP or 50 ng/pL of the
PRF4 plasmid rol-6(sul006). The nematode strain overexpressing pbs-5
under let-858p was generated using a construct made previously [10]
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and microinjected at 20 ng/pL. Control strains were microinjected with
either co-injection marker only, at the same concentrations. All trans-
genes were carried in extrachromosomal arrays.

2.3. C. elegans treatment with neurotransmitters

All neurotransmitters (acetylcholine; Alfa Aesar, MA, USA,
#102168, GABA; Acros Organics, Belgium, #103280250, glutamate;
Alfa Aesar, MA, USA, #A12919, octopamine; Thermo Scientific, MA,
USA, #J61281.03, serotonin; Sigma-Aldrich, MO, USA, #H7752,
dopamine; Alfa Aesar, MA, USA, #A11136.06, tyramine; Fluorochem,
UK, #078887), were dissolved in M9 buffer (42 mM Nay;HPO4, 22 mM
KH3POy4, 85 mM NacCl, 1 mM MgSO,4). The stock solutions were diluted
with M9 and 200 pL were spread onto plates seeded with UV-inactivated
OP50. Nematodes of L3 stage were transferred on these NGM plates
containing acetylcholine, GABA, glutamate, octopamine, serotonin,
dopamine or tyramine at final concentrations 50 pM - 100 mM, 150 pM -
30 mM, 15 pM - 15 mM, 40 pM - 20 mM, 1.5 uM - 73 pM, 5.2 pM - 158
puM and 14 pM - 143 pM respectively. The nematodes were treated for 20
h and imaged at the stage of young adult for unc-13(e51) and of L4 for
unc-64(e246) mutants.

2.4. C. elegans treatment with epoxomicin

Epoxomicin (UBPBio, USA, #F1440-5) was dissolved in DMSO (180
mM stock solution). C. elegans embryos were obtained following treat-
ment of gravid adults with a hypochlorite solution and seeding onto
NGM plates with UV-killed bacteria. Once the nematodes reached the L3
stage they were transferred into a microcentrifuge tube with 200 pL M9
in which the pellet of 4 mL heat-inactivated OP50 culture had been
dissolved, containing 1 mM epoxomicin [27] or DMSO (vehicle). In the
case of epoxomicin-treated Muscle ZsProSensor-1 reporter animals, the
tubes were stirred for 12 h at 20°C before the animals were imaged. In
the case of paralysis experiments with CL4176 animals, the epoxomicin
treatment was started at the time of the temperature upshift from 16°C
to 25°C and after 12 h the animals were transferred on regular NGM
plates seeded with UV-killed OP50. The paralysis assessment was then
performed as described below.

2.5. C. elegans treatment with chloroquine

Chloroquine (TCI Chemicals, Tokyo Japan, #C2301) was dissolved
in M9 buffer (20 mM final working solution). Synchronized day 1 adult
nematodes were transferred into a microcentrifuge tube with 200 pL. M9
or 200 pL M9-+chloroquine. In either case the pellet of 4 mL heat-
inactivated OP50 culture had been dissolved in the tube. The tubes
were stirred for 16 h at 20°C before the animals were rinsed and
collected for protein extraction and western blotting.

2.6. C. elegans treatment with oxidative stressors

Paraquat (Sigma-Aldrich, MO, USA, #856177) and NaNs (Merck,
Darmstadt, Germany, #1.06688) were dissolved in ddH,O and M9
buffer, respectively. Synchronized L4 nematodes were transferred to
plates containing 2 mM paraquat and transferred to freshly prepared
plates every other day. Survival was scored until all animals were dead
(~8 days after the beginning of the treatment). Synchronized young
adult nematodes were transferred to plates supplemented with 180 pM
freshly prepared NaNgs for 24 h and survival was scored after 24 h
recovery.

2.7. RNA extraction
~200 young adult nematodes/sample were resuspended in 1 mL

Trizol™ (Invitrogen, MA, USA, #15596-026) and underwent 3-4 cycles
of freezing (liquid N3) and thawing (37°C) until intact bodies were no
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longer visible. Following addition of 200 pL chloroform (Sigma-Aldrich,
MO, USA, #372978) and vigorous mixing, the samples were centrifuged
at 13000 rpm for 15 min at 4°C. The upper aqueous phase was pipetted
and mixed with 500 pL of chilled isopropanol and centrifuged again at
13000 rpm for 10 min at 4°C. The RNA pellet was washed with 300 pL of
75% ethanol and centrifuged again at 13000 rpm for 10 min at 4°C.
Once air dried, the pellet was resuspended in 25 pL RNase-free water and
quantified using a spectrophotometer (Quawell, CA, USA, Q5000).

2.8. cDNA synthesis and qRT-PCR

1 pug of RNA was used for reverse transcription using the iScript cDNA
synthesis kit (Bio-Rad, CA, USA, #1708891) according to manufacturer
instructions. After cDNA synthesis, the reactions were diluted with 80 pL
of nuclease-free water and 1 pL of this was used for the qRT-PCR reaction
with the iTaq Universal SYBR Green Supermix (Bio-Rad, CA, USA,
#17251224) on a Bio-Rad CFX Connect Real-Time System (Bio-Rad, CA,
USA). Each set of primers was verified through a two-step protocol that
included (i) testing of nine combinations of primer concentrations
against 10 ng of wt cDNA, choosing the combination which gave the
lowest Cr value and only the expected product when the qRT-PCR re-
action was run on a 2% agarose gel, and (ii) testing of the linearity of Cr
values given by the primer combination identified in step (i) with a serial
dilution of ¢cDNA ranging from 50 to 1.56 ng. The following primers
were used in this study at 400 nM: pbs-5, Fw: GAGATCGTATGGTTGC-
CACG, pbs-5, Rev: GGAGCTCGTACAAAGTGCAG, cdc-42, Fw: CGT
TGACGCAGAAGGGACTG, cdc-42, Rev: CTTCTTCTCCTGTTGTGGTG
GGT, Ap, Fw: GCAGAATTCCGACATGACTCAGG, Ap, Rev: GCCCAC-
CATGAGTCCAATGATT, dod-24, Fw: CAAACACTTCACCGAGCCAG, dod-
24, Rev: AGTCATCGTTCTGGAGCAATTC nit-1, Fw: GCATAGGTGGC
CAGATTCAAAA, nit-1, Rev: CCAGCTGCTTCTTCCACATTT, skn-1, Fw:
GAGACGAGACGATAA skn-1, Rev: CAGATGAATATGGACGACACTGC, gst-
4, Fw: AAGTTGTTGAACCAGCCC, gst-4, Rev: AATCACAATATCA
GCCCAAGTC.

2.9. Protein extraction, dot and western blotting

Nematodes were lysed via sonication in RIPA buffer supplemented
with proteinase inhibitors. Protein concentration was determined with
DC assay (Bio-Rad, CA, USA, #500-0113, -0114, -0115) and 15-20 pg of
protein were separated with SDS-PAGE or 5-7 pg of protein were
directly loaded on a nitrocellulose membrane mounted on a dot blotter.
In the case of western blotting, the separated proteins were transferred
onto a nitrocellulose membrane. All membranes were blocked with 5%
BSA or 5% non-fat milk for 1 h at RT and incubated overnight with a
primary antibody. The secondary antibodies were incubated at RT for 1
h and the membranes were developed using an ECL kit (Bio-Rad, CA,
USA, #170-5051) and a Bio-Rad XRS+ Chemidoc (Bio-Rad, CA, USA).
Coomassie Brilliant Blue staining was used for equal loading control.
The primary antibodies used in this study were: anti-6E10 (BioLegend,
CA, USA, #803001), anti-amyloid oligomer (EMD Millipore Corp., MA,
USA, #AB9234) and anti-GFP (Cell Signaling, MA, USA, #2956). The
secondary antibodies used in this study were: anti-rabbit (Santa Cruz,
TX, USA, sc-2357) and anti-mouse (Santa Cruz, sc-516102).

