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BMP-dependent synaptic development requires
Abi-Abl-Rac signaling of BMP receptor
macropinocytosis
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Retrograde BMP trans-synaptic signaling is essential for synaptic development. Despite the
importance of endocytosis-regulated BMP receptor (BMPR) control of this developmental
signaling, the mechanism remains unknown. Here, we provide evidence that Abelson inter-
actor (Abi), a substrate for Abl kinase and component of the SCAR/WAVE complex, links
Abl and Racl GTPase signaling to BMPR macropinocytosis to restrain BMP-mediated
synaptic development. We find that Abi acts downstream of Abl and Racl, and that BMP
ligand Glass bottom boat (Gbb) induces macropinocytosis dependent on Racl/SCAR sig-
naling, Abl-mediated Abi phosphorylation, and BMPR activation. Macropinocytosis acts as
the major internalization route for BMPRs at the synapse in a process driven by Gbb acti-
vation and resulting in receptor degradation. Key regulators of macropinocytosis (Rabankyrin
and CtBP) control BMPR trafficking to limit BMP trans-synaptic signaling. We conclude that
BMP-induced macropinocytosis acts as a BMPR homeostatic mechanism to regulate BMP-
mediated synaptic development.
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idirectional communication between presynaptic and

postsynaptic compartments mediated by trans-synaptic

signals is fundamental to both development and plasticity
of neuronal synapses!2. Bone morphogenetic protein (BMP)
ligands are key retrograde signals (post to pre) that regulate
presynaptic development in Drosophila and mammals®*. At the
Drosophila neuromuscular junction (NMJ), muscle-derived BMP
Glass bottom boat (Gbb)” activates a presynaptic receptor com-
plex composed of type II BMP receptor (BMPR) Wishful thinking
(Wit) and either type I BMPR Thickveins (Tkv) or Saxophone
(Sax)®-8. BMPR activation causes phosphorylation of the R-Smad
Mothers against decapentaplegic (Mad), and phosphorylated Mad
(P-Mad) together with co-Smad Medea (Med) enters the nucleus
to regulate transcription®. Key targets of this BMP pathway
include triol%, encoding a Racl guanine-nucleotide exchange
factor, and Drosophila fragile X mental retardation 1 (dFmrI)!l,
encoding a negative regulator of Futsch/MAPI1B translation!2.
Mutations disrupting Gbb signaling cause synaptic under-
growth?> 81011 whereas elevated Gbb signaling results in NMJ
overgrowth characterized by satellite bouton formation and
hyperbudding!1:13. Thus BMP signaling has an instructive role in
presynaptic development

Increasing evidence suggests that presynaptic BMP signaling is
regulated by endocytosis and trafficking of BMPRs. Mutations in
endocytic regulators, including Dynamin (shibire), Endophilin,
and Dapl60, increase P-Mad levels with NMJ overgrowth and
excessive satellite bouton formation!>!4. Similarly, synaptic
development is upregulated by loss of Spichthyin and Spartin
proteins involved in endosomal sorting of BMPRs for lysosomal
degradation! 1>, However, the endocytic pathway mediating
BMPR internalization/downregulation is uncharacterized. A
candidate is macropinocytosis initiated by actin-driven plasma
membrane ruffles, which subsequently develop into large (0.2-5
um) endocytic macropinosome vesicles!®. In mammalian cells,
membrane ruffling and macropinosome formation are dependent
on Racl GTPase and the SCAR/WAVE complex!”-18, which
relays Racl signaling to actin nucleator Arp2/3 (refs. 1920). SCAR
proteins form a multimeric complex comprising Nap1/Kette, Sra-
1/CYFIP, HSPC300, and Abelson (Abl) interacting protein
(Abi)21-23) which acts as a scaffold between SCAR and
Kette?>242>. The binding of Racl to Sra-1/CYFIP stimulates
SCAR activity toward the Arp2/3 complex?®. However, little is
known about SCAR complex targeting to macropinosomes to
control actin dynamics, and nothing is known about macro-
pinocytosis in synaptic development.

