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Disruption of RAB-5 Increases EFF-1 Fusogen Availability at
the Cell Surface and Promotes the Regenerative Axonal
Fusion Capacity of the Neuron
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Following a transection injury to the axon, neurons from a number of species have the ability to undergo spontaneous repair via fusion of
the two separated axonal fragments. In the nematode Caenorhabditis elegans, this highly efficient regenerative axonal fusion is mediated
by epithelial fusion failure-1 (EFF-1), a fusogenic protein that functions at the membrane to merge the two axonal fragments. Identifying
modulators of axonal fusion and EFF-1 is an important step toward a better understanding of this repair process. Here, we present
evidence that the small GTPase RAB-5 acts to inhibit axonal fusion, a function achieved via endocytosis of EFF-1 within the injured
neuron. Therefore, we find that perturbing RAB-5 activity is sufficient to restore axonal fusion in mutant animals with decreased axonal
fusion capacity. This is accompanied by enhanced membranous localization of EFF-1 and the production of extracellular EFF-1-
containing vesicles. These findings identify RAB-5 as a novel regulator of axonal fusion in C. elegans hermaphrodites and the first
regulator of EFF-1 in neurons.
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Peripheral and central nerve injuries cause life-long disabilities due to the fact that repair rarely leads to reinnervation of the target
tissue. In the nematode Caenorhabditis elegans, axonal regeneration can proceed through axonal fusion, whereby a regrowing
axon reconnects and fuses with its own separated distal fragment, restoring the original axonal tract. We have characterized
axonal fusion and established that the fusogen epithelial fusion failure-1 (EFF-1) is a key element for fusing the two separated
axonal fragments back together. Here, we show that the small GTPase RAB-5 is akey cell-intrinsic regulator of the fusogen EFF-1and can
in turn regulate axonal fusion. Our findings expand the possibility for this process to be controlled and exploited to facilitate
axonal repair in medical applications. j

/Signiﬁcance Statement

new methods to repair an axon following transection because
current outcomes are less than optimal. A novel approach to this
problem has come from work in invertebrate systems, in which
some neurons are capable of spontaneously rejoining the two
separated axonal fragments after transection. This regenerative
mechanism, called axonal fusion, has been observed in a number
of invertebrate species (Hoy et al., 1967; Birse and Bittner, 1976;
Deriemer et al., 1983; Macagno et al., 1985; Bedi and Glanzman,

Introduction
Treating nerve injuries is of great interest in the clinical setting.
Significant research efforts have been dedicated to developing
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2001), but has been best characterized in the mechanosensory
neurons of the nematode Caenorhabditis elegans (Ghosh-Roy et
al.,2010; Neumann et al., 2011, 2015; Abay et al., 2017; Basu et al.,
2017). To undergo axonal fusion, the proximal axon (still at-
tached to the cell body) must first regrow and then get in close
proximity to its separated axonal fragment (reconnection). Once
reconnection has occurred, the two axonal fragments can fuse
their membranes to reestablish membrane and cytoplasmic con-
tinuity (axonal fusion). We and others have shown in C. elegans
that this fusion not only restores continuity of the axon following
UV laser axotomy (Neumann et al., 2011), but also restores neu-
ronal function (Abay et al., 2017; Basu et al., 2017).

The key molecular effector of axonal fusion is the C. elegans
membrane fusogen epithelial fusion failure-1 (EFF-1). EFF-1, a
nematode-specific transmembrane glycoprotein with structural
and functional similarity to class II viral fusion proteins (Pérez-
Vargas et al., 2014), functions to merge closely apposed plasma
membranes. EFF-1 activity in the injured neuron is crucial for
successful axonal fusion; eff-1 mutant animals exhibit severe ax-
onal fusion defects (Ghosh-Roy et al., 2010; Neumann et al.,
2015), which can be rescued by expression of WT EFF-1 selec-
tively in the injured neuron, revealing its cell-autonomous func-
tion (Neumann et al., 2015). There is strong evidence that the
activity of EFF-1 is controlled via its dynamic subcellular local-
ization. To mediate fusion, EFF-1 must be inserted into the
membrane and it is inactive when sequestered in intracellular
compartments. This was first demonstrated in other cell types in
C. elegans, including the hypodermis, where EFF-1 mediates cell-
cell fusion for the formation of syncytia during development
(Mohler et al., 2002). In these cells, EFF-1 is mobilized from
intracellular compartments to the plasma membrane, where it
mediates fusion (del Campo et al., 2005; Smurova and Podbile-
wicz, 2016). Similarly, in the posterior lateral microtubule (PLM)
mechanosensory neurons, EFF-1 exists largely within puncta in
the steady state, but following injury is mobilized to the regener-
ating axonal membrane (Neumann et al., 2015). How these
changes in EFF-1 localization and activity are regulated within
the neuron is currently unknown, but they likely represent a crit-
ical step in the control of axonal fusion.

To date, the only other molecules implicated in C. elegans
axonal fusion are components of the apoptotic clearance ma-
chinery (Neumann et al., 2015) and the conserved microRNA
let-7, which functions to regulate this pathway (Basu et al., 2017).
The clearance signaling pathways were first described as a mech-
anism for apoptotic cell corpse engulfment (Liu and Hengartner,
1998; Wu and Horvitz, 1998; Wanget al., 2003, 2010; Zhang et al.,
2012), butappear to have been repurposed for axonal fusion, and
function upstream of EFF-1 to promote recognition of the sev-
ered axonal fragment. Axonal injury triggers exposure of the
phospholipid phosphatidylserine (PS) on the surface of the sev-
ered axon. PS acts as a “save me” signal by recruiting both the PS
receptor PSR-1, which is present on the growth cone of the re-
growing fragment, and the secreted PS-binding protein TTR-52,
which initiates signaling to improve the efficiency of axonal fu-
sion (Neumann et al., 2015; Abay et al., 2017). Animals with
mutated psr-1 or ttr-52 exhibit axonal fusion defects, which can
be rescued with overexpression of EFF-1, indicating that EFF-1
acts genetically downstream of these recognition molecules
(Neumann et al., 2015).

However, axonal fusion must also involve additional, undis-
covered molecules. In the absence of the apoptotic genes, axonal
fusion can still occur at a low level and EFF-1 is still mobilized to
the membrane, indicating the existence of mechanisms that can
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bypass the apoptotic recognition machinery to enable fusion.
Here, we identify a novel regulator of axonal fusion. We reveal
that the GTPase RAB-5 can negatively regulate axonal fusion by
functioning within the injured neuron and present evidence that
this protein controls the level of EFF-1 on the neuronal mem-
brane via endocytosis. Therefore, we propose a model in which
recycling of EFF-1 via RAB-5 is a critical mechanism for the con-
trol of fusogen function and can regulate axonal fusion as a mech-
anism of repair.