2.10. Proteasome activities

To measure the chymotrypsin-like (CT-L) activity in cell-free assays,
0.5 pg of human purified proteasome (Proteasome Protein Center
Kibbutz Ramat-Yohanan, Israel) was mixed with glutamate (Alfa Aesar,
MA, USA, #A12919) in concentrations ranging from 15 pM to 15 mM
and with Succinyl-Leucine-Leucine-Valine-Tyrosine-7-amino-4-
methylcoumarin (Suc-LLVY-AMC, UBPBio, TX, USA, #G1100) at a
100 pM final concentration in a final volume of 100 pL in the wells of a
black 96 well plate. 5 technical replicates per sample were used for each
assay. SDS at final concentration 0.01% was used as a positive control



E. Panagiotidou et al.

and the proteasome inhibitor MG132 (UBPBio, TX, USA, #F1101) at a
final concentration 20 pM was used as a negative control. The fluores-
cence was measured at 380/460 nm excitation/emission every 5 min for
1 h in a TECAN (Tecan Ltd., Switzerland) plate reader at 37°C.

2.11. Paralysis assays

For transgenic animals crossed with the CL4176 strain: 150-300
animals of L3 stage were shifted from 16°C to 25°C and 16 h later they
were scored over the span of 10-14 h for paralysis until the entire
population was paralyzed. For transgenic animals crossed with the
GMC101 strain: 80-120 animals of L4 stage were transferred on NGM
plates with 40 pM FUdR (Acros Organics, Belgium, #227601000)
seeded with UV-inactivated OP50. Once they reached the stage of young
adult, the animals were shifted from 20°C to 25°C. Scoring of paralyzed
nematodes was initiated 12 h after temperature upshift and lasted until
the entire population was paralyzed. For both Ap models, the animals
were scored as paralyzed if they failed to undergo a full body wave
propagation upon prodding and each paralysis assay was repeated at
least three times by two blinded experimenters.

2.12. Microscopy and image analysis

The animals were mounted on 2% agarose pads on glass slides and
immobilized using 50 mM levamisole (Sigma-Aldrich, MO, USA,
#19756) dissolved in M9 buffer. The imaging was performed with a
Leica TCS SPE confocal laser scanning microscope. For the animals
expressing ZsProSensor-1, images from the anterior part of the animal
were acquired using a 20x/0.70 objective and Z-stacks were obtained
with stable laser intensity and gain throughout all conditions of every
experiment. Regions of interest were determined on maximum intensity
projection images of the Z-stacks and their intensity was determined
with ImageJ. For transgenic animals crossed with UA198 animals, a
40x/1.15 oil immersion objective was used and the number of neurons
in the tail was determined with Z-stacks and maximum intensity pro-
jection images.

2.13. Statistical analysis

All statistical analyses were performed with GraphPad Prism Soft-
ware (San Diego, USA). Depending on the experiment, a variety of sta-
tistical tests was used and each is mentioned in the respective figure
legend together with the sample size for each experiment. For analyses
comparing the mean of two groups, we used the parametric two-tailed
Student’s t-test, provided that each group comprised of at least 10
values. For fewer than 10 values we used the non-parametric test Mann-
Whitney. When fewer than 10 replicates were included in an experi-
mental condition, individual points representing each replicate are
shown in the bar charts. For the comparison of more than 2 groups with
fewer than 10 values per group, we used a non-parametric ANOVA-
single factor with a post-hoc correction for multiple comparisons
(Kruskal-Wallis test with Dunn’s correction). For the comparison of
more than 2 groups with more than 10 values per group, we used a
parametric ANOVA-single factor with a post-hoc correction for multiple
comparisons (Tukey’s multiple comparisons test). For paralysis curves
we used the log-rank Mantel-Cox test. All bar charts indicate the mean of
the independent experiments + SEM.

3. Results

3.1. Neuron-specific proteasome overexpression increases proteasome
activity in the muscle

We have previously shown that ubiquitous overexpression of pbs-5
proteasome subunit is sufficient to increase the overall proteasome ac-
tivity and to promote enhanced resistance against Ap proteotoxicity in
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C. elegans [10]. Given that there are no reports on the potential cell
non-autonomous regulation of the proteasome and since the nervous
system is one of the main tissues communicating with other tissues, we
sought to investigate whether neuron-specific pbs-5 overexpression af-
fects (a) the proteasome activity in distal tissues and, (b) their resis-
tance/response to proteotoxicity in a cell non-autonomous manner. To
generate transgenic animals with proteasome overexpression, we took
advantage of our previously published pbs-5 transgene [10]. To drive
proteasome overexpression in the nervous system, we introduced in wt
N2 nematodes a transgene (as an extrachromosomal array) composed of
the promoter of the neuron-specific gene rgef-1 [28] fused to pbs-5
(rgef-1p::pbs-5) (referred to pbs-5-neuron hereafter; for simplicity we use
simplified names for the various strains throughout the text, for com-
plete genotypes please refer to the Materials and Methods section as well
as to Table S1). We also created transgenic nematodes overexpressing
pbs-5 under the ubiquitous promoter of the gene let-858 (let-858p::pbs-5
strain; referred to pbs-5-ubiquitous hereafter). The relative control strain
was only overexpressing the co-injection marker (myo-2p::GFP; referred
to control hereafter). In accordance with our previous results [10], we
detected increased transcript levels of pbs-5 subunit in pbs-5-ubiquitous
animals (Fig. S1). With regard to the pbs-5-neuron animals, although we
generated two independent lines using different transformation markers
(myo-2p::GFP and rol-6(sul1006)), at most we only observed a slight
increase in the levels of the pbs-5 transcript (Fig. S1), probably due to the
tissue-specific expression only in the neurons. Given that overexpression
of B5 subunit in all tissues in C. elegans (pbs-5 [10]) and in neurons in
Drosophila (Prosf5 [8,29]) and mouse (PSMBS5 [8]) have been shown to
enhance the resistance against proteotoxicity and to prevent cognitive
deficits, we validated the neuronal proteasome overexpression with a
functional assay. To this end, we crossed the pbs-5-neuron strain with the
UA198 strain that expresses the human Ap;_42 peptide in its GFP-tagged
glutamatergic neurons, showing progressive, age-dependent neuro-
degeneration [26,30,31]. We scored significantly more surviving neu-
rons in UA198 pbs-5-neuron animals compared to control nematodes on
day 6 of adulthood (Fig. 1), thus suggesting a positive effect of neuronal
pbs-5 overexpression. Furthermore, these results also reveal an
anti-proteotoxic effect of proteasome overexpression in a cell autono-
mous manner (modulation in neurons, positive effects in neurons).

