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Oxidative stress, caused by the accumulation of reactive oxygen species (ROS),
is a pathological factor in several incurable neurodegenerative conditions as
well as in stroke. However, our knowledge of the genetic elements that can be
manipulated to protect neurons from oxidative stress-induced cell death is still
very limited. Here, using Caenorhabditis elegans as a model system, combined
with the optogenetic tool KillerRed to spatially and temporally control ROS
generation, we identify a previously uncharacterized gene, oxidative stress
protective 1 (osp-1), that protects C. elegans neurons from oxidative damage.
Using rodent and human cell cultures, we also show that the protective effect
of OSP-1 extends to mammalian cells. Moreover, we demonstrate that OSP-1
functions in a strictly cell-autonomous fashion, and that it localizes to the
endoplasmic reticulum (ER) where it has an ER-remodeling function. Finally,
we present evidence suggesting that OSP-1 may exert its neuroprotective
function by influencing autophagy. Our results point to a potential role of OSP-
1in modulating autophagy, and suggest that overactivation of this cellular
process could contribute to neuronal death triggered by oxidative damage.

Reactive oxygen species (ROS) are by-products of cellular respiration
and the primary cause of oxidative stress. At physiological levels, ROS
regulate a variety of signaling pathways, including those involved in
metabolism and stress resistance”. However, when their concentra-
tion increases due to overproduction or insufficient degradation, ROS
can cause oxidative damage to DNA, RNA, proteins, and lipids**. The
brain is particularly susceptible to oxidative damage’®, with this che-
mical insult being implicated in a variety of neurodegenerative dis-
orders, including Parkinson’s, Alzheimer’s, and Huntington’s
diseases®™, as well as in stroke™ . One of the cellular events that are
triggered by oxidative stress is autophagy"*'*?, a mechanism of cel-
lular degradation with important homeostatic functions®. In this
context, autophagy has been shown to reduce ROS-induced stress by
degrading oxidized proteins and damaged organelles®. However,
whether neuronal autophagy has a protective role or represents a
degenerative modality is still under debate.

Genetically tractable animal model systems, such as the nematode
Caenorhabditis elegans (C. elegans), in which ROS production can
be directly induced in the nervous system, can facilitate a better
understanding of the cellular mechanisms activated by ROS that lead
to dysfunction and neuronal death. KillerRed is a dimeric red fluor-
escent protein that produces ROS upon illumination with green light
(540-580 nm), thereby inducing cell death®. Structurally, KillerRed
resembles other fluorescent proteins, such as GFP and RFP**; how-
ever, it is highly toxic due to the presence of a long water-filled channel
that allows diffusion of oxygen molecules near the chromophore,
providing a path for electron transfer during the production of
superoxide radicals’*”. The phototoxicity of KillerRed is effective
in vivo and can be induced in mammalian and zebrafish cells without
co-expression of other factors®?®. We have previously shown that
KillerRed activation efficiently and specifically kills a variety of neurons
in the nematode C. elegans, while leaving unaffected the surrounding
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neurons and tissues in which KillerRed is not expressed®”. This
demonstrates the strict cell-autonomy and specificity of KillerRed as a
ROS-generating tool. Here, we built an LED (light emitting diode)-dri-
ven illumination system (iBox) that allows the simultaneous activation
of KillerRed in multiple C. elegans populations, a key advantage in
performing large scale genetic screens. Using this device, we per-
formed an unbiased forward genetic screen of C. elegans expressing
KillerRed in six mechanosensory neurons, and identified a trans-
membrane molecule, T28B8.6 (which we named oxidative stress pro-
tective 1 or OSP-1), that protects neurons from ROS-induced damage.
Our results revealed that OSP-1 functions cell-autonomously in neu-
rons to protect from ROS-induced damage, and that this protective
effect extends to other classes of C. elegans neurons as well as to
mammalian neurons. We also found that OSP-1 localizes to the endo-
plasmic reticulum (ER), an organelle that plays a central role in the
cellular stress response. Importantly, overexpression of OSP-1 remo-
dels the ER and affects the subcellular positioning of lysosomes,
organelles involved in protein degradation and components of the
autophagy/lysosomal pathway implicated in neurodegeneration. In
line with these observations, we found that acute oxidative stress
induces autophagy-dependent cell death, and that overexpressing
OSP-1 negatively regulates this process. Overall, our results identify the
function of a previously uncharacterized neuroprotective molecule
and its cellular mechanism of action, as well as implicate the ER and
autophagy in conferring neuronal resistance to oxidative stress.

Results

Development of a multi-illumination platform for KillerRed
activation in C. elegans

To study how ROS cause neurodegeneration, we focused on the
C. elegans anterior lateral microtubule (ALM) neurons, as their devel-
opment, function, maintenance, and regenerative capacity have been
well characterized®*. This bilateral pair of mechanosensory neurons
mediates avoidance from gentle head touch stimuli, and each has an
axon that extends anteriorly along the lateral cord, with a ventral
branch which establishes synaptic contacts with other neurons
(Fig. 1a). Using a mechanosensory neuron-specific promoter (pmec-4),
we drove the simultaneous expression of KillerRed (pmec-4.::KillerRed)
and a cytosolic GFP marker (pmec-4::GFP) in the ALM neurons, which
allowed us to control the generation of ROS with KillerRed and
monitor any change in neuronal morphology with GFP (Fig. 1a). Pre-
viously described methods for activating KillerRed, using light pro-
duced by a fluorescence dissecting microscope, cause efficient
oxidative stress-induced cell death detectable by the disappearance of
GFP-labeled neurons® (Fig. 1b). However, the limited throughput of
one population per microscope makes this approach unsuitable for
forward genetic screens and laborious for candidate genetic screens.
To overcome this limitation, we designed and built an illumination
platform named illumination box (iBox), in which twelve LEDs were
used as light sources to simultaneously illuminate multiple Petri
dishes, each holding a C. elegans population (Supplementary Fig. 1a-c).
The iBox LEDs were able to efficiently activate KillerRed and kill ALM
neurons in both hermaphrodite and male animals (Fig. 1c), thereby
closely reproducing our earlier results using the microscope illumi-
nation system (-50-60% cell death in ALM neurons)®. Importantly, the
illumination of animals not carrying the KillerRed transgene did not
cause any ALM cell death (n =60). Thus, the iBox can be used to scale-
up optogenetic experiments in C. elegans and potentially other spe-
cies, providing an ideal setting for high-throughput genetic screens.

A mutation in osp-1 enhances KillerRed-induced
neurodegeneration

To identify molecules that regulate ROS-induced neurodegeneration,
we performed an unbiased forward genetic screen using the iBox and
C. elegans expressing KillerRed and GFP in the mechanosensory

neurons (pmec-4:KillerRed; pmec-4::GFP). From this screen, we isolated
a recessive mutant allele, vd60, that caused higher cell death of ALM
neurons after KillerRed activation (Fig. 1d, and Supplementary
Fig. 2a, b). Importantly, the mechanosensory neurons of vd60 mutant
animals were morphologically unaffected before illumination (Sup-
plementary Fig. 2c), and with no deficits in their response to gentle
touch (Supplementary Fig. 2d). Therefore, the enhanced neurode-
generation observed in these mutants is caused by susceptibility to
oxidative stress, and not due to defects in neuronal development.

Through whole-genome sequencing of the vd60 animals and
genetic mapping”*°, we identified a mutation in the previously
uncharacterized gene T28B8.6, residing on the right arm of Chromo-
some I. The vd60 mutation in T28B8.6 consists of an A to G transition
in position 125 of the coding region (125A>G) that results in the
substitution of the GAG codon (glutamic acid) to a GGG codon (gly-
cine) in position 42 (E42G), which is rarely represented in the genome.
Expression of wild-type T28B8.6 under its endogenous promoter (2 kb
upstream of the start codon, amplified from genomic DNA) was able to
rescue the mutant phenotype of the vd60 animals, reducing ALM cell
death after KillerRed activation to wild-type levels (Fig. 1e). To further
investigate the causal role of T28B8.6, we used CRISPR-Cas9 to gen-
erate two independent knock-out alleles, vd98 and vd99 (see “meth-
ods” for details), that removed 86% of the gene. As predicted, this
resulted in an enhanced cell death phenotype after oxidative insults
(Fig. 1f; Supplementary Table 1).

As increased oxidative stress can affect an animal’s lifespan*, we
next asked whether animals carrying mutations in T28B8.6 were short-
lived compared to wild-type. vd60 animals presented with a reduced
lifespan compared to wild-type animals, a phenotype that was rescued
by the expression of 728B8.6 under its endogenous promoter (Sup-
plementary Fig. 3a, b).

Taken together, these findings indicate that loss-of-function
mutations in 728B8.6 enhance KillerRed-induced neurodegeneration
and increase sensitivity to oxidative stress at the organismal level.
Considering these findings, we named the 728B8.6 locus osp-1 (oxi-
dative stress protective 1).

