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Abstract

The sorting nexins family of proteins (SNXs) plays pleiotropic functions in protein trafficking and intracellular signaling
and has been associated with several disorders, namely Alzheimer’s disease and Down’s syndrome. Despite the growing
association of SNXs with neurodegeneration, not much is known about their function in the nervous system. The aim of this
work was to use the nematode Caenorhabditis elegans that encodes in its genome eight SNXs orthologs, to dissect the role
of distinct SNXs, particularly in the nervous system. By screening the C. elegans SNXs deletion mutants for morphologi-
cal, developmental and behavioral alterations, we show here that snx-3 gene mutation leads to an array of developmental
defects, such as delayed hatching, decreased brood size and life span and reduced body length. Additionally, Asnx-3 worms
present increased susceptibility to osmotic, thermo and oxidative stress and distinct behavioral deficits, namely, a chemotaxis
defect which is independent of the described snx-3 role in Wnt secretion. Asnx-3 animals also display abnormal GABAergic
neuronal architecture and wiring and altered AIY interneuron structure. Pan-neuronal expression of C. elegans snx-3 cDNA
in the Asnx-3 mutant is able to rescue its locomotion defects, as well as its chemotaxis toward isoamyl alcohol. Altogether,
the present work provides the first in vivo evidence of the SNX-3 role in the nervous system.
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Introduction pathological accumulation/clearance. To date 33 mammalian

SNXs have been identified and the hallmark of the family is

Recently, sorting nexins (SNXs) emerged as a novel fam-
ily of highly conserved proteins that facilitate protein traf-
ficking and cell signaling [1, 2]. SNXs modulate the pres-
ence/abundance of proteins at the cell surface and also their
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a modestly conserved phosphoinositol-binding PX domain
[1]. Reports linking SNXs and endocytic events underlying
diseases of the central nervous system (CNS) are growing
in number [2]. Specifically, abnormal SNXs expression has
been shown to cause a rare cerebellar ataxia and intellec-
tual disability syndrome [3], to be associated with Alzhei-
mer’s disease (AD) [4-7], with Down’s syndrome (DS) [8],
among others. Interestingly, synaptic and cognitive deficits
have been rescued by modulating SNXs expression levels
[8]. SNXs have also been linked to schizophrenia [9, 10].
Particularly, SNX19 elevated expression is associated with
the risk of developing schizophrenia, and single-nucleotide
polymorphisms (SNPs) that contribute to the onset of the
disease has been identified [9, 11]. Overall, despite the solid
evidence that alterations in SNXs expression levels contrib-
ute to neurodegeneration and cognitive impairment, their
role in the CNS remains largely unknown.

Caenorhabditis elegans has been widely used as a mul-
ticellular model organism to study physiological functions
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and malfunctions of the nervous system due to its well-
described neuronal lineage, interconnectivity and amena-
bility to genetic manipulation [12]. C. elegans encodes in its
genome eight predicted SNX homologs, from which three
members (SNX-1, SNX-6 and SNX-9) are PX-BAR domain
containing SNXs, being expected to play a role in protein
dimerization, membrane curvature sensing and in membrane
tubulation; one member (SNX-3) is of the PX-only subfam-
ily that plays pleiotropic functions; two members (SNX-13
and SNX-14) of the PXA-RGS-PX-PXC subfamily, which
are expected to modulate G-protein coupled receptor sign-
aling; and two members (SNX-17 and SNX-27) of the PX-
FERM subfamily, notorious for their scaffolding and traf-
ficking functions [2]. C. elegans SNX-s’ expression pattern
and function are poorly described; however, there are strong
indications that several of them are associated with the ret-
romer complex [13].

The retromer complex is a heterotrimeric complex con-
served across all eukaryotes, which is composed by the
VPS26 (vacuolar protein sorting-associated protein 26),
VPS29 and VPS35 proteins. These VPS proteins engage
in cargo loading into membrane tubules coated by the PX-
BAR proteins: SNX1, SNX2, SNX5 and SNX6, aiding on
cargo retrieval from the endo-lysosomal pathway [13, 14].
This retromer-dependent recycling is crucial for several
processes, namely to the establishment of Wnt signaling
gradients, glutamate receptor trafficking and amyloid per-
cursor protein (APP) trafficking in the brain of mammals [8,
15-17]. Hence, it is not surprising that the dysfunction of
the retromer-mediated endosomal protein sorting has been
shown to occur in distinct pathologies of the nervous system
[18]. To date, C. elegans SNX-1, SNX-3 and SNX-6 have
been reported to interact with this complex [15, 19, 20],
in a manner similar to their mammalian homologs [1, 21].
Particularly, C. elegans SNX-1 has been reported to interact
with RME-8, a J-DNA protein [22, 23], and both Asnx-1
and Arme-8 missort Wntless/MIG-14 (Wls), impacting on
the polarity of mechanosensory neurons, and hence on Wnt
signaling [23]. SNX-3 has also been shown to play a critical
role in Wnt signaling (EGL-20), and in W1ls recycling, both
in mammals and in the worm, through its interaction with
the retromer complex [15]. Recently, SNX-3 and VPS-35
have also been found to regulate the correct trafficking of
the retrograde cargoes type I TGF- 3 receptor (SMA-6), and
TGN-38, in the worm [24, 25]. SNX-1, SNX-6 and SNX-9
have additionally been associated with the PI3P-mediated
degradation of apoptotic cells [26, 27]. Currently, SNX-13,
SNX-14, SNX-17 and SNX-27 functions remain to be char-
acterized. Overall there are strong evidences that some of
C. elegans SNXs orthologs play important roles on cargo
recycling through the retromer complex, by interacting with
distinct regulatory proteins that dictate the retrieval of dif-
ferent cargoes from the endo-lysosomal fate and that this is
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conserved in mammals [28, 29]. Nevertheless, the biological
function of C. elegans SNXs orthologs and their relevance
to the nervous system has not been addressed.

In this work, we describe for the first time a phenotypical
characterization of all the viable C. elegans SNXs deletion
mutants. Overall, despite the strong association of SNXs
with retromer function, and the implications of retromer
dysfunction in brain pathology, our results indicate that
the disruption of SNXs, with exception to SNX-3, has no
obvious impact on the worm’s survival, development and
in the execution of distinct behaviors. Interestingly, disrupt-
ing SNX-3 pronouncedly impacts on the worm’s ability to
develop and reduces its lifespan. Asnx-3 mutant also dis-
plays severe motor impairments, reduced stress tolerance
and altered mechanosensory behaviors such as thermotaxis
and chemotaxis. Accordingly, the Asnx-3 mutant presents
marked defects in its GABAergic neuronal wiring, and also
in the structure of its AIY interneuron. Interestingly, the
Asnx-3 mutant inability to chemotract towards isoamyl alco-
hol occurs independently of SNX-3 reported role in Wnt
signaling or retromer function. In this study, we also demon-
strate that impaired behaviors of the Asnx-3 mutant, namely
its motility and chemotaxis towards isoamyl alcohol, are res-
cued by transgenic neuronal expression of C. elegans snx-3
cDNA. Overall, our results suggest that SNX-3 plays impor-
tant roles in the CNS, that occur independently of its role in
Wnt secretion and interaction with the retromer complex.