Using the pbs-5-neuron strain, we initially addressed the question
whether neuron-specific pbs-5 overexpression affects the proteasome
activity in a distal tissue. We took advantage of a well-characterized
nematode strain expressing a modified ZsProSensor-1 fluorescent re-
porter under a muscle-specific promoter (referred to Muscle
ZsProSensor-1 hereafter). More specifically, the modified ZsProSensor-1
reporter is fused to ubiquitin-interacting motifs derived from the
C. elegans proteasome subunit RPN-10. Therefore, decreased fluores-
cence indicates increased proteasome-mediated degradation and vice
versa (Fig. 2A) [32]. We crossed our control, pbs-5-neuron and
pbs-5-ubiquitous animals with the Muscle ZsProSensor-1 strain. The
fluorescence levels of ZsProSensor-1 reporter were significantly reduced
in the muscle of both pbs-5-neuron and pbs-5-ubiquitous animals
(Fig. 2B), thus revealing proteasome activation. To confirm these results
and exclude potential effects due to the co-injection marker, we crossed
the Muscle ZsProSensor-1 strain with pbs-5-neuron and pbs-5-ubiquitous
animals carrying the rol-6(sul006) dominant transformation marker as
a co-injection marker. We detected a consistent phenotype with the
previous transgenic animals (Fig. 2C). We further sought to investigate
whether neuron specific proteasome activation was also affecting other
tissues. To this end, we crossed our pbs-5-neuron animals with the
nematode strain expressing the modified ZsProSensor-1 fluorescent re-
porter under a gut-specific promoter (referred to Gut ZsProSensor-1); we
did not detect enhanced proteasome activity in the gut, thus suggesting a
tissue-specific cell non-autonomous effect (Fig. 2D). In total, our results
reveal a cell non-autonomous regulation of the proteasome, since pbs-5
overexpression in the nervous system led to enhanced proteasome ac-
tivity levels in the muscle.
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Fig. 1. Delayed Ap-mediated glutamatergic neu-
rodegeneration in pbs-5-neuron animals. Repre-
sentative fluorescence micrographs of UA198 control
and pbs-5-neuron animals expressing the human Ap;.
42 peptide in their GFP-tagged glutamatergic neurons,
on days 1 and 6 of adulthood. The arrows point to
intact neurons (left panel). Violin graph showing the
number of tail glutamatergic neurons expressing the
human A, 4, peptide in each examined animal from
UA198 control and pbs-5-neuron populations, on days
1 and 6 of adulthood. Each dot represents an exam-
i ined animal (right panel). Graph shows the distribu-
tion of pooled values from 3 independent

Day 6

*%

Number of AB-expressing neurons

3.2. Neuron-specific proteasome overexpression confers anti-proteotoxic
effects in a cell non-autonomous manner

We then sought to investigate whether the cell non-autonomous
proteasome activation in the muscle may counteract a proteotoxic
threat as it was previously shown for the ubiquitous pbs-5 over-
expression [10]. To this end, we crossed our pbs-5-neuron and pbs-5-u-
biquitous animals with the CL4176 strain, an Af C. elegans model. This
strain expresses the human Af;.45 peptide under a muscle-specific pro-
moter and upon temperature upshift, they accumulate Af peptide in
their body wall muscle cells and become paralyzed in a few hours [33].
Ubiquitous as well as neuron-specific proteasome overexpression
significantly delayed the proteotoxic effects of A peptide leading to
delayed paralysis (Fig. 3A, Table S2). To confirm this protective effect,
we evaluated the effects of ubiquitous and pan-neuronal proteasome
overexpression in an additional Ap nematode model, the GMC101
strain. These animals constitutively express the human Ap;.42 peptide
under a muscle-specific promoter and manifest age-progressive paralysis
[34]. Consistent with our previous data, paralysis was also significantly
delayed in GMC101 pbs-5-neuron and pbs-5-ubiquitous animals (Fig. 3B,
Table S2). Moreover, ubiquitous and neuron-specific proteasome acti-
vation significantly reduced the levels of Ap oligomers (Fig. 3C, Fig. S2).
A tendency for reduced total Ap levels was also recorded. Lack of sig-
nificant changes in the transcript levels of Ap peptide in our transgenic
animals verified that the observed differences in the protein levels of A
forms are unlikely to arise from changes in the transcription of the
transgene (Fig. 3D). To verify that the activation of the proteasome is
responsible for the observed positive outcomes, we have then sought to
inhibit this activation. We attempted to pharmacologically alter the
proteasome activity by using epoxomicin, a highly specific proteasome
inhibitor [35]. Following a series of dose-response experiments, we
found that 1 mM epoxomicin (constant treatment for up to 12 h) could
decrease proteasome activity in the Muscle ZsProSensor-1 strain
(Fig. S3) without compromising survival. We then treated both CL4176
pbs-5-neuron and control animals with DMSO (vehicle) and 1 mM
epoxomicin and paralysis assays were performed. Despite a small
developmental delay exhibited by the animals treated with epoxomicin,
we found that epoxomicin not only abrogated the delayed paralysis of
pbs-5-neuron animals but it accelerated it compared to control animals
treated with epoxomicin (Fig. 3E). This strongly suggests that protea-
some activation underlies the observed beneficial effects on
AB-mediated paralysis.

To further prove the link between proteasome activation and pro-
tection against proteotoxicity, we attempted to perform RNAi of pbs-5
subunit in GMC101 pbs-5-neuron animals. Nonetheless, this proved
technically impossible as the GMC101 pbs-5-neuron animals lost their
delayed paralysis rates over their control counterparts, once grown on
HT115 bacteria used for RNAi experiments (Fig. S4A). To cross-validate

experiments, >30 animals/condition, **p value <
0.01 (two-tailed Student’s t-test).

these results, we evaluated the proteasome activity in Muscle
ZsProSensor-1 pbs-5-neuron and control animals grown on HT115 bac-
teria. Indeed, the signal was not reduced anymore (Fig. S4B), as opposed
to the observed reduction when the animals are grown on OP50 bacteria
(Fig. 2B), thus suggesting that HT115 bacteria interfere with either the
function of the proteasome and/or the communication between the
neurons and the muscle. Nevertheless, we performed paralysis assays in
GMC101 control animals in the presence of pbs-5 RNAi; the paralysis
was significantly accelerated (Fig. S4C), thus verifying the importance of
the proteasome function on the paralysis phenotype.

As a proof of concept and to verify the link between proteasome
activation in the muscle and the protection against Ap proteotoxicity in
the muscle, we created transgenic nematodes overexpressing pbs-5
subunit under the promoter of the muscle-specific gene myo-3 (myo-3p::
pbs-5 strain; referred to pbs-5-muscle hereafter). The relative control
strain carried only the co-injection marker (myo-2p::GFP; referred to
control hereafter). Quantitative PCR analysis confirmed pbs-5 over-
expression (Fig. 4A). To test whether muscle-specific pbs-5 over-
expression results in enhanced proteasome activity in the same tissue (i.
e. cell autonomously), we initially crossed the pbs-5-muscle strain with
the strain expressing the modified ZsProSensor-1 fluorescent reporter in
the muscle. As expected, we found reduced levels of fluorescence indi-
cating proteasome activation in Muscle ZsProSensor-1 pbs-5-muscle
animals (Fig. 4B). We then crossed the pbs-5-muscle strain with the
GMC101 animals. Paralysis was significantly delayed in GMC101 pbs-5-
muscle animals, thus verifying that proteasome activation is sufficient
for protection against Ap proteotoxicity (Fig. 4C). Moreover, this result
reveals a cell autonomous anti-proteotoxic effect (modulation in the
muscle, positive effects in the muscle).