Materials and Methods

Strains and genetics. Standard techniques were used for C. elegans strain
maintenance and genetic manipulations (Brenner, 1974). All experi-
ments were performed at 22°C (room temperature) on L4 hermaphro-
dites animals unless otherwise specified. The following mutations were
used: rab-10(dx2) I, eff-1(0k1021) II, ehs-1(ok146) II, psr-1(ok714) IV,
dyn-1(ky51) X. The integrated transgenic strain QH3135 [zdIs5(Pmec-4::
GFP) I] was used as a background strain for performing axotomies. The
transgenic strain QH4748 [eff-1(0k1021) II; vdEx662[Pmec-4::eff-1::gfp;
Pmec-4::mCherry; Podr-1::DsRed]] (Neumann et al., 2015) was used as a
background strain for all experiments involving EFF-1 confocal imaging
of uncut and axotomized animals. To generate extrachromosomal
arrays, microinjections were performed into the germline using stan-
dard methods (Mello and Fire, 1995). The following transgenes were
generated (concentrations used for the microinjection mix are indi-
cated in brackets; all injection mixes had a total concentration made
up to 100 ng/ul using empty pSM plasmid): vdEx1192/vdEx1193/
vdEx1197[Pmec-3::rab-5(S33N) (5 ng/ul); Podr-1:¢fp (60 ng/ul)],
vdEx1450/vdEx1451/vdEx1452[Pmec-3::rab-5(Q78L) (5 ng/ul); Podr-
1::g¢fp (60 ng/ul)], vdEx1194 [Pmec-3::rab-5(WT) (5 ng/ul); Podr-1::
gfp (60 ng/ul) ], vdEx1237[Pmec-3::rab-5(WT) (10 ng/ul); Podr-1::¢fp
(60 ng/ul)], vdEx1051/vdEx1055/vdEx1084[Pmec-3s::rab-5(sense) (5
ng/ul); Pmec-3::rab-5(antisense) (5 ng/ul); Podr-1::gfp (60 ng/ul)],
vdEx1301/vdEx1302/vdEx1303[Pmec-3::rab-7(T23N) (5 ng/ul); Podr-
L:gfp (60 ng/ul)], vdEx1375/vdEx1390/vdEx1443[Pmec-3::rab-
11(S25N) (5 ng/pl); Podr-1::gfp (60 ng/ul)], vdEx1389[Pmec-3::bfp::
tev-s::rab-5 (5 ng/ul); Pmyo-2::mCherry (2.5 ng/ul)], vdEx1566(
Pmec-4::myr::mCherry (5 ng/ul); Pmyo-2::mCherry (2.5 ng/ul)],
vdEx1576 [Pmec-4::myr::mCherry (15 ng/ul); Pmyo-2::mCherry (2.5
ng/ul)]. It should be noted that a TEV-S signal exists between the BFP
and RAB-5 sequences in vdEx1389; this signal allows for protein
cleavage with addition of TEV protease and is therefore highly un-
likely to have affected the outcome of the current study.

Molecular biology. Standard molecular biology techniques were used
(Sambrook et al., 1989). To generate the plasmid Pmec-3::rab-5(WT),
the rab-5 gene was amplified from the pCL206 plasmid using 5'-
gcTCTAGAatggccgeccgaaacgeagg-3' and 5'-gggaCCCGGGttatttacageat
gaaccc-3'. These primers introduced Xbal and Xmal restriction sites,
respectively, which were used to clone the amplicon into the plasmid
L1026 (pPD57_56 was a gift from Andrew Fire (Addgene plasmid # 1452;
http://n2t.net/addgene:1452; RRID:Addgene_1452)). The QuikChange
11 Site-Directed Mutagenesis Kit (Agilent Technologies) was then used to
generate rab-5(Q78L) (CA) and rab-5(S33N) (DN) variants of this plas-
mid, using the primers 5'-aaatctgggatactgcaggaaaagaaagatatcattattgg-3',
5'-ccaatgaatgatatctttcttttcctgeagtatcecgattt-3' and 5'-ctatcatttcaggcaaaa
actctctegtattgegatte-3', 5'-gaatcgeaatacgagagagtttttgectgaaatgatag-3' re-
spectively.

A PCR fusion approach was used to generate cell-specific rab-5 sense
and antisense molecules Pmec-3s::rab-5(sas) (Esposito et al., 2007). rab-5
was amplified from genomic C. elegans DNA using standard primers
(5'-cgtgcecttcaatctttttcg-3" and 5'-acaatgacgacgatcacagge-3'). Pmec-3s
was amplified from the L3784 plasmid (Pmec-3::gfp, L3784 was a gift from
Andrew Fire (Addgene plasmid # 1591; http://n2t.net/addgene:1591; RRID:
Addgene_1591)) with a standard forward primer (5'-aggtacccggagtagtt
ggc-3') and two different reverse primers with sequences comple-
mentary to the extremities of rab-5 at the 5 ends (5'-atgttgcatttttctttcca
gaatctataacttgatagcgata-3'and5’-cttcccaactaccatgtacaaaatctataacttgatage
gata-3"). The rab-5 and Pmec-3s reaction products were then fused using
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nested primers 5'-ggcagtaatgaagacgtccat-3' and 5'-gaagggttgatg
gtacatgaaa-3' or 5'-ttctggaaagaaaaatgcaacat-3'.

Pmec-3::rab-7(T23N) (DN) and Pmec-3::rab-11(S25N) (DN) were
generated using the QuikChange II Site-Directed Mutagenesis Kit on
Pmec-3::rab-7 and Pmec-3::rab-11 plasmids, with primers 5'-cgggcg
ttggaaagaattctttgatgaatcaatatg-3', 5'-catattgattcatcaaagaattctttccaacg
cceg-3' and 5'-gagactcaggcegteggaaagaataatctectgtetegtttcac-3', 5'-gtgaaa
cgagacaggagattattctttccgacgectgagtcetc-3’, respectively. The construc-
tion of Pmec-3::rab-7 and Pmec-3::rab-11 involved amplification of each
gene from C. elegans genomic DNA with primers to introduce Xbal and
Xmal restriction sites, followed by cloning into the L1026 plasmid down-
stream of Prnec-3.

To generate Pmec-3:bfp::tev-s::rab-5, the bfp::tev-s:rab-5 insert was
amplified from pOG172, akind gift from Prof. Guangshuo Ou (Tsinghua
University, Beijing). Primers were used to introduce BamHI and Mscl
restriction sites for cloning into L1026 downstream of Prmec-3. To gen-
erate the Pmec-4::myr::mCherry plasmid, myr::mCherry from the PNV::
myr::mCherry plasmid was cloned into Pmec-4::GFP using Mscl and
EcoRlI restriction enzymes that remove the GFP sequence.

Laser axotomy. We performed UV laser axotomy of PLM in animals at
the L4 larval stage as described previously (Neumann et al., 2011, 2015).
Animals were anesthetized using 0.05% tetramisole hydrochloride on
3% agarose pads. The axotomy was performed ~50 um from the cell
body using a MicroPoint Laser System Basic Unit attached to a Zeiss Axio
Imager Al. At 48 h after axotomy, animals were analyzed on a Zeiss Axio
Imager Z1 equipped with a Photometrics Cool Snap HQ2 camera with
MetaMorph software for the presence of reconnection and fusion. If it
was unclear whether a distal fragment had been maintained, then the
animal was scored again at 72 h after axotomy.