Materials and methods
Caenorhabditis elegans strains and general methods

Caenorhabditis elegans strains used in this work: [N2 (wild-
type); Asnx-1/2 (tm847), Asnx-3/12 (tm1595), Asnx-5/6
(tm3790), Asnx-9/Lst-4 (tm2423), Asnx-13/25 (tm2404),
Asnx-17 (tm3779) and Asnx-27 (tm5356)] were obtained
from the National BioResource Project in Japan. Osm-6
and osm-9 were used as controls in the chemotaxis assays;
daf-2 (e1370) and daf-16 (mu86) were used for lifespan
assays. The mutant vps-35 (hu68) was used as a general
retromer mutant; egl-20 (n585) as a Wnt signaling mutant;
and mig-14 (ga62) and mig-14 (mu71) as Wls mutants (the
only viable mig-14 deletion mutants, being mu71 weaker).
EG1285 (oxIs12[Punc-47::GFP; lin-15(+)]) and OH3701
(otls173 [F25B3.3::DsRed2 + ttx-3pB::GFP]) transgenes
were used for neuronal architecture analysis. All the above
strains were kindly provided by the Caenorhabditis Genetics
Center (CGC), which is funded by NIH office of research
infrastructure program (P40 OD010440). Mutant genotyp-
ing was performed by standard PCR using primers listed on
Table 1. C. elegans strains were grown according to stand-
ard conditions [30] at 20 °C in NGM plates seeded with
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Table 1 List of primers used for mutant genotyping

C. elegans gene C. elegans mutant Mutant (alleles)

Forward primer

Reverse primer

SNX1/2 Asnx-1 tm847 ACTGCGATGAGATCAACTTG TCTCAGTGACGTCGGTCAGT
SNX3/12 Asnx-3 tm1595 TGGAAAAATGCGCTACACGG TGGTGATGGGGACAAAGTAC
SNX5/6 Asnx-5 tm3790 TCAGCACCGAACCGAGGAGA ACCAGTTTTTCTCGAAAAGC
SNX9 Asnx-9 tm2423 GTAGCCACTCGGAACACGGT GGAGCCAAACTTCCGACTGA
SNX13/25 Asnx-13 tm2404 ACATTCGGTTCAACCGGTCT AATCAACCTGGCGGAGACTG
SNX17 Asnx-17 tm3779 CCGGATACGAAGACACTAGT TTGGCAACCAATGGATGTCC
SNX27 Asnx-27 tm5356 TCGTCAATGTTTCCGGTCGA TGCCATTGAACTCTCTTCTCCA

Table 2 List of primers used for cDNA amplification of snx-3

C. elegans gene  Forward primer

Reverse primer

snx-3
ATCCGGCGCGTCG

GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGGC GGGGACCACTTTGTACAAGAAAGCTGGGTCTTAAGC

GGTACGAATTTTG

Escherichia coli, OP50 strain. Hermaphrodite worms were
used in all tests.

Cloning procedures and transgenics creation

Total RNA was isolated from N2 wild type strain using Tri-
zol; 2 g of total RNA was reverse transcribed into cDNA
using iScript (Biorad). C. elegans snx-3 cDNA was ampli-
fied using Platinum Taq DNA Polymerase High Fidelity
(Thermo Fisher Scientific) with primers cesnx-3_attB1 and
cesnx-3_attB2 (Table 2), and was cloned into pPDONR221
using Gateway BP Clonase II Enzyme (Invitrogen). Homo
sapiens Snx-3 cDNA containing vector was purchased from
Dharmacon (OHS5893-202499261; pENTR221-Snx-3). The
pDONR or pENTR clones were transferred into destination
vectors for C. elegans expression using Gateway LR Clo-
nase II Enzyme. Destination vectors pDEST-aex-3p (neu-
ronal expression) and pDEST-eft-3p (ubiquitous expression)
were a generous gift from Hidehito Kuroyanagi [31]. Final
pDEST vectors were sequenced and injected in wild-type
(N2) worms at 50 ng/ul, together with the marker plasmid,
pCFJ90 (myo-2::mCherry) at 5 ng/ul. Fluorescent worms
were isolated as individual clones, which were then crossed
with Asnx-3 worms. Distinct transgenic strains were gener-
ated, as presented in Table 3.

Phylogenetic studies

A phylogenetic tree was elaborated for SNXs orthologs (H.
sapiens, Rattus norvegicus, Mus musculus and C. elegans).
Protein sequences were obtained from NCBI and Worm-
base and aligned by log-expectation using the Muscle align-
ment web server [32]. Neighbour-joining phylogenies were
generated using Protdist and Neighbour programs from the

Table 3 List of strains generated in this work

Name Genotype

tm1595;SOUEx1 tm1595;paex-
3::snx-
3;pmyo::mcherry

tm1595;SOUEx2 tm1595;paex-
3::snx-

3;pmyo::mcherry

PHYLIP package (http://evolution.genetics.washington.
edu/phylip.html) and displayed using Treeview. The per-
centage of amino acid identity (similarity in parenthesis) of
each functional domain between C. elegans proteins and its
mammalian SNXs orthologs was assessed using EMBOSS
MATCHER.

Quantitative real-time PCR analysis

Total RNA was isolated from C. elegans wild-type strain
at different stages of development (egg, L1/L2, L3, L4 and
young adult), as well as of young adult Asnx-s, retromer and
wnt-related mutants used in this study. RNA was isolated
using Trizol and following the manufacturer’s instructions
(Invitrogen, USA). For cDNA synthesis 1 pg of RNA was
treated with DNAse (Roche) and then converted into cDNA
using the iscript kit (Biorad). The cDNA was amplified
from total RNA obtained from wild-type animals collected
at distinct stages of development, from three independent
experiments. qRT-PCR was performed in a Biorad g-PCR
CFX96 apparatus with Evagreen dye (Biorad). A melting
curve analysis was also carried out to verify the specificity
of amplicons. The AACt method was used to quantify the
amount of mRNA level relative to that of two house keeping
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genes: actin and RPB-2 [33, 34]. The list of oligonucleotides
used for qRT-PCR analysis are listed on Table 4.

Morphological analysis

The length of the worms was measured during develop-
ment. Worms were synchronized by bleaching and around
80-100 eggs were transferred into 60 mm plates with motil-
ity seeding and were photographed on day 1, 2, 3 and 4
post-hatching using the SXZ7 4+ SC30 combo (dissecting
microscope and camera) at a 12.5X magnification, using
the CellSens program. Morphology analysis was performed
with the image processing program ImagelJ and the length
calculated for each strain (> 50 worms per strain, per day
post-hatching).

Brood size analysis and ex-utero development

For brood size measurements 20 L4 animals, per strain,
were kept at 20 °C in individual plates and allowed to lay
eggs. Animals were transferred to new plates daily and total
progeny counted in the first 4-5 days. For the development
assay ten adult worms, per strain, were placed individually
on plates with fresh bacterial lawns and allowed to lay eggs
for 2 h at 20 °C. Adults were then removed and the number
of eggs/worms counted on each plate at distinct time points.
Day 1-2 (10-24 h) for L1 and unhatched egg calculation,
and day 3 (48-60 h) for L4 calculation.

Motility and crawling speed analysis

Synchronous cultures were maintained at 20 °C and 3-, 4-
and 5-day-old worms analyzed. Five animals were placed
in the center of a freshly seeded plate (acclimatized at
20 °C). Animals were allowed to move freely in the plate
for 1 min and animals that remained inside the 1-cm circle
were scored as locomotion-defective. A total of more than
100 animals were scored in at least three independent assays
per strain. The worm movement was analyzed by tracking
several worms on video, and by determining the average
crawling speed. The videos were recorded with an Olym-
pus SC30 camera and SZX7 scope, 30 min after the worms

were transferred to 60 mm plates, for the duration of 1 min.
ImageJ was used for processing: median filter followed by
B/W thresholding and particle analysis to remove small dirt/
precipitate particles. The processed videos were loaded into
the 6Vision movement analysis software to determine the
movement parameters (Delta Informatika Zrt, Hungary).

Chemotaxis and thermotaxis analysis

Chemotaxis assays were performed with synchronous adult
animals at 20 °C as previously described [35]. Worms were
washed three times with CTX buffer (1 mM CaCl,, 1 mM
MgSO,, 5 mM KH,PO, pH 6.0), and about 200 placed at
the origin point of a 10-cm plate that was equidistant to the
attractants, diacetyl (DA, 1% in absolute ethanol) or isoamyl
alcohol (IA, 10% in absolute ethanol) and vehicle (abso-
lute ethanol) point. NaN; (1 M) was added to the attractant
and vehicle points of the plates, to prevent the worms from
moving once they reach the attractants and vehicle. After
1 h worm’s distribution over the plate was calculated and
the chemotaxis index determined as previously described
[35]. The thermotaxis paradigm was based on radial ther-
mal gradients [48]. Radial thermal gradients were created
by placing a 40-ml flask filled with 90% frozen acetic acid
on top of an inverted 9 cm 10 ml NGM plate, in a room
at 25 °C. The experimental setup was confirmed by time
course analysis of agar temperatures with a thermometer
with + 0.4 °C accuracy. 15 min after the formation of the
gradient a single worm was transferred to the 25 °C region
of the plate with the use of an eyelash. After a period of 1 h
the worm was removed and the tracks were outlined with a
marker and imaged. Worms were classified according to the
position of the tracks in the thermal gradient.