Mounting evidence suggests that the ALP is implicated in the clear-
ance of misfolded or aggregated Ap forms in various models, including
C. elegans [36,37]. Moreover, the cross-talk between the UPS and ALP is
well-accepted although not fully elucidated [38]. We therefore exam-
ined the potential involvement of autophagy in our setting. We took
advantage of DLMO strain that expresses under the muscle-specific
promoter myo-3p a dual fluorescent protein (dFP) fused to LGG-1, a
key protein in autophagosome formation. Upon docking and fusion to
the lysosome, a monomeric fluorescent protein (mFP) is released, easily
distinguishable from dFP via immunoblotting [39]. The ratio mFP/dFP
gives an indication of the rate of autophagosome fusion with lysosomes,
while a flux assay in the presence of chloroquine that inhibits the
acidification of the lysosome thus, blocking the turnover of autolyso-
somes, reveals if the increased mFP/dFP ratio originates from increased
autophagosome formation or block of autolysosome turnover (Fig. 4D).
We crossed this strain with pbs-5-neuron and control animals. Auto-
phagic flux was found unchanged in the muscle of DLM9 pbs-5-neuron
animals (Fig. 4E), thus suggesting that the anti-proteotoxic effect of
neuron-specific proteasome overexpression was independent of ALP



E. Panagiotidou et al.

Redox Biology 65 (2023) 102817

A Muscle Gut
ZsProSensor-1 ZsProSensor-1
Green  _ 4 Proteasome N
fluorescence activity ) e
Vs Proteasome Proteasome
activity activity
Proteasome 4Proteasome
activity activity
B
myo-2p::GFP
i 1.5+ 1.5
2] o
control pbs-5-neuron  pbs-5-ubiquitous g g 2 8
o ©
& G § 1.01 5 § 1.0
% 2 E g Fkkk E g
g% ,.3 s ‘g § Fekkk
= 2 & 051 2 & 05
® sSc &5 c
N [T o
o (12
0.0- 0.0-
> »
'éo &Oo ’éo o"‘-9
NS & &
(9 ‘3‘0 o &
o X
& &
C
rol-6(su1006)
it e AR 1.59 1.5
& 3
- control pbs-5-neuron  pbs-5-ubiquitous €3 £
z 5§ 5§
2 é K] § K] § Fkkk
oG o o
Y 38 ¥
= ne_ 2 & Z&
) 5 c S c
[ [7]
N 14 14
> &
&
& &
¥©
S
%
&e
D myo-2p::GFP 1.5+
&
control pbs-5-neuron £g ns
i S § 1.0
[e] o
N T
= C 0 O
S O e
(ONY) ']
[e] 2 2 0.5
o & c
) T -
N o

Fig. 2. Enhanced proteasome activity in the muscle of pbs-5-neuron animals. (A) Schematic describing the interpretation of the changes in the ZsProSensor-1
signal while monitoring proteasome activity in the muscle (Muscle ZsProSensor-1) or the gut (Gut ZsProSensor-1) of transgenic nematodes. Decreased fluorescence
indicates increased proteasome activity and vice versa. (B, C, D) Representative fluorescence micrographs of animals expressing the ZsProSensor-1 reporter (left
panel) and quantification of the ZsProSensor-1 signal (right panel) in (B, C) the muscle and (D) the gut, crossed with control, pbs-5-neuron or pbs-5-ubiquitous
animals (only control and pbs-5-neuron animals in D) carrying (B, D) the myo-2p::GFP co-injection marker and, (C) the rol-6(sul006) co-injection marker. The mean

value of fluorescence in control animals was set to 1. All values are reported as the mean of at least 3 independent experiments - SEM, >20 animals/condition, ***

value < 0.001, ****p value < 0.0001, ns, not significant (two-tailed Student’s t-test).

p



E. Panagiotidou et al.

A

Redox Biology 65 (2023) 102817

CL4176 CL4176
2 1001 £ 100+
[72] 7]
> >
o s
© ©
o o
© 50 t 504
@ @
o o
) G
o - control o - control
0 -=— pbs-5-neuron 5 —=— pbs-5-ubiquitous
54 1 T 1 T T 1 1
15 20 25 30 35 15 20 25 30 35
Hours post temperature upshift Hours post temperature upshift
GMC101 GMC101
& 1004 £ 100+
[72] 7]
> >
o o
© ©
=3 *kkk [=3 *kkk
© 50+ t 504
[9] [«/]
5 5
o - control o - control
" -=- pbs-5-neuron 5 -=- pbs-5-ubiquitous
1 1 ] 1 1 ) T T 1 1
0 50 100 150 200 250 0 50 100 150 200 250
Hours post temperature upshift Hours post temperature upshift
GMC101 D GMC101
Ap peptide
< o R
. SO IS’ o 49
NN N < Y o | ns |
(‘\\"0 Qv \)‘o Q‘o ‘\0\}\ 5
& N » ¢ - % 3
® 00 v L i:
L
_ Total AB e 25 27 ns
1 095 091 oelb e 5o —
@0
< £ 11
z
‘ . . ApB oligomers - né
0_
1 073 056 ABoligomers
Coomassie __ — 660\ éo‘\ \Ooo)
————— &
Coomassie &P ‘3'(& \O\?
g N
v &’
Q¢
Q‘O
CL4176
2 100 -
[’
>
o
2
- —e— control DMSO
c 50 *kkk 1 Lxkxx
3 )‘/ -=- pbs-5-neuron DMSO
S
& ,({,nl -e- control epoxomicin
0 * -®- pbs-5-neuron epoxomicin
= T T 1
25 30 35 40 45

Hours post temperature upshift

(caption on next page)



E. Panagiotidou et al. Redox Biology 65 (2023) 102817
Fig. 3. Neuron-specific proteasome overexpression confers protection against Af proteotoxicity in the muscle of pbs-5-neuron animals (cell non-
autonomous effect). (A, B) Paralysis curves of control, pbs-5-neuron (left panels) and pbs-5-ubiquitous (right panels) animals expressing the human Af;_45 pep-
tide in their body wall muscle cells, (A) CL4176 strain (temperature-dependent expression of the human Ap; .42 peptide in the muscle with progressive paralysis
within hours), 8 independent experiments with >800 animals, ****p value < 0.0001 (log-rank Mantel-Cox test) and, (B) GMC101 strain (constitutive expression of
the human Af;_45 peptide in the muscle with age-progressive paralysis), 3 independent experiments with >140 animals, ****p value < 0.0001 (log-rank Mantel-Cox
test). Curves are the pooled result of the indicated independent experiments. (C) Dot blot analysis (representative blots from 4 independent experiments) of total A
and A oligomers in GMC101 control, pbs-5-neuron and pbs-5-ubiquitous animals expressing the human Af;_45 peptide in their body wall muscle cells, collected when
50% of the control population was paralyzed. A gel stained with Coomassie brilliant blue was used as a loading control in each experiment. The mean value of signal
of the protein of interest to the Coomassie signal in control animals was set to 1. Quantification that appears underneath the blots represents the mean of 4 inde-
pendent experiments. (D) mRNA expression levels of Ap peptide in GMC101 control, pbs-5-neuron and pbs-5-ubiquitous animals expressing the human Ap; .42 peptide
in their body wall muscle cells on day 1 of adulthood. The mean value of Ap peptide mRNA expression in control animals was set to 1. All values are reported as the
mean of 2 independent experiments + SEM, ns, not significant (Kruskal-Wallis test). (E) Paralysis curves of CL4176 control and pbs-5-neuron animals expressing the
human Ap;.42 peptide in their body wall muscle cells treated with DMSO or 1 mM epoxomicin, 4 independent experiments with >450 animals, * value < 0.0001
(log-rank Mantel-Cox test). Curves are the pooled result of 4 independent experiments. (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)

<

activation.

In conclusion, neuron-specific proteasome activation can exert pro-
tection against Ap proteotoxicity in the muscle in a cell non-autonomous
manner.