OSP-1 acts cell-autonomously to protect neurons from
oxidative stress

Computational modeling of OSP-1 functional domains using predictive
software (AlphaFold and Phobius, see “methods”) indicated that OSP-1
is a transmembrane protein with a signal peptide at the N-terminus,
and is predicted to contain three alpha helices and four beta strands
(Fig. 2a). The identified vd60 mutation is predicted to reside in the non-
cytoplasmic domain and the second alpha helix (Fig. 2a). To determine
the tissue in which OSP-1 is required to protect ALM neurons from
ROS-induced damage, we conducted cell- and tissue-specific rescue
experiments. ALM neurons are embedded in the skin and, during
development, lie close to the muscles (Fig. 2b). We first generated
transgenic animals in which the wild-type OSP-1 genomic region was
selectively expressed in the six mechanosensory neurons (two ALM
neurons plus four other neurons) using the promoter of the gene mec-
4 (pmec-4::0SP-1) in the osp-1(vd60) animals. We observed a strong
rescue of the mutant phenotype in these animals (Fig. 2c), which
suggests a cell-autonomous function for OSP-1. As a control, trans-
genic animals carrying the mec-4 promoter alone did not show rescue
of the oxidative stress-induced cell death (Fig. 2c), confirming that the
rescue effect is not due to a promoter titration of transcription factors.
In support of a cell-autonomous function, expression of OSP-1 in sur-
rounding tissues, such as the skin (pdpy-7::0SP-1) or the muscle (pmyo-
3::0SP-1), failed to rescue the mutant phenotype (Fig. 2c). Interestingly,
overexpression of the mutated version of OSP-1 (pmec-4::0SP-1(vd60))
also rescued the KillerRed-induced cell death (Supplementary Fig. 4a),
suggesting that the mutated molecule preserves most of its function;
this result indicates that the oxidative stress sensitivity of osp-1(vd60)
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Fig. 1| osp-1 mutations enhance oxidative stress-induced neurodegeneration.
a Schematic (top) and epifluorescence image (bottom) of a C. elegans animal
expressing GFP (pmec-4.:GFP) and KillerRed (pmec-4:KillerRed; not visible in the
green channel) in mechanosensory neurons (ALML/R, PLML/R, AVM, and

PVM). Scale bar 100 um. b Representative epifluorescence images of an intact ALM
neuron in a non-illuminated animal (control, top panel), and a missing (dead) ALM
after illumination that activates the KillerRed-induced oxidative stress. Scale bar
100 pm. ¢ Quantification of the ALM cell death phenotype in hermaphrodites and
males. d Quantification of the ALM cell death phenotype in wild-type (wt) and vd60
mutant animals. Comparisons between groups were done using a two-tailed

- +
posp-1::0SP-1
vd60

unpaired t-test. e Quantification of the ALM cell death phenotype in wt, and
non-transgenic animals (-) and transgenic siblings (+) expressing a wild-type copy of
osp-1 under its endogenous promoter in the vd60 background. Comparisons
between groups were done using one-way ANOVA with a Tukey’s test for multiple
comparisons. f Quantification of the ALM cell death phenotype in wt and osp-
1(vd98) mutants. Comparisons between groups were done using a two-tailed
unpaired t-test. In panels (c to f), bars represent mean values; N values are indicated
in the graphs; error bars represent the standard error (SE) of proportion; KillerRed
was activated using LED illumination.

mutant animals could be the result of a functional protein being pro-
duced at a lower level that can be overcome by overexpression. In
support of this notion, we analyzed a CRISPR-Cas9 edited strain in
which the glutamate codon in position 42 (GAG) was altered into a
glycine using the optimal GGA codon (allele osp-1(syb2500)), instead of
the synonymous but rare GGG glycine codon present in the osp-
1(vd60) animals. These animals were not defective, indicating that the
glutamate change to glycine per se was not responsible for the
increased sensitivity to oxidative stress but rather the specific GGG
glycine codon alteration in the osp-1(vd60) animals (Supplementary
Fig. 4b). To confirm that this was indeed the case, we used CRISPR-
Cas9 to recreate the glycine codon GGG of the vd60 mutant animals,
which is the least used in the whole C. elegans genome*>**, in an
otherwise non-mutagenized background (alleles vd228 and vd230). As

predicted, these animals presented an increased cell death induced by
KillerRed activation (Supplementary Fig. 4c and Supplementary
Table 1). Taken together, these results reveal that the vd60 mutation
(GGG codon for glycine) is likely to impair the expression level of OSP-
1, thereby causing enhanced cell death upon oxidative stress. They also
show that restoring OSP-1 cell-autonomously in the ALM neurons
protects them from ROS-induced damage.

The cell-autonomous role of OSP-1 implies that this gene is
expressed in the ALM neurons. To confirm this notion, we tagged the
C-terminus of osp-1 with GFP using CRISPR-Cas9 (osp-1(vd84[osp-
1::gfpl)). However, in these animals we could only detect a GFP signal in
the germline but not in any somatic cell (Supplementary Fig. 5a).
Importantly, the C-terminal tag does not affect OSP-1 function, as the
KillerRed-induced cell death in the osp-1vd84) animals was
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Fig. 2 | osp-1 acts cell-autonomously to protect neurons from oxidative stress-
induced neurodegeneration. a Schematic of OSP-1 organization in protein
domains (top) and tertiary structure as predicted using AlphaFold (bottom); light
blue represents regions with a high confidence score, yellow represents regions
with low confidence, and orange represents regions with very low confidence.

b Schematic representation of the anatomical location of ALM neurons in the
proximity of the skin and the muscles. ¢ Quantification of the ALM cell death
phenotype in wt and non-transgenic animals (-) and transgenic siblings (+)
expressing OSP-1 under the mec-4 promoter (cell-autonomous), the myo-3 pro-
moter (muscles), the dpy-7 promoter (skin), and the promoter alone (pmec-4) in the

Single plane

osp-1(vd60) background. Bars represent mean values, and comparisons between
groups were done using one-way ANOVA with a Tukey’s test for multiple com-
parisons; N values are indicated in the graphs; error bars represent the SE of pro-
portion; KillerRed was activated using LED illumination. d Deconvolved spinning-
disk confocal single-plane images of the ALM neuron expressing OSP-1::GFP under
its endogenous promoter (posp-1.:0SP-1::GFP) and KillerRed under the mechan-
osensory neuron-specific promoter pmec-4 (n =43). Left panels are maximum
projections and right panels are single planes of the ALM cell body. Scale bars
are Spm.
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indistinguishable from that of wild-type animals (Supplementary
Fig. 5b). One possibility is that osp-1 is expressed at levels too low to
detect using an endogenous tag. Therefore, we generated transgenic
animals expressing multiple copies of OSP-1::GFP under its own reg-
ulatory elements (posp-1::0SP-1.:GFP::3UTR) amplified from the gen-
ome of osp-1(vd84[osp-1:gfp]) animals. In these animals, we could
detect the expression of OSP-1in ALM neurons (Fig. 2d). We also found
OSP-1 expression in five other bilateral pairs of neurons: the PLM and
the PHA neurons in the tail, the head RIA interneurons, and two
bilateral pairs of head neurons that, based on location and morphol-
ogy, appeared to be URA ventral and dorsal (Supplementary Fig. 5c-f).
These results conclusively demonstrate that OSP-1is expressed at very
low levels in somatic cells, and that it is present in ALM and other
neurons.

According to RNA sequencing and tiling array studies, OSP-1 is
upregulated in conditions such as bacterial infection with Enterococcus
faecalis and Bacillus thuringiensis*** and downregulated upon treat-
ment with the antibiotic triclosan*®, suggesting a potential regulation by
stress. To investigate whether osp-1 is upregulated under acute oxidative
stress we activated KillerRed in the transgenic animals described above
in which osp-1 is tagged with GFP and expressed under its own regulatory
elements (posp-1::0SP-1:GFP:3'UTR). Our results revealed an increase in
OSP-1::GFP intensity after KillerRed-induced oxidative stress (Supple-
mentary Fig. 6a, b). Taken together, these data reveal that OSP-1 func-
tions cell-autonomously in ALM neurons, is expressed at low levels, and
can be induced by an acute oxidative insult.