Lifespan and osmotic-, oxidative-
and thermo-tolerance assays

For standard lifespan assays around 100 L4 animals, per
strain, were placed in freshly seeded plates. Animals were
kept at 20 °C and checked daily for viability. For toler-
ance assays, animals were subjected to distinct stresses
and checked for viability every 2 in 2 h. For heat shock

Table 4 List of primers used for C. elegans gene

Forward primer

Reverse primer

qRT-PCR

SNX1/2 GACGCTAGTGGCTTCTCGTA TCTCAGTGACGTCGGTCAGT
SNX3/12 GTGATTTCGAATGGGTTCGT AGCGTTCGTTTTGAGCAAGT
SNX5/6 GAAGCCGAACAATCAGAAGC AGAACTCTTGAGCCGTTCCA
SNX9 GCCTGACAGAAGCTCTCGC ACAGTGTAGCTCATCGCATCG
SNX13/25 GCCGCTGAGATTCTTGCTT GATGTTGAACTCGTGAGACAC
SNX17 CTCATTTCGTGCCACAAGCC CACGTCCTTTTGCCATGAAC
SNX27 CATGTGAGTGCAGTGCTTCG TGCCATTGAACTCTCTTCTCCA
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experiments, synchronized young adult animals were grown
at 20 °C and then transferred to 35 °C in a temperature con-
trolled incubator and checked every 2 h for death. To per-
form pre-heat shock, animals were placed for 2 h at 30 °C
and then transferred to 35 °C and checked every 2 h for death
[36, 37]; for the osmotic stress, synchronous young adult
animals were placed in freshly seeded plates with distinct
NaCl concentrations (50, 200 and 400 mM) and checked
every 4 h for dead animals [38]; for oxidative stress, syn-
chronized young adult animals were placed in freshly seeded
plates with distinct H,O, concentrations (5, 10 and 20 mM)
and checked every 4 h for dead animals [39]. More than 50
animals were analyzed per strain per experiment, and at least
three independent replicates were performed for each assay.

Confocal imaging

For confocal imaging Asnx-s mutants were crossed with the
EG1285 and OH3701 marker strains. Around 10 L4 stage
animals from the generated C. elegans lines were paralyzed
in 1 M sodium azide and mounted on 3% agarose pads
(diluted in M9 buffer). All images were captured on Olym-
pus FV1000 (Japan) confocal microscope, under 60X oil
objective. Multi-channel time-lapse images were acquired
as Z-stacks (50 images) using epifluorescence mode with
GFP filter cube. Images were compressed and assembled to
generate a single image at each point on ImageJ. Complete
documentation of each worm was performed via multi-area
time-lapse acquisition. Individual images were assembled
into a complete worm image using the ImagelJ stitching
plugin [40].

Statistical analysis

One-way ANOVA was used to analyze length measure-
ments, motility, chemotaxis to DA and IA, SNXs expression
levels throughout development. Bonferroni post-hoc test or
Games-Howell (when equal variances were not assumed)
was used to counteract the problem of multiple comparisons
within each experiment. Student’s ¢ test was used to ana-
lyze the angle formed by the AI'Y neuronal processes. Non-
parametric independent samples Mann—Whitney U test was
used for crawling speed analysis. Animal survival (lifespan
and stress assays) was plotted using Kaplan—Meier survival
curves and analyzed by log rank test. Neuronal GABAe-
rgic defects were analyzed with Pearson Chi square test.
A p < 0.05 was considered as statistically significant, and
all tests were performed with the SPPS Statistics program
(IBM SPSS Statistics, Armonk, NY, USA). A Bonferroni
correction was applied to correct for possible false positive
outcomes resulting from the large number of models (ANO-
VAs) applied.

Results

SNXs are phylogenetically conserved from C.
elegans to mammals

An unrooted tree illustrating the phylogenetic relation-
ship between the eight proposed SNXs orthologs encoded
in the C. elegans genome and their predicted mamma-
lian orthologs is represented on Fig. 1a. SNXs have been
identified across phyla from mammals to yeasts [41] and
are divided in three subfamilies according to the presence
or absence of functional domains: those containing just
a PX domain, those containing an additional C-terminal
Bar (Bin-Amphiphysin-Rys) domain and those that con-
tain other domains besides the PX domain, many of which
are involved in cell signaling [1]. The close aminoacidic
sequences relationship between C. elegans SNXs and the
mammalian SNXs is illustrated on Fig. 1. More specifi-
cally: (1) SNX-1 clusters with mammalian SNX1/SNX2;
(2) SNX-3 with mammalian SNX3/SNX12; (3) SNX-6
with mammalian SNX5/SNX6; (4) SNX-9/LST-4 with
SNX9/SNX18; (5) SNX-13 resembles mammalian SNX13/
SNX25; (6) SNX-14 is related to mammalian SXN14 but
also to all SXN13/SNX25 orthologs; (7) SNX-17 clusters
with mammalian SNX17 and (8) SNX-27 with mammalian
SNX27. A domain conservation analysis was performed
which confirmed an extremely high degree of identity and
similarity between SNXs functional domains across phyla
(Fig. 1b—d).

SNXs are differentially expressed during C. elegans
developmental cycle

To get insights into the dynamics of SNXs expression in
C. elegans, we performed qRT-PCR analysis using wild-
type animals (N2) from different stages of development
(from egg to adulthood) (Fig. le). Our results demon-
strate that despite the sequence homology of the C. ele-
gans SNXs members, their expression profile is distinct
and dynamic over time (Fig. 1e). During the embryonic
phase, SNXs expression differs significantly between each
other [F(6,7) = 166.42, p < 0.001, ;72 = 0.99]. A post-hoc
comparison indicates that the expression of: snx-1 is dis-
tinct from snx-5 and snx-9; snx-3 is distinct from snx-5,
snx-13 and snx-27; snx-5 is distinct from all tested SNXs;
snx-9 is distinct from snx-1, snx-5, snx-13 and snx-27;
snx-13 is distinct from snx-3, snx-5, and snx-9; snx-17 is
distinct from snx-5; and snx-27 is distinct from snx-3, snx-
5 and snx-9. During the L1.L2 phase, SNXs expression
differs significantly between each other [F(6,7) = 31.21,
p < 0.001, 7> = 0.96]. A post-hoc comparison indicates
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that snx-5 expression is significantly different from all oth-
ers. On the L3 phase SNXs expression also differs signifi-
cantly between each other [F(6,7) = 158.91, p < 0.001,
n? = 0.99]. Post-hoc analysis indicates that snx-3 and snx-5
are statistically different from all other SNXs. Regarding
the L4 stage, SNXs expression is also distinct between
each other [F(6,7) = 46.88, p < 0.001, 5* = 0.96]. Post-hoc
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analysis indicates that only snx-5 expression differs sig-
nificantly from all other SNXs. Finally, on the adult phase
SNXs expression also differs [F(6,7) = 276.50, p < 0.001,
n? = 0.99], with the post-hoc analysis confirming that snx-
3, snx-5 and snx-9 differ from all others, and with each
other. In summary, snx-5 is the SNX with the highest
expression and its expression level is constant throughout
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«Fig. 1 Phylogenetic analysis of SNXs orthologs and their develop-
mental expression in C. elegans. a Unrooted tree representing the
phylogenetic relationship between SNX orthologs. The corresponding
aminoacidic sequences were analyzed using ClustalW for sequence
alignment and PHYLIP for tree plotting. b—d Representation of C.
elegans SNXs domain structure and their mammalian orthologs. The
percentage of amino acid identity and (similarity) between C. elegans
protein sequences and its mammalian homologs is also represented.
PX phox homology, BAR Bin-amphiphysin-Rvs, SH3 Src homology,
PXA PX-associated domain, RGS regulators of G protein signaling,
FERM F for 4.1 protein, E for ezrin, R for radixin and M for moesin,
PDZ P for post-synaptic density protein (PSD95), D for drosophila
disc large tumor suppressor (Dlgl), and Z for zonula occludens-1
protein (zo-1), RA Ras-association. e qRT-PCR expression analy-
sis of distinct SNXs during development is represented in function
of the developmental stage. SNXs are strongly expressed in the egg
and adult stages and SNXS5 is the most expressed SNX throughout
C. elegans development. Independent experiments were performed
with n > 200 per developmental stage. One-way ANOVA was per-
formed and data represented are mean + SD *p < 0.05; **p < 0.01;
**%p < 0.001). Statistical analysis demonstrated that during the
embryonic stage the expression of snx-/ is distinct from snx-5 and
snx-9 (p < 0.00; p = 0.026, respectively); snx-3 expression is dis-
tinct from snx-5, snx-13 and snx-27 expression levels (p < 0.000,
p = 0.048, p = 0.16, respectively); snx-5 expression is distinct from
all tested SNXs (p < 0.000); snx-9 expression is distinct from snx-
1, snx-5, snx-13 and snx-27 expression levels (p = 0.026, p < 0.001,
p = 0.003 and p = 0.001 respectively); snx-13 expression is distinct
from snx-3, snx-5 and snx-9 expression levels (p = 0.048, p < 0.001,
p = 0.003, respectively); snx-17 expression is distinct from snx-
5 (p < 0.000); and snx-27 expression is distinct from snx-3, snx-5
and snx-9 (p = 0.016, p < 0.001, p = 0.001, respectively). During
the L1.L2 phase, SNXs expression differs significantly between
each other [F(6,7) = 31.21 p < 0.001]. A post-hoc comparison indi-
cates that snx-5 expression is significantly different from all others
(p <0.001 for all). On the L3 phase SNXs expression also differs sig-
nificantly between each other [F(6,7) = 158.91 p < 0.001]. Post-hoc
analysis indicates that snx-3 and snx-5 expression levels are statisti-
cally different from all other SNXs (snx-3:0.087 > p < 0.001; snx-5
p < 0.001 for all). Regarding the L4 stage, SNXs expression is also
distinct between each other [F(6,7) = 46.88, p < 0.001]. Post-hoc
analysis indicates that only snx-5 expression differs significantly from
all other SNXs (p < 0.001 for all). On the adult phase SNXs expres-
sion also differs [F(6,7) = 276.50, p < 0.001], with the post-hoc anal-
ysis confirming that snx-3, snx-5, and snx-9 differ from all others, and
with each other (p < 0.001)