3.3. The cell non-autonomous protective effects following neuronal
proteasome activation are not related to protection against oxidative stress

Given the established link between oxidative stress and AD [40,41]
along with the interplay between the proteasome and oxidative stress
response [42-44], we sought to investigate whether the observed
beneficial effects against Af proteotoxicity were linked to enhanced
oxidative stress response. We thus challenged our pbs-5-neuron and
pbs-5-ubiquitous animals with two different oxidative stressors, namely
paraquat and NaNjs. Although proteasome activation in all tissues
induced protection against oxidative stress (Fig. 5A-B; pbs-5-ubiquitous)
in accordance with our previous results [10], notably, no resistance
against oxidative stress was recorded in the pbs-5-neuron animals
(Fig. 5A-B; pbs-5-neuron). Our results suggest that the neuronal pro-
teasome activation confers cell non-autonomous protective effects in the
muscle specifically against proteotoxic stress and not against oxidative
stress. Given that the transcription factor SKN-1 is pivotal in oxidative
stress resistance while it triggers strong responses to proteasome per-
turbations [45-47], we also investigated whether SKN-1 activation
could account for the protective effects against Ap-proteotoxicity. We
therefore revealed the mRNA expression levels of skn-1 as well as of
three of its target genes, namely gst-4, dod-24 and nit-1 [47], in control,
pbs-5-neuron and pbs-5-ubiquitous animals in wt and GMC101 back-
grounds. Although in the pbs-5-ubiquitous animals, gst-4 was signifi-
cantly upregulated (statistically significant in wt background, exhibiting
a tendency in GMC101 background without reaching statistical signifi-
cance), none of the skn-1 target genes or skn-1 itself were upregulated in
pbs-5-neuron animals in either background (Fig. 5C). In total our results
suggest that the distal protective effects we score upon neuronal pro-
teasome activation are specific for the Af proteotoxic stress and not for
the related oxidative stress.

3.4. The cell non-autonomous activation of the proteasome in the muscle
is mediated by SCVs

Our results suggested that one or more neuronal-derived signals
prompt proteasome reinforcement in a non-neuronal tissue such as the
muscle. The communication between the nervous and the muscle tissues
is accomplished via synaptic transmission [48]. In C. elegans, neuro-
transmitters are secreted from neurons in two types of vesicles classified
as SCVs and DCVs, based on their size and appearance in electron mi-
crographs [49]; Fig. 6A). We hypothesized that neurons that overexpress
the pbs-5 subunit may affect proteasome activation in the muscle
through a neuroendocrine signaling pathway mediated by SCVs and/or
DCVs. To address this hypothesis, we crossed our pbs-5-neuron animals

with unc-64 mutants that are deficient in the priming or exocytosis of
both DCVs and SCVs [50]. To obtain a fast readout, the derived trans-
genic animals (unc-64(e246); pbs-5-neuron) and their controls were
further crossed with the Muscle ZsProSensor-1 strain. We found that the
loss-of-function unc-64(e246) allele completely abolished the
proteasome-activating effect of neuronal pbs-5 overexpression on
muscular proteasome activity (Fig. 6B), indicating that the activating
signal is most likely contained in SCVs and/or DCVs.

We then sought to tease apart the roles of the two vesicle types and to
reveal which one is responsible for the cell non-autonomous commu-
nication of neuronal proteasome activation. The unc-31 gene is known to
participate in the exocytosis of DCVs while the unc-13 in the priming of
SCVs [51] (Fig. 6A). Although the unc-31(e928) loss-of-function allele
did not inhibit the cell non-autonomous effect of proteasome activation
in the muscle (Fig. 6C), the unc-13(e51) loss-of-function allele
completely abolished the proteasome activation occurring in the muscle
of ZsProSensor-1 pbs-5-neuron animals (Fig. 6D). Our results show that
SCVs are responsible for the cell non-autonomous proteasome activation
in the muscle following neuronal proteasome overexpression.

Next, we asked whether disruption of the SCVs-mediated commu-
nication between neurons and muscle is also translated into loss of
protection against AP proteotoxicity. Since unc-13(e51) mutants are
almost completely immobile, performing paralysis assays in unc-13
(e51); pbs-5-neuron animals was impossible. Nevertheless, unc-64(e246)
mutants are not immobile. They have defects in both DCVs and SCVs but
our results had already excluded the involvement of DCVs in the cell
non-autonomous proteasome activation in the muscle (Fig. 6C). The unc-
64(e246); pbs-5-neuron animals did not exhibit decreased paralysis rates
in neither CL4176 (Fig. 6E) nor GMC101 (Fig. 6F) backgrounds
(Table S2). Together, our findings demonstrate that pbs-5 over-
expression in neurons stimulates proteasome activation in the muscle
through SCVs, resulting in protection against Af proteotoxicity.

3.5. Glutamate can restore proteasome activity levels in the muscle of pbs-
5-neuron animals lacking SCVs

We then sought to identify the potential neurotransmitter(s) con-
tained in SCVs that could transmit the signal from the neurons leading to
proteasome activation in the muscle. SCVs contain classical neuro-
transmitters such as glutamate, y-aminobutyric acid (GABA) and
acetylcholine [49]. Since the unc-13(e51) mutants are unable to produce
SCVs, we anticipated that external supplementation of the responsible
molecule(s) would restore the effects of neuronal pbs-5 overexpression
in the muscle of unc-13(e51); pbs-5-neuron animals. We therefore tested
various concentrations of the three main neurotransmitters, namely
glutamate, GABA and acetylcholine in Muscle ZsProSensor-1 unc-13;
pbs-5-neuron animals and their controls (Fig. S5). Proteasome activity
was enhanced only upon glutamate supplementation (Fig. 7A, Fig. S5A).

Since we could not perform paralysis assays in unc-13(e51) mutants
due to their immobile phenotype, we tested whether glutamate
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Fig. 4. Proteasome activation in the muscle confers protection against Ap proteotoxicity in the muscle (cell autonomous effect). (A) mRNA expression levels
of pbs-5 proteasome subunit in control and pbs-5-muscle animals. The mean value of pbs-5 mRNA expression in control animals was set to 1. All values are reported as
the mean of 4 independent experiments + SEM, *p value < 0.05 (Mann-Whitney test). (B) Representative fluorescence micrographs of control and pbs-5-muscle
animals carrying the Muscle ZsProSensor-1 reporter (left panel) and quantification of the Muscle ZsProSensor-1 signal (right panel). The mean value of fluorescence
in control animals was set to 1. All values are reported as the mean of at least 3 independent experiments & SEM, >25 animals/condition, ****p value < 0.0001 (two-
tailed Student’s t-test). (C) Paralysis curves of GMC101 control and pbs-5-muscle animals expressing the human Ap;_4» peptide in their body wall muscle cells, 3
independent experiments with >140 animals, *p value < 0.0001 (log-rank Mantel-Cox test). Curves are the pooled result of 3 independent experiments. (D)
Schematic describing the potential outcomes and their interpretation when performing a flux assay to a strain expressing a dual fluorescent protein (dFP) fused to
LGG-1. LGG-1dFP is localized on the membrane of the autophagosome. During autophagosome maturation some mFP is released but most of the mFP is released by
the lysosomal proteases once the autophagosome fuses with the lysosome. However, the mFP released in the autolysosome is rapidly degraded, hence very little is
detected in steady-state levels. The steady-state amount of mFP can reflect both the efficiency of the lysosomal proteolysis as well as the rate of autophagosome
formation. Chloroquine inhibits the acidification of the lysosome, thus inhibiting lysosomal proteases and blocking lysosomal proteolysis. Hence addition of chlo-
roquine can induce the accumulation of mFP. Depending on the accumulated mFP levels in the sample compared to control, the results from the sample treated with
chloroquine indicate the origin of mFP, thus the status of autophagic flux. (E) Immunoblot analysis (representative blots from 5 independent experiments) of dFP and
mFP in lysates from control and pbs-5-neuron animals expressing LGG-1 tagged with dFP, in the absence (-) or presence (4) of chloroquine for evaluation of the
autophagic flux. A gel stained with Coomassie brilliant blue was used as a loading control. The mean value of signal of mFP/dFP in control (-) animals was set to 1.
(‘For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

