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In Drosophila motoneurons, spatiotemporal dendritic patterns are established
in the ventral nerve cord. While many guidance cues have been identified, the
mechanisms of temporal regulation remain unknown. Previously, we identified
the actin modulator Cdc42 GTPase as a key factor in this process. In this report,
we further identify the upstream factors that activate Cdc42. Using single-cell
genetics, FRET-based imaging, and biochemical techniques, we demonstrate
that the guanine nucleotide exchange factor Vav is anchored to the plasma
membrane via the Eph receptor tyrosine kinase, enabling Cdc42 activation.
VAMP-associated protein 33 (Vap33), a potential Eph ligand supplied non-cell-
autonomously, may induce Eph autophosphorylation, initiating downstream
signaling. Traditionally known as an ER-resident protein, Vap33 is secreted
extracellularly at the onset of Cdc42 activation, acting as a temporal cue. In
humans, VAPB—the ortholog of Vap33—is similarly secreted in the spinal cord,
and its dysregulation leads to amyotrophic lateral sclerosis type 8 (ALSS8). Our
findings may help inform future studies on how VAPB signaling contributes to

motor circuit formation in both physiological and disease contexts.

Precise synaptic connections are critical for proper m brain function
during development. The brain’s functionality hinges on unique pat-
terns of connections between neuron populations, which form distinct
neural maps'™. The creation of these maps depends on the correct
patterning of axons and dendrites, with axons targeting specific zones
or laminae to connect with the dendrites of postsynaptic neurons. This
process is observed in multiple brain regions, including the cerebral
cortex, retina and superior colliculus, thalamus, and hippocampus®™.
Our understanding of the cellular principles that shape neural maps
has greatly advanced through studies of sensorimotor systems'®™,
Recent connectomic research in model organisms, such as Drosophila
melanogaster, has further revealed individual neurons involved in
assembling these intricate systems'® %%, Additionally, a wide range of

genetic tools in Drosophila has greatly facilitated the discovery of
genes essential for organizing and developing neuronal connections.
One of the most advanced areas in this research is the study of the
adult olfactory map in Drosophila. The assembly of this neural map
begins with the dendritic outgrowth and guidance of olfactory pro-
jection neurons (PNs), which lay the groundwork for a prototypical
map”**: Before the presynaptic olfactory receptor neuron (ORN)
axons innervate the region, PNs establish their dendrites in specific
territories, predefining the framework for future connections. This
process has sparked significant interest in understanding how posi-
tional cues guide PN dendrites. As a result, numerous cell-surface
proteins, including key guidance molecules, have been identified as
critical in directing the formation of dendritic arbors and synaptic
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connections® . Although the mechanisms by which dendritic arbors
navigate toward their final target fields are well understood, the initial
processes governing how dendrites extend into these target areas
remain largely unknown.

Hints of initial dendritic outgrowth have emerged from studies
on motoneurons (MNs) in the embryonic ventral nerve cord (VNC),
where approximately 36 MNs reside in each hemi-segment®*, These
MNs extend their dendrites into specific regions of the neuropil,
creating a myotopic map, a prototypical neural map**~°, Remarkably,
the outgrowth and guidance of dendritic arbors in this system occur
independently of presynaptic partners, muscles, and glia**. This
process is largely regulated by a set of guidance molecules, including
the Slit-Robo and Netrin-Frazzled signaling pathways**. In mutants
lacking functional Robo or Fra receptors, dendritic arbors are mis-
directed. However, a closer examination reveals that while higher-
order branches are significantly affected, the primary (1°) and sec-
ondary (2°) branches remain largely intact, resembling wild-type
branches. This observation suggests the existence of an additional
program specifically promoting the outgrowth of these initial 1° and
2° branches. As the saying goes, “A journey of a thousand miles
begins with a single step,” and understanding this initial step is key to
unraveling the formation of this neural map and the locomotion
circuit it governs.

During embryonic development, dendrites extend from the
axon shaft, initiating with filopodia-like structures that emerge from
the proximal region of the shaft. These filopodia eventually stabilize
and form the 1° and 2° branches. Interestingly, in most motoneurons,
regardless of their lineage or birth time, these filopodia appear syn-
chronously around 13 hours after egg laying (AEL)*°***, This
simultaneous extension, rather than a sequential outgrowth, seems
to be a key feature of motoneuron development and has also been
observed in the leg motoneurons during the pupal-adult transition®s.
To investigate the molecular mechanisms underlying filopodia
extension, we focused on the most well-characterized motoneuron,
the anterior corner cell (aCC) motoneuron. Our previous work has
explored the role of Cdc42, a small Rho GTPase, which is known to be
a central regulator of filopodia formation®. Cdc42 alternates
between two conformations: an “on” state when bound to GTP and
an “off” state when bound to GDP. Guanine nucleotide exchange
factors (GEFs) and GTPase-activating proteins (GAPs) regulate Cdc42
by driving it into these active or inactive states, respectively**.
Numerous imaging studies using Cdc42 biosensors have demon-
strated that Cdc42 is activated at the base of filopodia in various cell
types during their formation®®, Similarly, in the aCC motoneuron,
we observed Cdc42 activation at the precise locations where den-
dritic filopodia emerge®. Notably, this activation begins exactly at
13:00 AEL, coinciding with the onset of dendritic filopodia formation.
This temporal synchronization suggests that Cdc42 plays a critical
role as a timing cue for filopodia emergence. Supporting this
hypothesis, Cdc42 loss-of-function mutants showed a significant
reduction in dendritic filopodia in aCC motoneurons, further
emphasizing its importance in the process.

A similar loss-of-dendrite phenotype in Cdc42 mutants was
observed in other motoneurons®, suggesting that the regulation of
Cdc42 activation is broadly conserved across motoneurons. However,
the precise molecular mechanisms controlling Cdc42 activation
remain unclear. In this study, we performed a genetic screen using RNA
interference (RNAi) to knock down the function of Cdc42 GEFs.
Through this screening, we identified Vav, a member of the Dbl family
of GEFs, as a key activator of Cdc42. Further genetic and biochemical
assays revealed that the Eph receptor tyrosine kinase localizes Vav to
the plasma membrane, thereby facilitating Cdc42 activation. Addi-
tionally, we discovered that VAMP-associated protein 33 (Vap33) likely
functions as a ligand for the Eph receptor in this pathway. Vap33 is a
type IV transmembrane protein typically localized to the endoplasmic

reticulum (ER)**°, However, our imaging analyses indicate that during
the time of Cdc42 activation, Vap33 becomes exposed extracellularly
in the VNC. This extracellular exposure may enable the Eph-Vav-Cdc42
signaling cascade to initiate filopodia formation in motoneurons in a
timely manner. Importantly, dysfunction of VAPB, the human ortholog
of Vap33, has been implicated in the development of a specific familial
amyotrophic lateral sclerosis (ALS8)*°"*. Our findings further suggest a
potential role for VAPB signaling in establishing motor circuitry, with
disruptions in this pathway possibly contributing to this familial type
of ALS and beyond.

Results

The Rho Family GEF Vav Has a Cell-Autonomous Function in aCC
Dendritogenesis

aCC motoneurons are located in an abdominal segment of the VNC
(Fig. 1a). Our primary focus has been the investigation of the initial step
of dendritic outgrowth, and we previously conducted a detailed
characterization of their dendritic morphology**% To visualize these
processes with high resolution, we employed a retrograde labeling
approach®’. In this method, a lipophilic dye was injected into the axon
tips of fixed samples at different developmental time points. This
technique enables high-density membrane labeling, allowing for the
clear resolution of each dendritic branch. The initial dendritic out-
growth follows a stereotyped developmental sequence (Supplemen-
tary Fig. 1). Observations made before 11:00 AEL revealed a minimal
presence of filopodia along the axons. By 13:00 AEL, filopodia began to
emerge in the proximal region of the axons. Previous live imaging has
shown that these filopodia exhibit dynamic behavior around 13:00
AEL, frequently extending and retracting. By 15:00 AEL, these struc-
tures become more stable, allowing for reliable quantification. By
17:00 AEL, the transition from filopodia to dendritic branches is
complete, with these filopodia-like structures having matured into
dendritic branches forming tertiary or higher-order branches and
establishing functional synaptic connections*~°. We refer to these
filopodia-like structures as “dendritic filopodia” and identify the period
from 13:00 to 15:00 AEL as the onset of “dendritogenesis.” Our pre-
vious research showed that Cdc42 mutations resulted in a significant
reduction in the number of dendritic filopodia at 15:00 AEL (9.8 + 0.4
in wild type, 4.9+ 0.3 in Cdc42 7, p <0.0001; Student’s t-test)*, high-
lighting the critical role of Cdc42 in the dendritogenesis process of
aCC motoneurons.