development, whereas snx-1, snx-13, snx-1,7 and snx-27
expression is generally lower and more evident during
embryonic development (Fig. 1e). Snx-3 and snx-9 expres-
sion is higher than snx-17 and snx-27 expression through-
out development, being more prominent during embryonic
and adult stages (Fig. le).

Loss of snx-3 expression leads to impaired worm
development and reduced lifespan

To understand the impact of disrupted SNXs expression
on C. elegans, a battery of developmental tests and mor-
phological evaluation was applied. All the mutants were
backcrossed eight times to wild-type animals, in order to

eliminate additional mutations that could influence the phe-
notype [42]. Of the eight proposed SNXs orthologs in C.
elegans, seven deletion mutants were viable and used in
this study. All the selected Asnx-s mutants presented large
deletions and/or insertions in their coding regions, without
interference with nearby genomic sequences.

To analyze the morphology of the Asnx-s mutants
during the C. elegans developmental cycle, we captured
several images for automated analysis with the Imagel/
Fiji program. Overall, Asnx-s mutants presented no evi-
dent morphological defects, with exception to the Asnx-
3 mutant worm, which was smaller throughout devel-
opment (Fig. 2a) [day 1: F(7392) = 18.24, p < 0.001,
n* = 0.25; day 2: F(7392) = 9.47, p < 0.001, > = 0.15;
day 3: F(7391) = 21.36, p < 0.001, 5° = 0.28; day 4:
F(7363) =4.82, p < 0.001, ;72 = 0.09], comparing to control
(wild-type animals). Since equal variances were not present
a post-hoc comparison using the Games-Howell test was
performed, which demonstrated that similarly to the Asnx-
3 mutant, Asnx-13 mutants were also significantly different
from wild-type strain on day 1 (p < 0.001); and that on day 3
the length of Asnx-9 mutants was also significantly different
from wild-type strain (p < 0.001; p = 0.014, respectively).
Taking into consideration Asnx-3 mutant smaller body size,
which implies impaired development, we also monitored
Asnx-3 mutant ex-utero development from egg to adulthood
and confirmed that Asnx-3 mutant displays a slower devel-
opment rate when compared to wild-type worms (Fig. 2b).
For instance, at 52 h after egg-laying about 95% of wild-
type worms have reached the L4 stage, whereas only around
28% of Asnx-3 deletion mutant reached the L4 stage. Asnx-3
mutant also displayed a significantly reduced brood size,
such as Asnx-5 mutant, when comparing to the wild-type
strain [F(7112) = 153.28, p < 0.001, 172 = 0.90]. Since equal
variances were not observed a post-hoc comparison using
the Games-Howell test was performed, which demonstrated
that Asnx-3 and Asnx-5 mutants brood size are significantly
different from the wild-type strain brood size (Asnx-3:
mean (M) = 47.1, standard deviation (SD) = 16.8; Asnx-5:
M =207.1,SD =34; N2: M =294.3, SD = 17.8), p < 0.001
for both comparisons (Fig. 2c). All the other Asnx-s deletion
mutants showed normal progeny size. Finally, we assessed
Asnx-3 lifespan, using as control wild-type worms, the short-
lived mutant daf-16 (mu86) and the long-lived daf-2 (e1370)
mutant [43-45]. Asnx-3 mutation significantly reduced C.
elegans lifespan (Fig. 2d) (p < 0.001, Kaplan—Meier survival
curves and log-rank analysis).

Loss of SNX-3 leads to neurobehavioral deficits
To investigate the potential role of snx-s in the CNS we

performed a battery of neurobehavioral tests. Regulation
of motility is a complex biological process that relies on
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Fig.2 Phenotypic analysis of SNXs deletion mutants. a Body length
measurements of Asnx-s mutants. The body lengths were measured
12, 36, 60 and 84 h after bleaching; 40-50 worms were studied per
genotype, per day. It is noteworthy the significant smaller size of the
Asnx-3 mutant throughout development, comparing to wild-type ani-
mals. One-way ANOVA analysis was performed and data represented
as mean + SEM. Error bars correspond to standard error *p < 0.05.
b Time-course analysis of Asnx-3 mutant development. Animals
were allowed to lay eggs and develop at standard conditions. Asnx-3
mutant has a delayed ex-utero development comparing to wild-type
strain. ¢ Brood size calculation of the distinct Asnx-s mutants. Worm

the precise coordination between sensory, motor and con-
tractile systems. Lack of coordination is often found in C.
elegans mutants that present neuronal dysfunction [30]. Loss
of snx-3 resulted in significant reduction of motility when
compared to age-matched wild-type worms [F(9,27) = 9.85,
p <0.001, > = 0.70; post-hoc Bonferroni test: snx-3 mutant
M = 46.9% with SD = 6.1% comparing to M = 19.13% with
a SD = 6.2% of the wild-type strain; p < 0.001] (Fig. 3a).
Those locomotor impairments were not observed in other
Asnx-s mutants (Fig. 3a). To confirm Asnx-3 mutant motil-
ity defect, its crawling speed was quantified in the presence
or absence of a food source (OP50) and in the presence or
absence of external stimuli (tap) (Fig. 3b). Clearly, Asnx-3
mutant worms are significantly slower than the wild-type
worms, in all the tested conditions (p < 0.05 in the presence
of a food source; p < 0.001 in starvation and in the pres-
ence of stimuli). Interestingly, both wild-type and Asnx-3
mutants respond by increasing their velocity in a similar
manner (about 30 um/s) when stimulated by tapping.
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progeny at standard conditions was calculated per worm and per
strain, on three independent assays. Asnx-3 mutant has a markedly
reduced progeny size. Error bars correspond mean + SD. d Lifespan
analysis of the Asnx-3 mutant. Animals were grown at standard con-
ditions and daf-2(e1370) and daf-16(mu86) used as controls. Asnx-3
mutant worms display a reduced survival comparative to wild-type
worms (p < 0.001, Kaplan—Meier, log-rank analysis). Lifespan curve
is representative of three independent experiments with N > 100,
per experiment. Asnx-3 mutant survival is significantly distinct
from the wild-type strain in all three experiments (p always < 0.001)
*p < 0.05; **p < 0.01; ***p < 0.001

To assess the function of the sensory system in the
Asnx-3 mutant we quantified its chemotaxis behavior to two
distinct volatile attractants: Isoamyl alcohol (IA) (Fig. 3c¢),
and Diacetyl (DA) (Fig. 3d) that are dependent on the AWC
and AWA sensory neurons, respectively [46]. Asnx-3 mutant
showed an evident decrease in the chemotaxis index (CI)
towards IA but not to DA (Fig. 3c, d) [F(9,20) = 18.70,
p < 0.001, #* = 0.89; post-hoc Bonferroni test: Asnx-3
mutant—M = 0.42, SD = 0.08; wild-type—M = 0.76;
SD = 0.05; p < 0.001], when compared to wild-type worms.
This chemotaxis defect is not present in all the other tested
Asnx-s worms (Fig. 3c). To further explore the function of
the sensory system in the Asnx-3 mutant we monitored its
thermotaxis behavior. Thermotaxis relies on thermosensory
neurons that sense and memorize environmental temperature
and in this manner regulate strategic behaviors in the worm
[47]. Animals are able to remember their cultivation tem-
perature and migrate towards, and move isothermally around
it, on a spatial temperature gradient [48]. Clearly, Asnx-3
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mutant displays an impaired thermotaxis behavior, with defi-
cits on isothermal tracking and on migration towards colder
temperatures (cryophilic phenotype) (Fig. 3e).