Confocal microscopy. Localization studies of EFF-1 and RAB-5 were
performed on a LSM 710 META confocal microscope equipped with a
GaAsP detector and Zen 2012 software. L4 animals were mounted on 3%
agarose pads in 25 mm sodium azide. Separate Z-stacks were performed
of the PLM cell body and proximal axon. For imaging of EFF-1::GFP and
cytoplasmic mCherry, green fluorescence was visualized with a 488 nm
laser (5% power for the axon, 2% power for the cell body; gain of 600 and
4X averaging for both) and red fluorescence was visualized with a 543
nm laser (1% power for the axon, 0.2% power for the cell body; gain of
500 and 4X averaging for both). For imaging of BFP:TEV-S:RAB-5,
blue fluorescence was visualized with a 405 nm laser (0.5% power, gain of
500, 4X averaging). To image MYR::mCherry, red fluorescence was
again visualized with a 543 nm laser (up to 10% power, gain of 500, 4X
averaging).

To image EFF-1::GFP and BFP::RAB-5 after axotomy, animals were
mounted for axotomies in tetramisole as described above. They were
then recovered in drops of M9 buffer onto seeded NGM plates for either
3 or 6 h, after which they were mounted in sodium azide for confocal
imaging.

Vesicle time-lapse imaging. For characterization of EFF-1::GFP vesicle
dynamics, animals were mounted on 0.05% tetramisole. Z-stacks of the
PLM cell body were acquired at 30 s intervals for a total of 5 min using a
spinning-disk confocal system (Marianas; Intelligent Imaging Innova-
tions) consisting of an Axio Observer Z1 (Carl Zeiss) equipped with a
CSU-W1 spinning disk head (Yokogawa Electric), sSCMOS camera
(ORCA-Flash4.0 V2 Hamamatsu Photonics), and a 100X/1.46 numeri-
cal aperture oil-immersion objective. Image acquisition was performed
using SlideBook version 6.0 (Intelligent Imaging Innovations) and sam-
pling distances of x—y = 63 nm and z = 130 nm. Green fluorescence was
visualized with a 488 nm laser (100 ms exposure) and red fluorescence
was visualized with a 543 nm laser (50 ms exposure). Images were decon-
volved with Huygens Professional version 18.04 (Scientific Volume Im-
aging) run on a GPU-accelerated computer (3X NVIDIA Tesla V100)
using the CMLE algorithm, with a signal-to-noise ratio of 20, a back-
ground of 100, and 40 iterations. Vesicles were classified as immobile or
mobile based on the presence of any movement in this timeframe. Mo-
bile vesicles (29 of 42) were measured for movement in the x—y axis per
frame by drawing a linear region of interest from the center of the vesicle
to the center at its subsequent location; the total distance was averaged
over the time imaged to be expressed in micrometers per minute.
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dyn-1 temperature shifts. To test the temperature-sensitive allele dyn-
1(ky51), temperature shifts were performed for either 30 min or 2 h. L4
animals were placed on NGM plates in a 25°C incubator. Mutant and
control animals were shifted to 25°C concurrently on separate plates and
mounted on the same slide for subsequent confocal imaging. dyn-
I(ky51) animals raised at 25°C did not lay viable eggs, whereas those laid
at 15°C and then transferred to 25°C developed to the L4 stage. However,
the animals raised at 25°C demonstrated nonspecific increases in EFF-1::
GFP intensity in both mutant and control groups (data not shown).
Temperature shifts used in this assay were therefore limited to a maxi-
mum of 2 h.

Confocal image analysis. Image analysis was performed using Fiji for
Mac OS X (Image]). To score for the presence of EFF-1::GFP on the
membrane of the cell body, fluorescence profiles of line scans were ob-
tained using the “Plot Profile” tool in Image]J. EFF-1::GFP was scored as
localizing to the membrane if the peak of green intensity (EFF-1::GFP)
and the peak of red intensity (cytoplasmic mCherry) did not overlap.

For EFF-1::GFP intensity calculations, average projections of Z-stacks
were analyzed. For the axon, a line scan was performed along the axon for
the initial ~50 wm anterior to the cell body and the mean intensity in the
green and red channels was measured. Background fluorescence was
calculated using the same line scan moved to three different positions
around the axon in the image; the mean background fluorescence from
these three readings was subtracted from the average intensity value of
the axon. The ratio of the GFP intensity to the mCherry intensity was then
calculated to control for differences in transgene expression between
animals. For intensity calculations of the cell body, an ROI was drawn
following the boundary of the cell body and calculations were performed
as for the axon.

For measurements of EFF-1::GFP border localization, average projec-
tions of Z-stacks were analyzed. An ROI was drawn along the border of
the PLM cell body. The average GFP intensity was first measured along
this line (border intensity), after which the average GFP intensity was
measured within the full area (cell body intensity). The final measure-
ment was expressed as a ratio of the average border intensity to cell body
intensity. Background subtraction was performed as described for inten-
sity measurements.

To quantify EFF-1::GFP and BFP:RAB-5 puncta size and number,
maximum projection confocal images of Z-stacks were analyzed. Puncta
were identified automatically using the Image] plugin Squassh (Rizk et
al., 2014). The following settings were used: background removal, rolling
ball window size 10, regularization 0.1, minimum object intensity 0.3,
subpixel segmentation, automatic local intensity estimation, Poisson noise
model, and Gaussian psf approximation as for confocal microscopy. The
circularity of the resulting objects was calculated using the “Analyze Parti-
cles” function in Image]J. The following exclusion criteria were applied to all
objects: circularity <0.7 and object located in the proximal axon or outside
the neuron. If none of the puncta selected in a cell body met these criteria,
then the cell body was discarded from the analysis.

For colocalization studies of EFF-1 and RAB-5, only enlarged puncta
were analyzed; these were defined as puncta >125 units because puncta
of this size were specific to RAB-5 overactivity and were never observed in
nontransgenic controls. Squassh analysis was applied to both the green
and blue channels, providing colocalization values for the selected ob-
jects. Identical settings (described above) were used for the two channels.

Statistical testing. Statistical analysis was performed using GraphPad
Prism and Microsoft Excel. Axotomy data were analyzed using the
Fischer’s exact test. All other data were analyzed using either the ¢ test or
the ¢ test with Welch correction (the latter was performed if the SDs of
two compared groups were significantly different). For all experiments
performed using transgenic animals, nontransgenic siblings from the
same isolate were used as a control group. For experiments testing the
effect of a mutant allele, WT animals were used as a control group.

Results

RAB-5 regulates the efficiency of regenerative axonal fusion
To identify molecules with a role in axonal fusion, we used a
candidate gene approach to find suppressors of the fusion defect
of psr-1 mutant animals. We considered a suppressor to be any
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Figure 1.  Perturbing RAB-5 activity increases EFF-1-dependent axonal fusion. a, Successful PLM axonal fusion in a WT animal (Pmec-4::GFP) 48 h after axotomy. The filled arrowhead indicates

the cut site; the open arrowhead indicates the site of fusion. Another neuron (PVM, gray in schematic) is visible in the midbody of the animal. b, Defective PLM axonal fusion in a psr-1(0k714) animal
48 hafter axotomy. The filled arrowhead indicates the cut site; the open arrowhead indicates the site of reconnection (which did not result in fusion). ¢, Rescue of PLM axonal fusion ina psr-1(ok714)
animal by expression of RAB-5(DN) 48 h after axotomy. The filled arrowhead indicates the cut site; the open arrowhead indicates the site of fusion. PVM (gray in schematic) can be seen but is out of
focus. d, Quantification of axonal fusion in psr-1(ok774) animals expressing RAB-5(DN) in the PLM neuron, demonstrating rescue of the psr-1(0k774) axonal fusion defect. This rescue is suppressed
in psr-1(ok714); eff-1(ok1021) mutant animals, indicating that the effect of RAB-5(DN) is eff-7 dependent. e, Quantification of axonal fusion in animals expressing RAB-5(CA) in the PLM neuron
shows no significant effect on the level of axonal fusion compared with controls. Note that the same WT dataset is used for both d and e. Error bars indicate the SE of proportions; n values are listed
below each bar; exact p-values from Fischer’s exact test. D, Dorsal; V, ventral; A, anterior; P, posterior for allimages. Scale bars, 25 wm. f, Schematicillustrating how PSR-1and RAB-5 act genetically
upstream of EFF-11in axonal fusion, with PSR-1 promoting fusion and RAB-5 suppressing EFF-1 availability on the membrane. Loss of function in psr-1 thus leads to reduced fusion efficiency, whereas

concurrent perturbation of RAB-5 is able to restore fusion to normal levels.