The role of Cdc42 in regulating cytoskeletal dynamics for mor-
phogenesis depends on its activation, which allows it to bind to
downstream effectors®“°. To investigate the mechanisms underlying
Cdc42 activation, we began by screening RNAi constructs targeting 18
genes that encode Cdc42 GEFs. We expressed UAS-RNAi constructs in
aCC motoneurons using an even-skipped-GAL4 (eve-GAL4) driver line”®.
The expression of the GAL4 transgene was initiated four hours prior to
the onset of dendritogenesis and continued throughout embryogen-
esis. This RNAi approach has proven to be exceptionally powerful, as
we have previously identified numerous genes crucial for aCC
morphogenesis’*2. Among the 18 genes screened, knocking down any
one of the genes encoding Vav and RhoGEF2 resulted in a severe
reduction in the number of dendritic filopodia (Supplementary
Fig. 2a). To further narrow down the gene involved in dendritogenesis,
we analyzed embryos homozygous for amorphic alleles of Vav or
RhoGEF2 (Vav " or RhoGEF2 ). Among these, Vav  embryos exhibited
the most pronounced reduction in the number of dendritic filopodia
(Fig. 1b and Supplementary Fig. 2b). This led us to focus on Vav, which
encodes a cytosolic protein from the Dbl GEF superfamily. Unlike
vertebrates, which possess three VAV genes, Drosophila has only one
Vav gene””. Previous studies have shown that Vav is expressed early
during embryogenesis and plays a critical role in axonal growth within
a subset of interneurons™. However, in contrast to these interneurons,
aCC motoneuron axon development occurs normally in Vav ”
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Fig. 1| The Vav gene is essential for dendritic filopodia outgrowth. a A repre-
sentative image of the aCC motoneuron (green) in abdominal segment 4 (A4) of an
embryo at 15:00 after egg laying (AEL), shown in a ventral view with anterior
oriented upwards. b Left: Representative images of dendritic outgrowth at 15:00
AEL in wild-type embryos, Vav knockout (Vav’), and Vav’ or wild-type embryos
with aCC-specific Vav expression. Images are oriented with anterior upwards and
dorsal to the right. Dots mark the tips of dendritic filopodia longer than 1 um. Right:
Quantification of dendritic filopodia number for each genotype. Statistical
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significance was determined by one-way ANOVA (F 3,,=31, p=4.2 x 10", followed
by Tukey’s multiple comparison test. “ns” indicates p > 0.05, indicating no sig-
nificant difference. A total of 20, 19, 19, and 18 neurons were analyzed for wild type
(wt), Vav’, Vav in Vav’, and Vav in wt, respectively. Analyses of dendritic filopodia
in all other figures were also performed at 15:00 AEL. Error bars represent the
mean + SEM. Scale bars: 100 pm in (a); 5 um in (b). Source data are provided as a
Source Data file.

mutants, while dendritogenesis is severely impaired. Notably, the loss
of dendritic filopodia in Vav ” mutants was rescued by reintroducing
Vav into aCC motoneurons (Fig. 1b). In parallel, aCC-specific over-
expression of Vav in a wild-type background did not affect den-
dritogenesis, suggesting that proper regulation of Vav activity—rather
than simply its abundance—is required for function (Fig. 1b). Together,
these results demonstrate that Vav is a key GEF that functions in a cell-
autonomous manner within aCC motoneurons to promote dendritic
filopodia formation.

Cdc42 GTPase is activated by Vav in the aCC Motoneuron

To investigate whether the observed reduction in dendritic filopodia in
Vav ” mutants is a result of decreased Cdc42 activation, we imaged
Cdc42 activity in aCC motoneurons. For this purpose, we previously
generated transgenic flies expressing a fluorescence resonance energy
transfer (FRET)-based Cdc42 activation probe, referred to as aProbe
(Supplementary Fig. 3a)*. When driven by the eve-GAL4 driver, this
probe revealed the presence of a FRET signal in the cell bodies
throughout development, consistent with the understanding that
Cdc42 has multiple roles in maintaining cellular homeostasis’> . In
addition, we detected a FRET signal in the proximal region of the
axon®.. To further quantify changes in the FRET signal over time, we
measured the region where the axon shaft spans from 5 to 30 pm from
the midline (Supplementary Fig. 3b). Our analysis of the FRET signals
revealed the dynamic nature of Cdc42 activation (Supplementary
Fig. 4): the activation is absent before 13:00 AEL but begins to be

consistently observed between 13:00 and 15:00 AEL. This timing aligns
with the emergence of filopodia. Furthermore, to assess the role of Vav
in Cdc42 activation in the proximal axon region, we compared FRET
signals in control flies to those in Vav ” mutants at the critical time
point of 15:00 AEL. We observed a significant reduction in Cdc42
activation within this region in Vav ” mutants (Fig. 2a). Notably, Cdc42
activation remains normal in the cell body, suggesting that GEFs other
than Vav regulate Cdc42 in this area. These findings provide strong
evidence that Vav specifically regulates Cdc42 activation at the site of
dendritogenesis.

The Eph receptor activates Cdc42 and plays a cell-autonomous
role in Dendritogenesis

Given the consistent and temporally precise regulation of Cdc42
activation across embryos, we hypothesized that this regulation might
depend on extracellular signaling molecules engaging cell surface
receptors that act upstream of Vav signaling. In a previous RNAi screen
of 20 cell surface receptors, we focused on their roles in dendritic
filopodia formation in aCC motoneurons. Using the eve-GAL4 driver to
express UAS-RNAi constructs, we identified several receptors whose
knockdown significantly reduced the number of dendritic filopodia.
Notably, the Down syndrome cell adhesion molecule (Dscaml) and the
Eph receptor tyrosine kinase emerged as key regulators in this process.
While previous studies suggested the involvement of Dscaml in aCC
dendritogenesis, our observations revealed that Dscamli is not linked
to Cdc42 activation, as normal activation occurred in Dscaml null
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Fig. 2 | Vav and Eph Regulate Cdc42 Activation and Dendritic Filopodia Out-
growth. a Top: Pseudocolor images of aCC motoneurons in control (eve-GAL4"),
Vav”, and Eph” embryos at 15:00 AEL, showing aProbe FRET signals, with warmer
colors indicating higher Cdc42 activation levels. Dashed lines outline individual
neurons. Bottom: Quantification of Cdc42 activation in dendritic filopodia regions
is shown below. Statistical analysis was performed by one-way ANOVA (F;,,=204,
p=0.0) with Tukey’s post hoc tests (n =10 neurons per genotype). Analyses of
Cdc42 activation in all other figures are also shown at 15:00 AEL. Box plots show the

Dendritic Phenotypes in Eph * Embryos
Wild type

Eph *

Total number of
dendritic filopodia

median (center line), the 25th and 75th percentiles (bounds of box), and the
whiskers extend to the minimum and maximum. b Top: Representative images of
dendritic filopodia outgrowth in wild-type, Eph”, and aCC-specific expression of
Eph in Eph 7 embryos. Bottom: Quantification of dendritic filopodia number is
shown below. Statistical analysis was performed by one-way ANOVA (F,s5=45,
p=2.1x10"2) with Tukey’s post hoc tests (20, 20, and 18 neurons for wt, Eph 7, and
Eph in Eph 7, respectively). Error bars represent the mean + SEM. Scale bars: 5 pm.
Source data are provided as a Source Data file.

mutants®. This finding shifted our focus to the Eph receptor tyrosine
kinase as a potential key regulator of this pathway. To investigate this
further, we examined Cdc42 activation patterns in Epf**? null mutants
(Eph 7). The genetic simplicity of Drosophila, which contains only a
single Eph gene’, allowed us to directly assess the impact of Eph dis-
ruption on Cdc42 activation. Our results confirmed our hypothesis: in
Eph 7 mutants, we observed an almost complete absence of Cdc42
activation in the proximal axon (Fig. 2a). This strongly indicates that
the Eph receptor plays a critical role in regulating Cdc42 activation
during dendritogenesis.

To further validate our findings, we assessed the number of
dendritic filopodia in Eph ” mutants, providing a critical validation
experiment for our RNAi results. We observed a significant reduction
in dendritic filopodia in Eph ” embryos (Fig. 2b), with this decrease
comparable to that observed with Eph RNAi expression in aCC moto-
neurons using the eve-GAL4 driver (5.5+0.5pum in knockout,
4.1+ 0.7 pm in knockdown, p =0.14; Welch’s t-test). Importantly, this
reduction in dendritic filopodia was successfully rescued by

expressing Eph specifically in aCC motoneurons (Fig. 2b). These results
suggest that the Eph receptor functions in a cell-autonomous manner
to regulate Cdc42 activation and promote aCC dendritogenesis.

