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Neurons often grow highly branched and cell-type specific dendrite morpholo-
gies to receive and integrate information, which is the basis of precise neural
circuit formation. Previous studies have identified numerous mechanisms that
promote dendrite branching. In contrast, it is much less understood how this
process is negatively regulated. Here we show that EAT-17/EVI5 acts together with
the dynein adaptor protein BICD-1 and the motor protein dynein in C. elegans
epidermal cells to restrict branching of PVD sensory dendrites. Loss-of-function
mutants of these genes cause both ectopic branching and accumulation of the

M Check for updates

dendrite branching ligand SAX-7/L1CAM on epidermal plasma membranes.
Mutants of genes regulating endo-lysosomal trafficking, including rab-5/RABS
and dyn-1/DNM1, show similar defects. Biochemical characterization, genetic
analysis, and imaging results support that EAT-17 and BICD-1 directly interact
with each other and function in the endocytic degradation pathway to remove
ectopically localized dendrite branching ligands to restrict abnormal branching,

Neurons form cell-type-specific dendrite morphologies to receive and
integrate signaling input, which is pivotal for precise neural circuit
assembly. Previous studies have identified numerous intrinsic and
extrinsic regulators required for dendrite branching and outgrowth.
Intrinsic regulators include transcription factors, endocytosis and
secretory pathways, motor proteins and cytoskeletal regulators.
Extrinsic regulators are mainly secreted molecules and environment-
localized cell adhesion proteins, which can be recognized by dendrite
surface-localized receptors to guide dendritic branching and out-
growth. Knockout of most of the abovementioned regulators often
causes reduced dendrite branching, suggesting that most of them are
positive regulators'™.

A few studies identified several negative regulators. First, RhoA
GTPase acts as a negative regulator of dendrite development by

modulating the actin cytoskeleton®. Second, Rho 1 and the Rho GEF Trio
function downstream of the Wnt5-Drl signaling pathway to promote
dendrite termination in adult Drosophila’. In the mammalian system,
reduced expression of the Wnt receptor Ryk in the mouse hippocampus
and cortex leads to excessive dendrite outgrowth and branching both in
vitro and in vivo®. Third, the Tricornered-Kinase/Furry pathway restricts
dendrite branching via negatively regulating Rac signaling’. However,
despite significant advancements in our understanding of the positive
regulation of dendrite branching, the mechanisms involved in its
negative regulation remain relatively unclear.

To identify negative regulators of dendrite branching, we used the
C. elegans multi-dendritic PVD neuron as a model. Each animal grows
two PVD neurons to cover ~80% of the body surface (except the head
and neck regions), namely PVDL and PVDR, which are on the left and
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right sides, respectively. PVD neurons are born at the second larval
stage (L2), and grow two primary (1°) dendrites along the anterior-
posterior axis. At the late L2 and early third larval (L3) stages, numer-
ous secondary (2°) branches grow toward either the dorsal or the
ventral side. Later, when the 2° branches reach the border of the outer
body wall muscles, they form “T” shaped tertiary (3°) branches. At the
early fourth larval (L4) stage, quaternary branches are formed per-
pendicularly to the 3° branches and sandwiched by the epidermis and
body wall muscle cells (Fig. 1a, b)™.

Previous studies by others and us have shown that the dendrite
guidance and branching decisions are precisely controlled by a
receptor-ligand complex, including a co-ligand complex formed by
epidermis-localized SAX-7/LICAM, MNR-1/Menorin and muscle-
derived LECT-2/LECT2, and the dendritic receptor DMA-1/LRRTM" "5,
In addition, HPO-30 acts as a signaling co-organizer of the DMA-1
receptor. Both DMA-1and HPO-30 use their cytosolic tails to recruit or
activate downstream actin assembly regulators to promote dendrite
branching™™®. The cell-surface localization of DMA-1 relies on the RAB-
10-exocyst-dependent membrane transport machinery and the IRE-1-
dependent unfolded protein response pathway and is negatively
regulated by KPC-1/Furin'®*, Loss-of-function mutants of the above-
mentioned genes show reduced dendrite branching defects, sup-
porting the notion that they are positive regulators of dendrite
branching and/or stabilization. Notably, the dendrite branching ligand
SAX-7 is a type | transmembrane protein that is enriched in the dorsal
and ventral muscle regions to provide spatial information to guide
dendrite innervation onto the body wall muscles. In contrast, its level
on the lateral epidermal region is relatively low (except the epidermis-
seam cell junctions) (Fig. 1b)""****, It is currently unknown how SAX-7
forms such a “muscle region high and lateral region low” pattern.

In this study, we find that EAT-17, the C. elegans homolog of
Ecotropic Viral Integration Site 5 (EVIS), functions in the epidermis to
restrict dendrite branching in the lateral region. Mechanistically, EAT-
17 acts together with the dynein adaptor protein BICD-1 and the motor
protein dynein to promote endocytosis of the ectopically localized
branching ligand SAX-7 on the lateral epidermis to prevent ectopic
dendrite branching. Since most of the regulators we identified are
evolutionarily conserved from worms to humans, we propose that a
similar mechanism might be used to restrict dendrite branching in
humans.

Results

EAT-17 can regulate PVD dendrite morphogenesis independent
of its RAB GTPase activating protein function

Previously, we and others found that the small GTPase RAB-10 func-
tions cell-autonomously in the PVD neurons to promote dendrite
branching and growth'?. Since EAT-17 (also known as TBC-4) was
reported to act as the GTPase-activating protein (GAP) of RAB-10, we
sought to determine whether EAT-17 is required for proper dendrite
development®. A previous study generated a full-length transcriptome
of C. elegans by using nanopore-based direct RNA sequencing and
showed that there are six isoforms of eat-17, including four long iso-
forms (eat-17a, eat-17b, eat-17d and eat-17e) and two short isoforms
(eat-17c and eat-17f)**%. Protein domain prediction revealed that the
long isoforms generate proteins with a TBC domain and three coiled-
coil domains, while the short isoforms generate proteins only with the
last two coiled-coil domains (Fig. 1c, d)*. Since all six isoforms share
the same C-terminal end, we inserted the coding sequence of the
green fluorescent protein (GFP) before the stop codon and generated
an eat-17:gfp knock-in strain using CRISPR-based homologous
recombination”. Western blotting results confirmed that both long
and short isoforms exist (Fig. 1e). We identified two RNAi clones in the
Ahringer RNAi library: clone 201F11 contained a genomic fragment
corresponding to most of the TBC domain, while clone 201F10 con-
tained a genomic DNA segment corresponding to the C-terminal

coiled-coil domains (CC2 and CC3). Knockdown of all eat-17 isoforms
using the 201F10 clone caused ectopic branch formation in the lateral
region and decreased the number of 4° branches in the muscle regions.
However, specific knockdown of eat-17 long isoforms using the 201F11
clone did not cause any obvious defect (Fig. 1f-i), indicating that the
short isoform(s) of eat-17 is sufficient for proper dendrite branching.

To validate the results of the knockdown experiments, we
conducted an analysis using three eat-17 deletion mutants. 0k2983 is
a deletion mutant affecting a portion of the 3’ half, while 0k2928 and
0k3041 impact different part of the 5’ half of the eat-17 coding
sequences. To understand how these mutations influence the
expression of endogenous EAT-17 isoforms (both long and short),
we introduced green fluorescent protein (GFP) to label these
mutated proteins by genome editing. Western blotting results
showed that 0k2983 completely abolishes expression of both EAT-17
long and short isoforms, whereas 0k2928 and 0k3041 specifically
affects the EAT-17 long isoforms (Fig. 1e). Notably, the 0k2983 allele,
which is presumed to be a null allele, generates a dendrite mor-
phogenesis defect similar to that observed in animals treated with
double-strand RNAs produced by the 201F10 clone. However,
0k2928 and 0k3041 displayed no obvious dendrite morphogenesis
defect (Fig. 1f-i)”. We further used the CRISPR/Cas9-mediated
genome editing to delete part of the 3’ half in 0k3041 and obtained
eat-17(zac305) mutants, and we did not observe any enhanced
defects in dendrite morphogenesis (Fig. 1f-i). Together, our results
suggest that the eat-17 short isoform(s) is sufficient to ensure proper
dendrite morphogenesis.

Ectopic branch formation can be caused by increased branch
initiation, decreased branch retraction, or both. To distinguish these
possibilities, we performed time-lapse recordings for both wildtype
and eat-17(0k2983) mutant animals at the young adult stage (-4 h post
the fourth larval stage). We did not observe any significant difference
for the speed of branch elongation or retraction (Fig. 2a-c). However,
we observed more ectopic branch initiation (pointed by yellow arrows
in Fig. 2a) and retraction (pointed by red arrows in Fig. 2a) events in
eat-17 mutants than in wildtype controls. The number of ectopic
branch initiations was ~ 4 times higher than that of retractions, which
explains why there were more ectopic branches in the eat-17 mutants
(Fig. 2d, e).