supplementation could restore the proteasome activity in the muscle of alter the already enhanced proteasome activity due to the pbs-5 over-
unc-64(e246) mutants. Surprisingly, we found that external glutamate expression (Figs. 7D, 2 last columns). These results suggest that pro-
supplementation did not restore the proteasome activity in the muscle of teasome activation in the muscle of pbs-5-neuron animals is not due to a
pbs-5-neuron animals in an unc-64 mutant background (Fig. 7B). Given generic or unspecific proteasome-activating effect of glutamate but
that the unc-64 mutants have defects in both SCVs and DCVs, the rather to a specific regulated process.
inability of glutamate alone to restore the proteasome activity in the In conclusion, we show that proteasome activity is subjected to cell
muscle in these mutants suggests that glutamate can compensate for the non-autonomous regulation since pbs-5 overexpression in the neurons
lack of SCVs only in the presence of functional DCVs, thus attributing a promotes proteasome activation in the muscle of C. elegans. Glutamate
role to the DCVs and their cargo in this inter-tissue communication. We contained in SCVs is necessary for this activation but the presence of
therefore investigated whether combined supplementation of glutamate intact DCVs is also required. This cell non-autonomous proteasome
(mainly found in SCVs) and other neurotransmitters that are most activation is translated into efficient prevention of Ap-mediated pro-
probably found in DCVs, could restore the proteasome activity in the teotoxic effects in the muscle of C. elegans.
muscle of unc-64 mutants and thus the neuron-muscle communication.
To this end, we treated Muscle ZsProSensor-1 unc-64; pbs-5-neuron an- 4. Discussion
imals, with glutamate and various concentrations of the 4 biogenic
amines that are packaged in DCVs, namely octopamine, serotonin, Proteinopathies including AD have been linked to inefficient protein
dopamine and tyramine [49]. We did not detect any restoration of the degradation machineries, such as the UPS or the ALP [52,53]. This in-
proteasome activity with the combined supplementation of glutamate efficiency is further accentuated during ageing which in turn is a top risk
and biogenic amines in unc-64 mutants (Figs. S6A-D). Consequently, the factor for aggregation-related diseases [2,54]. Consequently, reinforce-
observed results might be due to the action of neuropeptides found in ment of the proteolytic part of proteostasis during ageing and upon
DCVs and therefore the potential cargo of DCVs that plays a role in the disease progression has been suggested as a pivotal potential preventive
neuron-muscle communication needs further investigation. Although and/or therapeutic approach. Here, we report the cell non-autonomous
GABA and acetylcholine did not restore muscular proteasome activity in communication of neuronal proteasome activation. We show that
unc-13 mutants (SCVs-defective animals; Figs. S5B-C), unc-64 mutants overexpression of the pbs-5 proteasome subunit in the nervous system
have defects in both SCVs and DCVs and therefore, we reasoned that in can promote proteasome activation in the muscle tissue of C. elegans.
these animals, neurotransmitters commonly found in SCVs could take The result is enhanced resistance to A proteotoxicity in the distal tissue
over and exhibit additional regulatory roles. We therefore treated (muscle) but not enhanced resistance to oxidative stress. This commu-
Muscle ZsProSensor-1 unc-64; pbs-5-neuron animals with a combination nication depends on intact SCVs and glutamate, thus establishing a
of glutamate and GABA or acetylcholine. Interestingly, we found that mechanistic link between neuronal proteasome reinforcement and
the double supplementation with glutamate and either GABA or decreased Ap proteotoxicity in the muscle. Furthermore, we show that in
acetylcholine results in reduction of proteasome activity in Muscle the absence of SCVs, glutamate can compensate only in the presence of
ZsProSensor-1 unc-64; pbs-5-neuron animals (Figs. S6E-F). This suggests functional DCVs, thus suggesting a role of the DCVs’ cargo in this distal
that GABA and acetylcholine may have proteasome inhibitory roles that tissue communication as well. Cell autonomous anti-proteotoxic effects
are counteracted by DCVs-dependent signals, as we never observed are also revealed upon neuron- and muscle-specific proteasome
proteasome inhibition by GABA or acetylcholine in animals that are activation.
defective for SCVs but have intact DCVs (Figs. S5B-C). Our in vivo approach conclusively demonstrates the cell non-
To dissect the mechanism behind glutamate-mediated proteasome autonomous control of proteasome function as previously described
activation, we assessed whether glutamate may have direct stereo- for other players of proteostasis such as the HSR [13], UPRER [18,19,55],
chemical effects on the proteasome complex resulting in its activation. UPR™ [17] and autophagy [20]. Among the proteolytic pathways, the
Incubation of purified proteasome with different concentrations of lysosome-mediated degradation [18] has been already shown to be
glutamate did not reveal any proteasome activating properties (Fig. 7C), affected in other tissues once proteostatic mechanisms such as the UPRER
thus suggesting that the glutamate effect on proteasome activity is most are modulated in neurons [18,55] or in the intestine [18].
likely indirect. We have also checked whether glutamate addition in Neuron-specific Prosf5 overexpression in Drosophila has been shown to
animals can phenocopy the results of neuronal pbs-5 overexpression on slow down age-related deficits in learning, memory, and circadian
proteasome activity. Glutamate supplementation in Muscle rhythmicity [29]. A follow-up of this study showed that
ZsProSensor-1 control animals did not affect their proteasome activity in neuronal-specific overexpression of 5 subunit in Drosophila (Prosf5)
the muscle (Figs. 7D, 2 first columns). Likewise, glutamate supplemen- and in mice (PSMB5) was sufficient to ameliorate disease-related phe-
tation of Muscle ZsProSensor-1 pbs-5-neuron animals did not further notypes in the respective AD models [8]. Notably, despite the attempts
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Fig. 5. Neuron-specific proteasome overexpression does not confer protection against oxidative stress as opposed to ubiquitous proteasome over-
expression. (A) Lifespan curve of control, pbs-5-neuron and pbs-5-ubiquitous animals treated with 2 mM paraquat, 3 independent experiments with >190 animals
per condition, ****p value < 0.0001, ns, not significant (log-rank Mantel-Cox test). Curves are the pooled result of 3 independent experiments. (B) Survival per-
centage of control, pbs-5-neuron and pbs-5-ubiquitous animals 24 h after exposure to 180 pM NaN3, 3 independent experiments with >350 animals per condition,
***xp value < 0.0001, ns, not significant (one-way ANOVA, Tukey’s multiple comparisons test). (C) mRNA expression levels of skn-1 and skn-1 target genes (gst-4,
dod-24, nit-1) in wt (upper panel) and GMC101 (lower panel) control, pbs-5-neuron and pbs-5-ubiquitous animals in the young adult stage. The mean value of the
mRNA expression of each gene in control animals was set to 1. All values are reported as the mean of 4 (for the wt animals) and 2 (for the GMC101 animals) in-
dependent experiments = SEM, *p value < 0.05, ns, not significant (Mann-Whitney test). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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for tissue-specific proteasome activation, no data exists on its cell proteostatic mechanisms cell non-autonomously in distal tissues as a
non-autonomous regulation and the outcomes in distal tissues. compensatory response to stress. For example, neuronal overexpression
Tissue-specific proteotoxic stress has been shown to trigger various of an aggregation-prone protein (polyQ40) and its binding on neuronal