OSP-1 protects different C. elegans neuronal types as well as
mammalian cells from different oxidative insults

To determine whether OSP-1 overexpression could enhance the
resistance of wild-type animals to ROS-induced neurodegeneration,
we overexpressed OSP-1 under its endogenous promoter. Our results
revealed that the cell death of ALM neurons after KillerRed activation
was significantly reduced compared to that of wild-type animals
(Fig. 3a). We then asked whether overexpression of OSP-1 could also
protect a different class of C. elegans neurons from other neurode-
generative insults. To investigate this aspect, we turned to an estab-
lished model of dopaminergic neurodegeneration. The C. elegans
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Fig. 3 | OSP-1 overexpression protects mechanosensory neurons and dopami-
nergic neurons from oxidative stress-induced neurodegeneration.

a Quantification of the ALM cell death phenotype in non-transgenic animals (-) and
transgenic siblings (+) overexpressing OSP-1 under its endogenous promoter (posp-
1::0SP-1) in the wt background. Bars represent mean values, and comparisons
between groups were done using a two-tailed unpaired t-test; N values are indicated
in the graph; error bars represent the SE of proportion; KillerRed was activated
using LED illumination. b Schematic representation of the morphology and ana-
tomical location of the head dopaminergic neurons, including the four cephalic
sensilla (CEP) neurons and two anterior deirid (ADE) neurons. ¢ Quantification of

dopaminergic neurons are a set of eight cells, two located in the
midbody and six in the head of the animal (four CEP neurons and two
ADE neurons) (Fig. 3b). The degeneration of these neurons has been
studied in the context of Parkinson’s disease, a condition in which
oxidative stress is a central component and that has been well modeled
in C. elegans’>. Previous work has revealed that, similar to the
mammalian systems, the C. elegans head dopaminergic neurons are
sensitive to the neurotoxin 6-hydroxydopamine (6-OHDA) and
degenerate upon incubation with this chemical***°*2, To determine the
potential of OSP-1 to confer protection to dopaminergic neurons, we
generated a transgenic strain that expresses the wild-type genomic
region of osp-1 under the dopaminergic-specific promoter dat-1 (pdat-
1::0SP-1). These animals also carry a transgene for the visualization of
the dopaminergic neurons with GFP (pdat-1::GFP). To control for non-
specific effects due to the overexpression of the dat-1 promoter itself,
we expressed mCherry in the dopaminergic neurons (pdat-1:mCherry).
Remarkably, overexpression of OSP-1, but not mCherry, led to an
increase in intact dopaminergic neurons after treatment with 6-OHDA,
demonstrating that OSP-1 protects these neurons from 6-OHDA-
induced neurodegeneration (Fig. 3c). We also investigated the ability
of OSP-1 to confer protection from oxidative stress to mammalian
neurons. To assess this, we triggered oxidative stress in neuronal-like
rat pheochromocytoma cells (PC12) by exposing them to hypoxia for
24 h*, after which we evaluated cell death based on the presence of
pyknotic nuclei (Fig. 4a). Transfection with a codon-optimized version
of OSP-1 tagged with GFP was able to suppress the hypoxia-induced
neurodegeneration (Fig. 4b). Similarly, transfection of human neuro-
blastoma cells (SH-SY5Y) with OSP-1 was able to protect them from
hypoxia-induced cell death (Fig. 4c, d). Together, these results
demonstrate that overexpression of OSP-1 protects various classes of
nematode neurons from different types of oxidative insults, and exerts
a neuroprotective effect in mammalian cells.

OSP-1 localizes to and remodels the endoplasmic reticulum

To further investigate OSP-1 subcellular localization and function, we
generated a functional, fluorophore-tagged version of OSP-1 selec-
tively expressed in the mechanosensory neurons (pmec-4.::05P-1::GFP)
(Supplementary Fig. 7a). As with the endogenous promoter, we
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neuronal damage and death 48 h after 1.5 h treatment with 6-OHDA (25 mM) in
transgenic animals (+) expressing either mCherry or OSP-1 under the dat-1 pro-
moter. Wild-type non-transgenic siblings (-) were used as controls. Animals pos-
sessing all neurons (ADE + CEP) were scored as “intact” (white bar), those with
partial loss of CEP but intact ADE neurons as “mild damage” (light gray bar), those
with complete loss of CEP but intact ADE neurons as “severe damage” (dark gray
bar) and the rest as “complete cell death” (black bar). Bars represent mean values,
and comparisons between groups were done using two-way ANOVA with a Tukey’s
test for multiple comparisons; N values are indicated in the graph; error bars
represent the SE of proportion.
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Fig. 4 | OSP-1 protects mammalian cells from hypoxia-dependent oxidative
insult. a PC12 cells transfected with YFP or OSP-1::GFP in either normoxic or
hypoxic conditions. White arrowhead indicates pyknotic nuclei caused by hypoxia.
Scale bars are 25 pm in the main panels and 10 um in the insets. b Hypoxia causes
degeneration of PCI2 cells transfected with YFP but not with OSP-1::GFP, as
observed by counting pyknotic nuclei. The experiments were performed in tripli-
cate; error bars represent the SE of the mean (SEM); comparisons between groups
were done using the Kruskal-Wallis test adjusted for multiple comparisons (Dunn’s
test). ¢ SH-SY5Y cells transfected with YFP or OSP-1::GFP in either normoxic or

hypoxic conditions. White arrowhead indicates pyknotic nuclei caused by hypoxia.
Scale bars are 50 um in main panels and 10 pm in the insets. d Hypoxia causes
degeneration of SH-SY5Y cells transfected with YFP but not with OSP-1::GFP, as
observed by counting pyknotic nuclei. The experiments were performed in tripli-
cate and repeated three times; error bars represent the SEM; comparisons between
groups were done using one-way ANOVA with a Tukey’s test for multiple com-
parisons. In panels (b and d) bars represent mean values; each dot represents an
individual experiment.

Nature Communications | (2025)16:300


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55105-0

observed that OSP-1 specifically localized to intracellular membranes
and around the nucleus, in a pattern that resembled the ER (Fig. 5a). To
confirm this observation, we generated single-copy insertions of pmec-
4::0SP-1::GFP, vdSi44 and vdSi46 (which is functional), (Supplementary
Fig. 7b), and visualized OSP-1::GFP together with an RFP-tagged version
of MEC-6 (pmec-6:MEC-6::tagRFP), an ER-residing paraoxonase-like
protein®. OSP-1::GFP strongly colocalized with MEC-6::RFP in the cell
body of ALM neurons (Fig. 5b, d), as early as during the first larval stage
(L1) (Fig. Se, f); as a control, OSP-1 did not colocalize with mitochondria
(labeled with the pmec-4::TOMM-20::RFP transgene) (Fig. 5c, d). How-
ever, unlike MEC-6:RFP but similar to YFP:PISY-1 (an ER-resident
phosphatidyl transferase; pmec-4.:YFP::PISY-1), OSP-1::GFP was also
present in the neurite of ALM (Supplementary Fig. 7c).

We next investigated the effects of the OSP-1 mutation or over-
expression on ER morphology in animals expressing YFP::PISY-1 to
visualize the ER. Using super-resolution microscopy, we identified a
branched appearance of the axonal ER and observed that the osp-
1(vd60) mutation reduced this branching in the proximal segment
(Fig. 6a, b). Conversely, overexpression of pmec-4::0SP-1 led to an
accumulation of ER in the proximal region of the ALM axon (Fig. 6¢, d).
Three lines of evidence indicate that this rearrangement of the ER is a
specific effect of OSP-1, and not the result of the overexpression of any
ER-resident molecule. First, both reporters used to visualize the ER
(YFP::PISY-1 and MEC-6::RFP) expressed these ER molecules at high
levels, and neither of them induced ER rearrangement™. Second, we
did not observe this phenotype in animals overexpressing an addi-
tional ER-residing molecule, the E3 ubiquitin-protein ligase SEL-11/
HRD]1, or the pmec-4 promoter alone (Fig. 6¢, d). Third, this effect was
also observed when OSP-1 was cell-autonomously expressed at a lower
concentration, or under its endogenous promoter (Supplementary
Fig. 8a, b). To ensure that the phenotype we observed is a true ER
rearrangement rather than a specific alteration of PISY-1 localization,
we used two additional ER markers, MEC-6::tagRFP and OSP-1::GFP,
and in both cases found a similar ER proximal accumulation when OSP-
1was overexpressed (Supplementary Fig. 8c, d). It is important to note
that overexpressing the mutated OSP-1 in ALM neurons (pmec-4::0SP-
1(vd60)) also induces ER arrangement (Supplementary Fig. 8e), in line
with the notion that mutated OSP-1 is functional and has an effect in an
overexpressing context.

We then asked whether the OSP-1-driven proximal ER accumula-
tion disrupted axon transport. To address this question, we used a
previously characterized reporter for axonal transport in the
mechanosensory neurons consisting of Kinesin-3/UNC-104 tagged
with GFP (pmec-4::UNC-104::GFP)***°. This marker typically accumu-
lates at the distal axon tip (Fig. 6e), a distribution that was not affected
by OSP-1 overexpression or mutation (Fig. 6e, f).

Together, these data suggest that OSP-1 regulates ER organization
but does not impair axonal transport.

OSP-1 regulates the distribution of lysosomes

The ER is an important organelle that is involved in several cellular
processes including protein synthesis, lipid biogenesis, calcium
metabolism, autophagosome formation, and the maintenance of cel-
lular homeostasis in response to stress™ >, It is also known to interact
with other organelles as well as protein complexes such as 26S pro-
teasomes, which cluster in microcompartments at specific ER hot
spots®. Given that the proteasome is responsible for degrading and
removing oxidized and damaged proteins targeted for
degradation®®, we asked whether OSP-1 regulates proteasomal
function and interactions with the ER membrane, in which case we
would expect OSP-1 to colocalize with proteasomes in the ALM neu-
rons. To test this hypothesis, we first visualized the al proteasome
subunit PSMA1/PAS-6 using a single-copy insertion of a functional PAS-
6 tagged with RFP expressed specifically in the mechanosensory neu-
rons (pmec-4::PAS-6:linker::RFP) together with an OSP-1::GFP single-

copy insertion. In these animals, we observed that PAS-6::RFP localized
to the nucleus as well as intracellular structures surrounding the
nucleus and along the axon (Supplementary Fig. 9a). In addition, OSP-
1::GFP only weakly colocalized with PAS-6::RFP with a correlation score
of 0.4, which was not altered in the osp-1(vd60) background (Supple-
mentary Fig. 9b). Moreover, neither the distribution of PAS-6::RFP in
the cell body or the number or size of PAS-6::RFP puncta along the
axon were visibly affected by mutation or overexpression of OSP-
1::GFP when compared to wild-type (Supplementary Fig. 9¢, d). This
suggests that OSP-1 does not interact with the proteasome and does
not affect proteasomal localization in the mechanosensory neurons.