The SH2 domain of Vav interacts with the Juxtamembrane Tyr-
osine residues of Eph

Thus far, we have explored the activation of Cdc42, focusing on the
roles of Vav and Eph. While the activation of Cdc42 by Vav and Eph
appears to be a novel finding, there is a precedent in mammalian
systems where EphA4 and Vav2 have been shown to interact and form
a complex that activates Racl, another small GTPase’’. This observa-
tion led us to hypothesize that Drosophila Vav and Eph might interact
in a similar manner, but with the specific outcome of activating Cdc42.
To investigate this hypothesis, we conducted biochemical assays using
the Drosophila S2 cell line. We transiently transfected these cells with
expression plasmids encoding FLAG-tagged Vav (FLAG-Vav, a con-
struct where the FLAG epitope is fused to Drosophila Vav) and Eph-IC-
Fc (the intracellular domain of Drosophila Eph fused to the human Fc
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Fig. 3 | Vav SH2 domain and Eph tyrosine residues essential for dendritic out-
growth. a Schematic of Vav and Eph constructs used in co-immunoprecipitation
(co-IP) assays, with amino acid positions indicated. TM, transmembrane domain; IC,
intracellular domain. Vav***? is a mutant lacking the SH2 domain. Eph** is a
phosphorylation-deficient mutant in which key tyrosines in the juxtamembrane
region are replaced with phenylalanines. b-d Representative Western blots show-
ing co-IP results between Vav-FLAG and Eph-Fc. Vav*"? and Eph'f were included to
assess binding specificity. Vav “IP” denotes immunoprecipitation, and “WB” indi-
cates Western blotting. Comparable results were observed across three indepen-
dent biological replicates. e-j Representative images of dendritic outgrowth under

various conditions: control, Vav 7, aCC-specific expression of Vav’**? in Vav 7, Eph
7, aCC-specific expression of Eph'*, and Eph*"*in Eph ” embryos. k Quantification
of dendritic filopodia per aCC neuron for the indicated genotypes. Statistical ana-
lysis was performed using one-way ANOVA (F,5,= 2.4, p = 0.1) with Tukey’s post hoc
tests (20, 19, 19, 18, 18, 20, 20, and 20 neurons for control, Vav in Vav 7, Vav ”,
Vav*"? in Vav 7, Eph in Eph 7, Eph"* in Eph 7, and Eph®*" in Eph 7, respectively).
The rescue data for Vav in Vav 7 and Eph in Eph " (white bars) are replotted from
Fig. 1b and Fig. 2b, respectively. Error bars represent the mean + SEM. Scale bars:
5 um. Source data are provided as a Source Data file.

domain for protein A/G bead interaction) (Fig. 3a). After transfection,
we performed immunoprecipitation to isolate the Eph receptors from
the cell lysates. The immunoprecipitated proteins were then analyzed
via Western blotting to detect potential interactions between Vav
and Eph.

Our initial experiment successfully demonstrated the interaction
between Vav and Eph (Fig. 3b). Building on this result, we next sought
to identify the specific regions of interaction between the two proteins.
Given the cross-species conservation of Eph-Vav interactions, we
hypothesized that the SH2 domain of Vav binds to phosphorylated
tyrosine residues on Eph. To test this, we first examined the role of the
SH2 domain in Vav. We generated a Vav deletion mutant lacking the
SH2 domain (Vav**"?) (Fig. 3a) and found that this mutant did not
interact with Eph (Fig. 3c), underscoring the essential role of the SH2
domain in mediating the interaction. SH2 domains typically bind pre-
ferentially to phosphorylated tyrosine residues. Thus, we shifted our
focus to the tyrosine residues of Eph, specifically in the juxtamembrane
(JM) region, which is known to be autophosphorylated by the recep-
tor’s intrinsic kinase activity, as demonstrated in mouse EphA4”’. In
Drosophila Eph, this region contains four tyrosines. We substituted
them with phenylalanines (Y651F/Y667F/Y673F/Y691F), generating a
mutant referred to as Eph'* (Fig. 3a). This commonly used approach
blocks phosphorylation while preserving overall protein structure. Vav
failed to interact with the Eph'f mutant (Fig. 3d), indicating that
phosphorylation at these sites is required for Vav recruitment. In
summary, our findings from Drosophila S2 cell assays reveal a specific
interaction between the JM tyrosines of Eph and the SH2 domain of Vav.

The Eph-Vav interaction promotes dendritic filopodia out-
growth following Eph autophosphorylation

To further investigate the physiological relevance of the interaction
between Vav and Eph, we tested the deletion and mutation constructs
in vivo. Based on the successful rescue of the loss-of-dendrite pheno-
type in aCC motoneurons observed with wild-type constructs (Figs. 1b
and 2b; summarized in Fig. 3k), we hypothesized that if the interaction
sites are essential, these mutant constructs would fail to rescue the
phenotype.

First, we specifically expressed Vav*"?—the deletion mutant
lacking the SH2 domain—in aCC neurons of Vav 7 mutants. The
expression of Vavr*™ failed to rescue the dendritic phenotype
(Fig. 3e-g, k). Next, we expressed Eph'*—a mutant that prevents
phosphorylation—in Eph * mutants. Similar to Vav***?, Eph'* expres-
sion also failed to rescue the phenotype (Fig. 3h, i, k). These results
demonstrate that the phosphorylation-dependent interaction
between Vav and Eph is crucial for aCC dendritogenesis.

Since Eph phosphorylation typically depends on its intrinsic tyr-
osine kinase activity’®”?, we further examined the role of the intracel-
lular tyrosine kinase domain. We generated an Eph deletion mutant
lacking this domain (Eph*"*¢) and expressed it in Eph ” mutants.
Expression of Eph*tinas also failed to rescue the phenotype (Fig. 3j, k).
Collectively, our data suggest that the kinase domain of Eph autop-
hosphorylates its juxtamembrane tyrosines, creating docking sites for
the SH2 domain of Vav. This phosphorylation event leads to the
localization of Vav to the plasma membrane.

Membrane localization of Vav is essential for dendritic filopodia
outgrowth

This membrane localization of Vav is potentially crucial for the acti-
vation of Cdc42, as Cdc42 typically localizes to the membrane via its
CAAX motif. Consequently, Vav would have a higher likelihood of
interacting with Cdc42 if it is stably localized on the membrane. To test
this hypothesis, we engineered a membrane-anchored version of Vav
(myr-Vav®"™) by fusing a myristoylation signal to its RhoGEF domain,
thereby mimicking the membrane localization of Vav. We then inves-
tigated whether this modification could compensate for the absence of
Eph. To do so, we expressed the myr-Vav®™ construct in Eph ”
embryos using the eve-GAL4 driver. Given the ongoing activity of
endogenous Vav, we aimed to maximize the expression of myr-Vav"*"
by using two copies of the GAL4 driver. Remarkably, overexpressing
myr-Var""™ successfully rescued the Eph mutant phenotype
(Fig. 4a-c, f). To confirm that this rescue effect was specifically due to
the membrane localization of Vav, and not merely an increase in its
overall levels, we overexpressed wild-type Vav. However, this did not
yield a similar rescue (Fig. 4d, f). These findings underscore the critical
role of Vav's plasma membrane localization, facilitated by Eph, in
driving proper aCC dendritogenesis.

Furthermore, we investigated the necessity of Vav’s GEF catalytic
activity in this rescue experiment. To do this, we introduced a double-
point mutation (L356A, K357A) into the DH domain, which is known to
abolish GEF catalytic activity*®. Significantly, overexpression of this
catalytically inactive form (myr-Vau®"™) failed to rescue the Eph
mutant phenotype (Fig. 4e, f). These results strongly suggest that Vav’s
GEF activity is essential for its role in aCC dendritogenesis.