EAT-17 is expressed in the epidermis and functions at the third/
fourth larval stage to inhibit ectopic branching

To understand in which tissue EAT-17 functions, we firstly analyzed the
eat-17:gfp knock-in strain. Notably, this strain displayed normal PVD
dendrite morphology, suggesting that C-terminal GFP tagging does
not interfere with the function of endogenous EAT-17 (Supplementary
Fig. 1a-d). We found that EAT-17::GFP was mainly expressed in the
epidermis and seam cells and showed a diffused pattern in the cytosol
(Fig. 3a). Consistently, the single-copy transgenes expressing EAT-
17D::GFP (a long isoform) or EAT-17F::GFP (a short isoform), driven by
an epidermis-specific promoter, mainly showed diffuse signals (Sup-
plementary Fig. 2a). However, we could not exclude the possibility that
EAT-17 might be expressed in other tissues at a level that is below the
detection ability of our fluorescence microscopy. Previous studies
revealed that PVD dendrite development mainly involves three tissues,
the PVD neuron itself and the neighboring epidermis and body-wall
muscles®*®. Thus, we expressed the cDNA of a short isoform of eat-17
(eat-17f) using promoters that specifically drive transgene expression
in the abovementioned tissues (ser2prom3 for the PVD neuron, hlh-1p
for the body wall muscles, and dpy-7p for the epidermis,
respectively)®*=2, Expressing EAT-17F in the epidermis rescued both
the ectopic branching in the lateral region and the reduced branching
in the dorsal and ventral muscle region of the eat-17(0k2983) mutants,
while no rescue was observed when EAT-17F was expressed in the PVD
neuron or the body-wall muscles (Fig. 3b—d). In addition, the dendrite
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morphogenesis defects in eat-17(0k2983) mutants were rescued to a
similar extent by the epidermis-specific expression of EAT-17A and
EAT-17D isoforms (Supplementary Fig. 2b-d).

To explore when EAT-17 functions, we introduced a transgene
(hsp-16.48p::eat-17f cDNA) in the eat-17(0k2983) mutants and induced
EAT-17F expression at different developmental stages. For the ectopic
branching defect, induction of EAT-17F expression at the L4 stage fully
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rescued the defect, and induction at the L3 stage also showed partial
rescue. However, induction at the L1, L2, or 1 day post L4 stage failed to
do so. Interestingly, for the reduced 4° branch formation defect,
induction of EAT-17F expression at each abovementioned stage
showed a full rescue (Fig. 3e-h). Together, our results showed that
EAT-17 functions at the L3/L4 stage and in the epidermis to inhibit
ectopic dendrite branching.
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Fig. 1| EAT-17 regulates dendrite morphogenesis independent of its Rab GAP
activity. a A cartoon showing the morphology of the sensory PVD dendrites and
the growth environment. Adapted from Zou et al. (2016)* with permission (https://
creativecommons.org/licenses/by/4.0/). 1° primary dendrite; 2°: secondary den-
drite; 3°: tertiary dendrite; 4°: quaternary dendrite. Internal organs such as germline
and intestine are inside of the pseudocoelom. b Schematic diagram showing that
SAX-7 forms stripes in the dorsal and ventral muscle regions to guide the PVD
branching. SAX-7’s level is low in the lateral region, except the epidermal-seam cell
junctions. ¢ Schematic diagram of six isoforms of eat-17 transcripts (adapted from
Wormbase). The regions used to generate double-strand RNA and deleted in the
deletion alleles are also shown. d Schematic diagram of EAT-17A (one of the four
long isoforms) and EAT-17F (one of the two short isoforms). TBC: Tre2-Bub2-
Cdc16 (TBC) domain (also known as the Rab GAP domain); CC: coiled-coil domain.
e Western blotting results to show the molecular weight of endogenously expres-
sed EAT-17::GFP in WT and different eat-17 deletion mutant strains. The experiment
was repeated 3 times with similar results. f Confocal images to show the PVD

dendrite morphologies of wildtype animals treated with negative control L4440
(empty vector) RNAI, 201F11 RNAi (dsRNA targeting the 5" half part of EAT-17),
201F10 (dsRNA targeting the 3’ half part of EAT-17) RNAI, and wildtype, eat-
17(0k2928), eat-17(0k3041), eat-17(0k2983) and eat-17(zac305) mutant animals. The
first three strains were fed with HT115 bacteria to knockdown target genes with
specific double-stranded RNAs, and the last five strains were fed with regular food
OP50 bacteria. All animals were at 1 day old adult stage (24 h post L4 stage). PVD
dendrites were labeled using an integrated transgene wy/s592 (ser2prom3::myr-
istoylated-gfp). Scale bar, 20 um. g Schematic diagram to show the dendrite
morphologies of the 1day old wildtype and eat-17 mutant animals. Ectopic bran-
ches in the lateral region are showed in red. h, i Quantification of number of ectopic
branches (h) and 4° branches (i) in a100 pm region anterior to the PVD cell body for
each strain showed in (f). All values are presented as mean +s.e.m. ***p <0.0001;
ns: not significant (one-sided ANOVA with the Tukey correction). n=20 1 day old
adult animals were quantified for each column. For (e-i). source data are provided
as a Source Data file.
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Fig. 2 | Time-lapse analysis of dendrite branching in wildtype, eat-17 and bicd-1
mutant animals. a Confocal images from time-lapse videos showing dendrite
branch initiation, outgrowth and retraction in wildtype, eat-17(0k2983) and bicd-
1(zac51) mutant animals. Note that both branch initiation-outgrowth (yellow
arrows) and retraction (red arrows) were relatively frequently observed in eat-17
and bicd-1 mutant animals, but at a very low frequency in the wildtype animals.
Scale bar, 20 pm. b, ¢ The speed of outgrowth (b) and retraction (c) of ectopic

120 min
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branches during the 2 h period of L4 growth. All values are presented as mean +
s.e.m. ns: not significant (one-sided ANOVA with the Tukey correction). d-e The
number of initiation-growth events (d) and retraction (e) of ectopic branches
during the 2 h period of L4 growth. All values are presented as mean + s.e.m. ns: not
significant. ***p < 0.0001 (one-sided ANOVA with the Tukey correction). WT:n=9
animals; eat-17 (0k2983): n = 7 animals; bicd-1(zac51): n =5 animals. For (b-e) source
data are provided as a Source Data file.

EAT-17 genetically and physically acts together with the dynein
adaptor protein BICD-1

To understand the molecular mechanism of EAT-17 in regulating
dendrite morphogenesis, we performed a large-scale forward genetic
screen to identify mutants that showed similar dendrite formation

defects. After screening for ~30,000 haploid genomes, we identified
multiple eat-17-like mutants. By performing complementation test, we
found that zac26, zac45, zac54 and zac106 were new alleles of eat-17
(Supplementary Fig. 3a-d). Interestingly, all missense mutations were
in the CC2 and CC3 coding regions, but not in the RAB GAP coding
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Fig. 3 | EAT-17 functions in the epidermis to regulate dendrite formation. a A
confocal image to show the expression pattern of the endogenous EAT-17. The
experiment was repeated >3 times with similar results. Scale bar, 50 um.

b Confocal images of PVD morphologies of wildtype, eat-17(0k2983), eat-17
(0k2983) carrying distinct EAT-17F transgene driven by skin, muscle and PVD-
specific promoters, respectively. All animals were at 1 day old adult stage. Scale
bar, 20 um. ¢, d Quantification of number of ectopic branches (c) and 4° branches
(d) in a100 pm region anterior to the PVD cell body for each strain. All values are
presented as mean + s.e.m. ns: not significant. ***p < 0.0001 (one-sided ANOVA
with the Tukey correction). n =20 animals for each column. e Confocal images to
show the PVD dendrite morphologies of eat-17(0k2983) Ex[Phsp-16.48::eat-17f] with