The ER also interacts with lysosomes, single-membrane organelles
whose dysfunction is implicated in cellular damage and
neurodegeneration®**’. To explore the effect of OSP-1 mutation and
overexpression on these organelles, we visualized lysosomes by tag-
ging the lysosomal protein CTNS-1 with mCherry (pmec-4::CTNS-
1::mCherry). This marker confirmed previous observations that lyso-
somes are predominantly located in the cell body, where they execute
their endocytic and autophagic degradative function, but can also be
found in the proximal segment of the axon (Fig. 7a)**7°. We observed a
clustering of CTNS-1::mCherry proximal to the cell body in osp-1(vd60)
mutant animals, which was rescued by cell-autonomous expression of
wild-type osp-1 (Fig. 7b). Moreover, animals overexpressing OSP-1 had
more dispersed lysosomes along the axon compared to both wild-type
and osp-1(vd60) mutant animals (Fig. 7c), and a lower presence of
lysosomes in the cell body (based on fluorescence intensity) (Fig. 7d).
However, the size and circularity of these lysosomes did not vary
amongst the genotypes analyzed (Supplementary Fig. 10a-c), and
mutant animals did not display any difference in mitochondrial dis-
tribution compared to wild-type (Supplementary Fig. 10d-g). These
data suggest an alteration of lysosome distribution in osp-1(vd60)
mutant animals that could be indicative of a protein degradation
defect and oxidative stress sensitivity in this background. They also
indicate that the increased presence of lysosomes in the axon could be
part of the neuroprotective mechanism conferred by overexpression
of OSP-1.

Autophagy inhibition protects neurons from oxidative stress-
induced neurodegeneration

Lysosomes are key elements of the proteolytic system represented by
the autophagy/lysosomal pathway. It has also been shown that lyso-
some positioning and clustering affect autophagy. In particular, per-
ipherally dispersed lysosomes in nutrient-rich conditions lead to
mTOR activation and autophagy inhibition, whereas starvation-
induced perinuclear clustering reduces mTOR function, thereby acti-
vating autophagy”’. We hypothesized that the increase in lysosomes in
the cell body of osp-1(vd60) mutant animals could indicate an increase
in autophagy, whereas a decrease in the cell body with axonal dis-
persion of lysosomes in the OSP-1-overexpressing animals could indi-
cate an inhibition of autophagy, thereby explaining the
neuroprotective effect of this transgene. If true, animals in which
autophagy is inhibited should exhibit reduced cell death after oxida-
tive stress. To test this hypothesis, we used a mutant in the serine/
threonine protein kinase UNC-51/ULK1, an Atgl ortholog required for
autophagosome formation’ (Fig. 8a), and tested its effect in our
KillerRed-induced cell death paradigm. Remarkably, two mutant
alleles of unc-51, e369 and el1189, led to reduced cell death after oxi-
dative stress (Fig. 8b). To confirm that this was a specific effect, we
introduced a wild-type copy of unc-51 driven by its endogenous pro-
moter (punc-51::UNC-51) and found that it could rescue the cell death
phenotype (Fig. 8c). unc-51 animals carrying a single-copy insertion of
the wild-type unc-51 gene under the mechanosensory-specific pro-
moter pmec-7 (pmec-7::UNC-51)"* also presented a full rescue of the cell
death phenotype (Fig. 8d), demonstrating that UNC-51 functions cell-
autonomously within the ALM neurons. However, neither endogenous
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n=15). ¢ Deconvolved spinning-disk confocal single-plane images of the ALM cell
body in a representative animal (L4 stage) expressing the miniMos insertion of OSP-
1::GFP and the mitochondrial marker TOMM-20::RFP under the pmec-4 promoter
(n=10). d Colocalization analysis and correlation coefficients. Measures of center
represent mean values; every dot represents one animal; error bars are SEM.

e Deconvolved spinning-disk confocal single-plane images of the ALM cell body of a
representative animal expressing a miniMos insertion of OSP-1::GFP and the ER
marker MEC-6::tagRFP under pmec-4 and pmec-6 promoters, respectively (first
larval stage, n = 20). f Colocalization analysis in L1 animals. Measures of center
represent mean values; each dot represents one animal, and the error bars are SEM.
In all panels, scale bars are 5 pum.
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orange arrow in panel (c) in animals in which the ER is visualized with YFP::PISY-1
and expressing pmec-4::0SP-1 (n = 8), pmec-4 only (n = 6) or pmec-4::SEL-11 (n =14).
Measures of center represent mean values; each dot represents one animal, and the
error bars are SEM. Comparisons between groups were done using the Kruskal-
Wallis test adjusted for multiple comparisons (Dunn'’s test). e Deconvolved
spinning-disk confocal maximum projection of an ALM neuron distal tip showing
the distribution of UNC-104::GFP (white arrow) as a marker for neuronal transport.
f Quantification of the percentage of neurons showing a the distribution of UNC-
104::GFP in osp-1(vd60) animals and in non-transgenic animals (-) and transgenic
siblings (+) overexpressing pmec-4::0SP-1 in the mechanosensory neurons (untag-
ged) in the wt background. N values are indicated in the graph; error bars represent
the SE of proportion. Bars represent mean values, and comparisons between
groups were done using one-way ANOVA with a Tukey’s test for multiple com-
parisons. In panels (a, ¢ and e) scale bars are 5 um.

nor cell-autonomous overexpression of UNC-51 in wild-type animals
affected oxidative stress-induced cell death (Fig. 8c, d).

Although UNC-51 is a primary initiator of autophagy, it also has
autophagy-independent functions such as axon elongation and
guidance™ ¢, To test whether the reduced cell death observed in the
unc-51 mutant animals was specifically due to its role in autophagy, we

tested animals carrying a mutation in another molecule required for
autophagosome biogenesis - the autophagy-related gene 13, atg-13/
ATGI3 (Fig. 8a). Under KillerRed-induced oxidative stress, atg-13
mutant animals exhibited reduced ALM neuronal death, thereby
mimicking the unc-51 phenotype (Fig. 8e). This indicates that the
effects observed in the unc-51 mutant background are indeed the
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Kruskal-Wallis test adjusted for multiple comparisons (Dunn’s test). d Lysosome
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results of impaired autophagy and not due to axonal misguidance. We
then tested whether impairing autophagy at a later stage of autopha-
gosome formation, such as the elongation phase, also reduced oxi-
dative stress-induced cell death. ATG-3 is a molecule that is important
for phagophore elongation’”’%, and animals with an ATG-3 mutation
presented with lower cell death compared to that of wild-type controls
when exposed to oxidative stress (Fig. 8f). Blocking the completion of
the autophagic process using chloroquine, which inhibits the fusion of
the lysosomes with the autophagosomes (Fig. 8a), was also able to
reduce the KillerRed-induced cell death (Fig. 8g). Although these data
support the requirement of autophagy during the cellular demise
initiated by oxidative stress, we sought to determine whether other cell
death pathways are also involved. We have previously shown that
KillerRed-induced cell death is independent of the apoptotic caspase
CED-3%. We therefore tested the effect of mutating a necrosis-specific
gene, the calpain gene clp-I°, and observed that, similar to ced-3
mutants, the resultant animals failed to suppress KillerRed-induced
degeneration (Supplementary Fig. 11a). Similarly, animals carrying
mutations in both clp-1 and ced-3 also failed to exhibit suppression of
cell death after KillerRed activation (Supplementary Fig. 11b). Taken
together, these data support a specific role for autophagy in the
degenerative process and suggest that the inhibition of autophagy is
protective against acute ROS-induced neuronal damage.