Vap33 cooperates with Eph to activate Cdc42 during aCC
Dendritogenesis
It appears that Eph phosphorylation is a key event in the downstream
signaling of Eph. The next question is how Eph becomes phosphory-
lated. Typically, phosphorylation of Eph receptors is triggered by
binding to specific ligands, which in turn dimerize the receptors. In
Drosophila, Ephrin and Vap33 have been identified as the primary
ligands for Eph receptors’®®%2, We sought to determine the role of
these ligands in dendritic filopodia formation within aCC motoneur-
ons. To explore this, we examined Ephrin® and Vap33* mutant
embryos, which lack their respective proteins. The results of this
analysis were quite revealing. We observed a significant reduction in
the number of dendritic filopodia in Vap33  embryos (Fig. 5a),
whereas Ephrin ” embryos did not show a substantial difference from
wild-type embryos (Supplementary Fig. 5). Importantly, this reduction
in filopodia was not due to global changes in the circuit architecture of
the VNC, as the neuropiles remained intact (Supplementary Fig. 6).
This distinct phenotype in Vap33 7 mutants has directed our
research focus towards understanding Vap33'’s function. To begin, we
assessed whether the Vap33 mutation influences Cdc42 activation. Our
analysis revealed that Cdc42 activation is significantly decreased in
Vap33 7 embryos (Fig. 5b). Notably, the extent of this reduction in
Cdc42 activation is comparable to what we observed in Vav  or Eph "
embryos. Importantly, none of these mutations, including Vap33 7,
affect Cdc42 activation in the cell body, suggesting that Cdc42
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Dendritic Phenotype in
Eph 7 Embryos
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Fig. 4 | Membrane-localized Vav rescues the loss-of-dendritic phenotype in Eph
mutants. a-e Representative images showcasing dendritic outgrowth in various
experimental setups: control, Eph 7, aCC-specific expression of myr-Vav”™, Vav,
and myr-Vav®"™V* in Eph 7 embryos. f Quantification of dendritic branches per
aCC neuron for the indicated genotypes. Statistical significance was determined
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using one-way ANOVA (Fgo="70, p=0.0) with Tukey’s post hoc tests. The analysis
included 19, 18, 19, 19, and 19 neurons for control, Eph 7, myr-Vav"** in Eph ", Vav
in Eph 7, and myr-Vau®"™™ " in Eph 7, respectively. Error bars represent the

mean + SEM. Scale bars: 5 um. Source data are provided as a Source Data file.

activation is regulated by distinct signaling pathways in the cell body
versus the dendrites.

Bellen’s lab previously demonstrated that mouse ortholog of
Vap33, VAPB, interacts with EphA4 using a co-immunoprecipitation
(co-IP) assay®’. Nevertheless, the interaction between Drosophila Vap33
and Eph had not been tested. To this end, we performed a similar co-IP
assay. HEK293 cells were transfected with expression constructs
encoding V5-Vap33 (V5 being an epitope tag) and Eph-LBD-Fc (the
putative ligand-binding domain of Eph fused to the Fc domain).
Compared to the negative control (Fc only), Vap33 exhibited binding
to Eph-LBD (Fig. 5c). Building on this, we hypothesized that Vap33 and
Eph may function within the same signaling pathway during aCC
dendritogenesis. To evaluate this, we examined their genetic interac-
tion. Our initial attempt to generate a double homozygous combina-
tion was unsuccessful due to the limited availability of genetic tools
necessary to combine the Vap33 and Eph genes, located on the X and
4th chromosomes respectively, within the same animals. As an alter-
native, we tested a double heterozygous combination. Remarkably,
these double heterozygous mutants exhibited a subtle but statistically
significant reduction in dendritic filopodia formation in aCC moto-
neurons (Fig. 5d), a reduction not observed in either of the single
heterozygous mutants (Fig. 5d). This genetic interaction supports the
idea that Vap33 and Eph cooperatively promote dendritic filopodia
outgrowth in aCC motoneurons.

aCC dendritic Filopodia outgrowth requires the non-cell-
autonomous role of Vap33

Next, we sought to determine the timing and cellular context of Vap33
expression in relation to Eph function during aCC dendritogenesis.
Two possible scenarios were considered: (1) Vap33 is expressed within
the aCC motoneuron itself, functioning cell-autonomously in con-
junction with Eph receptors either in the secretory pathway or at the
plasma membrane; or (2) Vap33 is expressed in nearby neurons and
exerts its effects on aCC motoneurons through non-cell-autonomous
mechanisms. To address this, we analyzed which neurons express

Vap33 using recent single-cell RNA sequencing data®. By 11:20 AEL
(1.5 hours before dendritogenesis begins), Vap33 is expressed in sub-
sets of neurons (Fig. 6, b). To further characterize the identity of these
neurons, we compared differentially expressed genes (DEGs) in Vap33-
positive clusters with two reference datasets that define neuronal cell
types®**. This comparison suggested that Vap33-expressing cells
include a broad range of cell types, such as cholinergic neurons,
GABAergic neurons, and some neural progenitor cells. To validate
these transcriptomic findings, we performed immunostaining on wild-
type embryos using available Vap33-specific antibodies. Our observa-
tions revealed that Vap33 is present in many, but not all, neurons
within the VNC, including aCC, as early as 11:00 AEL (Fig. 6c).

While these findings confirm that Vap33 is broadly expressed,
they do not definitively support either of the proposed scenarios. To
pinpoint the specific location of its source, we conducted a series of
rescue experiments in Vap33 7 mutants. We first expressed Vap33
specifically in aCC motoneurons. This aCC-specific expression did not
rescue the mutant phenotype (Fig. 6d). In contrast, when we expressed
Vap33 in all neurons except aCC using the pan-neuronal elav-GAL4
driver combined with the eve-GAL8O repressor, we successfully res-
cued the phenotype (Fig. 6e). Interestingly, non-aCC expression of
Vap33 in a wild-type background modestly increased dendritic filo-
podia (Supplementary Fig. 7). This may be due to elevated Vap33
dosage or early timing of its expression. Nevertheless, these findings
support the idea that Vap33 acts through non-cell-autonomous sig-
naling to promote filopodial outgrowth in aCC motoneurons. To fur-
ther test this model, we knocked down Vap33 in a subset of VNC
neurons while excluding aCC, using two independent GAL4 drivers—
RI2B0O8-GAL4 and R13C11-GAL4—which target distinct neuronal popu-
lations. In both cases, partial knockdown of Vap33 resulted in a sig-
nificant reduction in dendritic filopodia in aCC neurons
(Supplementary Fig. 8). Collectively, these results provide strong evi-
dence that Vap33 is produced by neurons other than aCC and func-
tions non-cell-autonomously, likely serving as a ligand for Eph
receptors to regulate dendritic filopodial outgrowth.
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Fig. 5 | Vap33 promotes dendritogenesis and activates Cdc42 via interaction
with Eph receptors. a Top: Representative images of dendritic outgrowth in wild-
type and Vap33 7 embryos. Bottom: Statistical analysis (two-sided Student’s ¢-test)
shows significant differences (n =20 neurons per genotype). b Top: Pseudocolor
images showing aProbe responses in control and Vap33 7 embryos. Bottom:
Quantification of Cdc42 activation levels per aCC neuron indicates significant dif-
ferences (two-sided Mann-Whitney U test, n = 10 neurons per genotype). Box plots
show the median (center line), interquartile range (box), and minimum-maximum
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values (whiskers). ¢ Western blots showing co-IP between V5-Vap and the Eph
ligand-binding domain (LBD)-Fc. The interaction was assessed using cell lysates.
Comparable results were observed across three independent biological replicates.
d Top: Images of dendritic outgrowth in embryos heterozygous for Eph, Vap33, and
double heterozygous for both. Bottom: Dendritic filopodia counts per aCC neuron
reveal significant differences (one-way ANOVA, F3,5=8.9, p=3.8 x 10°) with
Tukey’s post hoc tests (n =20 neurons per genotype). Error bars represent the
mean + SEM. Scale bars: 5 um. Source data are provided as a Source Data file.

Nature Communications | (2025)16:10893


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65900-y

Vap33 is a temporal regulator for dendritic filopodia formation
in motoneurons

Our final question centers on how the timing of dendritogenesis is
determined. Importantly, Vap33 is already expressed by 11:00 AEL
(Fig. 6a—c), well before the onset of dendritogenesis. Similarly, Eph,
Vav, and Cdc42 are all known to be expressed in the VNC by at least
11:00 AEL®"*7¢, Thus, the necessary components for dendritogenesis
are present early in development. The precise timing may be con-
trolled by regulatory events downstream of protein expression. One
intriguing possibility is that Vap33 may start being secreted externally
at the onset of dendritogenesis, around 13:00 AEL.