7
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different treatments, including no heat-shock control and with heat-shock at
distinct developmental stages. All animals were imaged at the 2 day old adult stage
(48 h post L4 stage). Scale bar, 20 pm. f A cartoon showing the timing of PVD
neurogenesis and time points when heat-shock treatment was performed. Note
that after heat-shock treatment, animals were cultured at 20 °C to recover until
subjected to confocal imaging. g, h Quantification of number of ectopic branches
(g) and 4° branches (h) in a 100 um region anterior to the PVD cell body for each
strain. All values are presented as mean + s.e.m. ns: not significant. ***p < 0.0001
(one-sided ANOVA with the Tukey correction). n =20 animals were quantified for
each column. For (c-h) source data are provided as a Source Data file.
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region (Supplementary Fig. 3a). zac51 phenocopies eat-17(0k2983) and
the trans-heterozygous progenies showed normal PVD dendrite
morphologies, suggesting that zac51 affects a different gene
(Fig. 4a-c). By performing genetic mapping and whole-genome
sequencing, we found that zac51 carried a G-to-A mutation
(Q685stop in BICD-1A) in the coding region of bicd-1, which encodes a
dynein adaptor protein. Knockdown of bicd-1 generated a similar
dendrite morphogenesis defect as that in bicd-1(zac51) mutant animals,
while a previously reported deletion allele of bicd-1, 0k2731, showed
much milder defects. (Supplementary Fig. 4a—f)*. A previous study
reported that BICD-1 functions in PVD neurons to inhibit ectopic
branching®. We performed tissue-specific transgene rescue experi-
ments and found that expressing BICD-1 in the epidermis of bicd-
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1(zac51) mutant animals fully rescued the dendrite development
defects, while expressing BICD-1 in PVD neurons or body wall muscles
failed to do so (Fig. 4a-c, and Supplementary Fig. 4d-f). A functional
gfp:bicd-1 knock-in strain showed that endogenous BICD-1 was
expressed in the epidermis and some other tissues (Fig. 4d and Sup-
plementary Fig. 1a-d). bicd-1(zac51); eat-17(0k2983) double mutants
showed no enhanced ectopic branching defect compared with either
of the single mutants, suggesting that these two genes act in the same
genetic pathway to inhibit ectopic branching (Fig. 4a-c). The double
mutants also showed similar number of 4° branches to either of the
single mutants (Fig. 4¢). By performing time-lapse recording, we found
that bicd-1(zac51) animals also showed increased number of branch
initiation and retraction events in the lateral region (Fig. 2a-e). A
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Fig. 4 | The dynein adaptor protein BICD-1 acts together with EAT-17 to regulate
dendrite formation. a Confocal images to show the dendrite PVD morphologies of
wildtype, eat-17(0k2983), bicd-1(zac51), bicd-1(zac51) Ex{skin::bicd-1a] and bicd-
1(zac51); eat-17(0k2983). All animals were at 1day old stage. Scale bar, 20 pm.

b, ¢ Quantification of number of ectopic branches (b) and 4° branches (c) in a
100 um region anterior to the PVD cell body for each strain showed in (a). All values
are presented as mean + s.e.m. ns: not significant. ****p < 0.0001 (one-sided ANOVA
with the Tukey correction). n =20 animals were quantified for each column.

d Confocal images to show the expression pattern of gfp:bicd-1 knockin animals.
Note that endogenous BICD-1 can be observed in multiple tissues, including the
epidermis. The experiment was repeated >3 times with similar results. Scale bar,
100 pm. e Schematic diagram to show the domains of BICD-1full length (FL) and the
C-terminal fragment (CTF) of BICD-1. CC: coiled-coil domain. f, g Results of coim-
munoprecipitation assays. The experiment was repeated >3 times with similar
results. For (f) Flag::EAT-17A was used as the bait protein. Note that GFP tagged-
RAB-6.2, BICD-1 FL and BICD-1 CTF could be coimmunoprecipitated. For (g)

Flag::EAT-17F was used as the bait protein. Note that GFP::BICD-1, but not GFP::RAB-
6.2, could be coimmunoprecipitated. IP: immunoprecipitation; IB: immune-
blotting. h FPLC coupled with static light scattering analysis of Trx-EAT-17F (green
line), MBP-BICD-1 CTF (blue line), and the Trx-EAT-17F/ MBP-BICD-1 CTF complex
(orange line), showing that both EAT-17F and BICD-1 CTF are dimers in solution and
they form a stable complex with molar ration of 2:2. i ITC-based measurements of
the binding affinity of the BICD-1 CTF with EAT-17F. The Ky error is the fitting error
obtained using a 1-site binding kinetics model in Origin 7.0 to fit ITC data. BICD-1
CTF (200 uM) were titrated to EAT-17F (20 uM). The dissociation constant (K4

~34 nM) indicates a strong binding between BICD-1 and EAT-17F. j Analytical gel
filtration chromatography (FPLC) analysis showed that neither Trx-EAT-17F CC2 nor
CC3 domain only could interact with BICD CTF (the left two panels). Meanwhile,
only CC2 domain of BICD-1 CTF or the C-terminal loop (685-737) also lose the
interaction abilities with EAT-17F. For (b-j) source data are provided as a Source
Data file.

previous study reported that loss of dli-1 also causes ectopic branching
in the lateral epidermal regions®*. The ectopic branching phenotype in
dli-1(RNAi); eat-17(0k2983) double mutants was not more severe than
either of the single mutants, indicating that EAT-17, BICD-1, and dynein
likely act together to restrict ectopic branching (Supplementary
Fig. 5a-c).

Since eat-17 and bicd-1 genetically function together, we sought to
determine whether they physically interact with each other to form a
protein complex. Coimmunoprecipitation assay showed that both
long and short isoforms of EAT-17 interacted with GFP-tagged full-
length BICD-1, but not the GFP negative control (Fig. 4e-g). A previous
study reported that EAT-17 interacted with RAB-6.2”°, We confirmed
that the long isoform, but not the short isoform, indeed interacted
with RAB-6.2 (Fig. 4f, g). We also expressed these two proteins in E. coli
and obtained highly purified proteins. Fast protein liquid chromato-
graphy (FPLC) coupled with static light scattering demonstrated that
EAT-17F and BICD-1 C-terminal fragment (CTF) form a stable 2:2
complex in solution. The results showed that both EAT-17F and BICD-1
CTF are dimers. When proteins were mixed at a 1:1 molar ratio, the
complex peak was formed with a measured molecular weight of
~215.0 kDa, matching well with the molecular weight of a complex
comprising 1 copy of EAT-17F dimer and 1 copy of BICD-1 CTF dimer
(Fig. 4h). We also performed isothermal titration calorimetry (ITC)
analysis and showed that EAT-17F can interact with BICD-1 CTF with
high affinity (K4 = ~-34 nM) (Fig. 4i). Furthermore, we generated a series
of truncated EAT-17F and BICD-1 CTF proteins to map the binding
regions on both proteins and found that all the truncations we made
abolished the binding (Fig. 4j). Each coiled-coil domain of EAT-17F is
necessary for the interaction with BICD-1, and the CTF of BICD-1 is also
necessary to retain the interaction. Together, our results suggest that
EAT-17 and the dynein adaptor protein BICD-1 act together to regulate
PVD dendrite morphogenesis.

EAT-17 and BICD-1 downregulate the dendrite branching ligand
SAX-7 in the lateral region of the epidermis

Previous studies showed that PVD dendrite morphogenesis is con-
trolled by an epidermis-localized dendrite branching ligand complex,
which contains SAX-7/L1CAM, MNR-1/Menorin and LECT-2/LECT2""5,
Importantly, SAX-7 is enriched in the dorsal and ventral muscle regions
and forms stripes to precisely guide dendrite branch formation®. Zhu
et al., reported that loss of dli-1, which encodes the dynein light
intermediate chain, caused ectopic SAX-7 localization and branching
in the lateral region®. We sought to determine whether the ectopic
branching in the eat-17 and bicd-1 mutants was also due to ectopic SAX-
7 distribution in the lateral epidermis. We examined wildtype, eat-17
and bicd-1 mutant animals carrying a transgene wyls50005, which
specifically expresses SAX-7::GFP in the epidermis*. Indeed, an ectopic
SAX-7::GFP signal was observed in both mutants when compared with

the wildtype control animals. Ectopic SAX-7 was distributed in the
lateral region, which correlated with the distribution of the ectopic
branches (Supplementary Fig. 6a, b). The ectopic SAX-7 distribution
could be either a cause or a consequence of ectopic dendrite
branching. To distinguish the two possibilities, we further knocked out
the mec-3 gene, loss of which caused a much-simplified dendrite
morphology by suppressing both normal and ectopic branch
formation®>**, Ectopic distribution of SAX-7::GFP in the lateral region
was still observed in the mec-3; eat-17 and mec-3; bicd-1 mutants
(Supplementary Fig. 6a, b). As SAX-7::GFP was overexpressed from the
high-copy transgene wyls50005 in this set of experiments, we further
generated an endogenous SAX-7::GFP knock-in strain. GFP knock-in
did not affect the function of endogenous SAX-7, as PVD dendrite
morphogenesis was normal in this strain (Supplementary Fig. 1a-d). In
eat-17(If) mutant animals, a similar abnormal accumulation of endo-
genous SAX-7:GFP was observed in the lateral regions of the epi-
dermis, and their signals were colocalized with the myristoylated-blue
fluorescent protein (MYR::BFP) on the epidermal plasma membranes®®.
The ectopic distribution of the endogenous SAX-7:GFP was fully
abolished by expressing EAT-17F in the epidermis, and not suppressed
by the mec-3 loss-of-function mutation (Fig. 5a-d). These results sug-
gested that the ectopic accumulation of endogenous SAX-7 on the
lateral epidermal plasma membranes of eat-17 and bicd-1 mutants was
likely the cause of ectopic branching.

PVD neurons form Menorah-like dendrite branches, which rely on
the SAX-7-MNR-1-LECT-2-DMA-1 ligand-receptor complex***. To fur-
ther test the hypothesis that ectopic accumulation of SAX-7 in the eat-
17 and bicd-1 mutants causes ectopic dendrite branching, we created a
double mutant strain, sax-7; eat-17, and found that knockout of the
dendrite branching ligand sax-7 not only abolished the normal
branching of high-ordered dendrites (3° and 4°) but also suppressed
ectopic branching in the lateral epidermal region (Fig. Se, f). Similar
suppression of ectopic branching was observed when we knocked out
the other two ligand coding genes mnr-I1 and lect-2, and the dendritic
receptor coding gene dma-1 in the eat-17 mutant background (Fig. Se,
f). Together, our results suggest that the EAT-17-BICD-1 protein com-
plex acts in the epidermis to restrict ectopic dendrite branching via
regulating the proper distribution of the dendrite branching ligand
SAX-7/L1CAM.