Taking into consideration SNX-3 reported role in Wnt
signaling and Wls recycling through the retromer complex
[15], we quantified the locomotion impairments of a general
retromer mutant (vps-35), of a Wnt signaling mutant (egl-
20); and of two Wls mutants [mig-14 (ga62) and mig-14
(mu71)] that partially disrupt mig-14 function, and vary in
their penetrance (mu71 mutant is weaker) (Fig. 3f). Nota-
bly, the Wls mig-14 (ga62) mutant displays a more pro-
nounced motor impairment (M = 59%, SD = 11.7%). Curi-
ously, mig-14 (mu71) mutant, that like ga62 only partially
disrupts mig-14 function, has no obvious motor impair-
ments (M = 25.6%, SD = 1.2%). It should be noted that
mu71 is regarded as a weaker mig-/4 mutant. Regarding
the Wnt signaling egl-20 (n585) mutant and the general
retromer mutant vps-35 (hu68), both display marked loco-
motive defects, (M = 46.5%, SD = 3.8% and M = 48.5%,
SD = 13.7%, respectively) (Fig. 3f). Chemotaxis index to
IA of the above-mentioned retromer and Wnt mutants was
also assessed. Remarkably, none of the Wnt signaling, Wls
or retromer mutants displays impairments in their chemot-
axis behavior towards IA (Fig. 3g), indicating that defective
chemotaxis in the Asnx-3 worm is not retromer or Wnt-
dependent. Thermosensation could not be monitored in the
retromer and Wnt related mutants, as the mutant worms did
not move on the thermal gradient (data not shown).

Taking into account all the described developmental and
neurobehavioral deficits of the Asnx-3 worms, and the fact
that those defects are not entirely present in the other snx-
s, retromer and Wnt-related deletion mutants (genes con-
siderably associated with the homeostasis of the nervous
system), we decided to investigated possible compensatory
mechanisms. For that purpose, we quantified the expres-
sion levels of the distinct snx-s by qRT-PCR in all the snx-s,
retromer and wnt-related mutants (Fig. 3h). SNXs expres-
sion profile is quite stable in all the tested backgrounds
[snx-1: F(11,12) = 2.40, p = 0.074, > = 0.68; snx-3:
F(11,12) =2.10 p = 0.109, > = 0.66; snx-5: F(11,12) =7.14
p =0.001, 7* = 0.87; snx-9: F(11,12) = 4.55, p = 0.007,
n* = 0.81; snx-13: F(11,12) = 0.925, p = 0.548, 5> = 0.46;
snx-17: F(11,12) = 44.42, p < 0.001, r]z = 0.98; snx-27:
F(11,12) = 0.488, p = 0.877, n* = 0.31]. qRT-PCR analy-
sis confirmed that the absence of snx-3 expression does not
overall significantly change the levels of expression of all the
tested snx-s, in the distinct backgrounds, while comparing to
the wild-type strain (Fig. 3h).

Neuroanatomical changes in snx-3 mutants

In C. elegans, temperature and IA are sensed by AFD and
AWC neurons that project to several neurons, including to

the AIY interneuron, that plays a key role in the thermot-
axis and chemotaxis response. Taking into consideration the
chemotaxis and thermotaxis defects of the Asnx-3 mutant
we hypothesize that there could be anatomical alterations in
the Asnx-3 ALY interneuron. To test this, we analyzed AIY
neuronal architecture in the Asnx-3 mutant worm. For that
purpose the Asnx-3 mutant was crossed with a AIY::GFP
tagged strain (OH3701). Images from the ALY interneuron,
at the L4 stage, revealed that depletion of SNX-3 leads to a
reduction of the angle formed between both AIY neuronal
processes (Fig. 4a, b). Quantification analysis (> 15 animals)
confirmed this finding (Fig. 4b).

Taking into consideration Asnx-3 mutant locomotion
defects, we also assessed the architecture of all its GABAe-
rgic neurons. Asnx-3 mutant strain was crossed with the
EG1285 strain in which all the GABAergic neurons (26
neurons) express GFP. Asnx-3 mutant worms were shown
to present a significantly higher degree of distinct neuroana-
tomical GABAergic defects in comparison to the wild-type
(Fig. 4c, d; > 15 worms; Chi square test: missing, gap, short,
extra, break, branched, bridged, handedness, guidance, miss-
ing body, punctate cord—p < 0.001; crossed and blob in
commissure—p = 0.001; mis-localized body—p = 0.046).

Snx-3 deletion affects the response to different
stressors

In addition to temperature sensing, the amphid sensory neu-
rons are also involved in C. elegans responses to stress, many
of which are common between worm and mammals [49,
50]. To investigate Asnx-3 mutant ability to cope with dis-
tinct stresses, wild-type and mutant worms were exposed to
adverse conditions such as thermal stress (Fig. 5a), osmotic
stress (Fig. 5b) and oxidative stresses: paraquat (Fig. 5¢) and
H,0, (Fig. 54d).

Regarding the thermotolerance assays at 35 °C, snx-3
mutants present a reduced life span of 12.7 h, SD = 0.26,
comparing to wild-type worms that display a median lifes-
pan of 14.7 h, SD = 0.36 (Kaplan—Meier, p < 0.0001; 14%
reduction in Asnx-3 mutant survival) (Fig. 5a). Worms were
also exposed to a stress-threshold temperature of 25 °C for
2 h and then subjected to 35 °C. In both cases, worms dis-
play enhanced survival at 35 °C when comparing to strains
grown at 20 °C (data not shown), still the mutant strain pre-
sents a reduced survival of about 25% (p < 0.0001).

To monitor Asnx-3 mutant susceptibility to osmotic
stress, we exposed wild-type and mutant worms to NGM
plates supplemented with 400 mM of NaCl (Fig. 5b). The
mutant worms display a significantly reduced life span with
a median survival of 8.0 h, SD = 0.59, comparing to the
13.6 h, SD = 0.22, of the wild-type worms (p < 0.0001;
a 41% reduction in Asnx-3 mutant survival). Interestingly,
the worms that survived were able to adapt and generate
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«Fig. 3 Behavioral characterization of SNXs deletion mutants. a
Locomotion behavior of young adult worms (day 4, post-hatch-
ing) was analyzed for the indicated genotypes. Asnx-3 mutant dis-
plays increased motor impairments at standard growth conditions.
Approximately 50% of the Asnx-3 mutant worms were unable to
exit the 1 cm circle during the duration of the assay (60 s). Three
independent experiments were performed with N > 100 per assay.
One-way ANOVA analysis was performed and data represented as
mean + SEM; b average locomotion velocities were assessed in the
presence/absence of a food source, such as OP50 or in the presence/
absence of an external stimulus, such as tapping. Independent sam-
ples Mann—Whitney U test was performed. Disruption of SNX-3
gene significantly affects worm’s locomotive behavior, and reduces
its crawling speed. ¢, d Chemotaxis index scores for SNXs mutants.
Represented are the chemotaxis results of wild-type and SNXs
mutant animals towards two volatile attractants (10% isoamyl alcohol,
or 1% diacetyl). Chemotaxis index was calculated as CI (adults at the
attractant minus the number of worms at the solvent, divided by the
total number of worms in the plate [46]). Three independent experi-
ments were performed with N > 100 per assay. One-way ANOVA
analysis was performed and data represented as mean + SD; e ther-
motaxis behavior of wild-type and Asnx-3 mutant in a temperature
gradient. Asnx-3 mutant (second row) displays a cryophilic behavior,
and is not able to perform isothermal tracking. f Locomotion behav-
ior of young adult worms (day 4, post-hatching) was analyzed for the
indicated genotypes. Asnx-3 mutant displays motor impairments at
standard growth conditions, such as the stronger Wls (mig-14) mutant
(ga62), the Wnt ligand mutant and the general retromer mutant. How-
ever, the weaker Wls (mig-14) mutant (mu71) presented no notorious
locomotive defects, comparing to the wild-type strain. Approximately
46% of the snx-3 mutant worms, 59% of mig-14 mutant worms
(stronger mutant), 47% of the egl-20 mutant and 49% of the vps-35
mutant worms were unable to exit the 1 cm circle during the duration
of the assay (60 s). Three independent experiments were performed
with N > 100 per assay. One-way ANOVA analysis was performed
and data represented as mean + SD. g Chemotaxis index scores for
Whnt and retromer mutants. Represented are the chemotaxis results of
wild-type and Wnt/retromer mutant animals towards a volatile attract-
ants (10% isoamyl alcohol). Chemotaxis index was calculated as CI
(adults at the attractant minus the number of worms at the solvent,
divided by the total number of worms in the plate [46]). Clearly,
Whnt signaling, Wls and retromer mutants display no deficits in its
chemotaxis behavior towards IA, when compared to the wild-type
strain (N2) or to osm6 (perturbed chemotaxis to IA) and osm9 (stand-
ard chemotaxis to IA) mutant controls. Data are the mean + SD.
*#%p < 0.001. h gqRT-PCR expression analysis of distinct snx-s in
all the tested snx-s, retromer, and Wnt-related mutants. Snx-s are
expressed in all the backgrounds, and snx-5 is the most expressed
Snx. It’s noteworthy that snx-3 expression is similar in wild-type and
mutant strains, particularly in the retromer and Wnt-related mutants
[F(11,12) = 2.10 p = 0.109]. Independent experiments were per-
formed with n > 200 per mutant background. One-way ANOVA was
performed and data represented are mean + SD