OSP-1 inhibits autophagy

Having established autophagy as a mode of cell death after oxida-
tive stress, we sought to test the role of OSP-1in autophagy. First, we
asked whether osp-1 and unc-51 function in the same pathway. To
address this notion, we generated osp-1; unc-51 animals and
demonstrated that these double mutants displayed the same level
of KillerRed-induced cell death as animals carrying an unc-51
mutation alone, suggesting that UNC-51 is epistatic to OSP-1 and
that UNC-51 is required for the increased susceptibility to cell death
that is observed in osp-1 mutant animals (Fig. 9a). To further test the
effect of OSP-1 on autophagy, we used a fluorescent mCher-
ry::GFP::LGG-1 reporter that allowed us to measure autophagy in the
mechanosensory neurons (pmec-7::mCherry::GFP:LGG-1)”. Using
this reporter, autophagosomes appear as both GFP- and mCherry-
positive puncta (yellow). When autophagosomes fuse with lyso-
somes to complete the degradation of their content, the lower pH
quenches GFP and the resulting autolysosomes are visible as
mCherry-positive/GFP-negative puncta (red) (Fig. 9b). In unc-51
mutants, we observed a significantly reduced level of autolyso-
somes compared to that in wild-type animals, measured as the
fluorescence intensity of the ALM cell body, in line with the reduced
levels of autophagy in these mutants (Fig. 9c, d). Similar to unc-51
animals, OSP-1 overexpressing animals, which are neuroprotected,
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Fig. 8 | Blocking autophagy protects ALM neurons against oxidative stress.

a Schematic representation of autophagosome biogenesis with molecules that act
in the initiation and elongation stages. Autophagosomes then fuse with lysosomes
to form autolysosomes, a process that is inhibited by chloroquine. b Quantification
of the ALM cell death phenotype in wt and animals expressing two unc-51 alleles
(e369 and e1189). ¢ Quantification of the ALM cell death phenotype in non-
transgenic (-) and transgenic (+) animals expressing UNC-51 under its endogenous
promoter (punc-51::UNC-51) in either unc-51(e369) or wt background.

d Quantification of the ALM cell death phenotype in non-transgenic animals (-) and
transgenic siblings (+) expressing UNC-51 specifically in the mechanosensory

neurons (pmec-7::UNC-5I) in either unc-51(e369) or wt background. In panels (b-d),
comparisons between groups were done using one-way ANOVA with a Tukey’s test
for multiple comparisons. e Quantification of the ALM cell death phenotype in wt
and atg-13(bp414) animals. f Quantification of the ALM cell death phenotype in wt
and atg-3(bp412) animals. g Quantification of the ALM cell death phenotype in
animals illuminated on control plates (H,0) versus plates containing 10 mM
chloroquine (CQ). In panels (e-g) comparisons between groups were done using a
two-tailed unpaired t-test. In panels b to g, bars represent mean values; N values are
indicated in the graphs; error bars represent the SE of proportion, KillerRed was
activated using microscope illumination.

displayed a decreased level of autolysosomes fluorescence
(Fig. 9c¢, d), confirming our previous findings of reduced somatic
lysosomal content (as observed with the lysosomal marker CTNS-
1::mCherry). Moreover, osp-1(vd60) mutant animals exhibited a
moderate increase in autolysosomes compared to wild-type ani-
mals, pointing to an enhanced autophagy state (Fig. 9d). These data
suggest that OSP-1 might inhibit autophagy, potentially affecting
neuronal vulnerability to oxidative stress-induced damage. If this is
true, we would also expect to find that proteins which are normally
degraded by autophagy instead accumulate in unc-51 mutants, as
well as when OSP-1 is overexpressed. To test this notion, we mon-
itored the degradation of SQST-1, a known substrate of autophagy®’.
Animals expressing GFP-tagged SQST-1 under its endogenous pro-
moter (psqst-1::SQST-1::GFP)*' have a basal level of fluorescence that
is readily detectable in neurons (Supplementary Fig. 12a). In animals
with mutated unc-51, there is a global increase in the reporter as it is
no longer degraded by autophagy (Supplementary Fig. 12b). When
we measured SQST-1::GFP levels cell-specifically in ALM neurons we
observed that OSP-1 overexpression also increased the fluorescence

of the reporter, a result that is consistent with an inhibition of
autophagy (Fig. 9e, f). To further explore the effect of osp-I muta-
tion on SQST-1::GFP accumulation we induced oxidative stress by
activating KillerRed in wild-type and osp-1(vd60) animals; however,
similar to the moderate increase in autolysosomes presented earlier
(Fig. 9d), we observed only a minor trend for reduced SQST-1::GFP
in mutant animals (Supplementary Fig. 12c). It remains to be
determined whether OSP-1 can also have an impact on the autop-
hagy flux.

Overall, these results suggest that overexpression of OSP-1 may
negatively modulate autophagy, potentially contributing to the pro-
tection of neurons from oxidative stress-induced degenera-
tion (Fig. 10).

Discussion

In this study, we adopted the nematode C. elegans as an in vivo mul-
ticellular model system and discovery platform to identify a molecule
that protects neurons from oxidative stress-induced degeneration.
Oxidative stress is a common denominator for neurodegenerative
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Fig. 9| OSP-1 acts upstream of unc-51 and inhibits autophagy. a Quantification of
the ALM cell death phenotype in unc-51 animals with mutation or overexpression of
OSP-1. N values are indicated in the graph; error bars represent the SE of propor-
tion; bars represent mean values, and comparisons between groups were done
using one-way ANOVA with a Tukey’s test for multiple comparisons; KillerRed was
activated using microscope illumination. b Schematic representation of the fluor-
escence emitted by the dual reporter mCherry::GFP::LGG-1 in autophagosomes
(APs) and autolysosomes (ALs). ¢ Deconvolved spinning-disk confocal maximum
projection of an ALM neuron expressing the autophagy marker mCher-
ry::GFP::LGG-1 under a mechanosensory-specific promoter (pmec-7:mCher-
ry::GFP::LGG-I) in wt and unc-51 (left panels), non-transgenic animals and transgenic
siblings expressing pmec-4::0SP-1in the osp-1(vd60) background (middle panels), as
well as non-transgenic animals and transgenic siblings expressing pmec-4::05SP-1 in
the wt background (right panels). Scale bar 5 pm. d Quantification of the AL
fluorescence in the ALM cell bodies in the following genotypes: wt (n=14), unc-
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51(e369) (n =22), non-transgenic animals (-; n =19) and transgenic siblings (+; n=19)
expressing pmec-4::0SP-1 in the osp-1(vd60) background, and non-transgenic ani-
mals (-; n =20) and transgenic siblings (+; n =19) expressing pmec-4::0SP-1 in the wt
background. Comparisons between groups were done using one-way ANOVA with
a Tukey’s test for multiple comparisons. e Deconvolved spinning-disk confocal
maximum projection of an ALM neuron of animals expressing the autophagy
substrate reporter SQST-1::GFP under its endogenous promoter (psqst-1::SQST-
1::GFP) in wt, unc-51, and non-transgenic animals (-) and transgenic siblings (+)
expressing pmec-4::0SP-1 in the osp-1(vd60) background. Scale bar 5 pm.

f Quantification of the SQST-1 fluorescence in the ALM neurons of wt (n =13), unc-51
(n=11), and non-transgenic animals (-; n=14) and transgenic siblings (+; n=11)
expressing pmec-4::0SP-1 in the osp-1(vd60) background. Comparisons between
groups were done using the Krustal-Wallis test adjusted for multiple comparisons
(Dunn’s test). In panels (d and f) measures of center represent mean values, each
dot represents an animal; error bars are SEM.

conditions with both chronic and acute ROS increase. However, no
treatment is currently available to protect neurons from this insult.
Most human data regarding oxidative stress-induced neurodegenera-
tion come from post-mortem studies, as in vivo investigations are
extremely challenging. Here, the combination of a tractable genetic
system with the KillerRed optogenetic tool to temporally and spatially
control ROS production, along with the development of the iBox to
conduct a forward genetic screen in a time-efficient manner, were
instrumental in the identification of osp-1, a previously uncharacter-
ized molecule with neuroprotective functions. Using online modeling
tools, we gained insight into several structural features of OSP-1, such
as the presence of a transmembrane domain and the predicted
structural domains, with homologs in the nematode phylum. RNA
sequencing and tiling array analyses have revealed different conditions
in which osp-1, amongst several other genes, is up- or down-regulated.
One of these studies reported that osp-1 is up-regulated in response to
bacterial infection with Enterococcus faecalis**. Our results reveal that
OSP-1is expressed in six bilateral pairs of C. elegans neurons, including
the ALM neurons, and that its expression is upregulated by acute
oxidative stress. We also identified the importance of osp-I expression
level, with the causative mutation vd60 resulting in a loss-of-function
due to reduced expression rather than a defect in protein function due
to the glutamate to glycine substitution per se. This is corroborated by
the fact that the mutated version of OSP-1 s a functional molecule that
can rescue KillerRed-induced cell death.

Importantly, this study provides insight into the cell-autonomous
function of OSP-1 in protecting neurons from oxidative stress insults,
with its overexpression conferring protection against KillerRed-
induced degeneration in mechanosensory neurons and 6-OHDA-
dependent degeneration in dopaminergic neurons. Our work also
demonstrates that heterologous OSP-1 is sufficient to rescue hypoxia-
induced degeneration in rodent and human cells, revealing the exis-
tence of a common pathway.

Our results show that OSP-1 localizes to the ER, starting in early
developmental stages. Mutations in osp-I reduce ER branching in the
proximal segment of the axon and, conversely, its overexpression
leads to a dramatic rearrangement and accumulation of the ER in that
region. Axonal ER rearrangements have been reported in the context
of regeneration following injury, and are believed to be the drivers of
the regrowth process®. However, the phenotype of ER accumulation in
the proximal axonal region is not well documented.