EAT-17 and BICD-1 promote endocytic degradation of the den-
drite branching ligand SAX-7

How do EAT-17 and BICD-1 negatively regulate SAX-7 distribution in the
lateral region of the epidermis? We speculated that they promoted the
endocytosis of SAX-7 on epidermal plasma membranes. If this
hypothesis was true, we predicted that: (1) SAX-7 should be detected in
the endosomes/ lysosomes in wildtype animals and the endosome/
lysosome distribution should be reduced in eat-17(lf) and bicd-1(lf)
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animals; (2) inactivation of endocytosis genes should generate similar
ectopic SAX-7 localization and dendrite branching phenotypes. Firstly,
we inserted the coding sequence of mCherry into the sax-7 endogen-
ous locus to generate SAX-7:mCherry. Unlike GFP, mCherry is not
sensitive to the acidic environment (such as the lumen of the endo-
somes and lysosomes)*. Similar to endogenous SAX-7::GFP localiza-
tion, the endogenous SAX-7:mCherry was enriched at the sublateral
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tertiary lines, guiding the formation of PVD tertiary dendrites™", In
addition, punctate signals were also observed, likely representing SAX-
7::mCherry within endocytic compartments. Indeed, a subset of SAX-
7:mCherry-positive puncta was co-labeled with several markers of
early endosomes, including GFP:RAB-5°, YFP:2xFYVE* and RME-
8::GFP***1, Moreover, the majority of the SAX-7-positive puncta were
found within the late endosomes and lysosomes, as indicated by their
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Fig. 5 | Loss of eat-17 and bicd-1 cause ectopic accumulation of the dendrite
branching ligand SAX-7 in the lateral region of the epidermis. a Confocal images
showing the distribution of the endogenous SAX-7::GFP and PVD dendrite
morphologies in different strains. Arrows: lateral epidermal regions. Scale bar,

20 pm. b Quantifications of the fluorescence intensity of the endogenous SAX-
7::GFP in the lateral region in different strains showed in (a). All values are pre-
sented as mean + s.e.m. WT: n =41 animals; mec-3(zac395): n = 34 animals; eat-
17(0k2983): n = 31 animals; eat-17(0k2983);mec-3(zac395): n =37 animals; eat-
17(0k2983) Ex|skin:eat-17f]: n =28 animals. ns: not significant. ***p < 0.0001 (one-
sided ANOVA with the Tukey correction). ¢ Confocal images showing the dis-
tribution of the endogenous SAX-GFP and exogenous MYR::BFP (as a marker for the
epidermal plasma membranes). The image in the lower right corner was 2 times
enlarged. Scale bar, 20 pm. d Co-localization analysis for the endogenous SAX-

7::GFP and the epidermal plasma membrane marker (MYR::BFP) in different strains.
All values are presented as mean + s.e.m. ns: not significant. ***p < 0.0001 (one-
sided ANOVA with the Tukey correction). n=10 animals were imaged and quanti-
fied for each column. e Confocal images showing the PVD dendrite morphologies
of wildtype, eat-17(0k2983), sax-7(nj48), sax-7(nj48); eat-17(0k2983), mnr-1(wy758),
mnr-1wy758); eat-17(0k2983), lect-2(0k2617), lect-2(0k2617); eat-17 (0k2983), dma-1
(tm5159) and dma-1(tmS5159); eat-17(0k2983). All animals were at 1 day old stage. Scale
bar, 20 um. f Quantification of number of ectopic 3° branches derived from 2°
branches in a 100 pm region anterior to the PVD cell body in the strains showed in
(e). All values are presented as mean * s.e.m. ns: not significant. ***p < 0.0001 (one-
sided ANOVA with the Tukey correction). n=20 animals were quantified for each
column. For (b-f) source data are provided as a Source Data file.

co-localization with GFP::RAB-7°® and SCAV-3::GFP** (Fig. 6a, b). Nota-
bly, overexpression of a constitutively active form of RAB-5 (RAB-5
Q78L) in the epidermis disrupted endosome maturation, resulting in
abnormally enlarged endosomes, the majority of which contained
SAX-7::mCherry. Knockdown of eat-17 and bicd-1 dramatically reduced
the presence of SAX-7 in these enlarged endosomal compartments,
suggesting that SAX-7 is endocytosed in an EAT-17- and BICD-1-
dependent manner (Fig. 6¢, d, and Supplementary Fig. 7a, b).

To more sensitively compare the endocytosis rate of SAX-7 in wild
type, eat-17(lf) and bicd-1(If) animals, we combined the Cre-LoxP and
heat shock-induced transgene expression systems. This strategy
allowed us to selectively and temporarily induce a batch of SAX-
7::mCherry proteins in the epidermis and perform a time-course assay
(Supplementary Fig. 8a, b)*. In all three strains, a similar amount of
SAX-7 was observed around the sublateral tertiary lines, suggesting
that SAX-7 expression and secretion were unaffected by eat-17 or bicd-1
knockdown (Supplementary Fig. 8c, d). In wild type animals, SAX-
7:mCherry proteins were observed in RME-8-labeled early endosomes
and SCAV-3-labeled lysosomes as early as 3 h after heat shock. The
intensity of SAX-7 gradually increased at later time points, likely
because more SAX-7 proteins were endocytosed. Strikingly, knock-
down of eat-17 or bicd-1 reduced the amount of SAX-7 in the endo-
lysosomal compartments at various time points following heat shock
(Supplementary Fig. 9a-f). Together, these results suggest that EAT-17
and BICD-1 play critical roles in facilitating the efficient endocytosis-
dependent downregulation of SAX-7 in the epidermis.

Next, we inactivated four conserved genes regulating endo-
lysosomal trafficking, including rab-5/RABS, dyn-1/DNM1, dpy-23/
AP2M1 and chc-1/CLTC*. As these genes are essential for develop-
ment, we performed epidermis-specific conditional knockout using
either a ribozyme-based Ribo-Off method developed by ourselves
recently or a modified version of somatic CRISPR (Supplementary
Fig. 10a, b)**¢. Knockout of all four genes in the epidermis indeed
generated eat-17-like ectopic branching in the lateral epidermal
region (Supplementary Fig. 10c, d). Alternatively, we performed RNA
interference experiments by feeding gene-specific double-stranded
RNAs to wildtype animals at the L2 stage and examining the dendrite
branching phenotype at the 1day old adult stage (24 h post the
L4 stage). Knockdown of the endocytosis genes rab-5 and dyn-1
generated not only ectopic accumulation of SAX-7 in the lateral
epidermal region but also ectopic branching in the same region
(Fig. 7a-d). Our western blotting analysis revealed that loss of eat-17
and bicd-1, as well as the knockdown of rab-5, consistently resulted
in increased levels of SAX-7 in the epidermis (Supplementary
Fig.11a, b). These findings indicate that EAT-17, BICD-1 and RAB-5 are
required for the endocytosis-dependent downregulation of SAX-7.
Notably, loss of eat-17 or bicd-1 did not further enhance the ectopic
branching or ectopic SAX-7 distribution of animals subjected to rab-
S and dyn-1 knockdown, supporting that they act in the same genetic
pathway (Fig. 6a-d).

To gain more insights on how EAT-17 and BICD-1 function to
regulate endocytic trafficking, we examined the number of RAB-5-
labeled early endosomes in wildtype, eat-17 and bicd-1 mutant animals.
Both eat-17(0k2983) and bicd-1(zac51) caused a dramatically reduced
number of RAB-5-positive early endosomes, suggesting that EAT-17
and BICD-1 are required for endosome biogenesis (Fig. 6e, f). We also
analyzed 2xFYVE and RME-8, two additional endosomal markers**,
and found that loss of eat-17 also resulted in significantly reduced
numbers of endosomes labeled by these two reporters (Supplemen-
tary Fig. 12a-c). Knock-down the endocytosis genes chc-1, dyn-1 or dpy-
23 generated a similar reduced endosome biogenesis phenotype, and
the defects were not further enhanced by loss of eat-17 or bicd-1
(Fig. 7e, f). Thus, we concluded that EAT-17 and BICD-1 act together
with RAB-5 and other endocytosis regulators to promote endosome
biogenesis in C. elegans epidermis.

eat-17 mutant animals show defects in locomotion

Previous studies showed that abnormal PVD dendrite morphogen-
esis affected the proprioceptive function of the PVD neuron, which
could be indicated by the amplitude and wavelength of the sinu-
soidal movements*’. We sought to determine whether this function
was perturbed by the loss of eat-17. We used the dma-1 mutant strain
as our positive control, as loss of dma-1 was reported to result in
severe defects in both dendrite branching and proprioception*’.
Interestingly, although loss of eat-17 generated ectopic branching, it
severely reduced the amplitude and wavelength of body movements
similar to those of the reduced branching dma-1 mutant animals.
Epidermis-specific expression of EAT-17F fully rescued the locomo-
tion defects of the eat-17(0k2983) mutants. We measured the body
length of wildtype, dma-1, eat-17 and eat-17 carrying the transgene to
express EAT-17F in the epidermis, and found that there was no sig-
nificant difference, which ruled out the possibility that the differ-
ence in amplitude and wavelength was due to differences in body
lengths (Fig. 8a-d). In conclusion, EAT-17-dependent proper den-
drite morphogenesis is critical for the proprioceptive function of
PVD sensory neurons.