gene in which aloss-of-function, gain-of function, or overexpres-
sion could overcome the psr-1 mutant defect and improve axonal
fusion. This allowed us to assess whether a candidate gene could
effectively bypass the apoptotic recognition machinery and mod-
ulate the efficiency of axonal fusion.

Our primary candidate was the endocytic GTPase RAB-5 be-
cause this protein has been shown to modulate the efficiency of
fusion in other C. elegans tissues. Specifically, loss-of-function or
depletion of RAB-5 leads to a hyperfusion phenotype in the C.
elegans hypodermis (Smurova and Podbilewicz, 2016). We first
investigated the effect of perturbing RAB-5 activity by perform-
ing axotomies on the mechanosensory neurons of psr-1 mutant
animals expressing a dominant-negative version of RAB-5 [RAB-
5(DN)]. Axotomies were performed on the PLM neurons ~50
wm anterior to the cell body, as described previously (Neumann
etal., 2011, 2015). The efficiency of axonal fusion was calculated
from axons that regrew and visibly reconnected to their distal
fragment. Successful axonal fusion occurred if the distal fragment
was maintained 48 h after axotomy (Fig. 1a); fusion was consid-
ered unsuccessful if the distal fragment instead underwent degen-
eration (Fig. 1b).

As shown previously (Neumann et al., 2015), psr-1 mutant
animals displayed a defect in axonal fusion, with a much lower

efficiency compared with WT animals. Remarkably, we found
that expression of RAB-5(DN) in the PLM neuron was sufficient
to rescue this defect to WT levels (Fig. 1¢,d,f). We also performed
axotomies on WT animals expressing constitutively active RAB-5
[RAB-5(CA)] in the mechanosensory neurons, hypothesizing
that this increased RAB-5 activity might generate the opposite
phenotype and reduce the efficiency of axonal fusion. How-
ever, although there was a trend toward reduction, there was
no significant change in axonal fusion efficiency in these ani-
mals (Fig. le).

Given that EFF-1 is the key molecular effector of this process,
we next investigated whether RAB-5 modulates axonal fusion
through an interaction with EFF-1. To address this, we per-
formed axotomies on double mutant animals of eff-1- and psr-1-
expressing RAB-5(DN). We found that loss of eff-1 suppressed
the increase in axonal fusion mediated by RAB-5(DN) (Fig. 1d),
indicating that RAB-5(DN) increases the axonal fusion efficiency
in an eff-1-dependent manner (Fig. 1f).

RAB-5 controls EFF-1 localization to the plasma membrane

We next investigated how RAB-5 was regulating the activity of
EFF-1 in mediating axonal fusion. We suspected that perturbing
RAB-5 prevented the endocytosis of EFF-1, which would increase
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the amount of EFF-1 available at the membrane and enhance its
activity. RAB-5 and its mammalian ortholog Rab5 are known to
localize to early endosomes and play important roles in endocy-
tosis. They facilitate the transport of clathrin-coated vesicles to
early endosomes, fusion between endosomes, and cargo traffick-
ing from endosomes into lysosomes for degradation (Gorvel et
al., 1991; Bucci et al., 1992; Zerial and McBride, 2001; Hutag-
alung and Novick, 2011; Zeigerer et al., 2012). Correspondingly,
altering RAB-5 activity produces specific cellular phenotypes:
perturbing RAB-5 activity using RAB-5(DN) inhibits endocyto-
sis and causes membranous accumulation of proteins (Stenmark
et al., 1994), whereas expression of RAB-5(CA) leads to exces-
sive early endosome fusion and the presence of enlarged early
endosomes (Stenmark et al., 1994; Patton et al., 2005). In the C.
elegans hypodermis, depletion or loss-of-function of RAB-5 re-
sults in mislocalization of EFF-1 to the plasma membrane, which
in turn is associated with excessive hypodermal cell-cell fusion
(Smurova and Podbilewicz, 2016). We therefore predicted that
perturbing RAB-5 activity in the PLM neurons would result in
similar changes to EFF-1 localization.

To visualize EFF-1 within the PLM neuron, we used a trans-
genic strain in which eff-I1-null mutant animals express cytoplas-
mic mCherry in the PLM mechanosensory neurons, as well as
GFP-tagged EFF-1. We previously demonstrated that this EFE-
1::GFP transgene is functional and sufficient to rescue axonal
fusion defects in eff-1 mutant animals (Neumann et al., 2015).
Using confocal microscopy, we characterized EFF-1 localization
in the cell body and proximal axon of PLM (Fig. 2a—d). In the
uninjured, WT axon, EFF-1 formed an indiscriminate punctate
pattern as we previously reported (Neumann et al., 2015) (Fig.
2b). In the cell body, it was also present as intracellular puncta,
with no clear localization to the cell membrane (Fig. 2¢,d). We
chose to perform subsequent localization studies specifically in
the cell body because this wider structure allows for any mobili-
zation of EFF-1 to the membrane to be clearly identified.

To determine whether perturbing RAB-5 activity led to EFF-1
localization at the membrane, we coexpressed RAB-5(DN). In
these animals, EFF-1::GFP formed a more continuous pattern
along the axon (Fig. 2b) and accumulated at the membrane of the
PLM cell body (Fig. 2¢,d), a process that was commonly associ-
ated with membranous protrusions of EFF-1 (Fig. 2¢, arrow-
head). Line scan profiles through these protrusions clearly
demonstrated that EFF-1 was present on the membrane of the
cell body (with a fluorescence peak occurring well outside the
margin of the cytoplasmic mCherry signal), a phenomenon that
we never observed in control animals (Fig. 2¢,d). To quantify EFF-1
localization, we measured the average intensity of GFP in the mem-
brane of the cell body normalized to the average intensity for the
whole cell body (see Materials and Methods section). This revealed a
significant increase in the relative amount of EFF-1::GFP at the
membrane in the presence of RAB-5(DN) (Fig. 2e). These results
indicate that neuronal-specific loss of RAB-5 activity leads to EFF-1
accumulation at the membrane of the neuronal cell body.

Enhancing RAB-5 activity, through either overexpression of
RAB-5(WT) or expression of RAB-5(CA) had no effect on the
relative amount of EFF-1::GFP at the cell membrane (Fig. 2e).
This was consistent with our axotomy results, which indicated
that increased RAB-5 activity did not significantly alter EFF-1
function. Together, these findings suggest that RAB-5 activity
functions directly or indirectly in the endocytosis of EFF-1 mol-
ecules that have been mobilized to the membrane.