A

Mutants

Neurotransmitter .*
release

Neuropeptide
release

Synapse

B C
DCVs X SCVs X DCVs X SCVsv/
unc-64(e246) 1.5 unc-31(e928) 1.59
) )
control pbs-5-neuron § S control pbs-5-neuron §
~ L C ~ < C
é S g é ) 81.0-
he] he] *%
95 28 g s¢
23 v S g ¢S
£4 23 £% £ s
a. = c a S c
N & N &
O o(\
c,o"\é e"(
eb *
Y
D DCVsv/ SCVs X ¥
1.54
unc-13(e51) o
2o
_ control pbs-5-neuron 89 ns
oL ° 3
o K=}
: 2.. i
o @ o ©
=0 >3
=9 s "
o o —
N €
>
&< &
& &
9 ‘)fo'
Q‘O
E DCVs X| SCVs X F DCVs X SCVs X
CL4176 GMC101
2 100- ® 1004
£ 2
& )
-3 ]
= Q ns
o 501 S 50
5 S
o ]
—e— unc-64; control o - unc-64; control
o - unc-64; pbs-5-neuron 0 —-= unc-64; pbs-5-neuron
10 15 20 25 0 5 10 15
Hours post temperature upshift Hours post temperature upshift

(caption on next page)

12



E. Panagiotidou et al.

Redox Biology 65 (2023) 102817

Fig. 6. The cell non-autonomous effects of neuron-specific proteasome overexpression is dependent on SCVs. (A) Schematic describing the involvement of
UNC-13 and UNC-31 in the release of neurosecretory vesicles. UNC-13 participates in the priming of SCVs containing small-molecule neurotransmitters. UNC-31
participates in the exocytosis of DCVs primarily containing neuropeptides. (B, C, D) Representative fluorescence micrographs of animals expressing the Muscle
ZsProSensor-1 reporter crossed with control or pbs-5-neuron animals carrying the myo-2p::GFP co-injection marker in (B) unc-64, (C) unc-31 and, (D) unc-13 mutant
backgrounds (left panels) and quantification of the Muscle ZsProSensor-1 signal for each set of experiments (right panels). The mean value of fluorescence in control
animals was set to 1. All values are reported as the mean of at least 3 independent experiments + SEM, >20 animals/condition, **p value < 0.01, ns, not significant
(two-tailed Student’s t-test). (E, F) Paralysis curves of control and pbs-5-neuron animals expressing the human Af;_4> peptide in their body wall muscle cells in an unc-
64 mutant background, (E) CL4176 strain (temperature-dependent expression of the human Ap, 4, peptide in the muscle with progressive paralysis within hours), 9
independent experiments with >1000 animals per condition, ns, not significant (log-rank Mantel-Cox test) and, (F) GMC101 strain (constitutive expression of the
human Ap; 4> peptide in the muscle with age-progressive paralysis), 3 independent experiments with >250 animals per condition, ns, not significant (log-rank
Mantel-Cox test). Curves are the pooled result of the indicated independent experiments. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

mitochondria has been shown to elicit a global induction of a
mitochondrial-specific unfolded protein response (UPR™Y, affecting
whole-animal physiology [17]. With regard to the proteasome, silencing
of various proteasome subunits (i.e. proteasome stress) in the skeletal
muscle of Drosophila has been shown to mount an adaptive response in
the brain that finally hinders retinal and brain ageing [56]. Neverthe-
less, our study is the first to show that a positive modulation of the
proteasome (activation) is communicated to a distal tissue resulting in
tissue protection (increased resistance to Af} proteotoxicity).

Our data clearly show that neuronal overexpression of the pbs-5
subunit leads to proteasome activation in a distal tissue such as the
muscle and its resistance to Ap proteotoxicity. Although we excluded the
implication of the intestine since we did not detect enhanced protea-
some activity in this tissue upon neuronal proteasome overexpression,
we cannot rule out that other tissues like hypodermis or the somatic
gonad could be also affected by the proteasome activation in the nervous
system. It would be interesting to assess if non-neuronal tissues that are
affected by the nervous system also respond to the neuronal proteasome
activation and further communicate with other tissues thereby creating
an inter-tissue network of higher complexity.

One could ask how proteasome activation confers protection against
AP proteotoxicity. Our results revealed significantly lower oligomeric Ap
levels (and a tendency for reduced total Ap levels) in pbs-5-neuron ani-
mals. This suggests that proteasome activation may promote the
degradation of AP species before they become highly aggregated and
thus inaccessible and inhibitory to the proteasome [57,58]. In our pre-
vious work, proteasome activation through genetic means (systemic
pbs-5 overexpression) [10] or through natural compounds with
proteasome-activating properties [59,60], had elicited similar results.
Likewise, in a very recent work, genetic and pharmacological protea-
some augmentation also resulted in enhanced clearance of APP in flies,
cultured cells and mice [8]. Even more importantly, a negative corre-
lation between proteasome activity and protein levels of APP and sol-
uble A4z levels in human hippocampal tissues of AD patients was
revealed, thus strengthening the biological relevance of the findings in
the organismal models [8]. Finally, combined supplementation of
18a-glycyrrhetinic acid (that activates the proteasome through
enhanced transcription of several proteasome subunits [59,61]1) and
omega-3 fatty acids (that have been shown to directly positively
modulate proteasome activity [62]) also resulted in a significant
reduced percentage of AP, coverage in the parietal cortex as well as in
the hippocampus of 5xFAD (transgenic mice carrying 5 familial
AD-associated mutations) mice [62]. It is well established in yeast and
mammalian cells that the proteasome crosstalks with autophagy [63]
while the same has been demonstrated in C. elegans [64,65]. Although
we did not detect ALP activation in our setting, thus attributing a major
role to the proteasome system for the observed results, one cannot rule
out the potential implication of the ALP possibly in a later stage, when
heavily aggregated proteins are formed. This was also suggested
recently by an elegant study on small molecule VCP/p97 activators
where both proteasome and autophagy routes shared a role in the
clearance of different forms of misfolded species [66]. In total, our
findings suggest that proteasome-related protection against A

13

proteotoxicity emerges from enhanced clearance of various Af forms.

In cases where tissue-specific manipulation of a proteostatic mech-
anism has been achieved, studies mainly focused on the overall organ-
ismal fitness and longevity without focusing on the effects on specific
distal tissues. Only a few studies have dealt with the effects of proteo-
stasis manipulation in specific tissues and the downstream distal effects
in models for protein aggregation [18,67]. Most importantly, none of
them has investigated the role of the proteasome. We clearly show the
beneficial effects of neuronal proteasome overexpression against Ap
proteotoxicity in the neuronal tissue but also in the periphery. Mecha-
nistically, the “nervous system-to-periphery” cell non-autonomous
communication usually occurs via extracellular signaling molecule
release [68,69]. The distal activation of stress responses upon in-
terventions in the nervous system has been shown to be mediated by
neurons [13,19,55] and recently by glial cells [67]. Depending on the
proteostatic mechanism that is modulated, either SCVs [55,70] or DCVs
[17,67] have been shown to be responsible for the distal effects. We
clearly show that SCVs are required for the cell non-autonomous
communication of the neuronal proteasome activation which was
rather surprising. Given that DCVs contain neuropeptides that are po-
tential proteasome substrates and since in our setting the proteasome
activity is enhanced, we had speculated that neuropeptides (and thus
DCVs) could be the ones to be responsible for the observed effects.
Moreover, a 20S proteasome form that is tightly associated with the
neuronal plasma membrane and exposed to the extracellular space has
been suggested to exist. This proteasome type has been shown to
mediate the 20S-dependent degradation of intracellular proteins into
bioactive extracellular peptides that modulate neuronal function [71,
72]. As our results indicate the implication of DCVs as well, it would be
interesting to investigate further their role and to examine whether the
observed enhanced proteasome activity in our pbs-5-neuron animals
affects this particular type of proteasomes and therefore the extracel-
lular peptides produced by those proteasomes.