In our model, we demonstrate that animals with protective OSP-1
overexpression display not only ER rearrangement but also dispersion
of lysosomes away from the cell body, with an increased number
appearing in the neurite. Conversely, osp-I mutants display a greater
presence of lysosomes in the cell body, with clustering occurring near
the soma. Lysosomes are needed in the cell body to complete the
degradative process in autophagy, and it has been shown that lyso-
somes cluster in the proximity of the cell body in response to nutrient
depletion, which induces autophagy. In contrast, when nutrients are
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Fig. 10 | Model for OSP-1 neuroprotection against acute oxidative stress. We
propose that OSP-1 functions at the ER as a negative regulator of autophagy.
Mutations in OSP-1 (OSP-17; top section) lead to decreased ER branching in the
axonal proximal segment and an increase of lysosomes in the cell body with clus-
tering between the soma and the axon, which is associated with higher autophagy;
this results in enhanced oxidative stress-induced autophagy-dependent cell death,
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Acute oxidative
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compared to wild-type (middle section). In contrast, OSP-1 overexpression (bottom
section) causes a rearrangement of the ER towards the proximal region of the axon,
accompanied by a dispersion of lysosomes from the cell body towards the neurite,
with consequent reduction of autophagy and reduced cell death. Created in
BioRender. Ritchie, F. (2024) https://BioRender.com/d57p325.

abundant, autophagy is reduced, and lysosomes are dispersed towards
the periphery”.. Thus, our results suggest a link between OSP-1 muta-
tion and lysosome clustering, increased degeneration, and a possibly
higher autophagy state, whereas OSP-1 overexpression correlates with
lysosome dispersion, neuroprotection, and a potentially lower autop-
hagy state. These associations highlight potential roles for OSP-1 in
lysosome positioning and autophagy modulation, though further
studies are required to elucidate the underlying mechanisms.
Although autophagy induction upon starvation generally pro-
motes cell survival, and its activation is thought to be beneficial in
removing protein aggregates in neurodegenerative disorders®***,
autophagy also mediates developmental programmed cell death and
cellular degeneration under extreme stress conditions, through sus-
tained consumption of cytoplasmic components and organellar
demise®®¢, Autophagy-dependent cell death, as defined by the
Nomenclature Committee of Cell Death, is “a form of regulated cell
death that mechanistically depends on the autophagic machinery (or
components thereof)”®, and that is independent of apoptosis or
necrosis. This is distinct from autophagy-associated cell-death, where
autophagy coincides with apoptosis or other cell-death pathways, and
from autophagy-mediated cell-death in which autophagy triggers
apoptosis®®. Autophagy-dependent cell death has been well studied in
Drosophila melanogaster as the process that mediates midgut
degradation®. In C. elegans, autophagy participates in programmed
cell death during development, when the apoptotic pathway is com-
promised, and is required in the germline for the degeneration
induced by genotoxic stress®. In line with this notion, there is
increasing evidence that the inhibition of autophagy results in better
outcomes, particularly in certain classes of neurons with low basal
autophagy (dopaminergic neurons), and in conditions of acute
insults®”". Our results are consistent with ROS inducing autophagy-
dependent neuronal death, with OSP-1 being a negative regulator of
this process. In fact, in our paradigm, we found a reduction in cell
death in animals with mutations in the autophagy molecules UNC-51,
ATG-13 and ATG-3, but no effect when the apoptotic or necrotic
pathways were inhibited, suggesting that oxidative stress induces
autophagy-dependent cell death. Our genetic results demonstrate that
OSP-1 acts upstream of the initiator of autophagy UNC-51 and has an
inhibitory role, with overexpression of OSP-1 resulting in a reduced
level of autolysosomes and an increase in the autophagy substrate
SQST-1, similar to the results obtained in animals with a mutation in

UNC-51. Although we observed a trend towards increased autolyso-
somes and reduced SQST-1::GFP in osp-I mutant animals, in line with a
higher autophagy state, this did not reach statistical significance.

Our results show that mutation in osp-1 reduces lifespan, and
we propose that this effect is due to the role of OSP-1 as a negative
regulator of autophagy. Our results are supported by work from
Wilhelm and colleagues®, who show that inactivation of the
autophagy gene bec-1, specifically in neurons, extends lifespan.
Moreover, recent work from the Kumsta and Hansen laboratories
has demonstrated that neuronal-specific knock down of early-
acting autophagy genes leads to extended lifespan through a
mechanism independent from canonical autophagy®. However,
contrary to these results, the reduction of autophagy in neurons
driven by the age-dependent increased expression of the gene rub-I
(Rubicon) leads to reduced lifespan®. It is possible that different
autophagy genes have differing expression patterns, compensatory
mechanisms or timing resulting in conflicting data that have not
been addressed in this study.

Taken together, our results suggest that OSP-1 may function as a
modulator of autophagy, potentially acting upstream of UNC-51.
However, since our study did not specifically investigate autophagy
flux, it remains to be determined whether OSP-1 impacts specific ele-
ments of this process or has different functions in other cellular con-
texts. Autophagy is a well-characterized process, and its regulators,
which act through phosphorylation (e.g., mTORC1 and AMPK) and
ubiquitination (e.g., several E3 ligases), are heavily involved in multiple
cellular pathways®. Our study identifies OSP-1 as a potential regulator
of autophagy with a neuroprotective function.

Methods

Strains and genetics

Standard techniques were used for C. elegans maintenance, crosses,
and other genetic manipulations®. Animals were grown at 20°C, on
Nematode Growth Medium (NGM) plates seeded with Escherichia coli
(E. coli), strain OP50. Experiments were performed at room tempera-
ture (22 °C). The wild-type strain N2 Bristol was used together with the
KillerRed-integrated strain QH5898 uvdIs24[pmec-4::KillerRed; podr-
1::dsRed]; zdlIsS[pmec-4::GFP; lin-15(+)]. This strain originated from the
integration of the extra-chromosomal array vdEx406[pmec-4:KillerRed
(20 ng/ul); podr-1::dsRed (60 ng/ul)] into the genome by treatment with
trimethylpsoralen followed by ultraviolet irradiation (TMP-UV), and
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subsequent outcrossing with the CZ10175 zdIsS[pmec-4::GFP; lin-15(+)]
to remove background mutations. All other strains generated in this
study are listed in Supplementary Tables 1-5. The following strains
were obtained from the Caenorhabditis Genetic Center (CGC): CZ10175
zdIsS[pmec-4::GFP; lin-15(+)] 1, TG2435 vtlsl[pdat-1.:GFP + rol-
6(sul006)] V, CB1189 unc-51(e1189) V, CB369 unc-51(369) V, CB1472 mec-
6(e1342) I, MT1522 ced-3(n717) IV, HZ1688 atg-13(bp414) Ill, HZ1684 atg-
3(bp412) 1V; him-5(e1490) V and MAH349 sqls35[psqst-1::SQST-1.:GFP;
punc-122:RFP]. The strains FX14768 pas-6(tm1942)/nT1 V and FX00858
clp-1(tm858) Ill were obtained from the National BioResources Project
(NBRP): C. elegans. The strains TU3973 uls149/pmec-6::MEC-6::tagRFP]
and TU3969 ulsi44[pmec-4::YFP:PISY-1] were a kind gift from Martin
Chalfie, and the strains XMN959 bggSi14/[pmec-7::mCherry::GFP::LGG-1;
prps-27::NeoR] Il and XMN1358 bggSi20[pmec-7:UNC-51, prps-27::Neo];
muls32[pmec-7::GFP, lin-15(+)] Il were kindly donated by Brock Grill.
The strain containing the integrated transgene js/s1111[pmec-4::UNC-
104::GFP] was a kind gift from Michael Nonet. The strain PHX2500
carrying the osp-1 allele syb2500 was generated by SunyBiotech.

iBox illumination system

The iBox components are a power input (18 volts, 8 amps), a fuse (10
amps), an LM7812 regulator (12 volts, 1 amp), and a computer fan
(80 mm, 12 volts). Each Green Rebel LED (530 nm) is attached to a
SinkPAD-II (20 mm Tri-Star Base - 489 Im @ 700 mA) and has a heat
sink  (https://www.luxeonstar.com/40mm-square-7.9-degree-cw-
alpha-heat-sink). The diode (200 volts, 1 amp) is used to isolate
the 12 LED-driver circuits from each other, the capacitor (50 volts,
1000 microfarad) filters the noise on the power supply for each
PowerPuck driver, and the resistor (10 hm, 3 watts) limits the
capacitor charging current once the device is switched on.

KillerRed activation

Illumination with green light using a dissecting microscope was per-
formed as previously described”. In brief, 20-30 well-fed animals at the
last larval stage (L4 stage) were transferred to a non-seeded NGM plate,
placed into a drop of 0.05% tetramisole hydrochloride (which func-
tions as an anesthetic) to avoid dispersion, and illuminated for 30 min.
lllumination using green 530 nm LEDs (3 LXMLPMO1- 0100 Green
LUXEON Rebel LED soldered to a SinkPAD-II™ 20 mm Tri-Star base)
was performed on 20-30 well-fed L4 animals that were transferred to
small unseeded plates from the cold room (2.5°C). Animals were
placed into a drop of 0.05% tetramisole hydrochloride and illuminated
for 1 h. Anesthetized animals were restricted to a small area of the plate
(-3 mm?) to avoid variation of light intensity. In both protocols, a drop
of M9 buffer was delivered to the animals after illumination and E. coli
was streaked onto the plate to allow the recovering animals to feed.
Each experiment was repeated multiple times: typically, three experi-
ments were conducted unless a sample size of ~100 ALM neurons
(enough to reach statistical power) was obtained in two experiments.
For transgenic strains carrying extrachromosomal DNA, the controls
were provided by the non-transgenic siblings that were illuminated
simultaneously as a mixed population of animals, selected and scored
blindly (the presence or lack of the co-injection marker in the red
channel was revealed after scoring the cell death in the green channel).
In the case of mutant strains, from each genetic cross performed to
introduce the desired mutation together with the KillerRed and zdl/s5
transgene (GFP in ALM neurons), we re-isolated a wild-type strain
which we then tested side-by-side with the mutant strain of interest, to
ensure a more uniform genetic background. Wild-type controls were
included at each trial to confirm KillerRed activation.