We showed previously that axotomy of the PLM neuron leads
to the rapid accumulation of EFF-1 on the proximal and distal
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stumps, and on the growth cone of the regenerating axon (Neu-
mann et al., 2015). Here, we tested whether EFF-1 localization
also changed in the PLM cell body following axotomy and
found only a minor shift to the cell periphery at 6 h after
surgery (Fig. 2c—e).

Plasma membrane accumulation of EFF-1 forms

extracellular vesicles

Interestingly, we observed that animals expressing RAB-5(DN)
not only had protrusions of the transmembrane EFF-1::GFP
from the PLM cell body, but also generated what appeared to be
extracellular EFF-1::GFP-positive vesicles (Fig. 3, Movies 1, 2).
These extracellular vesicles, ranging in number from 2 to 20 per
neuron, were present around the PLM cell body and proximal
axon and were reproducible in multiple independent transgenic
strains (Fig. 3a). These vesicles appeared to be exclusive to the
expression of RAB-5(DN) because we did not observe any vesi-
cles in eff-]1 mutant animals expressing EFF-1:GFP in PLM
(EFF-1 rescue) (Fig. 3a), nor in WT animals carrying the same
transgene (EFF-1 overexpression) (data not shown). Intrigu-
ingly, previous work has shown the presence of EFF-1 vesicles in
cultured medium of baby hamster kidney cells transfected with
EFF-1 (Zeev-Ben-Mordehai et al., 2014), and vesicles containing
AFF-1, a second C. elegans fusogen, have been described both in
vitro from mammalian cells (Avinoam et al., 2011) and in vivo
from seam cells (Oren-Suissa et al., 2017) (see Discussion).

To determine the composition of these vesicles, we generated
transgenic strains that coexpress a cytoplasmic marker (mCherry)
and a membrane-bound marker (MYR::mCherry) in addition to
EFF-1::GFP and RAB-5(DN). Vesicles observed in these animals
presented no detectable mCherry signal (Fig. 3b), indicating that
membrane-bound forms of mCherry were excluded from the
vesicles and that they contained a highly reduced volume of cy-
toplasm (based on the resolution of confocal imaging). This sug-
gests that these vesicles may be selective in their composition and
contain mostly EFF-1, similar to those vesicles reported in cell
culture (Zeev-Ben-Mordehai et al., 2014).

To characterize the dynamics of the vesicles, we undertook
time-lapse imaging of the PLM cell body. Confocal imaging of the
vesicles at 30 s intervals for up to 5 min revealed that they fell into
two categories of mobility: “mobile” vesicles, representing ap-
proximately two-thirds of the vesicles, which exhibited linear or
disorganized, oscillatory movements around the cell body (Mov-
ies 1,2), and “immobile” vesicles, which exhibited no movement
in this time period (Fig. 3d). Mobile vesicles exhibited movement
at an average rate of 1.08 = 0.2 um/min (n = 29). We observed
that these vesicles are present from the first and second larval
stages. Budding of the vesicles from the cell body was observed on
several occasions at the fourth larval stage (Fig. 3d). EFF-1
retained at the membrane also underwent dynamic changes
and the growth and movement of large protrusions of EFF-1
from the cell body was captured within a period of minutes
(Fig. 3¢, Movie 1).

To determine whether neuronal injury can affect the number
of vesicles either in the presence or absence of RAB-5(DN), we
performed axotomies and visualized the axon and cell body at 3
and 6 h after axotomy in these two different backgrounds. In WT
animals, we only observed one out of 29 animals with vesicles in
proximity of the PLM cell body (data not shown). In RAB-5(DN)
animals, we found that axotomy did not significantly change the
number of vesicles secreted compared with unoperated animals
(average of 8.5 = 1.4, 6.6 = 0.9, and 5.5 * 1.4 vesicles per cell
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Figure 2.  RAB-5 controls EFF-1 localization to the plasma membrane. a, Schematic of the PLM neuron in the tail of the animal; dashed box indicates the region depicted in b. b,
Representative maximum projection confocal images of the PLM neuron in eff-7(0k70217) animals expressing EFF-1::GFP and cytoplasmic mCherry in PLM. A control animal (top) is
compared with an animal expressing RAB-5(DN) (middle) and an animal at 6 h after axotomy (bottom). Dashed boxes indicate the regions magnified in ¢. Scale bars, 5 pm. ¢,
Magnification of the PLM cell bodies in b. In the animal expressing RAB-5(DN) (middle), EFF-1::GFP localizes to a membranous protrusion (arrowhead). Dashed line arrows indicate the
position of a line scan drawn through each cell body, with the fluorescence profile from each line depicted in d. Contrast settings have been adjusted to better visualize EFF-1 in the cell
body rather than the axon. Scale bars, 1 um. d, Fluorescence profiles from line scans (dashed line arrows) of the overlying cell bodies [control animal on left; RAB-5(DN) animal in middle,
animal 6 h after axotomy on right]. The presence of an EFF-1::GFP fluorescence peak outside of the margin of the cytoplasmic mCherry signal confirms membranous EFF-1::GFP
localization in the presence of RAB-5(DN), but not in the control animals or animals after axotomy. Results are demonstrative of = 10 animals per group. AU, Arbitrary units. e,
Quantification of the relative amount of EFF-1::GFP at the membrane of the cell body in eff-7(ok7021) animals coexpressing EFF-1::GFP in three different RAB-5 backgrounds, and
wild-type axotomized animals. Top row: RAB-5(DN), second row: RAB-5(WT) (low (5 ng/l) and high (10 ng/ ) injection concentrations are shown), third row: RAB-5(CA), and bottom
row: animals at 3 and 6 h after axotomy. For each independent transgenic isolate, animals carrying a particular RAB-5 transgene (red) are compared with siblings lacking the transgene
(black). Animals after axotomy at 3 and 6 h (red) are compared with uncut axons from animals of the same strain (black). Each data point represents one animal; n = 15. Bars represent
the mean of each group with the SD; exact p-values from t test.

body in uncut, 3 and 6 h after axotomy, respectively; p = 0.2675
when comparing uncut and 3 h after axotomy, and p = 0.1902
when comparing uncut and 6 h after axotomy, ¢ test, n = 8).
Together, these data suggest that axotomy has no significant ef-
fect on vesicle secretion and that vesicles might not be a necessary
requirement for axonal fusion.

Overall, our results are consistent with a model in which
these structures are likely generated via accumulation of

EFF-1 at the membrane as a consequence of perturbed RAB-5
activity, such that EFF-1 is “pinched off” in the form of a
vesicle.

RAB-5 controls EFF-1 localization to intracellular
compartments

We next investigated whether RAB-5 also controls EFF-1 local-
ization to intracellular puncta. Given that EFF-1 colocalizes with
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EFF-1 forms extracellular vesicles with perturbed RAB-5 activity. a, Representative image of an eff-7 mutant expressing EFF-1::GFP and cytoplasmic mCherry in PLM (no vesicles)

compared with three independent transgenic isolates coexpressing RAB-5(DN), in which vesicles are observed around the PLM cell body. Scale bar, 5 um. b, Single plane confocal image of the PLM
cell body in an eff-T mutant expressing EFF-1::GFP, RAB-5(DN), and cytoplasmic and membrane-bound mCherry (MYR::mCherry) in PLM. There is no mCherry signal present in the vesicles. Image is
demonstrative of 18 animals. Scale bar, 2 um. ¢, Time-lapse images demonstrating dynamic membrane protrusions of EFF-1::GFP in an animal expressing RAB-5(DN). One protrusion is marked with
afilled arrowhead, the other with an open arrowhead. Scale bar, 1 wm. d, Time-lapse images demonstrating the budding of a vesicle (arrowhead) over a period of T min. Another faint, immobile
vesicle can also be seen (asterisk). Scale bar, 1 um. e, Proportion of mobile versus immobile vesicles, based on 42 vesicles in 24 animals.