We also identified glutamate as a central player, without however
being able to exclude the involvement of other neurotransmitters. How
can glutamate restore this “proteasome activating” signal in pbs-5-
neuron animals that lack SCVs? A direct or an indirect impingement of
glutamate on proteasome activity could be speculated. We ruled out a
direct effect on the proteasome complex since glutamate was not able to
activate the 20S core proteasome in a cell-free assay. Moreover, direct
administration of glutamate in wt background animals was not sufficient
to promote proteasome activation whereas glutamate supplementation
in animals with neuronal proteasome activation did not further enhance
the proteasome activity. It seems that neuron-specific proteasome
overexpression should precede before glutamate can function as a
messenger provided however that DCVs are also functional. Given the
multiple roles of glutamate, primarily as a neurotransmitter ([73] but
also as a precursor to the antioxidant glutathione [74] or as a modulator
of the tricarboxylic acid cycle once converted into a-ketoglutarate [74],
glutamate could contribute to redox or energy status alterations that
may significantly impact proteasome activity and function. More
extensive studies on the metabolic effects of pbs-5 neuronal over-
expression are needed.
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Fig. 7. Glutamate supplementation restores the cell non-autonomous activation of the proteasome in unc-13 mutants. (A, B) Representative fluorescence
micrographs of animals expressing the Muscle ZsProSensor-1 reporter crossed with control or pbs-5-neuron animals carrying the myo-2p::GFP co-injection marker, in
(A) wt and unc-13 mutant backgrounds treated with M9 (vehicle) or 150 pM glutamate (left panel) and quantification of the Muscle ZsProSensor-1 signal (right
panel). The mean value of fluorescence in control animals was set to 1. All values are reported as the mean of 3 independent experiments + SEM, >20 animals/
condition, ****p value < 0.0001, ns, not significant (two-tailed Student’s t-test) and, (B) unc-64 mutant background treated with M9 (vehicle) or 150 pM glutamate
(left panel) and quantification of the Muscle ZsProSensor-1 signal (right panel). The mean value of fluorescence in control animals was set to 1. All values are
reported as the mean of 3 independent experiments + SEM, >20 animals/condition, ns, not significant (two-tailed Student’s t-test). (C) CT-L proteasome activity of
pure 20S proteasome in the presence of various concentrations of glutamate in cell-free assays. MG132 (proteasome inhibitor) was used as a negative and SDS
(proteasome activator) as a positive control. The mean value of CT-L activity in control sample (no glutamate) was set to 1. All values are reported as the mean of 2
independent experiments + SEM, ****p value < 0.0001, ns, not significant (one-way ANOVA with Dunnett’s Multiple Comparison). (D) Quantification of data from
(A) comparing the relative fold change in fluorescence between wt control animals carrying the myo-2p::GFP co-injection marker (left columns) and pbs-5-neuron
animals (right columns) supplemented with M9 (vehicle) or 150 pM glutamate. The mean value of fluorescence in control animals supplemented with M9 was set to
1. All values are reported as the mean of 3 independent experiments + SEM, >20 animals/condition, ns, not significant (two-tailed Student’s t-test). (For inter-
Eretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

There are limitations in our study mainly linked to constraints 5. Conclusions
imposed by our model. For example, although we partially respond to
the question, we were not able to fully elucidate the mechanistic details Our study demonstrates that proteasome activation in the nervous
through which glutamate triggers the increase of the proteasome ac- system can enhance the proteasome activity in the muscle of C. elegans,
tivity in the muscle. This is mainly due to the fact that in C. elegans it is thus revealing for the first time a cell non-autonomous regulation of the
virtually impossible to isolate and analyse the different involved tissues proteasome function. We show that this distal communication is medi-
in order to understand tissue-specific dysregulation in an inter-tissue ated through SCVs and glutamate. More importantly, we demonstrate
communication context. Finally, we cannot investigate the role of the that this cell non-autonomous proteasome activation results in effective
nervous system in the regulation of the proteasome activity of the prevention of the human Af-mediated proteotoxicity in the distal tissue
muscle under more physiological conditions, i.e. in the absence of pbs-5 (muscle). Notably, this distal effect does not apply to all kinds of stress
OE. This would suggest the comparison of wt nematodes to mutants for since neuronal proteasome activation did not confer resistance to
the genes we have identified as responsible for the distal communica- oxidative stress. These distal effects should be considered when
tion, i.e. unc-64 and unc-13. Since these mutants have severe feeding designing tissue-specific interventions targeting the proteasome as they
defects (reduced pharyngeal pumping), this comparison is not adequate might dampen the effects that are anticipated through the tissue-specific
as these defects may significantly affect the proteasome activity. manipulation.
Nevertheless, our results emphasize on functional insights and are
important for potential future applications. Author contributions

In this study, we show that cell non-autonomous proteasome acti-
vation can contribute to anti-proteotoxic effects in nematode models for NC conceived the idea. AG and NC conceptualized and designed the
AP toxicity. This could be a common regulatory mechanism in other work. AG and DB designed the constructs for pbs-5 overexpression. EP
metazoans, as well as in other protein aggregation-related diseases. This and AG performed experiments and analyzed the data. EP, AG and NC
point is of particular significance as it demonstrates how cell non- interpreted the data. AG and NC prepared the first manuscript and all
autonomous proteostasis regulation can have a functional outcome in authors reviewed and edited the text. AG and NC supervised the work.
distal tissues. It is highly important since various neurodegenerative
diseases are rarely restrained to a single tissue and are rather accom- Declaration of competing interest
panied by peripheral maladies exhibited as metabolic alterations and
deficiencies in non-neuronal tissues [75,76]. Deciphering this cell None.
non-autonomous communication further in invertebrates along with
complementary studies in vertebrates, may have serious implications in Data availability
the design of tissue-specific proteasome manipulation strategies with
therapeutic interest. Our results may contribute significantly to the Data will be made available on request.
optimization of proteostatic manipulation to fight proteinopathies
through tissue-targeting. It is however also important to reveal all the Acknowledgements
potential cell non-autonomous affected aspects of proteostatic mecha-
nisms, not only to optimize a tissue-specific manipulation per se but also Nematode strains used in this study were provided by the Caeno-
to guarantee that one takes into account all the anticipated side effects, rhabditis Genetics Center (CGC) which is funded by NIH Office of
whether positive or negative. Moreover, the identification of the pro- Research Infrastructure Programs (P40 OD010440). We are grateful to
teasome cell non-autonomous regulation may affect the translation of Prof. Guy A. Caldwell for the UA198 strain and to Dr. Carina I. Holmberg
results of groups working in various fields where the proteasome is for the ZsProSensor-1 strains. EP was supported by the Hellenic Foun-
affected or manipulated, including the cancer and malaria fields where dation for Research and Innovation (HFRI) under the HFRI PhD
proteasome inhibition is aimed and tissue-specific manipulation is tar- Fellowship grant (Fellowship Number: 1540) (salaries only). With the
geted as anti-cancer and anti-malaria therapeutic avenues, respectively. exception of the HFRI PhD Fellowship grant to EP, this research did not
Finally, our results are also important for physiological processes in receive any other specific grant from funding agencies in the public,
which the proteasome and its manipulation are important such as commercial, or, not-for-profit sectors.
ageing. In total, our study provides the context for elucidating the pre-
cise mechanism through which cell non-autonomous proteasome regu- Appendix A. Supplementary data
lation occurs and indicates potential tissue-specific avenues against, but
not exclusively, proteinopathies. Supplementary data to this article can be found online at https://doi.
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