To test this hypothesis, we took two approaches. First, we used a
point mutation in Vap33 that is known to disrupt its secretion:
Vap33™%, Using the same rescue strategy as previously shown in
Fig. 6e—expressing Vap33™® in all neurons except aCC—we observed
no phenotypic rescue in Vap33 mutants. This contrasts with the robust
rescue obtained using wild-type Vap33 (5.2+0.5 for Vap33™% vs.
8.7 £ 0.8 for wild-type Vap33, p=0.0023 by Mann-Whitney U test,
n=17-18 per genotype). These findings indicate that secretion of
Vap33 from non-aCC neurons is essential for its non-cell-autonomous
function. Next, we asked whether extracellular Vap33 availability might
serve as a time-regulating cue for dendritogenesis. To test this, we
performed immunostaining on wild-type embryos without the use of
detergents. Unlike typical immunofluorescence, which includes a
permeabilization step to detect both intracellular and extracellular
components (as shown in Fig. 6c), this method identifies only the
extracellular portion of Vap33. The effectiveness of this approach has
been demonstrated in a previous study by Tsuda et al.*’. Using this
method, we observed that in the VNC, the fluorescence level of Vap33
earlier than 13:00 AEL is undetectable (Fig. 7a), resembling the signal
seen in Vap33 ” embryos at 15:00 AEL, which serves as a negative
control. Intriguingly, the fluorescence level begins to increase sub-
stantially at 13:00 AEL (Fig. 7a), coinciding with the onset of den-
dritogenesis. This observation strongly supports our hypothesis that
Vap33 secretion acts as a timing signal for dendritogenesis.

Furthermore, we observed that subsets of cells in the VNC pro-
duce the extracellular portion of Vap33. Extracellular Vap33 is also
localized in the neuropiles of the VNC. This distribution suggests that
secreted Vap33 is not limited to aCC motoneurons but is likely shared
among multiple motoneuron populations, most of which extend their
dendrites into the same neuropilar regions as aCC®. In Drosophila
embryos, each hemisegment contains approximately 36 motoneur-
ons, with each typically innervating one of the 30 somatic muscles.
During development, these axons exit the VNC via one of five main
nerve branches: intersegmental nerve (ISN), ISNb, ISNd, SNa, and SNc.
Each motoneuron, depending on its nerve branch, projects its den-
drites to specific anteroposterior and mediolateral territories within
the VNC**%¢, To explore this further, we selected four motoneurons
from distinct nerve branches with varying birth times and locations:
motoneuron 16/15 (MN16/15), raw prawn 3 (RP3), MN24, and RP2
(Fig. 7b). Our observations revealed that dendritic filopodia for these
motoneurons begin to emerge at approximately 13:00 AEL and
become stabilized by 15:00 AEL (data not shown). In Vap33  embryos,
these motoneurons exhibited a similar degree of dendrite loss as aCC
motoneurons at 15:00 AEL (Fig. 7b and Supplementary Fig. 9). Taken
together, these findings indicate that Vap33 secretion plays a crucial
role in the temporally coordinated outgrowth of dendritic filopodia,
contributing to the development of the myotopic map and ultimately
influencing the formation of the locomotion circuit.

Discussion

Here, we identify a novel signaling cascade that temporally activates
Cdc42 (Supplementary Fig. 10). At the onset of dendritogenesis, Vap33
becomes exposed to the extracellular space, potentially allowing it to
bind Eph receptors. This interaction triggers the membrane

localization of Vav, which in turn leads to the timely activation of
Cdc42. Notably, recent evidence suggests that dysfunction of VAPB,
the human ortholog of Vap33, is linked to the progression of ALS8 (see
further discussion below). Our findings provide new insights into how
VAPB signaling influences the formation of motor circuitry, shedding
light on its role in both normal development and disease processes in
humans.

In this study, we reveal a previously uncharacterized function of
the Rho family guanine nucleotide exchange factor Vav in Drosophila.
Our findings suggest that Vav serves as a crucial molecular hub, linking
Eph receptor activity to Cdc42-dependent dendritic outgrowth. The
key evidence supporting this linkage includes: (1) Disruption of either
Eph or Vav function leads to similar dendritic outgrowth defects
(Figs. 1 and 2). (2) Mutations in either Vav or Eph result in abolished
Cdc42 activation (Fig. 2). (3) Vav interacts directly with the Eph
receptor (Fig. 3). (4) The interaction domains within Vav and Eph are
essential for their role in dendritic development (Fig. 3). (5) Expression
of a membrane-tethered version of Vav rescues dendritic growth
defects in Eph mutants, while a version of Vav lacking GEF activity does
not (Fig. 4). These observations suggest a defined signaling cascade
(Supplementary Fig. 10, Bottom): Eph receptor activation initiates a
critical process by autophosphorylating its tyrosine-rich juxtamem-
brane region. This phosphorylation enables the SH2 domain of Vav to
bind to the phosphorylated tyrosines, facilitating the recruitment of
Vav to the plasma membrane. Membrane localization of Vav is essen-
tial for activating Cdc42, which likely drives actin polymerization,
promoting the protrusion of dendritic filopodia necessary for den-
dritic outgrowth. Although this study focuses primarily on genetic and
biochemical analyses, future investigations could benefit from using
pharmacological modulators to further validate and precisely control
the Eph-Vav signaling axis. For instance, small-molecule agonists like
Doxazosin and its derivatives—which target the ligand-binding
domains of Eph receptors and promote receptor
phosphorylation®**—could be applied to confirm the pathway’s
functional relevance and dissect downstream signaling events,
including Cdc42 activation via Vav.

Eph-Vav signaling, initially discovered in the context of axon
guidance in mouse retinal ganglion cells (RGCs), highlights the pivotal
role of Vav2 in activating Rac1”. This Racl activation is crucial for
growth cone repulsion, affecting both plasma membrane internaliza-
tion and actin cytoskeleton contractility. In Drosophila, the genome
encodes three Rac genes (Racl, Rac2, and Mtl) and a single Cdc42
gene®” ., Given the high amino acid similarity among these GTPases, it
is plausible that all could be activated by Vav. This raises a critical
question: How does Vav selectively activate Cdc42, or other GTPases?
A potential explanation involves the developmental regulation of gene
expression. Our analysis of available scRNA-seq data reveals differ-
ential expressions of these GTPases in aCC motoneurons (Supple-
mentary Fig. 11). Between 10:20 and 11:20 AEL, Cdc42 is expressed at
levels similar to Racl, while Rac2 and Mtl are less abundant. During this
developmental window, Vav may activate both Cdc42 and Racl.
However, it is noteworthy that our previous findings showed no
defects in aCC dendritogenesis in Rac triple mutants, though axon
guidance was affected in these mutants®*2. These observations sug-
gest an additional layer of regulation for Vav, potentially activating
Cdc42 or Racl in different subcellular locations, thereby leading to
distinct downstream signaling pathways. This spatial regulation could
result in specific patterns of actin cytoskeletal rearrangements, influ-
encing neuronal morphology in diverse ways.

While Cdc42 null mutants are embryonic lethal, null mutations in
Vav and Eph do not result in early lethality”’**>. Most Vav mutants
survive until the pupal stage, although occasional male escapers reach
adulthood due to the X-linked inheritance of Vav”. Eph null mutants
are viable into adulthood, though their survival frequency has not been
systematically quantified. In contrast, hypomorphic Eph alleles exhibit
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embryos at 11:00 AEL. Circles indicate aCC motoneuron cell bodies. Similar
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abdominal segments A2-AS5). b Top: Schematic of four motoneurons (MN16/15, RP3,
MN24, PR2) in a single embryonic VNC segment, each projecting to specific target
muscles. Bottom: Statistical analysis (two-sided Mann-Whitney U test) shows sig-
nificant differences in dendritogenesis between motoneurons of wild-type and
Vap33 " embryos (11 and 13 MN16/15 neurons, 18 and 13 RP3 neurons, 11 and 11
MN24, and 15 and 11 RP2 for wt and Vap33 7, respectively). Error bars represent the
mean + SEM. Scale bar: 10 um. Source data are provided as a Source Data file.
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significantly reduced viability, with approximately 50% of animals
dying before adulthood®*. Despite these viability limitations, both Vav
and Eph mutants serve as valuable tools for investigating larval and
adult phenotypes in the Drosophila nervous system. Vav and Eph
mutants exhibit comparable developmental phenotypes. During larval
stages, both show cortical axon guidance defects in the developing
optic lobe”™**. In adults, central brain abnormalities are also
evident””’*%, Locomotor impairments are consistently observed in
both mutants. For example, Malartre et al. reported that adult Vav
mutants often fail to walk or fly properly and exhibit a characteristic
shaking phenotype”. Some are unable to fully eclose, remaining par-
tially trapped in the pupal case—indicative of impaired motor function.
Similarly, previous work from Hodge’s group reported that panneur-
onal expression of Eph RNAi reduces adult locomotor performance, as
measured by the negative geotaxis (climbing) assay®. In line with this,
our lab observed that larvae expressing panneuronal Eph RNAi
appeared sluggish and uncoordinated. Quantitative behavioral ana-
lyses revealed a significant reduction in both peristaltic wave fre-
quency and turning behavior compared to controls (Supplementary
Fig. 12). These findings raise key questions: Do Eph and Vav also
function together in additional processes, such as axon guidance,
synapse formation, or neural circuit assembly, beyond their role in
dendritogenesis? Are the observed movement impairments in these
mutants due to specific disruptions in motor circuits, or do they reflect
more widespread developmental abnormalities in the brain? Exploring
these questions will help clarify how Eph and Vav contribute to brain
development and motor behavior.