Discussion
In this study, we used the C. elegans PVD sensory neuron as a model to
investigate the mechanism that restricts dendrite branching and found
that a previously uncharacterized short isoform of the EAT-17 protein
acts together with the dynein adaptor protein BICD-1 and the motor
protein dynein to remove the ectopically localized dendrite branching
ligand SAX-7 in the lateral region of the epidermis. EAT-17 and BICD-1
act together with the endocytic machinery to downregulate SAX-7 so
that ectopic branching does not occur in the wildtype animals (Fig. 8e).
Sasidharan et al., reported that EAT-17 (also known as TBC-4
previously) functioned as the GAP of the small GTPase RAB-10 to
promote neuropeptide release from the dense-core vesicles in C. ele-
gans motor neurons®. EAT-17 and RAB-10 colocalized with each other
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Fig. 6 | Efficient SAX-7 endocytosis in the epidermis relies on both EAT-17 and
BICD-1. a Confocal images showing the distribution of endogenous SAX-
7:mCherry in early endosomes (labeled by GFP::RAB-5, YFP::22xFYVE or RME-
8::GFP), late endosomes (LE) and lysosomes (labeled by GFP::RAB-7) and lysosomes
(labeled by SCAV-3::GFP) in epidermal cells in the wildtype. White arrows: orga-
nelles positive for SAX-7::mCherry; Yellow arrows: organelles negative for SAX-
7:mCherry. The image in the lower right corner was 2 times enlarged. Scale bar,
20 pm. b Quantification of the percentage of vesicles with SAX-7::mCherry in their
lumen in wildtype animals. All values are presented as mean + s.e.m. n =20 animals

»

were quantified for each column. ¢ Confocal images showing the distribution of
endogenous SAX-7::mCherry in endosomal compartments (labeled by YFP::2x-
FYVE) in epidermal cells in different strains. RAB-5 CA: constitutively active RAB-5.
The image in the lower right corner was 2 times enlarged. Scale bar, 20 um.

d Quantification of the percentage of endosomes with SAX-7::mCherry in their
lumen for each strain. All values are presented as mean + s.e.m. ns: not significant.
***p < 0.0001 (one-sided ANOVA with the Tukey correction). n=20 animals were
quantified for each column. For (b-d) source data are provided as a Source

Data file.
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in neuronal cell bodies, and showed interaction in a yeast two-hybrid dendrite morphogenesis. Several lines of evidences support this
assay. The neuropeptide secretion defect could be rescued by the notation. First, knockdown all the isoforms showed dendrite mor-
wildtype TBC-4 but not a mutant form (EAT-17 R155A) in which the GAP  phogenesis defects, while knockdown the long isoforms showed nor-
activity is abolished, demonstrating that the long isoform acts as the  mal morphology. Second, dendrite development was not perturbed by

GAP of RAB-10. In another study, Straud et al.,

found that EAT-17 the mutations affecting the long isoforms which encode EAT-17 pro-

interacted with RAB-6.2, and they were co-expressed in the terminal teins with a RAB GAP domain. Last, expressing either a short isoform
bub muscle to promote grinder formation, possibly by facilitating (EAT-17F) or a long isoform (EAT17A or EAT-17D) was sufficient to
secretion of proteins which are components of the grinder®. In these  restore normal PVD dendrite morphology. Our results support that
two cases, EAT-17 long isoforms function as a GAP to enhance the besides the previously reported exocytosis functions, EAT-17 can also
GTPase activity of RAB-10 or RAB-6.2. Here, we found that a previously  act in the endocytic degradation pathway, which is critical for proper
uncharacterized short isoform(s) is sufficient to regulate proper PVD  dendrite morphogenesis.
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Fig. 7| EAT-17 and BICD-1 function in the endocytosis pathway to downregulate
the branching ligand SAX-7. a Confocal images to show PVD dendrites in wildtype,
eat-17(0k2983) and bicd-1(zac51) treated with either control (empty vector) RNAI,
rab-5 RNAI, or dyn-1 RNAi, respectively. An integrated transgene wyls592 [ser2-
prom3:myri-gfp] was used to label PVD dendrites. Scale bar, 20 pm.

b Quantification of number of ectopic branches in the lateral regions of different
strains showed in (a). All values are presented as mean + s.e.m. ns: not significant
(one-sided ANOVA with the Tukey correction). n =20 animals were quantified for
each column. ¢ Confocal images to show SAX-7::GFP in wildtype, eat-17(0k2983) and
bicd-1(zac51) treated with either control (empty vector) RNAi, rab-5 RNAi, or dyn-1
RNAI, respectively. wyls50005 [Pdpy-7:sax-7:gfp + ser2prom3::myri-mcherry] was
used to label SAX-7 in the epidermis. Asterisks: ectopic GFP expression in the
spermatheca. Scale bar, 20 pm. d Quantifications of the relative fluorescence
intensity of SAX-7::GFP in the lateral region in different strains showed in (c). All
values are presented as mean + s.e.m. WT L4440 RNAi: n =33 animals; eat-17(0k2983)
L4440 RNAi: n =30 animals; bicd-1(zac51) L4440 RNAi: n = 31 animals; WT rab-5 RNAi:

n =28 animals; eat-17(0k2983) rab-5 RNAi: n =32 animals; bicd-1(zac51) rab-5 RNAi:
n=30 animals; WT dyn-1 RNAi: n=29 animals; eat-17(0k2983) dyn-1 RNAi: n=37
animals; bicd-1(zac51) dyn-1 RNAi: n = 34 animals. ns: not significant. **p < 0.01 (one-
sided ANOVA with the Tukey correction). n>25 animals were imaged and quanti-
fied for each column. e Confocal images of GFP::RAB-5 positive spots in the epi-
dermis of different strains, including wildtype, eat-17(0k2983) and bicd-1(zac51)
treated with control RNAi, chc-1 RNAI, dyn-1 RNAi, or dpy-23 RNAi respectively.

f Quantification of number of GFP::RAB-5 positive vesicles in the strains showed in
(e). All values are presented as mean *s.e.m. WT L4440 RNAi: n=25 animals; eat-
17(0k2983) L4440 RNAi: n = 27 animals; bicd-1(zac51) L4440 RNAi: n =27 animals; WT
chc-1 RNAi: n=27 animals; eat-17(0k2983) chc-1 RNAi: n =27 animals; bicd-1(zac51)
chc-1 RNAi: n =27 animals; WT dyn-1 RNAi: n = 27 animals; eat-17(0k2983) dyn-1 RNAi:
n =27 animals; bicd-1(zac51) dyn-1 RNAi: n =27 animals; WT dpy-23 RNAi: n=29
animals; eat-17(0k2983) dpy-23 RNAi: n = 27 animals; bicd-1(zac51) dpy-23 RNAi: n =27
animals. ns: not significant. ***p < 0.0001 (one-sided ANOVA with the Tukey cor-
rection). For (b-f) source data are provided as a Source Data file.

In the epidermis of wildtype animals, SAX-7 forms stripes to guide
the formation of tertiary and quaternary branches, which are sand-
wiched by the epidermis and body wall muscles. It also localizes onto
the epidermal-seam cell junctions*?**. However, PVD dendrites can
ignore the branching signal here as a Furin-like protein KPC-1 acts in
the PVD neuron to downregulate the dendrite receptor DMA-1level on
the surface of the dendritic growth cones, possibly via promoting
DMA-1 endocytosis or sorting to deliver it into the lysosomes for
degradation”. In previous studies, ectopically expressed SAX-7 in
seam cells, touch receptor neurons or motor neurons are sufficient to
guide dendrite branching and growth". Consistent with the previous
findings, here we found that in eat-17 and bicd-1 mutant animals,
ectopically localized SAX-7 in the lateral region of the epidermis was
also sufficient to guide the dendrite branching decision within this
region. By performing double mutant analysis, we showed that den-
drite innervation onto the lateral epidermis not only relied on SAX-7,
but also the other dendrite branching ligands (MNR-1 and LECT-2) and
the dendrite receptor DMA-1.