progeny, but in the case of the Asnx-3 mutant worms the
progeny was scarce and produced very few eggs, comparing
to the wild-type after 24 h (data not shown).

In respect to oxidative stress (Fig. 5c, d), Asnx-3 mutant
is more susceptible to: exposure to paraquat (10 and 20%
reduction in Asnx-3 mutant survival in 100 and 200 mM,
respectively; p < 0.0001); and to H,O, (a reduction of
approximately 25% in Asnx-3 mutant survival, in all
tested conditions; p < 0.001). Median survival to paraquat

exposure was of 11.5 h with a SD = 0.39 (100 mM) and
9.6 h, SD = 0.43 (200 mM), comparing to the median sur-
vival of 12.9 h, SD = 0.29 (100 mM) and 12.0 h, SD = 0.3
(200 mM) of the wild-type strain; median survival to H,O,
exposure was of 8.7 h, SD = 0.52 (5 mM H,0,); 7.8 h,
SD = 0.54 (10 mM H,0,); 7.4 h, SD = 0.50 (20 mM H,0,);
comparing to the 11.4 h, SD = 0.20 (5 mM H,0,); 10.9 h,
SD =0.36 (10 mM H,0,); 9.8 h, SD = 0.51 (20 mM H,0,)
of the wild-type strain.

Re-expression of C. elegans snx-3 restores worm
motor and chemotaxis behavior in snx-3 mutants

In order to investigate if the behavioral deficits of Asnx-3
mutant could be restored through the expression of snx-3, we
generated constructs driving C. elegans or H. sapiens snx-3
cDNA expression under the control of an ubiquitous (eft-
3p) or pan-neuronal (aex-3p) promoters. Transgenic strains
were generated by microinjecting the plasmids carrying the
human or worm snx-3 cDNAs (50 ng/ul), together with a
marker plasmid which expressed mCherry under the control
of the myo-2 promoter (5 ng/ul), as a transformation marker,
into the wild-type background (N2).

Curiously, when C. elegans snx-3 was expressed under
the ubiquitous promoter eft-3, only one viable clone was
obtained, which looked overall unhealthy and presented a
very low plasmid transmission rate between generations
(data not shown). No viable clones were obtained when
H. sapiens snx-3 was expressed under the same promoter
(eft-3p), and only one clone was obtained when H. sapi-
ens snx-3 was expressed under the pan-neuronal (aex-
3p) promoter, although also overall unhealthy and with a
very low plasmid transmission rate between generations.
This strongly suggests that worm and human snx-3 cDNA
expression levels must be finely regulated, since its ubiqui-
tous “over”expression is detrimental for the worm survival.
Moreover, it may indicate that worm and human expression/
function may not be complementary, since the human pro-
tein is toxic to the worm.

In contrast, we were able to successfully obtain ani-
mals bearing the worm snx-3 cDNA under the aex-3 pro-
moter, which were then crossed with the Asnx-3 mutant
(tm1595)—tm1595;SOUEx[paex-3::snx-3;pmyo::mcherry].

Pan-neuronal expression of snx-3 rescued Asnx-3 motor
impairments and chemotaxis defects against isoamyl alco-
hol for all the tested lines (Fig. 6a, b). Specifically, snx-3
pan-neuronal expression in the Asnx-3 worms improved
motility of the worms when compared to age-matched
wild-type worms [F(5,27) = 13.59, p < 0.001, 712 =0.72;
post-hoc Bonferroni test: two independent lines display-
ing pan-neuronal snx-3 expression: M = 16.06% with a
SD =6.29% (p = 1), and M = 17.7% with a SD = 6.95%;
p = 1]. Two independent lines, with spontaneous loss of the
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Fig.4 Neuroanatomical analysis in the Snx-3 mutant. a Structure
of ALY interneuron in wild-type strain (OH3701) and in the Asnx-3
mutant strain (OH3701::tm1595). Representation of the maximal pro-
jections, of the 3D-reconstitutions, of the AI'Y neuronal structure (Wt,
and two examples of the snx-3 mutant). b Quantification of the angle
formed by the neuronal processes of the AIY interneuron. Data was
analyzed using Student’s ¢ test; mean + SEM are represented. Clearly,
both structures are distinct, namely, in what concerns the angle

array, present, as expected, motility defects (M = 34.80%
with a SD = 5.00% (p = 0.017); and M = 38.53% with a
SD =13.55% (p = 0.02) (Fig. 6a).

Pan-neuronal expression of snx-3 in the Asnx-3 back-
ground also restored its ability to tract to IA, when com-
pared to age-matched wild-type control [F(5,18) = 16.33,
p < 0.001, ;72 = 0.82]; post-hoc Bonferroni test: two inde-
pendent mutant clones displaying pan-neuronal snx-3
expression: M = 0.81 witha SD =0.09, p = 1; and M = 0.83
with a SD = 0.06, p = 1. The two lines that present spon-
taneous loss of the array, display deficits: M = 0.58 with
a SD = 0.08, p = 0.008; and M = 0.48 with a SD = 0.10,
p < 0.001 (Fig. 6b). This data shows that snx-3 expression
in neurons is sufficient to rescue Asnx-3 behavioral deficits.

Discussion

Caenorhabditis elegans SNXs are phylogenetically
related to their mammalian counterparts

Distinct phylogenetic studies have demonstrated that SNXs

are conserved across phyla and that higher eukaryotes dis-
play a wider array of PX domain proteins comparing to
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formed by its neuronal processes closer to the cell bodies, which is
significantly smaller in the Asnx-3 mutant strain. ¢ GABAergic neu-
rons of Asnx-3 mutant (blue) comparing to the schematic representa-
tion of the GABAergic wild-type neurons. Depletion of snx-3 impacts
significantly on GABAergic neuronal wiring. d Quantification of
GABAergic neuronal defects observed in > 15 animals per strain (Chi
square test). *p < 0.05; **p < 0.01; ***p < 0.001

lower organisms. In fact, some of the PX domain subfamilies
are not even present in lower organisms [2]. The mamma-
lian genome encodes 34 predicted SNX proteins, comparing
to the 8 predicted SNXs orthologs found in the C. elegans
genome. In this work we have demonstrated that C. elegans
SNXs orthologs are phylogenetically conserved between the
C. elegans and mammals, that they are mostly from the PX-
BAR domain subfamily, and that there is an evident domain
conservation between its members, which implies functional
conservation across phyla.