Neuronal analysis

Cell death was quantified 24 h after illumination. Cells were scored as
dead if they either completely disappeared or persisted as a sole cell
body, without any residual neurite attached. Neurons were scored as

intactif they presented an unaltered morphology, short if their process
did not extend to the full length, and damaged if the neurite presented
a break visible as an interruption of GFP continuity. Data were
imported into Prism9 as the mean percentage of cell death, the stan-
dard error of proportion, and the total number of ALM neurons ana-
lyzed for any given genotype.

EMS protocol

Ethyl methanesulphonate (EMS) is a carcinogen, and all work was
performed in a fume hood. Everything used during mutagenesis was
decontaminated with NaOH (1M) by immersion overnight before
separate disposal of liquid and solid waste. L4 mutagenized animals
were used for the highest efficiency. Animals were collected from an
NGM plate containing a large population, predominantly at the
L4 stage, using M9 buffer and transferred to a glass 15 ml tube (up to
2ml); 20 pl of EMS were added to 2 ml of M9 buffer and mixed into
solution (50 mM final concentration). The 2 ml of animals were then
added to the EMS solution. The tube was sealed with parafilm and
agitated every 30 min over a 4-hour incubation period, after which as
much of the EMS solution possible was removed and animals were
washed three times with ~15 ml of M9 buffer, allowing them to settle by
gravity between wash steps. After the final wash, the animals were
transferred with a small volume of M9 buffer to an OP50-seeded NGM
plate and allowed to dry without the lid in the fume hood. Once the M9
buffer had dried, the plate was closed, and the animals were allowed to
recover for ~1h (the plate was left in the fume hood for the recovery
period to allow any residual EMS to evaporate). 50 PO animals were
cloned on 30 OP50-seeded NGM plates. About 20 F1animals from each
of the 30 PO plates were cloned and the progeny (F2s) of 400 F1s were
analyzed for mutations. F2 populations containing mutant animals
with significantly altered cell death would shift the wild-type cell-death
levels (-50%) higher or lower as they would contribute to 25% of the
phenotype for recessive mutations and 75% for dominant mutations.
Mutant animals were cloned, and their progeny were analyzed to
ensure that the phenotypes had bred true. The data presented in
Fig. 1d are relative to the vd60 strain that was outcrossed four times
(4X) with the N2 wild-type strain, to remove other possible EMS
mutations from the background. Given that, similar to hermaphro-
dites, vd60 males also have an increased cell death in ALM neurons
compared to wild-type animals (Supplementary Fig. 2a), heterozygous
F1 males from the cross between vd60 hermaphrodites and wild-type
males were tested to see if the mutation was recessive. The animals
(vd60/+) presented the same level of ALM cell death as wild-type ani-
mals, indicating that the vd60 mutation is recessive (Supplementary
Fig. 2b). It is worth noting that OSP-1 expression is greater in males
compared to hermaphrodites possibly explaining the milder KillerRed-
induced neurodegeneration observed in osp-1(vd60) mutant males.

Full genome sequencing data analysis

After removing adapter sequences (software BBMap, version 37.31,
quality filter of 10, and minimum length of 25 bp) the output sequences
were aligned to the C. elegans genome (cel0) (software BBMap). The
output of alignment was sorted by position and duplicated reads were
removed. Gene variant calling was performed (software FreeBayes
with default settings: if read depth was less than 2 it was filtered out
from output of variant calling) and the background variants (variants
in N2 and KillerRed strain) were deducted from variants of each sample
(vd60). Finally, variants were annotated (software Annovar)”’.

Genome mapping

The vd60 mutation was mapped as previously described**°. Briefly,
after several rounds of outcrosses, most of the EMS mutations (typi-
cally G to A and C to T substitutions) that are far away from the causal
mutation (vd60) will be lost; in contrast, mutations linked to the causal
mutations will remain in a discrete region along one of the six
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chromosomes as they are less likely to recombine due to the close
proximity to the mutation of interest selected during the outcrosses.
Plotting the number of these typical EMS substitutions for each
Megabase (Mb) of each chromosome allows them to be mapped to
those physical regions where the causal mutation is more likely to be
found. Following EMS mapping, every gene on the 8" Mb of Chro-
mosome I (the peak with the highest number of mutations for the vd60
mutant animals) that contained exonic non-synonymous mutations
was tested for causality by providing the wild-type copy of each of
these genes under their endogenous promoters. This method allowed
to determine that none of the genes except T28B8.6 (osp-I) conferred
rescue or mimicked the vd60 mutant phenotype (Supplementary
Table 5).

Molecular biology, single-copy insertions, and CRIPSR-Cas9
gene editing

All constructs were generated using standard cloning®, or Gibson
assembly”, with details of their construction being listed in Supple-
mentary Tables 6-9.

The plasmid pSM was used as an empty vector in the injection mix
(up to 100 ng). The plasmid 197 plin-44.:ChFP was used as a co-injection
marker (10-15 ng/pl). The plasmids 478 pSM pmec-4, 280 pSM pmyo-3,
281 pSM pdpy-7, 471 pdat-1::UNC-71 were used as backbones for cell/
tissue-specific expression of T28B8.6, mCherry, and SEL-11. The plas-
mid 332 pmec-4::GFPnovo was used as a backbone to generate the tag
version of OSP-1, and the plasmid pDD284 Addgene (Goldstein lab)
was used for the amplification and cloning of the tagRFP molecule with
a linker sequence at the N-terminus used to fluorescently tag PAS-6.

For the rescue and/or overexpression of OSP-1 and UNC-51, PCR
fragments of wild-type copies of these genes under their endogenous
promoter and with their 3’'UTR were generated using genomic DNA
(for reagents see Supplementary Table 8).

MiniMos NeoR vectors were constructed using Gibson assembly
of two PCR fragments to insert the construct of interest into the
miniMos NeoR (pCFJ910 was a gift from Erik Jorgensen; Addgene
plasmid #44481). Single-copy insertions were generated by injecting
young adult animals with miniMos-based vectors at 10 ng/pl together
with pGH8 10 ng/pl, pCFJ90 2.5ng/ul, pCFJ104 10 ng/pl, pCFJ601
50 ng/pl, and pMA122 10 ng/pl (gifts from Erik Jorgensen; Addgene
#34874 and #34873). Injected animals were transferred to OP50 plates
(three per plate) and allowed to generate progeny at 25°C. One day
later, 500 pl of 25 mg/ml G418 was added to each plate for NeoR
selection (Thermo Fisher Scientific). Plates were left to starve at 25 °C,
and once starved were heat-shocked at 34 °C in an air incubator to kill
animals carrying extra-chromosomal arrays. Four hours after heat
shock, plates containing animals that were alive, lacked co-injection
markers, and moved well, were transferred onto a fresh OP50 plate and
grown at 20 °C. Two days later, single, healthy animals containing
successful insertions were selected and placed into individual OP50
plates.

C. elegans CRISPR-Cas9 genome edits (osp-1(vd98), osp-1(vd99),
osp-1(vd84), osp-1wvd2280) and osp-1(vd230)) were generated as pre-
viously described'®. In brief, edits were generated by gonadal micro-
injection of CRISPR-Cas9 protein complexes using dpy-10 in a co-
CRISPR strategy. Injections were performed using standard
methods'®. For vd98, vd99, vd228 and vd229 alleles, edits were con-
ducted in the reference KillerRed strain (QH5898). For the vd84 allele,
edits were conducted in the wild-type N2 strain. All CRISPR reagents
are listed in Supplementary Table 9. Guide RNAs were synthesized as
Alt-R® CRISPR-Cas9 crRNA, 2nmol (Integrated DNA Technologies).
Injected animals were transferred to OP50 plates (two-three per plate)
and allowed to generate progeny for 4 days at 20 °C. Efficient injection
plates were identified by dpy-10(cn64) phenotypes (rollers hetero-
zygous, dumpy homozygous). ~50-60 animals (roller or wild-type)
were cloned from the best plates and genotyped via PCR for deletion

after 3 days. Candidate correct edits were cloned to obtain homo-
zygous and remove any heterozygous dpy-10 edits. Final strains were
confirmed via Sanger sequencing and outcrossed three times.

Mammalian cell culture and hypoxia treatment

Rat pheochromocytoma PC12 cells (ATCC-CRL-1721, ATCC) were see-
ded onto 10 mm coverslips, double-coated with 0.0015% poly-L-
ornithine (Sigma) (16-24 h) followed by 10 pg/ml laminin (Sigma)
(3-16 h). PC12 cells were grown at 37 °C, 5% CO, on RPMI-1640 medium
(Gibco-ThermoFisher) containing 10% horse serum (Gibco-Thermo-
Fisher) and 5% fetal bovine serum (FBS) (Gibco-ThermoFisher). After
48 h, the cells were transfected using Lipofectamine 3000 (Gibco-
ThermoFisher) as per the manufacturer’s protocol. 24 h after trans-
fection, cells were differentiated for 3-5 days using RPMI-1640 with 1%
horse serum supplemented with 50 ng/ml nerve growth factor
(STEMCELL Technologies).