The endocytosis machinery plays critical roles during dendrite
development. Loss of RABS in Drosophila class IV dendrite arborization
(DA) neurons causes reduced branching®®. This clearly shows the
pivotal role of the endosomal pathway in dendrite branching and
growth, possibly via modulating internalization and subsequent sort-
ing of the dendritic receptors. Consistent with this notion, Yang et al.,
found that localized clathrin-mediated endocytosis of the cell adhe-
sion molecule L1-CAM promotes the extension of higher-order bran-
ches in the Drosophila class IV DA neurons”. Interestingly,
endocytosis-dependent downregulation of L1-CAM is also critical to
trigger dendritic thinning and pruning, a process to eliminate
unwanted dendritic branches’®*". In this study, we find that the endo-
cytosis machinery acts in the non-neuronal epidermal cells to down-
regulate the surface localization of the dendrite branching ligand SAX-
7 to restrict branching in the lateral regions. Thus, the endocytosis
pathway can act in both neuronal and non-neuronal cells to regulate
dendrite branching, outgrowth, stabilization and pruning.

In two previous studies, C. elegans EAT-17 acts as a GAP of RAB-10
to promote neuropeptide release from the motor neurons, or a GAP of
RAB-6.2 to promote grinder formation, In addition, EVI5 (the
homolog of EAT-17 in humans) and Evi5 (the homolog of EAT-17 in
Drosophila) were reported to act as a GAP of Rabl1’**>. However,
another study showed EVI5 showed no GAP activity for RAB11in vitro®.
Here, we find that a previously uncharacterized short isoform of EAT-
17 (EAT-17S), which lacks the RAB GAP domain, is sufficient to restrict
ectopic branching. EAT-17S functions together with the dynein adaptor
protein and the motor dynein to downregulate the localization of the
branching ligand SAX-7 on the epidermal cell membranes. Double

mutant analysis supports that EAT-17S, BICD-1 and dynein act in the
endocytosis pathway. How does EAT-17S act to promote endocytosis?
One possibility is that EAT-17S functions as an adaptor protein to link
the endosomes with the BICD-1-dynein complex. Future investigation
is needed to identify which endosomal protein(s) interacts with EAT-
17S. Another possibility is that EAT-17S may function together with
BICD-1 to activate the dynein motor. Purified mammalian dynein rarely
displays processive motility, suggesting that it is autoinhibited and
required activation. Formation of the dynein-dynactin-cargo adaptor
complex causes dynein activation. One of the tested cargo adaptors is
BICD1*. The mammalian BICD1/BICD2 uses its N-terminal part to
interact with dynein and dynactin, and its C-terminal part to bind with
RAB6°°’. The C-terminal part has another function: it binds with the
N-terminal part of BICDI to attenuate its interaction with dynein and
dynactin®. Thus, it is plausible that BICD-1 (the C. elegans homolog of
BICD1) plays a similar and conserved role in regulating dynein activa-
tion and EAT-17 promotes dynein activation by binding to the
C-terminal portion of BICD-1. This will be an interesting direction for
future investigation.

Methods

C. elegans genetics

N2 was used as the wildtype strain and all C. elegans strains were cul-
tured under standard conditions at 20 °C®. The mutant alleles used in
this study were eat-17(0k2983), eat-17(0k2928)%, eat-17(0k3041), eat-
17(zac305), eat-17(zac276), eat-17(zac26), eat-17(zac43), eat-17(zac54),
eat-17(zacl06), bicd-1(0k2731)*, bicd-1(zac51), sax-7(nj48)", mnr-
Hwy758)", lect-2(0k2617)*", dma-1(tm5159)°", mec-3(e1338)*°, mec-
3(zac395) and mec-3(zac459). Standard microinjection methods were
used to generate transgenic lines and genome edited strains (see
below). The strains used in this study were listed in the Supplementary
Table 1.

Isolation, mapping and cloning of eat-17 and bicd-1 mutants
wyls594 (ser2prom3::myr-gfp) animals at the fourth larval stage were
treated with 50 mM ethyl methanesulfonate (EMS). Every five F1 ani-
mals were transferred onto each plate, and around 100 F2 animals
from each plate were examined for abnormal dendrite morphogenesis
defects under a fluorescence compound microscope. Animals with
such defects were rescued and their progenies were re-examined to
see whether the defective phenotypes were stable. zac26, zac45, zac54,
and zacl06 were new eat-17 alleles as they failed to complement eat-
17(0k2983) allele. eat-17 genomic DNA was amplified by PCR and
sequenced to identify the causal mutations. For zac51 allele, SNP-SNIP
mapping and whole-genome sequencing were used to identify the
causal mutation®>®,
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Fig. 8 | Loss of eat-17 likely affects the proprioceptive function of the PVD
neurons. a Representative images to show the moving tracks of wildtype, dma-
1(wy686), eat-17(0k2983) and eat-17(0k2983) Ex|skin::eat-17f] at 1 day old adult stage.
Scale bar, 100 pm. b Quantification of the body length for the strains showed in (a).
n=10 animals were quantified for each genotype. All values are presented as
mean + s.e.m. ns: not significant (one-sided ANOVA with the Tukey correction).

¢, d Quantification of amplitude (c) and wavelength (d) of the moving tracks for the

genotypes indicated (n =11 animals for each genotype). All values are presented as
mean + s.e.m. ns: not significant, *p <0.05, ***p < 0.0001 (one-sided ANOVA with
the Tukey correction). e A cartoon to show that EAT-17 acts together with BICD-1,
the dynein complex and other endocytosis regulators to promote SAX-7 endocy-
tosis from the lateral plasma membranes. The endocytosed SAX-7 is delivered into
the lysosomal degradation pathway or potentially recycled back to the plasma
membranes. For (b-d) source data are provided as a Source Data file.

Nature Communications | (2024)15:9651

13


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53970-3

CRISPR/Cas9-mediated genome editing

To generate eat-17(zac345[eat-17:.gfpl), a donor plasmid (5" homology
arm+ gfp+3 homology arm) with silent mutations (50 ng/uL),
eft-3p:cas9 (50ng/uL, kindly provided by Dr. Suhong Xu) and
two plasmids to express single-guide RNAs (sgRNA#1: 5TTG
ACAAAGCGTCGTCTAG3', sgRNA#2: SGGATTCGGGTGTACAACTGT3,
25 ng/uL each), and negative selection markers odr-Ip:rfp (30 ng/uL),
myo-2p::mcherry (Addgene #19327; 2ng/ul), and myo-3p::mcherry
(Addgene #19328; 3 ng/uL) were mixed and injected into unc-119(ed4).
Noted that gfp coding sequence in the repair donor plasmid was
amplified from pMLS252 (Addgene #73720) and contained Chr-unc-
119(+) in one of the introns®. After a week, progenies that did not
express any of the negative selection markers and moved normally
were selected for PCR-based genotyping and Sanger sequencing. No
additional mutation was found based on the Sanger sequencing
results. A similar protocol was used to generate sax-7(zac311[sax-
7:gfpl), sax-7(zac421[sax-7=mCherry]) and bicd-1(zac314{gfp:bicd-1]).
sgRNA#1: YGTCGACGTTGATCCTTTCT3 and sgRNA#2: 5TCGACG
TTGATCCTTTCTC3 were used to generate sax-7(zac311[sax-7:gfpl)
and sax-7(zac421[sax-7::mCherry]). sgRNA#1: 5ACAATGGCTGAATC
AGAAT3 and sgRNA#2: STAAATTTCAGCAGCCACAA3Z were used to
generate bicd-1(zac314{gfp::bicd-1]).

A similar protocol was used to generate the single-copy trans-
genes zacSil(Psemo-1.:gfp:rab-5) zacSi28(dpy-7p:eat-17d:.gfp) and zac-
Si29(dpy-7p:eat-17f::gfp). Briefly, the donor plasmids 5 homology arm+
Psemo-1:gfp::rab-S (or dpy-7p:eat-17d:gfp, or dpy-7p:eat-17f.gfp)+ 3’
homology arm was constructed using a seamless cloning protocol.
Notably, unc-119(+) was inserted in one of the introns of gfp, and sev-
eral silent mutations were included to avoid recutting. The donor
plasmid (50 ng/uL), eft-3p::cas9 (50 ng/ul), ttTi5605-sgRNA (Addgene
#47550, 50ng/ul) and the negative selection markers odr-Ip:rfp
(30 ng/uL), myo-2p::mcherry (2 ng/uL), and myo-3p::mcherry (3 ng/ulL)
were mixed and injected into unc-119(ed4) animals. Successful single-
copy knock-in animals were identified based on PCR-based genotyping
and Sanger sequencing.