Vap33/VAPB is evolutionarily conserved, with orthologs present
in many species ranging from yeast to flies to humans®. It is char-
acterized by a major sperm protein (MSP) domain, a coiled-coil
domain, and a transmembrane domain, but lacks an N-terminal signal
peptide’” %, This structural configuration directs a large portion of the
protein into the cytoplasm on the ER membrane, classifying it as a type
IV transmembrane protein. VAPB is involved in a wide variety of
intracellular functions, including membrane trafficking, the unfolded
protein response, microtubule organization, autophagosome forma-
tion, and calcium homeostasis®*. Among these functions, the MSP
domain plays a particularly critical role in interorganelle communica-
tion. For instance, it binds to FFAT motifs in partner proteins, notably
several lipid-transfer proteins at Golgi-ER contact sites, and thereby
contributes to the regulation of Golgi lipid composition and mem-
brane dynamics®'", In addition to its intracellular roles, the MSP
domain is cleaved and secreted from neurons into the extracellular
space, where it binds to cell surface receptors such as Eph, Round-
about (Robo), and Leukocyte-antigen-related (Lar)*'%. In C. elegans
striated muscle, this interaction with Robo and Lar positions mito-
chondria and modulates their morphology'®. A similar role for the
secreted MSP domain has been observed at the neuromuscular junc-
tion in Drosophila larvae®'%, Despite growing evidence of its non-cell-
autonomous functions, the molecular mechanism underlying MSP
domain secretion and cleavage remains poorly understood. Our recent
studies in cultured Drosophila S2 cells have begun to shed light on this
process'®. Unlike type I transmembrane proteins, which contain an
N-terminal signal peptide that directs them to the ER lumen for con-
ventional ER-to-Golgi secretion, Vap33 follows an unconventional
pathway. In these experiments, Vap33 was transfected into S2 cells,
and the cultures were treated with Brefeldin A (BFA), a well-established
inhibitor of Golgi-dependent transport. Surprisingly, Vap33 remained
detectable on the cell surface following BFA treatment, suggesting that
it may traffic via a non-classical, Golgi-independent pathway. After
synthesis, Vap33 traffics to the plasma membrane, where it is thought
to undergo a process termed “topology inversion,” meaning a reversal
of the protein’s orientation so that domains normally inside the cyto-
plasm become exposed to the extracellular space. The precise sub-
cellular site of this inversion remains unknown. Following inversion,

Vap33 is cleaved by Matrix metalloproteinases 1 and 2 (Mmpl/2),
resulting in the release of its MSP domain. We hypothesize that a
similar secretion mechanism operates in vivo as well. In our working
model (Supplementary Fig. 10), subsets of neurons secrete Vap33
extracellularly at the onset of dendritogenesis. The MSP domain then
interacts with Eph receptors on the plasma membranes of aCC
motoneurons, triggering the timely formation of dendritic filopodia.

Mutations in VAPB have been causally linked to a familial form of
amyotrophic lateral sclerosis (ALS), known as ALS8'%*"1%°_ This familial
ALS is a slowly progressive, late-onset dominant form initially identi-
fied in a Brazilian family'°®. One of the most studied mutations in ALSS
is the substitution of proline with serine at amino acid position 56
(VAPBP65)106-109 " At a cellular level, this mutation leads to protein
aggregation in the endoplasmic reticulum (ER), where mutant VAPB
sequesters endogenous VAPB, potentially exerting a dominant-
negative effect*"2, Consequently, the secretion of functional VAPB
is significantly reduced™. Even when mutant VAPB™® reaches the
extracellular space, it is resistant to proteolytic cleavage of the MSP
domain, suggesting impaired signaling capacity"*'". Supporting this
notion, the MSP domain has been detected in blood and cerebrospinal
fluid (CSF) of healthy individuals, but is markedly reduced in patients
with sporadic ALS, implicating MSP cleavage and secretion defects in
disease etiology™®. In our study, we demonstrate that Vap33 acts non-
cell-autonomously to promote motoneuron dendritogenesis. This
conclusion is supported by a comprehensive series of genetic experi-
ments, including targeted knockdown, non-cell-autonomous over-
expression, and rescue strategies (Fig. 6e and Supplementary Figs 7-8).
Notably, Vap33 carrying the P58S mutation (corresponding to the
human VAPB™®) failed to rescue the dendritic defects in Vap33 ”
mutants when expressed non-cell-autonomously, whereas wild-type
Vap33 did rescue the phenotype. This suggests that dendritogenesis
depends on the MSP domain of secreted Vap33. These findings raise
the possibility that a similar mechanism may operate in mammals:
reduced extracellular VAPB signaling could disrupt the spatiotemporal
patterning of dendrites, a critical step in the formation of functional
motor circuits. Mammalian motoneurons, like their Drosophila coun-
terparts, display subclass-specific dendritic arborization patterns
within distinct spinal cord territories™ . Disruption of these devel-
opmental processes could compromise synaptic targeting and neural
circuit integrity, potentially rendering motoneurons more vulnerable
to later degeneration. Understanding how VAPB influences dendritic
development and extracellular signaling may provide novel insights
into the early stages of ALS pathogenesis. Therapeutic strategies
aimed at restoring VAPB secretion or mimicking its extracellular
function may help mitigate motoneuron dysfunction and slow disease
progression.

We convincingly demonstrate that Cdc42 is activated via Vap33-
Eph-Vav signaling at the onset of dendritogenesis. However, we do not
address why Cdc42 activation is spatially restricted to the proximal
region of axons (e.g., Supplementary Fig. 4). The mechanisms under-
lying this spatial confinement remain poorly understood. Since
secreted Vap33 is uniformly distributed throughout the neuropiles of
the VNG, it is likely that this spatial regulation is independent of Vap33.
We hypothesize that the localization of Eph receptors may play a cri-
tical role in determining the spatial restriction of Cdc42 activation.
Previous research has shown that certain guidance receptors can
localize to specific regions of axons, such as the proximal or distal
segments, independently of direct cell-cell contact?. For instance, the
guidance receptor Derailed localizes to the proximal region of the
longest neurite in single cultured Drosophila neurons. Building on
these findings, we visualized the localization of Eph in cultured neu-
rons and observed a similar proximal distribution in the longest
neurites (Supplementary Fig. 13). This suggests that neurons may have
intrinsic mechanisms to direct Eph receptors to specific membrane
compartments, which could spatially restrict the downstream
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activation of Cdc42. While this observation provides valuable insight, it
remains to be determined whether this spatial organization is estab-
lished and maintained in vivo and how it might be regulated.

Methods

Molecular cloning

Complementary DNA sequences of Vav and Eph (LD25754 and
RE61046) (Drosophila Gene Collection, BDGP) were PCR amplified and
subcloned into pACUH-superfolderGFP (sfGFP) to generate C-terminal
SfGFP fusions using the Notl restriction site. The pACUH-sfGFP vector
includes the sfGFP sequence in pACUH (Addgene) at the Notl and Xbal
sites. To create deletion constructs (Vav*™? and Eph*"®), we per-
formed site-directed mutagenesis using the Q5 Site-Directed Muta-
genesis Kit (New England Biolabs). We deleted a DNA sequence
encoding the SH2 domain of Vav (amino acids 622-706) or the kinase
domain of Eph (amino acids 692-950) from pACUH-Vav-sfGFP or
PACUH-Eph-sfGFP, respectively. To replace tyrosine (Y) with phenyla-
lanine (F), we designed two pairs of mutagenesis primers. We per-
formed two rounds of mutation reactions and introduced four Y-to-F
substitutions to the juxtamembrane region of Eph. A synthesized
DNA fragment (Integrated DNA Technologies) containing either myr-
VavCE ™ or myr-Vav®f 47" was cloned into the EcoRI and Notl sites of
PACUH-sfGFP. Those Vaves™ constructs comprise a GEF-PH domain
only (amino acids 220-541).