Human neuroblastoma SH-SY5Y cells (94030304-1VL, Merck-
Sigma-Aldrich) were seeded onto 10 mm coverslips, coated with 10 pg/
ml laminin (Sigma) (3-16 h). The cells were grown at 37 °C, 5% CO, on
DMEM/F12 medium (1:1) (Gibco-ThermoFisher) containing 15% FBS, 1x
GlutaMAX (Gibco-ThermoFisher) and 1x Penicillin/Streptomycin
(Gibco-ThermoFisher). After 24 h, the cells were transfected using
Lipofectamine 3000 (Gibco-ThermoFisher) as per the manufacturer’s
protocol. 24 h after transfection, cells were differentiated by incubat-
ing for 3 days in DMEM/F12 (1:1) containing 1.5% FBS, 1x GlutaMAX, 1x
Penicillin/Streptomycin and 10 puM all-trans-retinoic acid (RA) (Tocris),
followed by 3 additional days in DMEM/F12 (1:1) containing 0.5% FBS, 1x
GlutaMAX, 1x Penicillin/Streptomycin and 10 uM RA, and 3 days in
neurobasal-A (Gibco-ThermoFisher) containing 1x GlutaMAX, 1x Peni-
cillin/Streptomycin, 10puM RA, 1x B27 (Gibco-ThermoFisher) and
50 ng/ml BDNF (STEMCELL Technologies).

Differentiated PC12 and SH-SYS5Y cells were placed into a hypoxic
chamber flushed with <1% oxygen and 5% CO, for 24 h. After treat-
ment, cells were fixed with 4% paraformaldehyde for 15 min, washed
repeatedly with phosphate-buffered saline (PBS), permeabilized with
0.01% Triton-X-100 in PBS for 10 min, and stained with DAPI for
pyknotic nuclei count in YFP/GFP-positive cells.

PC12 cells (https://www.atcc.org/products/crl-1721) and SH-SY5Y
cells (https://www.sigmaaldrich.com/AU/en/product/sigma/cb_94030
3047srsltid=AfmBOoprJ4Q8kyunN-FPt0j959pYORX5G8iPplbbwNwy27_
omcMwmbLw) were authenticated by the manufacturers.

Dil staining

The lipophilic Dil dye fluoresces red and stains six amphid cells in
the head (ASK, ADL, ASI, AWB, ASH, ASJ) and two phasmid cells in
the tail (PHA, PHB) of C. elegans. In brief, stock solutions of Dil were
prepared in dimethyl formamide (DMF) at 2 mg/ml and stored
protected from light at =20 °C. The stock was diluted 1 in 200 with
M9 buffer. Individual animals (L4 stage) were incubated in a drop of
Dil solution on a glass slide for 1.5 h at room temperature. After the
incubation, animals were transferred to the unseeded section of an
NGM plate seeded with OP50 to ensure that they crawled away from
the Dil staining solution and fed on the bacteria to expel the dye
from their intestine. After 30-60 min, the cells were visualized via
fluorescence microscopy.

Microscopy

Animals were immobilized using 0.05% tetramisole hydrochloride on
3% agar pads. Observations were made with a Zeiss Axio Imager Z1
microscope equipped with a Photometrics Cool Snap HQ2 camera
using Metamorph software. For the OSP-1/MEC-6 co-localization
experiment, animals were immobilized with 0.05% tetramisole
hydrochloride and visualized by mounting them on 4% agar pads after
anesthesia, except for the LGG-1 analysis where sodium azide (25 mM)
was used as anesthetic. Typically, animals at the L4 stage were imaged,
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unless otherwise specified. N values for all C. elegans strains imaged are
in the figure legends and/or Supplementary Table 4.

Imaging was performed at the Queensland Brain Institute’s
Advanced Microscopy Facility using a spinning disk confocal micro-
scope (Marianas, Intelligent Imaging Innovations) equipped with a
confocal scanner unit (CSU-W1, Yokogawa Electric Co.) built around an
Axio Observer body (Z1, Carl Zeiss AG), and fitted with an sCMOS
camera (ORCA-Flash4.0 V2, Hamamatsu Photonics) and SlideBook
v6.0 software (3i) using a 100 x /1.3 NA oil-immersion objective with
sampling intervals X, y = 63 nm and z = 160 nm. Images were decon-
volved with Huygens Professional v19.10 run on a GPU-accelerated
computer (3x NVIDIA® Tesla® V100) using the CMLE algorithm, with a
signal to noise ratio of 20, background of 100, and 40 iterations.
Images exported in ICS2 format. In Fig. 6a, image acquisition was
performed using a Zeiss C Plan-Apochromat 63x/1.4 NA oil-immersion
objective on a confocal/two-photon laser-scanning microscope (LSM
980 NLO Airyscan 2, Carl Zeiss GmbH) built around an Axio Observer 7
body and equipped with an Airyscan 2 super-resolution detector, a 34-
channel spectral photomultiplier tube (PMT) array, two internal GaAsP
PMTs, a transmission PMT, and two external GaAsP PMTs for non-
descanned detection in two-photon microscopy, and controlled by
Zen Blue software. Images were deconvolved using the Airyscan Joint
Deconvolution (10 iterations).

Colocalization was determined by selecting a 15um region of
interest (ROI) square around a z-stack (rotated so that the dorsal was
up and anterior was on the left) of the whole ALM cell body of
deconvolved images in ImageJ v1.52r, saved as single channels before
importing to the colocalization analyzer wizard in Huygens Profes-
sional v19.10, with the estimation threshold setting selected as ‘none’
to determine the Pearson’s R-Value. Measurements of PAS-6 and LGG-1
puncta, lysosomes, ER proximal branching and accumulation, and
SQST-1 fluorescence were conducted with Image).

Light touch assay

This assay was conducted to determine whether animals were
responsive to light mechanical stimuli and was performed with an
eyebrow attached to a pipette tip. In wild-type animals, a gentle touch
on the tail of the animal elicited a forward movement, whereas a touch
on the head elicited a backward movement. Adult animals were indi-
vidually transferred to small unseeded plates to allow the analysis of
individual animals’ behavior. After a 5 min resting period, each animal
was assayed 10 times, alternating head and tail gentle touches. For
each animal, positive responses were calculated as the percentage of
the total number of gentle touches. The result of the assay for each
genotype is presented as the average positive response for the total
number of animals assayed'*.

Lifespan assay

The assays were performed based on previous protocols*, In brief,
several animals at the L4 stage were placed into small NGM plates
freshly seeded with OP50 and moved to new plates every few days
to avoid mixing with the progeny. Animals were checked every day,
and dead animals (that did not respond to harsh touch with a pla-
tinum wire) were removed. Animals with internally hatched larvae
(bag of worms) and burst animals were excluded from the assay.
Lifespan curves were generated using OASIS (Online application for
Survival Analysis) http://sbi.postech.ac.kr/oasis/. The experiments
were repeated three times.

6-OHDA assay

The assays were performed based on previous protocols*®, with some
modifications. In brief, adult animals (-10) were incubated at room
temperature (22 °C) in 60 pl of M9 without food on a shaker rotating at
17 rpm for 24 h. The next day, solutions of ascorbic acid (200 mM) and
6-OHDA (125 mM) were freshly prepared in water and added to the

60 pl of M9 now containing L1 larvae (the final concentration of
6-OHDA was 25 mM). After 1.5h of incubation at room temperature
and rotating at 17 rpm, 300 pl M9 buffer was added to oxidize and
inactivate the 6-OHDA. The animals were pipetted to one half of an
NGM plate containing a stripe of OP50 bacteria on the opposite half of
the plate, and adult animals and eggs were picked off to prevent the
growth of those that were not treated at the L1 stage. Plates were
incubated at 20 °C for two days before examining the effects of the
treatment with 6-OHDA. The experiments were conducted in three
technical replicates.

Statistical analysis

Statistical analyses were performed using Prism9 unless otherwise
specified. Two-tailed unpaired t-tests (parametric) or Mann-
Whitney tests (non-parametric) were used to compare two popu-
lations. One-way ANOVA with a Tukey’s test for multiple compar-
isons (parametric) or the Kruskal-Wallis tests adjusted for multiple
comparisons using a Dunn’s test (non-parametric) were the statis-
tical tests of choice when the analysis contained more than two
populations. Two-way ANOVA adjusted for multiple comparisons
was used to compare the proportions of different phenotypes
across multiple conditions. All exact p-values can be found in the
Source Data file.

Bioinformatics analysis

The open reading frame and exon-intron structure of 728B8.6 were
derived from information compiled in WormBase. Protein domains,
signal peptide, and topology were predicted with InterPro, Phobius,
TMHMM v. 2.0, and HMMTOP. Structural prediction was done with
AlphaFold2'%>%4,

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The datasets generated and analyzed for Figs. 1-9 and Supplementary
Figs. 2-12 are provided in the Source Data file. Source data are pro-
vided with this paper.
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