Movie 1.
Movie shows the dynamics of EFF-1::GFP vesicles over 3.5 min in an
animal expressing RAB-5(DN). The white bar highlights the position of a
group of three vesicles seen to move relative to each other. Also of in-
terest is the budding of a new protrusion from the cell body (asterisk),
which may represent a vesicle that is about to separate from the cell.

0.0 mins

Movie 2.
Movie shows the dynamics of EFF-1::GFP vesicles and protrusions over
3.5 min in an animal expressing RAB-5(DN). Two dynamic protrusions
are noted anterior to the cell body (open arrowheads). Posterior to the
cellbody, anew vesicle appears at 1 min (asterisk) and moves relative to
two other vesicles.

Dynamics of EFF-1 extracellular vesicles and protrusions. [m]% eyt

RAB-5 in other cell types (Smurova and Podbilewicz, 2016), we
hypothesized that the EFF-1::GFP puncta in PLM neurons repre-
sent EFF-1 contained in early endosomes and are formed through
RAB-5-mediated endocytosis and endosome fusion. Changes in

RAB-5 activity were therefore expected to alter the morphology
of these puncta.

To test this, we expressed the three different versions of RAB-5
described above and characterized the size of the EFF-1::GFP
puncta present in the PLM cell body. We used the Squassh imag-
ing tool (Image]) (Rizk et al., 2014) to automatically select and
measure these puncta. Our results revealed no significant difference
in the average size of the puncta detected in RAB-5(DN) cell bodies
(Fig. 4a). However, overexpression of RAB-5(WT) caused accumu-
lation of EFF-1 within enlarged intracellular puncta (Fig. 4b). This
effect was even more pronounced when RAB-5 activity was in-
creased by RAB-5(CA) (Fig. 4c). This result is consistent with the
known role of RAB-5 in endosome fusion and the enlarged endo-
some phenotype generated by RAB-5 overactivity (Stenmark et al.,
1994; Patton et al., 2005). Importantly, to ascertain the specificity of
the phenotype, we also measured the EFF-1 puncta size in animals
following axotomy and found no difference at 3 and 6 h after surgery
compared with unoperated animals (Fig. 4d).

To confirm that EFF-1 was accumulating in RAB-5-positive
compartments, we performed colocalization studies of EFF-1 with
RAB-5 in the context of RAB-5 overexpression. We coexpressed
BFP::RAB-5 with EFF-1::GFP in the mechanosensory neurons (Fig.
4e), which reproduced the enlarged EFF-1 puncta phenotype, lead-
ing to a significant increase in average EFF-1 puncta size (Fig. 4e). In
these enlarged puncta, the average colocalization of EFF-1 with
RAB-5 was 85% (range 67-98%; n = 12). Interestingly, we found
that this colocalization became much more variable after axotomy,
with an average colocalization with RAB-5 of only 40% at both 3 and
6 h (ranges 0-94%; n = 5 both groups). This is consistent with
shifting of EFF-1 to the regenerating growth cone and the cell pe-
riphery as part of the regeneration process. Together, these results
strongly support the notion that overactivity of RAB-5 results
in EFF-1 accumulation in enlarged early endosomes.
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Figure4. Increased RAB-5 activity causes EFF-1accumulation in large intracellular puncta, which are RAB-5-positive compart-
ments. a—c, Representative maximum projection confocal images of the PLM cell body in eff-1(ok7027) animals expressing
RAB-5(DN) (a), RAB-5(WT) (b), or RAB-5(CA) (¢) compared with control animals lacking each respective RAB-5 transgene. Dis-
played foreach cell body are the overlay of the red (diffusible mCherry) and green (GFP-tagged EFF-1) channels (top row), the green
channel (middle row), and the result of automatic puncta selection using Squassh (bottom row). Scale bars, 1 m. Below the
confocal images are graphs showing quantification of the average EFF-1::GFP puncta size in independent transgenic isolates
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RAB-5 controls the amount of EFF-1 in
the PLM neuron

Our results indicated that altering RAB-5
activity causes EFF-1 mislocalization to
specific subcellular compartments (either
the membrane with decreased RAB-5
activity or enlarged endosomes with
increased RAB-5 activity). We next in-
vestigated whether this mislocalization
affected the ability of the neuron to medi-
ate recycling or degradation of the EFF-1
protein. We hypothesized that defects in
such processes would result in a buildup
of EFF-1::GFP in the neuron. To test this,
we measured the average EFF-1::GFP in-
tensity in the PLM axon and cell body of
animals expressing RAB-5(DN), RAB-
5(CA), or RAB-5(WT). We also used an
alternative approach to perturb RAB-5 ac-
tivity using cell-specific RNAi (Esposito et
al., 2007), whereby animals expressed
sense and antisense rab-5(sas) in the
mechanosensory neurons for cell-specific
silencing of rab-5. We found that the av-
erage EFF-1:GFP intensity in both the
axon and cell body was significantly