To generate knockout strains, a modified co-conversion protocol
was used®. Briefly, eft-3p::cas9 + pUé::dpy-10sg and 2-3 sgRNAs for the
gene of interest were mixed and co-injected. To generate
eat-17(zac305), eft-3p::cas9 + pU6::dpy-10sg (50 ng/uL, kindly provided
by Dr. Suhong Xu), sgRNA#l: 5CTTCAGCAGGAGCTCATCG3,
sgRNA#2: 5’CACGAGCGGATGTGAGTGG3 and sgRNA#3: S5'GAT-
CAGTTGAAAGATGAGA3Z (20 ng/uL each) were co-injected into eat-
17(0k3041); wyls592. Dumpy or roller F1 animals were selected and the
F2 progenies were subjected to PCR-based genotyping. zac305 con-
tains a 496 bp deletion (flanked by 5TCACTCGCTTCAGCAGGAGC3’
and 5CATCCGCTCGTGCTCGTCTT3’) and 5bp (5AGGAG3J’) insertion.

eat-17(zac276), mec-3(zac395), mec-3(zac456) and mec-3(zac459)
were generated similarly. Briefly, eft-3p:xcas9+pU6::dpy-10 sgRNA
(50 ng/uL), eat-17 sgRNA#I: 5CTTCAGCAGGAGCTCATCG3, eat-17
SgRNA#2: 5CACGAGCGGATGTGAGTGG3', eat-17 sgRNA#3: 5GATC
AGTTGAAAGATGAGA3 (20ng/uL each) were co-injected into
wyls587(PVD::myri-mCherry) l;wyls50005 (Pskin::SAX-7S.:gfp) X. Dumpy
or roller F1 animals were selected and the F2 progenies were subjected
to PCR-based genotyping. zac276 contains an 807 bp deletion (flanked
by 5’ACACGTCGATGATTGAGCAC3 and 5 GAAAGATGAGAAGGA-
GAAGTZ?) and 3 bp insertion (5GTC3’). To generate mec-3(zac395),
Peft-3::cas9 + pU6::dpy-10 sgRNA (50 ng/uL), mec-3 sgRNA#1: 5CTC
AGTGCGATTAGTATGGTT3’, mec-3 sgRNA#2: SAAAAGTGTTTTTG-
GAAAAATZ', mec-3 sgRNA#3: SACAGATATGGTATATAAACT3’ (20 ng/
uL each) were mixed and injected into wyls587 I sax-7(zac311[sax-
7:gfpl) IV. Two regions were deleted in zac395 mutants. 43 bp were
deleted in the first region (flanked by 5’ ttcatttgaactATGGAAAT3 and 5
TCAATTGGAGTTGATCATGA3Z). 371bp were deleted in the second
region (flanked by 5 GAAAGGAGTGTCACCGACAG3’ and 5 GCATTT
ATCACCGGGGGAAC3). In addition, 21bp (5 AAGGAGTGTCAA

GAAAGGAGT3?’) were inserted into the second region. To generate
mec-3(zac456) and mec-3(zac459), the same injection mix described
above was injected into wyls587 ll; bicd-1(zac51) IV; wyls50005 X.
1267bp (flanked by 5 tagtgaaacttgtgtctaac?’ and 5 GAATAC
ACCAAAGCCGTCGA3Z) were deleted in zac456 mutants. 1536 bp
(flanked by 5 gatttatttcatttgaactA3’ and 5° CGCTTATGGATACA
ACTTTG3’) were deleted in zac459 mutants.

Information of the plasmids and target DNA sequences of the
sgRNAs used in this study are listed in the Supplementary
Table 2 and 3, respectively.

Plasmid construction

For most of the plasmid constructs used in this study, the pSM delta
vector (a derivative of pPD49.26) was used as the backbone. To
express genes of interest in specific tissues, dpy-7p(epidermis), ser2-
prom3 (PVD), hlh-Ip (muscle), vha-6p (intestine) and semo-Ip (epi-
dermis and intestine) were amplified from previously generated
plasmids or a home-made C. elegans genomic DNA library. To express
genes of interest at specific time points, hsp-16.48p was used. The
coding sequences of genes of interest, such as bicd-I and eat-17, were
amplified from a home-made mixed-stage C. elegans cDNA library. A
multi-fragment cloning kit (Vazyme, ClonExpress MultiS One Step
Cloning Kit, Cl113-02) was used to ligate the promoter, coding
sequences of the target genes, coding sequences of the fluorescence
protein, unc-54 3UTR and the restricted enzyme-treated pSM delta
vector backbone.

To generate repair donor plasmids for CRISPR/cas9-mediated
homologous directed repair, ~600 bp homologous arms (5 HA and 3’
HA) were amplified from the home-made N2 genomic DNA library. gfp
coding sequences with floxed unc-119(+) sequences were amplified
from pMLS252 (Addgene Plasmid #73720)%. One or multiple silent
mutation(s) were introduced in the repair template to prevent recut-
ting. A multi-fragment cloning kit (Vazyme, ClonExpress MultiS One
Step Cloning Kit, C113-02) was used.

A PCR-based Quick-Change cloning method was used to generate
plasmids to express sgRNA for the gene of interest. Briefly, a reverse
primer with 5’ phosphate added and a forward primer with target
sequence (19 base pairs) and part of the sgRNA scaffold were used to
amplify the entire sgRNA template plasmid. The concentration of the
template DNA used in the PCR reaction was as low as 0.25 ng/pL so that
Dpnl treatment to digest the template plasmids could be skipped.
Linear PCR product was ligated by using T4 DNA ligase. The ligation
product was transformed into competent cells and correct sgRNA-
expressing plasmids were identified via Sanger sequencing.

Protein expression and purification

Various full length and fragments of EAT-17F, BICD-1 and Rab genes
were cloned into a modified pET32a vector for protein expression. The
N-terminal thioredoxin-Hise-tagged proteins and N-terminal MBP-His,-
tagged proteins were expressed in Escherichia coli BL21 (DE3) cells in
LB mediums induced by IPTG at 16°C for 20 h and purified using Ni-
NTA agarose column followed by size exclusion chromatography
(Superdex 200 or Superdex 75) in the buffer containing 100 mM NaCl,
50 mM Tris, 1mM EDTA, and 1mM DTT at pH 7.8. The thioredoxin-
Hisg-tag and MBP-His¢-tag were removed by incubation with HRV 3 C
protease and separated by size exclusion chromatography as needed.

Fast Protein Liquid Chromatography (FPLC) coupled with static
light scattering

The analysis was carried out on an AKTA FPLC system (GE Healthcare)
coupled with a static light scattering detector (miniDawn, Wyatt) and a
differential refractive index detector (Optilab, Wyatt). Protein samples
with concentration of ~ 70 uM were filtered and loaded into a superdex
200 increase column (GE Healthcare) equilibrated with the buffer
containing 100 mM NaCl, 50 mM Tris,1 mM EDTA, and 1 mM DTT at pH
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7.8. The data were analyzed using Origin 7.0, and the molecular weight
data were calculated by ASTRA6.

Isothermal titration calorimetry assay

Isothermal titration calorimetry (ITC) measurements were carried out
on a VP-ITC Microcal calorimeter (Malvern) at 25°C. All proteins were
in buffer containing 100 mM NaCl, 50 mM Tris, 1mM EDTA, and 1 mM
DTT at pH 7.8. Each titration point was performed by injecting a 10 uL
aliquot of syringe protein into the cell at a time interval of 180 sec to
ensure that the titration peak returned to the baseline. BICD C-terminal
proteins (200 uM) were loaded onto the syringe and EAT-17F proteins
(20 uM) were loaded in the cell. The titration data were analyzed using
the program Origin 7.0 and fitted by the one-site binding model®°.

Coimmunoprecipitation

HEK-293 cells were transfected with plasmids using PEI when the cell
density reached 70%. The medium was changed every 12 h, and then
the cells were harvested and lysed 40 h after transfection. Whole-cell
lysates were prepared in NP40 lysis buffer (POO13F, Beyotime), and the
lysates were incubated with anti-Flag beads (Sigma) for 2 h at 4°C. After
washing three times with lysis buffer, the beads were incubated in
2 x SDS-PAGE loading buffer for 15 min. The samples were separated by
SDS-PAGE and subsequently transferred onto a PVDF membrane
(Millipore, Sigma-aldrich), probed with GFP (1:1000; Proteintech), or
Flag (1:2000; Proteintech) antibodies at 4°C overnight and secondary
antibodies at room temperature for 1 h, and visualized with enhanced
chemiluminescence (Amersham Biosciences).

RNA interference

Worms were transferred onto RNAi plates (freshly prepared NGM
containing 1 mg/mL IPTG and 1 mg/mL Ampicillin) seeded with HT115
E. coli strains to express gene-specific double-stranded RNAs (dsRNAs)
and cultured at 20 °C.

For experiments showed in Figs. 1f, 5c and Supplementary Fig. 4a,
PO animals at L4 stage were transferred onto RNAi plates seeded with
HT115 E. coli strains, including L4440 (empty vector as a negative con-
trol) or bacteria strains expressing gene-specific dsRNAs. F1 progenies
at L4 stage were transferred onto corresponding RNAi plates and 1 day-
old adults (24 h post L4) were imaged and analyzed for phenotypes.

For experiments showed in Fig. 6¢ and Supplementary Fig. 7a, PO
animals at L4 stage were transferred onto RNAi plates seeded with
L4440 or bacteria strain expressing gene-specific dsRNAs. F1 pro-
genies at L4 post 3 h were imaged and analyzed for phenotypes.

For experiments showed in Fig. 7a, ¢, and e, and Supplementary
Fig. 5a, animals at L2 stage were transferred onto RNAi plates seeded
with L4440 or bacteria strains expressing gene-specific dsRNAs.
These animals were transferred onto corresponding RNAi plates
when they reached L4 stage, and imaged and analyzed at 1day-old
adult stage.