SNX-3 is essential for C. elegans development

Our findings regarding the snx-3 deletion mutant clearly sup-
port a role for SNX-3 in worm development, since Asnx-3
mutant displays: (1) a small body size; (2) a delayed ex-utero
development; (3) a reduced brood size; and (4) a shorter
lifespan. Based on these evidences, and supported by the
strong functional domain conservation between SNX fam-
ily members, it is tempting to speculate that SNX-3 role
in development can have important implications for related
SNXs in the metazoan phylogeny. In C. elegans, such as
in mammals, most SNXs belong to the PX-BAR domain
containing subfamily, and 50% of them are involved with
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Fig.5 Snx-3 mutant susceptibility to stress. a Survival curve of wild-
type (N2) and Asnx-3 young adults grown at 20 °C, upon a heat-
shock at 35 °C. Asnx-3 mutant median survival is 12.7 h comparing
to the wild-type survival of 14.7 h. b Survival curve of wild-type
(N2) and Asnx-3 young adults exposed to an osmotic stress (NaCl
400 mM) for 12.0 h at 20 °C (p < 0.001). Asnx-3 mutant median sur-
vival is 8 h comparing to the wild-type survival of 13.6 h. ¢, d Sur-
vival curves of wild-type (N2) and Asnx-3 young adults exposed to
distinct oxidative stress. ¢ Synchronized young adults were exposed
to different concentrations of Paraquat (100 and 200 mM) for 12 h.

cargo retrieval through the retromer complex. SNX3 is a PX-
only domain containing protein that binds preferentially to
PI(3)P [2]. Despite the literature controversy, it is recognized
that SNX-3 plays a role in Wnt secretion (EGL-20), and in
Wis (MIG-14) recycling through the retromer complex in C.
elegans, D. melanogaster and in mammals [15], which could
explain the Asnx-3 deletion mutant developmental defects.
Accordingly, the available literature regarding Wnt mutants
points to defects on cell division polarity, egg-laying, body
length, erroneous neuronal migration, alterations in vulva
morphology, among other defects (data from the Wormbase
“https://www.wormbase.org/””), that imply impaired develop-
ment. It has been demonstrated that SNX-3 directly interacts
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Asnx-3 mutant median survival is 11.5; 9.6 h (100 and 200 mM para-
quat, respectively) comparing to the wild-type survival of 12.9; 12 h
(100 and 200 mM paraquat, respectively). d Synchronized young
adults were exposed to different concentrations of H,O, (5, 10 and
20 mM) for 12 h (p < 0.001). Median survivals of Asnx-3 mutant:
8.7; 7.8, 7.4 h (5, 10 and 20 mM, respectively). Median survivals
of N2: 11.4; 10.9; 9.8 h (5, 10 and 20 mM, respectively). For each
survival assay, one representative experiment is presented from three
independent replicates with similar results

with the retromer components Vps-35 and Vps-26, that also
co-immunoprecipitate with SNX-1 [15], to promote Wls
(MIG-14) recycling. However, whether this is dependent
or independent of other SNXs remains unclear [13, 23]. In
fact, Shi and co-workers demonstrated that Asnx-1 mutants
(tm847) display defective ALM posterior processes and
defective PLM posterior processes, at a penetrance similar
to the vps-35 mutants (retromer component involved in Wls
recycling and Wnt signaling), and missort WIs to the lyso-
some, similar to what has been shown in the Asnx-3 mutant
(tm1595) [23]. Interestingly, distinct reports highlighted that
in C. elegans, SNX-1 (a SNX1/SNX2 homolog) and SNX-3
(a SNX3/SNX12 homolog) regulate similar processes [51,
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Fig.6 Behavioral characterization of C. elegans Asnx-3 strain with
extrachromosomal expression of worm snx-3 cDNA. a C. elegans
snx-3 expression rescues worm motility behavior of the Asnx-3
mutant. Locomotive behavior of two independent clones bear-
ing pan-neuronal expression of C. elegans snx-3 is represented, as
well as of the worms with spontaneous loss of the array. Compar-
ing to control (N2), and taking into consideration Asnx-3 mutant
locomotive deficits, the mutant worms (1 and 2) with extrachromo-
somal expression of snx-3 displayed a low percentage of locomo-
tive deficits (M = 16.06% with a SD = 6.29% and M = 17.7% with
a SD = 6.95%, p = 1 respectively); whereas the worms that spon-
taneously lose the array displayed deficits which resembled the
Asnx-3 mutant (M = 34.80% with a SD = 5.00% and M = 38.53%
with a SD = 13.55%, p = 0.017 and p = 0.02, respectively). Three
independent experiments were performed with N > 50 per assay.

52], such as p-catenin localization [51] and amphid com-
partment morphogenesis, independently of other retromer
components [52], implying overlapping functions. Oikono-
mou and co-workers used the same mutants employed in
this study: Asnx-1 (tm847) and Asnx-3 (tm1595). Our find-
ings indicate that disrupting SNX-3 (rm1595) alone leads to
severe developmental defects that are not observed in other
C. elegans snx-s mutants, that are known to partner with
the retromer complex: Asnx-1 (tm847), Asnx-5 (tm3790) or
Asnx-27 (tm5356). Specifically, no developmental defects
were found in the Asnx-I mutant, also purportedly involved
in Wls recycling, with significant impact on the polarity of
mechanosensory neurons [23]. Our results support the find-
ings from Harterink and co-workers which refuted SNX-1
involvement in Wnt signaling, arguing that Asnx-/ mutant
displays no QL.d positioning defects, that SNX-1 fails to co-
immunoprecipitate with SNX-3 (that co-immunoprecipitates
with the retromer complex), and that SNX-1 only partially
co-localizes with SNX-3, suggesting the presence of two
distinct retromer complexes [15]. However, we cannot dis-
card the possibility that SNX-3 is involved in the recycling
and/or degradation of other transmembrane cargoes that are
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One-way ANOVA analysis was performed and data represented as
mean + SD. b C. elegans snx-3 expression rescues worm chemo-
traction to IA of the Asnx-3 mutant. Chemotaxis behavior of two
independent clones bearing pan-neuronal expression of C. elegans
snx-3 is represented, as well as of the worms with spontaneous loss
of the array. Comparing to control (N2), and taking into considera-
tion Asnx-3 mutant chemotraction defects to IA, the mutant worms
(1 and 2) with extrachromosomal expression of snx-3 displayed
higher CTX index (M = 0.81 with a SD = 0.09 and M = 0.83 with
a SD = 0.06, p = 1 respectively); whereas the worms that sponta-
neously lose the array displayed a CTX index which resembled the
Asnx-3 mutant (M = 0.58 with a SD = 0.08 and M = 0.48 with a
SD = 0.10, p > 0.001, respectively). Three independent experiments
were performed with N > 200 per assay. One-way ANOVA analysis
was performed and data represented as mean + SD

important for worm development, that are not dependent
on SNX-1. Namely, SNX-3 has been shown to regulate the
correct sorting of the retrograde cargo type I TGF-f3 receptor
(SMA-6) [24], whose mutation is associated with reduced
body size [53]. Additionally, in mammals, SNX3 has been
linked to endosomal morphology regulation [54] and intra-
luminal vesicle formation in multivesicular bodies (MVBs)
aiding in this manner in cargo sorting to the degradative
pathway, in a retromer-independent manner [55], and not
only in cargo targeting to the trans-Golgi network (TGN);
SNX-3 was also shown to regulate transferrin receptor recy-
cling and iron assimilation, being highly expressed in verte-
brate hematopoietic tissues [56].