<«

expressing each version of RAB-5: RAB-5(DN) (a) RAB-5(WT)
(b), or RAB-5(CA) (c). Animals with a given RAB-5 transgene
(red) were compared with siblings lacking the transgene
(black). Asignificantincrease in average punctasize was found
for three independent RAB-5(CA) isolates and for two RAB-
5(WT) isolates injected at different concentrations (5 ng/ul
and 10 ng/l). Each data point represents one cell body from
one animal; n = 14. Bars represent the mean of each group
with the SD; exact p-values from ¢ test. AU, Arbitrary units. d,
Representative maximum projection confocal images of the
PLM cell body in an eff-1(0k7021) animal at 6 h after axotomy
compared with an uncut control animal. As for a—c, displayed
for each cell body are the overlay of the red (diffusible
mCherry) and green (GFP-tagged EFF-1) channels (top row),
the green channel (middle row), and the result of automatic
puncta selection using Squassh (bottom row). Scale bars, 1
em. Below the confocal images are graphs showing quantifi-
cation of the average EFF-1::GFP puncta size. Animals at 3 and
6 h after axotomy (red) are compared with uncut animals
(black). No significant difference was noted. Each data point
represents one cell body from one animal. Bars represent the
mean of each group with the SD. e, Representative maximum
projection confocal image of the PLM cell body in an animal
coexpressing EFF-1::GFP and BFP::RAB-5; the overlay and in-
dividual green and blue channels (left column) are matched
with the result of automatic puncta selection using Squassh
(right column), demonstrating strong colocalization between
the EFF-1::GFP and BFP::RAB-5 puncta. Scale bar, 1 um. Next
to these confocal images is a graph showing quantification of
the average EFF-1::GFP puncta size in a transgenic strain car-
rying EFF-1::GFP and BFP::RAB-5. A significant increase in EFF-
1::GFP punctasize occurred when BFP::RAB-5 was also present
(+). The BFP::RAB-5 transgene was injected at the same con-
centration as the other RAB-5 transgenes. Each data point rep-
resents one cell body from one animal; n = 17. Bars represent
the mean of each group with the SD; exact p-values from t test.
AU, Arbitrary units.
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Figure 5.  Altered RAB-5 activity increases the EFF-1::GFP intensity in PLM. Quantification of the relative mean EFF-1::GFP
intensity in the axon (left column) and cell body (right column) of eff-7(0k7021) animals coexpressing EFF-1::GFP with different
RAB-5 transgenes or animals after axotomy. Each mean GFP measurement is expressed relative to the mean mCherry intensity in
the same region (see Materials and Methods). This intensity was significantly increased with expression of RAB-5(DN) (a, b),
RAB-5(CA) (¢, d), or rab-5(sas) (g, h) and in the axon at 3 h after axotomy (). No significant difference was found with expression
of RAB-5(WT) (e, f), nor in the cell body after axotomy (f). Each point represents the mean for a single axon or cell body; n = 8.
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Bars represent the mean of each group with the SD; exact p-values from ¢ test. AU, Arbitrary units.
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greater in animals expressing either RAB-
5(DN), RAB-5(CA), or rab-5(sas) (Fig.
5a—d,g,h). This may represent defects in
recycling and/or degradation of EFF-1
due to altered RAB-5 activity. In contrast,
the overexpression of RAB-5(WT) had no
significant effect on EFF-1::GFP intensity
(Fig. 5e,f). This indicates that the RAB-
5(WT) molecule may be modified by en-
dogenous regulators and thus regulated to
minimize changes in EFF-1 levels. There-
fore, only unregulated alterations in
RAB-5 activity generated with expression
of RAB-5(DN), RAB-5(CA), or rab-5(sas)
disrupt EFF-1 protein levels.

Moreover, we tested whether axotomy
could also alter EFF-1::GFP intensity in
PLM at 3 and 6 h after surgery. We found
an increase in axon intensity at 3 h after
surgery (Fig. 57), whereas no changes were
detected in the cell body (Fig. 5j). This
change in mean intensity following axo-
tomy could reflect the change in the EFF-1
localization in the regrowing axon (Neu-
mann et al., 2015).

Other endocytic molecules do not
control EFF-1 localization

A number of molecules function in the
endocytosis of cargo from the plasma
membrane. We sought to determine
whether other endocytic regulators might
act in conjunction with RAB-5 to regulate
neuronal EFF-1. One important candi-
date for this role is DYN-1, the C. elegans
ortholog of dynamin, because it has been
demonstrated to act in this fashion along-
side RAB-5 to regulate EFF-1 in the hypo-
dermis (Smurova and Podbilewicz, 2016).
We tested whether loss of DYN-1 func-
tion, induced using the temperature-
sensitive allele dyn-1(ky51), influenced
EFF-1::GFP localization in the PLM neu-
rons. Surprisingly, we found no signifi-
cant effect of DYN-1 on EFF-1:GFP
puncta size, membrane localization, or
average intensity in the neuron (Fig.
6a,c,e).

We also tested EHS-1, a clathrin adap-
tor involved in endocytosis that localizes
to the plasma membrane. However, loss-
of-function ehs-1 mutant animals showed
no significant change in the same mea-
surements of EFF-1:GFP localization
(Fig. 6b,d,f). We believe that this is consis-
tent with studies of ehs-1 in other systems,
which indicate that it can act redundantly
with other clathrin adaptors (Mayers et
al., 2013). Therefore, identifying its po-
tential role in this process requires further
investigation.

From early endosomes, the endocytic
pathway allows for transport of cargo to
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downstream compartments, potentially for membrane recycling
or degradation. We therefore investigated whether molecules lo-
calizing to these compartments also participated in EFF-1 regu-
lation. A number of RAB proteins presented good candidates;
these included RAB-7, which functions in endosome-to-
lysosome trafficking, RAB-10, an endocytic recycling regulator
that localizes to endosomes and Golgi, and RAB-11, which con-
trols transport between recycling endosomes and the plasma
membrane. We perturbed the function of these rab genes in the
PLM neurons either through expression of dominant-negative
versions or by using loss-of-function alleles. However, our results
indicated that these RAB molecules were not involved in EFF-1
localization in the PLM neurons. Neither expression of
dominant-negative RAB-7 or RAB-11 nor the presence of the
rab-10(dx2) loss-of-function allele significantly altered our
measurements of EFF-1::GFP intensity or localization (Fig. 7).
Opverall, these results support the specificity of our findings
with RAB-5 and suggest that this molecule is a key regulator of
neuronal EFF-1 and has the ability to regulate axonal fusion.

Discussion

Our data demonstrate that perturbing RAB-5 activity in PLM
neurons has a clear functional effect on axonal repair. Specifi-
cally, the presence of RAB-5(DN) increased the capacity for
EFF-1 to mediate axonal fusion because it phenocopied EFF-1
overexpression by rescuing the psr-1 axonal fusion defect. By
visualizing EFF-1, we determined that this change in activity re-
flected mobilization of EFF-1 to the plasma membrane, which
also occurs with reduced RAB-5 function in the C. elegans hypo-
dermis (Smurova and Podbilewicz, 2016).

Interestingly, the presence of RAB-5(CA) did not produce the
opposite phenotype because it did not significantly reduce axonal
fusion efficiency (Fig. le) or remove greater amounts of EFF-1
from the neuronal membrane (Fig. 2). It is possible that there was
insufficient overactivity of RAB-5 in the strains tested to fully
remove EFF-1 from the membrane or that only a small number of
EFF-1 molecules is required at the membrane for fusion and
sufficient amounts were present even in the presence of RAB-
5(CA). Alternatively, it is possible that a RAB-5-independent
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mechanism exists for the mobilization of EFF-1 to the membrane
after injury. Recruitment of EFF-1 to fusion sites in larval hypo-
dermal cells has been shown to be mediated at least in part by the
actin regulator VAB-10 (Yang et al., 2017), although other path-
ways may also exist. The molecular cascades that are activated in
regenerating axons have been well characterized (El Bejjani and
Hammarlund, 2012; Hammarlund and Jin, 2014; Byrne and
Hammarlund, 2017) and it is plausible that some of these mole-
cules play a currently uncharacterized role in EFF-1 recruitment.

However, overactivity of RAB-5 did lead to accumulation of
EFF-1 in enlarged RAB-5-positive compartments (Fig. 4¢,d). Pre-
vious studies have documented 45—69% colocalization of endog-
enous EFF-1 with RAB-5 in hypodermal cells (Smurova and
Podbilewicz, 2016). Because our model visualizes overexpression
of RAB-5, our results are not directly comparable and we are
unable to conclude to what extent EFF-1 colocalizes with RAB-
5(WT) levels in the neuron. However, our findings are consistent
with a role for RAB-5 in determining steady-state EFF-1 localiza-
tion to early endosomes.