For co-immunoprecipitation (co-IP) assays in Drosophila S2 cells,
we designed pACUH plasmids to produce FLAG-tagged or Fc-tagged
proteins. Vav-3xFLAG and Vav**"?-3xFLAG fragments were PCR ampli-
fied from pACUH-vav-sfGFP and pACUH-Vav**-sfGFP. Then, we intro-
duced each fragment to the pACUH vector through the Notl and Xbal
sites, constructing pACUH-Vav-3xFLAG and pACUH-Vav**"? -3xFLAG.
Human Fc fragments were PCR amplified from the p/B-Fc vector (a gift
from Thomas Kidd). Eph-IC and Eph"*-IC were generated via PCR from
the full-length Eph and Eph"*. Eph-IC-Fc and Eph"*-IC-Fc were assem-
bled into Notl- and Xbal-digested pACUH. Eph-IC encodes a fragment of
the C-terminal region (amino acids 629-1047). Similarly, for co-IP
assays in human HEK293T cells, we designed pcDNA3.1 plasmids to
produce V5-tagged or Fc-tagged proteins. The Eph ligand-binding
domain (LBD)-FLAG-Fc fragment was amplified from Eph cDNA using
primers containing a FLAG sequence. The Fc region was amplified
independently. These fragments were assembled into the BamHI and
Xbal sites of pcDNA3.1. Note that Eph-LBD encodes a fragment of the
N-terminal region (amino acids 1-355). The V5-Vap33 fragment was
PCR-amplified from Vap33 cDNA (previously described'®®) using pri-
mers containing a V5 sequence and cloned into the BamHI and Xbal
sites of pcDNA3.1.

Standard subcloning, PCR amplification (PrimeSTAR Max poly-
merase, Takara Bio USA), and In-Fusion cloning (In-Fusion Snap
Assembly Master Mix, Takara Bio USA) were used to generate all
plasmids and intermediates. The oligonucleotides and gene fragments
used are listed in Supplementary Table 2.

Transgenic line production
After being sequenced, all plasmids were injected into attP embryos
expressing @C31 by Rainbow Transgenic Flies and Best Gene.

Fly Stock

Standard Drosophila genetic techniques were used for all crosses. All
flies were raised at 25 °C. The following lines were obtained from the
Bloomington Drosophila Stock Center: eve-GAL4 (BDSC stock no. 7470
and 7473), elav-GAL4 (8760), RI2BOS-GAL4 (48489), RI3C1I-GAL4
(48556), UAS-sif RNAi (61934), UAS-Ziz RNAi (54817), UAS-RhoGEF3
RNAi (42526), UAS-Rtgef RNAi (32947), UAS-RhoGEF4 RNAi (42550),
UAS-pbl RNAi (36841), UAS-Cdep RNAi (31168), UAS-PSGEF RNAi
(44061), UAS-GEFmeso RNAi (42545), UAS-trio RNAi (43549), UAS-unc-
89 RNAi (34000), UAS-RhoGEF64C RNAi (31130), UAS-Pura RNAi

(58270), UAS-Zir RNAi (53946), UAS-spg RNAi (35396), UAS-Exn RNAi
(33373),UAS-Vav RNAi (39059), UAS-RhoGEF2 RNAi (34643), UAS-Eph
RNAi (60006), UAS-Vap33 RNAi (77440), UAS-mito-HA-GFP (8442),
and UAS-FLAG-Vap33-HA (39682). Vav’ and Vav’ mutants were pro-
vided by Dr. Marianne Malartre, The French National Centre for Sci-
entific Research, France. Vap33** mutant was obtained from
Drs. Hiroshi Tsuda and Hugo Bellen. Some of the lines used in this
study were previously generated by our team: UAS-aProbe, UAS-
aProbe®omnantreeatie eye.GAL 80, UAS-FLAG-Vap33™5-HA, and Eph™". The
genotypes used in each experiment are listed in Supplementary
Table 1.

Primary neuronal culture

Flies were allowed to lay eggs on a grape agar plate overnight in a cage.
The following day, the collected eggs were dechorionated in a 50%
bleach solution for 5minutes. After dechorionation, the eggs were
gathered using a cell strainer (Corning) and gently transferred into SFX
culture medium (Hyclone) in a new centrifuge tube using a pen brush.
The embryos were mechanically dissociated by homogenization with a
plastic homogenizer (Thermo Fisher Scientific), applying 10-20
strokes. To facilitate further dissociation, trypsin was added to the
homogenate, and the samples were incubated at 37 °C for 30 minutes.
After incubation, 100 pL of fetal bovine serum (FBS; R&D Systems) was
added to inhibit the trypsin activity. The mixture was centrifuged at
1,000 rpm for 2 minutes, and the supernatant was carefully removed.
The resulting pellet was resuspended in SFX medium supplemented
with penicillin/streptomycin (Corning), FBS, and insulin (Milli-
poreSigma). Finally, the cells were transferred into an 8-well chamber
slide (Nunc Lab-Tek) for immunostaining.

Immunohistochemistry

Dissected embryos. Dissected embryos were fixed with 4% paraf-
ormaldehyde in phosphate-buffered saline (PBS) for 10 minutes,
washed in TBS (0.1% Triton X-100 in PBS), blocked in 10% bovine serum
in TBS for 1hour, and incubated with primary antibodies overnight at
4 °C. The primary antibodies used included rabbit anti-Vap33 (a gift
from Hiroshi Tsuda and Hugo Bellen; 1:10,000), mouse anti-Fasciclin Il
(Developmental Studies Hybridoma Bank; 1:100), and Alexa647-
conjugated goat anti-HRP (Jackson ImmunoResearch Labs; 1:500).
After washing, embryos were incubated with secondary antibodies
conjugated to fluorescent dyes (Thermo Fisher Scientific; 1:500) for
2 hours at room temperature. Following extensive washes with TBS,
embryos were mounted in 50% glycerol for slide preparation and
imaged using a confocal microscope.

Detection of extracellular Vap33. This protocol is based on the
extracellular detection method for Vap33 described by Tsuda et al.,
with the following modifications. Embryos were processed without
detergents, substituting PBS for TBS, and incubated with a rabbit
anti-Vap33 antibody (1:500) developed in our recent studies'®, along
with an anti-HRP antibody for normalization purposes. All other
conditions, including incubation duration and secondary antibody
concentration, were maintained as described in the standard staining
procedures above.

Primary neurons. Primary neurons were stained using a protocol
similar to that for dissected embryos, but neurons were incubated with
the secondary antibody for 1 hour at room temperature. We used anti-
myc antibody (Developmental Studies Hybridoma Bank; 1:100). After
staining, the neurons were submerged in PBS for imaging with a con-
focal microscope.

Fluorescence Imaging
Fluorescence images were acquired using an inverted microscope (Ti-
E, Nikon) equipped with a 100%, 1.45 NA oil immersion objective (Plan
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Apo, Nikon). The microscope was connected to a Dragonfly spinning
disk confocal unit (CR-DFLY-501, Oxford Instruments). Three excita-
tion lasers (488 nm, 561 nm, and 642 nm) were coupled to a multimode
fiber passing through an Andor Borealis unit. A dichroic mirror (Dra-
gonfly laser dichroic for 405/488/561/640 nm) and three bandpass
filters (525/50 nm, 600/50 nm, and 725/40 nm) were placed in the
imaging path. Images were recorded using an electron-multiplying
charge-coupled device camera (Andor iXon, Oxford Instruments)
controlled with Fusion software (Oxford Instruments).

For aCC imaging, optical sections with a thickness of 0.5 pm were
acquired, spanning a z-depth of 8 um from the surface of the ventral
nerve cord (VNC), where aCC motoneurons are typically located. For
VNC imaging, we imaged the entire VNC at 1 um intervals throughout
the z-axis. These images were reconstructed using ImageJ software
from the National Institutes of Health (NIH). To maintain consistency,
uniform laser power, gain, and exposure time settings were used
during data collection. The figures display the resulting images as
average intensity projections.

Cell culture and transfection

Drosophila S2R+ cells were maintained in SFX-INSECT culture medium
(Hyclone) at 25 °C. Cells were transfected with 300 ng of pACUH con-
structs using 2.5 pL of Effectene (Qiagen). To induce expression in
transiently transfected cells, 300 ng of pAC-GAL4 (Addgene) was co-
transfected. Transfections were carried out in 24-well plates. The cells
were analyzed 48 hours post-transfection.

HEK293T cells were cultured in Dulbecco’s Modified Eagle Med-
ium (HyClone) supplemented with 10% fetal bovine serum (Atlanta
Biologicals) in a humidified incubator at 37 °C with 5% CO,. For tran-
sient transfection, cells were seeded into T25 flasks and transfected
with 3000 ng of pcDNA3.1-Eph-LBD-FLAG-Fc and 200 ng of pcDNA3.1-
V5-Vap33 using polyethylenimine (PEI; Polysciences). Cells were incu-
bated for 3 days post-transfection prior to subsequent analysis.