Snx-3 ablation affects neuronal structure and worm
behaviors

In the past decade, SNXs have been extensively linked to
disease, particularly to brain pathology [2]. Several reports
demonstrated the impact of SNXs expression dysregulation
in the homeostasis of the CNS, namely in AD, DS, intel-
lectual disability and in schizophrenia [3—10]. Particularly,
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SNX3 has been associated with the homeostasis of the CNS
in mammals, being linked to neurite outgrowth in vitro and
its expression to be upregulated by lithium treatments [57].
Interestingly, SNX3 single-nucleotide polymorphisms
(SNPs) have been found in AD patients [7]. An important
role of SNX3 in the development of the nervous system is
supported by its neuronal expression during development,
and because some patients with microcephaly, microphthal-
mia, ectrodactyly, and prognathism (MMEP) and mental
retardation present a disrupted SNX3 gene [58]. This could
result from the SNX3 role on Wnt secretion, since there are
several reports linking Wnt signaling and neuronal migra-
tion, differentiation, axon outgrowth and synaptic function,
among others [59]. The effect of SNX3 on the CNS could
also result from SNX3 interaction with other protein com-
plexes, cytoskeletal proteins and regulatory adaptor pro-
teins that promote neurite outgrowth, presently unknown.
Our data clearly demonstrates for the first time in vivo, that
SNX-3 is essential for the execution of specific worm behav-
iors. Asnx-3 mutants present severe impairments in its motor
function, which are comparable to the locomotive defects of
the tested Wnt and retromer mutants. Asnx-3 mutants also
display a significantly reduced crawling speed in the pres-
ence or absence of external stimuli, although it is still able
to trigger an increase in its velocity when facing an external
stimulus such as tapping the plate. This could result from
defects on neuronal structure and/or on synaptic transmis-
sion in motor neurons [60]. In fact, we show that Asnx-3
mutants display marked defects on their GABAergic neu-
ronal structures, which are tightly involved with locomotion
[61]. We have also demonstrated that Asnx-3 mutants present
a reduced chemotaxis index towards the volatile attractant
IA, which is sensed by AWC neurons, but displays no defects
on its chemotaxis towards DA, which is sensed by AWA
neurons. This could be due to the missorting of G-Protein-
Coupled-Receptors in the absence of SNX-3, hence impair-
ing the ability of C. elegans to sense one of the odors usually
sensed by AWC neurons. It is noteworthy that G-Protein-
Coupled-Receptors distribution is distinct between AWC and
AWA neurons, and even between the pair of AWC neurons
itself [46]. Remarkably, we have demonstrated that Asnx-3
mutant defects in chemotaxis behavior towards IA are inde-
pendent of Wnt signaling and secretion, or general retromer
function, since all of the above-mentioned mutants displayed
standard chemotaxis index towards IA. This is a strong indi-
cation that, while the developmental deficits of Asnx-3 may
be explained by its role on Wls recycling and Wnt signal-
ing, its impairments in chemotaxis, are independent of Wnt
secretion, or retromer function. Moreover, this strengthens
the notion that SNX-3 is involved in the recycling and/or
degradation of other cargoes that are crucial for neuronal
function, that are independent of its interaction with the ret-
romer complex. Interestingly, AD and DS pathology have

been associated with the dysregulation of distinct SNXs,
being most of them involved with the retromer complex,
whereas intellectual disability and schizophrenia have been
associated with the dysregulation of SNXs belonging to the
PXA-RGS-PX-PC SNX subfamily (SNX13, SNX14, SNX19
and SNX25), that are regulators of G-protein signaling
(crucial for the worm chemotaxis behavior). It is relevant
to highlight the role of SNX19 in the ethiopathogenesis of
schizophrenia [9, 10], a disease with marked GABAergic
dysfunction and neurodevelopmental impairments. It was
demonstrated that elevated expression of SNX19 is associ-
ated with the risk of developing schizophrenia, as well as a
SNP that in fact contributes to the disease [9, 11]. Curiously,
the Asnx-3 mutant also presents “neuro”’developmental
defects and has impaired GABAergic neuronal wiring, which
can suggest that there might be common molecular mecha-
nisms altered in the absence of SNX3 and those found in
schizophrenia. Altogether this supports a transversal role for
SNXs spanning from neurodevelopmental processes to neu-
rodegeneration with tremendous impact on the homeostasis
of the nervous system. It remains to be elucidated, however,
how SNX3 functions to maintain homeostasis of the nerv-
ous system, since not all of the worm observed behavioral
defects are retromer- and Wnt-dependent. The chemotaxis
defect could purportedly arise from an altered trafficking of
GPCRs, in line with the above-mentioned role of the PXA-
RGS subfamily. Interestingly, the absence of a RGS domain
in the PX-only SNX3 does not impair this hypothesis, as
SNX19 itself lacks this motif [62], and other SNXs that lack
this domain have been reported to regulate GPCRs traffick-
ing [63]. Moreover GPCRs heteromers have been shown
to form in vitro with dopamine, serotonin, glutamate and
adenosine receptors, whose trafficking regulation has been
associated with SNXs [64].

Additionally, we have demonstrated that the Asnx-3
mutant also displayed a cryophilic behavior, implying a
defect on the AFD sensory neuron, and/or in the interneu-
rons, namely the AIY interneuron. Our findings show that
the AIY interneuron displays an aberrant structure in the
Asnx-3 mutant, what could explain its defective ability to
chemotract to IA, and to perform isothermal tracking, an
indirect measure of its sensory perception. Curiously, C.
elegans SNX-3 has been associated with amphid sensory
compartment size regulation, namely to promote sensory
compartment growth in a manner similar to SNX-1 and
VPS-29, which could explain why the angle formed by
the AIY interneurons processes is narrower in the Asnx-
3 mutant [52]. Interestingly, Oikonomou and co-workers
demonstrated that Wnt signaling pathway is not involved
in amphid sensory compartment formation and hence that
SNX-3 acts on amphid morphogenesis most probably in
a Wnt-independent manner [52], similar to what we have
demonstrated above regarding chemotaxis behavior towards
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IA in the Asnx-3. Additionally, we observed no significant
changes on snx-3 expression levels on retromer, or Wnt-
related mutants, comparing to the wild-type background,
indicating the absence of compensatory mechanisms that
could mask the observed behavioral phenotypes. Concomi-
tantly, we clearly demonstrate that the worm motor and
chemotaxis defects are due to the absence of SNX-3, since
we were able to rescue these behavioral phenotypes when
the worm snx-3 cDNA was expressed in the Asnx-3 mutant
background. Interestingly, rescue was observed when the
cDNA was expressed under a pan-neuronal promoter, sug-
gesting that snx-3 expression in neurons alone was suffi-
cient to restore the worm behavior. The human snx-3 cDNA,
although significantly conserved with the worm sequence,
was toxic when expressed under the same promoters. This
suggests that factors other than the level of sequence identity
are important to determine if human genes can functionally
complement in C. elegans. Possibly, and taking into consid-
eration that the levels of C. elegans snx-3 must be tightly
regulated, as loss of snx-3 leads to reduced-life span whereas
high levels to lethality, expression regulation of the worm
and human snx-3 sequences under the tested conditions, are
most likely not interchangeable.

Finally, we observed that SNX-3 is crucial for the worms’
ability to “cope” and “adapt” to harmful situations. It is note-
worthy that stress resistance and longevity are interrelated,
since several pathways that regulate stress also regulate
longevity, such as mitochondrial respiration, insulin/IGF-1
and JNK (c-Jun N-terminal kinase) signaling [65]. Usually,
manipulations that reduce resistance to acute stressors also
reduce longevity, suggesting that the ability to sense and
respond to environmental cues is crucial for lifespan regu-
lation, although sometimes with exceptions [65]. Our data
clearly demonstrate that the short-lived Asnx-3 mutant has
a decreased stress resistance, which may be linked to the
reduced size of the amphid sensory compartment [52], and/
or as we demonstrated in this work, to impairments in its
sensory neurons, such as the AWC, or to impairments in
communication through its interneurons, namely through
the AIY neurons that are abnormal in the Asnx-3 mutant.

In summary, this study provides the first in vivo char-
acterization of C. elegans SNXs mutant family, providing
insights into the functional role of SNXs in C. elegans.
Namely, of SNX-3 involvement in C. elegans neuronal
development and behavior. Among the phylogenetically
conserved and ubiquitously expressed SNX family mem-
bers, C. elegans snx-3 ablation was the only one that resulted
in evident developmental and behavioral deficits that most
probably result from abnormal neuronal structure, and hence
function. Nonetheless, despite the vast phenotypical analy-
sis performed in the scope of this work, one cannot discard
the fact that distinct molecular pathways and/or behaviors,
that were not tested, can be perturbed in those mutants.
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Additionally, the overexpression of SNXs could also be
studied, since their up-regulation has also been reported
to occur in pathology [66], and hence to impact on human
health. Overall, our findings regarding SNXs ablation sup-
port the prominent role of SNX-3 in the regulation of the
worm development and of its neuronal function. Moreover,
we have demonstrated that SNX-3 role on worm chemotaxis
behavior is independent of Wnt or general retromer func-
tion. The behavioral deficits and neuroanatomical changes
present in the Asnx-3 mutant allow us to anticipate possi-
ble SNX3 roles in the nervous system of higher organisms,
which needs to be further explored.
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