For experiments showed in Supplementary Figs. 8c, 9a and ¢, PO
animals at L4 stage were transferred onto RNAi plates seeded with
L4440 or bacteria strains expressing gene-specific dsSRNAs. L4 stage-F1
progenies were subjected to heat shock and imaged and analyzed for
phenotypes after recover for 3-6 h.

Heat shock treatment

For experiments showed in Fig. 3e, 30 worms at 1IDOA stage were
transferred onto NGM plates seeded with OP50, and were removed 2 h
later to obtain a small-scale synchronized worm population. Based on
the gonad development phenotype, it roughly takes 13 h (post egg-
laying) for the animals to reach early-L1 stage; 26 h to reach early-L2
stage; 37 h to reach early-L3 stage; 49 h to reach early-L4 stage. 1 day-
old adult is defined as 24 h post L4 stage. Worms at distinct develop-
mental stages (L1, L2, L3, L4 and 1 DOA) were heat-shocked at 33°C for
1h using a water bath. The animals were then transferred into a 20°C

incubator to recover from heat-shock. Animals at the 2 day-old adult
stage (24 h post 1DOA stage) were imaged and quantified for dendrite
branching phenotypes.

For experiments showed in Supplementary Figs. 8c, 9a and 9b, L4-
stage animals were heat-shocked at 33°C for 1 h using a water bath. The
animals were then transferred into a 20°C incubator to recover from
heat-shock, and then imaged and quantified for phenotypes 3-6 h post
heat-shock.

Confocal imaging of C. elegans

C. elegans were immobilized on 2% agar pads using 10 mM levamisole
in M9 buffer. All confocal images in this study were acquired on an
Olympus IX83 fluorescence microscope equipped with a spinning-disk
confocal scanner (Yokogawa CSU-W1), 10X/ 20X/ 40X magnification, a
60x NA 1.49 oil Apochromat objective, an sSCMOS camera (Prime 95B),
488/561 nm lasers (OBIS) and a PIEZO stage (ASI). All confocal images
were acquired using a 60x359 objective. For results showed in Figs. If,
2a, 33, 3b, 3e, 44, 4d, Se, 7a, and Supplementary Figs. 1a, 2b, 3b, 4a, 4d,
5a and 10c, z-stacks with 0.8 um -1 um step size were obtained, and the
maximum intensity of projections were shown. For results showed in
Figs. 5a, 6¢ and Supplementary Fig. 6a, z-stacks with 0.8 um step size
were captured and proper single-focal-plane images were showed. For
results showed in Figs. 5a, 5c, 6a, 6¢, 7c, 7e, and Supplementary
Figs. 2a, 7a, 8¢, 9a and 9c, single-focal-plane images were obtained and
showed.

Snapshot-based analysis of PVD dendrite morphogenesis

1°, 2°, 3°, 4° dendrites are defined as previously described” and
showed in Fig. 1a (in green) and 1 G (in black). The branches that do not
belong to the above-mentioned regular 1°, 2°, 3°, 4° dendrites are
defined as ectopic branches, as showed in Fig. 1g (in red). To quantify
the dendrite branching phenotypes, numbers of 1°, 2°, 3°, 4° branches
and ectopic branches in a 100 um region anterior to the PVD cell body
were quantified manually.

Time-lapse imaging and analysis of dendrite formation

Animals at L4 stage were recognized and picked based on the crescent
shape in the middle of the worm body. About 3 h later, these animals
were anesthetized with 10 mM levamisole and subjected to imaging
using a protocol developed by Chai et al.””. Z-stacks were taken every
2 min (exposure time: 100 ms) for 2 h. The outgrowth speed, retraction
speed, number of outgrowth events and retraction events of ectopic
branches were analyzed manually using image J. 10 animals were
quantified for each strain.

Quantification of the fluorescence intensity of SAX-7 signals
For experiments showed in Fig. 5a and Supplementary Fig. 6a, animals
at 12 h post L4 stage were imaged and the SAX-7::GFP intensity in the
epidermis were quantified. For experiments showed in Supplementary
Fig. 8c, heat shock-treated animals were imaged and the SAX-7::mCH
intensity at the sublateral 3° lines were quantified. For each animal, 5
region-of-interest were randomly selected and the mean fluorescence
intensity was quantified using Image J. The background signal outside
of the animals was subtracted.

For experiments showed in Supplementary Fig. 9a and 9c, heat
shock treated-animals were imaged and the SAX-7::mCherry intensity
within endosomes or lysosomes (labeled by RME-8::GFP and SCAV-
3::GFP, respectively) was quantified. For each animal, 400 um? were
randomly selected and the total fluorescence intensity was quantified
using Image J. The background signal outside of the animals was
subtracted.

Quantification of % SAX-7-positive endosomes and lysosomes
For experiments showed in Fig. 6a, animals at IDOA were imaged and
the percentage of early endosomes and late endosomes/ lysosomes

Nature Communications | (2024)15:9651

15


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53970-3

with SAX-7::mCherry in their lumen was quantified. 20 animals were
quantified for each strain.

For experiments showed in Fig. 6¢ and Supplementary Fig. 7a, 3h-
post L4 stage-animals were imaged and the percentage of early
endosomes (labeled by YFP:2xFYVE or RME-8::GFP) with SAX-
7:mCherry in their lumen was quantified. 20 animals were quantified
for each strain.

Quantification of number of early endosomes in epidermis

To quantify number of RAB-5, 2xFYVE and RME-8-labeled early endo-
somes, 1day-old adults were imaged. A region of interest (95.036 pm?)
was randomly selected for each animal and the number of vesicles
within this area was manually counted.

Locomotion assay

A locomotion assay was performed following the protocol as pre-
viously described*’. 10-20 worms at 1 day-old stage were individually
transferred onto freshly prepared NGM plates, and then the plates
were put in a 20 °C incubator for 2 h. The crawling tracks were imaged
using a Nikon SM218 stereo microscope with a 1x SHR Plan Apo
objective (NA: 0.15). The trajectory’s amplitude (the distance between
opposite peaks) and wavelength (the distance between two successive
peaks) were measured using Image J. For each animal, 10-15 regions
(583.66 um x 583.66 um for each region) were randomly chosen and
imaged. 50 amplitude or wavelength were quantified for each animal.

Western blotting analysis for C. elegans proteins

To detect the expression of the long and short isoforms of the endo-
genous EAT-17 proteins, N2, eat-17(zac345/eat-17::GFP]), eat-
17(zac645[eat-17(0k2928)::GFP]),  eat-17(zac647[eat-17(0k3041)::GFP])
and eat-17(zac649/eat-17(0k2983)::GFP]) animals were synchronized
using a bleach buffer-based protocol and grew in 15-20 6 cm-NGM
plates seeded with OP50. Animals were harvested when they reached
1DOA stage by washing with M9 buffer for 3 times, centrifuged to
remove the supernatant, freezed-and-thawed with liquid nitrogen
twice, and then placed onto ice.

To detect the expression of SAX-7 in epidermis, (1) wyls587;
wyls50005, (2) eat-17(zac276); wyls587; wyls50005, (3) bicd-1(zac51);
wyls587; wyls50005, (4) L4440 RNAi; wyls587; wyls5000S and (5) rab-5
RNAI; wyls587; wyls50005 animals were synchronized using a bleach
buffer-based protocol and grew in 15-20 6-cm NGM plates seeded with
OPS50 (for 1-3) or HT115 (for 4-5). 12 h post L4 stage-animals were har-
vested by washing with M9 buffer for 3 times, centrifuged to remove
the supernatant, freezed-and-thawed with liquid nitrogen twice, and
then placed onto ice.

150 pL of protein lysate buffer (TAP/protease inhibitor ratio 200:1,
Bimake) was added into each worm sample. After grinding with a
grinding pestle on ice for 40 min, pass liquid nitrogen every 5 min, the
samples were centrifuged at 15000 rpm at 4°C for 20 min, and then the
supernatant was transferred into a new 1.5 mL EP tube and 5x loading
buffer was added. The samples were then boiled at 95°C for 10 min.
Proteins were detected using Western blotting. The following anti-
bodies were used: mouse monoclonal anti-GFP (1:4000, EarthOx), anti-
tubulin (1:5000, Sigma-Aldrich) and secondary antibody goat anti
mouse (1:8000, EarthOx).

Statistical analysis

Data were analyzed using Prism (GraphPad). These values were
showed as mean +s.e.m. One-way or two-way analysis of variance
(ANOVA) was performed, followed by Tukey’s post-test to statistically
compare multiple sets of samples. The two-tailed unpaired student’s ¢-
test was used to determine statistically significant differences between
the two groups. For all quantifications, P-values were reported for each
statistical test, where *P<0.05, **P< 0.01, **P < 0.001, ***P < 0.0001
and ns were not significant (P> 0.05).

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

Data availability
The full raw data that support the results of this study are available
upon request. Source data are provided with this paper.
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