Altering RAB-5 activity also increased the intracellular
amount of EFF-1, as reflected by increases in EFF-1::GFP inten-
sity. This occurred in both the axon and the cell body, indicating
that it likely represents protein accumulation rather than an ax-
onal transport defect. It was also observed specifically in the pres-
ence of RAB-5 molecules with locked activity states, which were
associated with abnormal accumulation of EFF-1 either at the
membrane or in early endosomes. Although no molecules have

yet been confirmed as regulators of EFF-1 degradation, there is
some evidence that the vacuolar H+-ATPase complex may per-
form this role in the C. elegans hypodermis. The vha-17 gene,
which encodes a subunit of this complex, has been found to sup-
press EFF-1-mediated hypodermal fusion (Kontani et al., 2005).
It does not appear to influence EFF-1 membrane localization
(Smurova and Podbilewicz, 2016), but has been speculated to act
in an EFF-1 degradation pathway (Kontani et al., 2005), although
this has not been specifically tested. In the case of RAB-5, there is
good precedence for this molecule functioning in protein degra-
dation and homeostasis. In the C. elegans embryo, it is required
for both endocytosis and degradation of the C. elegans caveolin
CAV-1 (Sato et al., 2006). In HeLa cells, either increasing or
decreasing RAB-5 activity (achieved indirectly using a regulator
of RAB-5) was found to perturb endocytic trafficking and lead to
cargo build-up in specific compartments (Haas et al., 2005). We
propose that the accumulation of EFF-1, either at the membrane
with RAB-5(DN) or in abnormally enlarged endosomes with RAB-
5(CA), occurred due to defects in the trafficking of EFF-1 from these
structures. Interestingly, greater intracellular levels of EFF-1 per se
did not guarantee an improvement in the efficiency of axonal fusion.
Rather, our results indicate that EFF-1 must specifically accumulate
at the membrane to improve fusion capacity.

Our findings are consistent with a model in which RAB-5
mediates the endocytosis of EFF-1 from the PLM cell membrane,
similar to that described in the hypodermis (Smurova and Pod-
bilewicz, 2016). In our model (Fig. 8), EFF-1 is transiently in-
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serted into the plasma membrane following synthesis. Active
RAB-5 is responsible for subsequent transport of this EFF-1 into
early endosomes, where EFF-1 largely resides in the steady state.
Decreasing RAB-5 activity allows EFF-1 accumulation at the
membrane, whereas overactivity of RAB-5 leads to accumula-
tion in early endosomes. We also propose that, in neurons,
RAB-5-mediated endocytosis occurs upstream of pathways
for EFF-1 recycling/degradation. Because altering RAB-5 ac-
tivity sequesters EFF-1 in specific compartments, it prevents
downstream trafficking and creates a build-up of EFF-1 in the
neuron. It remains to be determined whether RAB-5 also reg-
ulates EFF-1 in the context of phagosome sealing, as described
for the removal of debris from the tail spike cell in C. elegans
(Ghose et al., 2018).

A particularly fascinating aspect of our study was the genera-
tion of extracellular EFF-1::GFP-positive vesicles when RAB-5
activity was perturbed. Extracellular vesicles were observed inci-
dentally in the earliest studies of EFF-1-mediated cell-cell fusion
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using electron microscopy (Mohler et al., 1998). Vesicles that
specifically contain fusogens have now been documented in vitro
(Avinoam et al., 2011; Zeev-Ben-Mordehai et al., 2014) and more
recently in vivo in C. elegans (Oren-Suissa et al., 2017), but their
exact characteristics and functionality have yet to be elucidated.
The absence of both membrane and cytoplasmic markers in the
EFF-1::GFP vesicles suggests that these vesicles may exclude some
membrane proteins, such as fluorophores, or contain insufficient
amounts for visualization with confocal microscopy. However, it
appears unlikely that they contain purely EFF-1::GFP because
fusogen-containing vesicles in vitro have been shown to contain
other proteins (Zeev-Ben-Mordehai et al., 2014), as well as mem-
brane proteins in some cases (Avinoam etal., 2011). We therefore
postulate that these vesicles may be selective in their uptake of
membrane proteins and that their content could differ from the
original composition of the PLM plasma membrane. Given that
extracellular vesicles are known to deliver cargo in diverse sys-
tems (Tkach and Théry, 2016), fusogen-containing vesicles rep-
resent an attractive vehicle for imparting fusion competence to
surrounding tissues and potentially to mammalian neurons, as
postulated previously (Oren-Suissa et al., 2017). The evidence
that these vesicles may be selective and largely contain fusogen
suggests that they could be very efficient in delivering fusogenic-
ity, although whether the EFF-1::GFP vesicles have fusogenic ac-
tivity is currently unclear.

Another matter of speculation is the mechanism through
which the EFF-1::GFP vesicles are generated. It remains to be
determined whether they are passively extruded or are instead
actively secreted. Given that they occur in the presence of in-
creased intracellular and membranous EFF-1, it is plausible that
they are created through excessive build-up of EFF-1 at the mem-
brane. With its known function in membrane sculpting (Oren-
Suissa et al., 2010), EFF-1 could potentially “pinch off” a section
of membrane. This may be similar to the recently demonstrated
function of AFF-1, another C. elegans fusogen, in mediating en-
docytic fission events as part of development of the excretory
duct (Soulavie et al., 2018). Consistent with this, the vesicles lo-
calize in the vicinity of the PLM cell body and it may be that the
higher volume-to-surface-area ratio in this part of the neuron
allows for sufficient build-up of EFF-1::GFP behind the mem-
brane. In support of this, most protrusions, and the observed
events of vesicle budding, originated from the cell body.

RAB proteins have well established roles in intracellular traf-
ficking and we tested a suite of molecules other than RAB-5 that
could potentially regulate such transport of EFF-1 in PLM. As
reported for the hypodermis (Smurova and Podbilewicz, 2016),
RAB-7, RAB-10, and RAB-11 did not influence EFF-1 localiza-
tion. Similarly, we did not find a role for DYN-1, although this
molecule has been demonstrated to negatively regulate EFF-1
and cell-cell fusion in the hypodermis (Smurova and Podbile-
wicz, 2016). However, the literature on dynamin suggests that it
can have varying roles in fusion events in different systems related
to its multiple functions in endocytosis as well as actin cytoske-
letal rearrangements. In some mammalian cell-cell fusions, in-
cluding in osteoclasts and myoblasts, dynamin activity appears to
instead promote fusion (Leikina et al., 2013; Shin et al., 2014;
Verma et al., 2014). Our result is consistent with an alternative
role for DYN-1 in the neuron, potentially in endocytic regulation
of molecules other than EFF-1.

In summary, our study identifies RAB-5 as a key regulator of
EFF-1 in the nervous system. By controlling the levels of EFF-1 in
endosomal compartments, RAB-5 modulates the amount of this
protein available on the membrane, thereby regulating its fuso-
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genic capacity. Therefore, manipulating the activity of RAB-5
activity provides a means to promote highly efficient neuronal
repair through axonal fusion. Although EFF-1 does not have a
direct human homolog, several mammalian fusogens have been
identified, including human syncytin-1 and syncytin-2 (Mi et al.,
2000; Blaise et al., 2003). Very little is known about the regulation
of these fusogens in vivo, but it is tempting to speculate that these
molecules, similarly to EFF-1, might be trafficked to the mem-
brane for fusion and then recycled using the endocytic pathway.
We therefore suggest that RAB-5 could play a role in the regula-
tion of fusogen activity or localization, making it a target for the
modulation of fusogenic activity in mammalian cells.
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