Co-immunoprecipitation assay

S2 cells or HEK293 cells were lysed in 450 pL of 1% NP-40 lysis buffer or
1mL of 0.5% NP-40 lysis buffer, respectively. Lysates were incubated
with 5L of Pierce Protein A/G Magnetic Beads (Thermo Fisher Sci-
entific) overnight at 4 °C with continuous rotation. The beads were
washed three times with PBS and eluted with SDS loading buffer.
Samples were subjected to SDS-PAGE using a 4-20% polyacrylamide gel
(Bio-Rad), followed by protein transfer onto PVDF membranes
(Thermo Fisher Scientific). The membranes were blocked at room
temperature for 1 hour in 4% skimmed milk in TBS-T (0.1% Tween-20 in
TBS) and probed with mouse anti-FLAG antibody (MilliporeSigma;
1:1,000 dilution) or mouse anti-V5 antibody (Thermo Fisher Scientifc;
1:1000 dilution). Anti-mouse secondary antibodies conjugated to
horseradish peroxidase (Thermo Fisher Scientific) were used at a
dilution of 1:2,000 for 1 hour at room temperature. Blots were devel-
oped with a chemiluminescent substrate (Syngene) and imaged using
the ChemiDoc Imaging System (Bio-Rad).

Single-cell RNA sequencing data analysis

Single-cell RNA sequencing data were obtained from the NCBI Gene
Expression Omnibus (GEO) under accession number GSE202987.
Analysis was conducted using R scripts sourced from GitHub (https://
github.com/AustinSeroka/2022-Doe-Drosophila-Embryo-Atlas). We
employed the Seurat package (v3.1.2) in R, following standard proto-
cols for quality control, data normalization, and analytical procedures.
Cells were selected based on mitochondrial gene expression, retaining
those with less than 20% mitochondrial reads for further analysis. The
sctransform tool was used for data normalization to mitigate technical
variance. Subsequent filtering and sub-clustering of the central ner-
vous system (CNS) dataset were based on the expression of estab-
lished neuronal markers, such as elav. Clusters were identified using a

non-biased approach according to gene expression profiles. Gene
expression levels are reported as normalized counts and categorized
by developmental stage.

To identify neuron types, we compared the top differentially
expressed genes in Vap33-positive clusters with published gene sig-
natures from well-characterized neuronal and non-neuronal cell types
in the Drosophila larval and adult brain®****, These reference profiles
included cholinergic, glutamatergic, GABAergic, and peptidergic
neurons, as well as neural progenitors, glia, and undifferentiated
neuronal precursors.

Motoneuron labeling and imaging

To assess dendritic filopodia in aCC motoneurons, we performed tar-
geted labeling using a lipophilic dye, focusing on four neurons within the
A2-5 segments per embryo®. Although labeling efficiency varied due to
the challenging injection process, typically 2-3 neurons per embryo were
successfully labeled and included in the quantification. Embryos were
collected at 15:00 AEL, a time point selected because dendritic filopodia
have stabilized and maintain a consistent number, facilitating reliable
genotype comparisons. To ensure that developmental timing was not
altered by the mutations under study, we also examined embryonic gut
morphology as an independent developmental marker prior to dissec-
tion. Across all genotypes, gut morphology appeared comparable,
indicating that overall developmental timing was not affected.

Quantification of dendritic filopodia

We quantified ipsilateral dendritic filopodia extending more than 1 pm
along the axon shafts of labeled aCC motoneurons at 15:00 AEL. This
time point was chosen because, unlike the dynamic branching
observed at 13:00 AEL, the number of filopodia stabilizes, allowing for
consistent comparisons across genotypes. Dendritic filopodia were
counted using high-resolution confocal microscopy images, and the
data were used to compare different genotypes.

FRET imaging and analysis

Fluorescence resonance energy transfer (FRET) data were acquired to
measure Cdc42 activation in the proximal axon region of aCC moto-
neurons at 15:00 AEL. Imaging was performed using an upright Axio
Imager Z2 microscope (Carl Zeiss) equipped with a 63x 1.4 NA oil
immersion objective (Plan Apo, Carl Zeiss) and an LSM 880 scanning
head with a 32-channel GaAsP spectral photomultiplier tube detector.
The 458 nm line of an argon laser was used for excitation with the main
beam splitter MBS-458/514. Emitted light was detected using two
emission filters: 454-518 nm for cyan fluorescent protein (CFP) and
517-605 nm for yellow fluorescent protein (YFP). Image capture was
controlled using Zen software (Carl Zeiss).

Raw images were processed by subtracting background fluores-
cence intensity from non-labeled cells to correct for background noise.
Yellow/cyan emission ratios were calculated to generate “FRET ima-
ges,” representing Cdc42 activation levels.

Quantification of Cdc42 activation

To quantify Cdc42 activation along aCC axons, FRET images under-
went threshold segmentation to distinguish “object” pixels (repre-
senting aCC motoneurons) from “background,” based on predefined
thresholds. This segmentation was applied across multiple z-planes
captured for each neuron. The total yellow/cyan (Y/C) ratio values
across all planes were divided by the volume to generate two-
dimensional (2D) density maps (Supplementary Fig. 2b, top). From
these maps, bar graphs were generated.

For detailed analysis, 30 pm-long lines perpendicular to the mid-
line were drawn on each 2D density map. Values along these lines were
averaged and plotted as line charts to represent the Y/C ratio over
distance from the cell body (Supplementary Fig. 3b, bottom). To
account for variations in protein expression among neurons, values
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were normalized based on the average Y/C ratio at the cell body (peak)
and the axon shaft (baseline, located 20-25 um from the cell body).
Each line plot was fitted with a Gaussian equation, and the area under
the curve was calculated to estimate the relative level of Cdc42 acti-
vation. This analysis was performed on 10 neurons per genotype, and
the resulting values were averaged. Comparisons across genotypes or
time points were presented as fold changes.

Quantification of extracellular Vap33

We quantified the relative levels of extracellular Vap33 across devel-
opmental stages from 9:00 to 16:00 AEL. Following immunostaining
with anti-Vap33 and anti-HRP antibodies, we acquired confocal
z-stacks covering the entire VNC. HRP staining was used as an internal
control to normalize variability in antibody penetration. To quantify
extracellular Vap33, we focused on neuropil regions where moto-
neuron dendrites form, spanning a 10 um z-depth centered on this
area. Within each VNC segment, we measured the average Vap33
fluorescence intensity and subtracted background levels determined
from adjacent non-VNC regions. To correct for slide-to-slide differ-
ences in antibody penetration, we used HRP signal intensity from the
same segment’s longitudinal connectives as a correction factor. This
normalization allowed accurate comparison of Vap33 levels across
developmental stages.

Behavioral analysis of larvae expressing Eph RNAi

UAS-Eph RNAi males and elav-GAL4 virgin females, or Oregon-R males
and elav-GAL4 virgin females (control), were crossed in collection cages.
Embryos were collected on grape juice agar plates, which were replaced
every 2-3 hours to synchronize developmental stages. Embryos at the
synthesium stage were selected and incubated at 16 °C for two days.
Freshly hatched first instar larvae (<30 minutes old) were transferred to
agar plates and allowed to acclimate for 1 minute before recording.
Larval behavior was captured using a Nikon dissection microscope
equipped with a video camera for 1.5 minutes. The videos were analyzed
to quantify the number of full-body peristaltic waves and turns.

Statistical analysis

Statistical analyses were performed using OriginPro (OriginLab).
Depending on data distribution, we applied Student’s t-test, Welch’s ¢-
test, or the Mann-Whitney U test for pairwise comparisons. For mul-
tiple comparisons, one-way ANOVA followed by Tukey’s post hoc test
was used. Sample sizes for FRET analyses and filopodia counting were
determined based on preliminary experiments and existing literature
to ensure reproducibility. A power analysis, using standard deviations
from preliminary data, indicated that a sample size of n=11 neurons
for dendrite counts and n =10 neurons for distribution analysis would
detect differences with 90% power at a 95% confidence level. Specific
statistical tests used and sample sizes for each experiment are pro-
vided in the figure legends.

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

Data availability

All plasmids and transgenic fly lines generated in this study have been
deposited at Addgene and the Bloomington Drosophila Stock Center.
All datasets necessary for interpretation, verification, and extension of
the research are provided in the Source Data file accompanying this
paper. Source data are provided with this paper.
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