Abi is phosphorylated by the non-receptor tyrosine kinase Abl,
which is essential for membrane localization, protein stability,
and lamella formation activity?’-31. Interestingly, loss of Abl or
SCAR complex components causes satellite bouton formation
and hyperbudding at the Drosophila NMJ32-37. This suggests a
mechanistic link between AbI/SCAR signaling and BMP-
dependent synaptic growth. In testing this hypothesis, we show
here that Abi acts downstream of Racl to regulate synaptic
development through the SCAR complex. We also show that this
Abi role absolutely depends on phosphorylation mediated by Abl.
Our genetic data suggest Abl-Abi and Racl-SCAR signaling
restrain synaptic growth via inhibition of presynaptic BMP sig-
naling. Importantly, we show that Gbb induces synaptic macro-
pinocytosis in a BMPR-dependent mechanism, with induction
impaired by disrupting both Abl-Abi and Racl-SCAR pathways.
Moreover, we demonstrate that macropinocytosis is the pre-
dominant internalization route for BMPRs in the presence of Gbb
ligand and indispensable for efficient BMPR degradation. Finally,
we discover that two known regulators of macropinocytosis,
Rabankyrin and CtBP, are required for normal BMP signaling in
synaptic development. Together, these findings establish an

unexpected role for Gbb-induced macropinocytosis in the
downregulation of synaptic BMPRs.

Results

Abi has essential functions in the neuromusculature. In a
genetic screen for mutations affecting synaptic growth and
architecture of the Drosophila NMJ3®, we identified two EP
insertions (G6718, G4355) in the abi gene (Fig. 1a). Third instar
larvae homozygous for each insertion display more extensive
NM]J architecture than the genetic control (w!l18). To generate
abi null alleles, we excised the G6718 transposon and isolated the
imprecise excision abi® (1075-bp deletion), which removes large
portions of the second and third exons (Fig. 1a). Expression of the
abi transcript is abolished in homozygous abi® mutants or in
animals heterozygous with an abi deficiency (Df(3R)su(Hw)7;
hereafter Df), while the neighboring twinfilin (twf) gene is nor-
mally expressed (Fig. 1b). The mutants show pupal lethality,
consistent with previously established abi requirements33-3°,
Expression of UAS-HA-abi under control of an abi promoter—
GAL4 (abi-GAL4) or ubiquitous daughterless (da)-GAL4 driver
completely rescues the lethality of abi’/Df mutants (Fig. Ilc).
Importantly, expression of UAS-HA-abi using the combined pan-
neuronal C155-GAL4 and muscular 24B-GAL4 drivers very sig-
nificantly restores abi null viability, while expression using each
GAL4 alone results in weaker rescue (Fig. 1¢), indicating that Abi
has essential functions in the neuromusculature. The abi mutants
exhibit impaired coordinated motor behavior in the roll-over
assay. In this assay, we measured the time that individual third
instar larvae take to right from a totally inverted position (ventral
up) to the normal position (ventral down)*?, abi*/Df larvae show
faster roll-over than wild-type controls (w!!18: 15.9 + 2.4 s; abi®/
Df: 9.5+1.0s; mean +s.e.m., P<0.01; Fig. 1d). This behavioral
phenotype is fully rescued by UAS-HA-abi expression under
control of CI55-GAL4 (13.9+1.2s; P=0.63 from wild type;
Fig. 1d), but not of 24B-GAL4 (8.5+1.65s; P<0.001 from wild
type; Fig. 1d), strongly supporting a neuronal role for Abi.

Abi localizes to the sub-membrane cortex within NMJ boutons.
Abi has been localized to several axonal tracts in developing
embryonic and larval central nervous systems®3. To investigate
Abi expression at NM] synapses, we generated a new specific
antibody. Immunoblots of wild-type third instar larval lysates
detect a 52 kDa band, which is completely absent from abi®/abi®
and abi’/Df mutants (Fig. le). Anti-Abi labeling reveals strong
expression at all types of larval NMJ terminals (types I-III).
Expression is not uniformly distributed but rather localized to
punctate domains associated with the horseradish peroxidase
(HRP)-labeled presynaptic membrane and internal cortical
regions within boutons (Fig. 1f). A low number of Abi punctae
appear postsynaptic, outside the HRP-labeled presynaptic mem-
brane. Null abi NMJs display no labeling with anti-Abj,
demonstrating the antibody specificity (Fig. 1f, middle). Con-
sistent with the primarily presynaptic expression pattern, post-
synaptic subsynaptic reticulum (SSR) labeling with an antibody to
the Discs large (Dlg) scaffold largely surrounds the Abi expres-
sion domain (Fig. 1f, bottom). Thus Abi is primarily localized
beneath the presynaptic membrane at NMJ boutons.

Abi is required for normal synaptic structure and function.
Null abi mutants display NMJ overgrowth with supernumerary
boutons, including excessive formation of immature satellite
boutons'#. This abi®/Df phenotype is observed at every NMJ,
including NMJ 6/7 and NMJ 4 (Fig. 2a). Compared with genetic
controls (w!!18), synaptic bouton number at the NMJ 6/7 term-
inal is increased on average by ~40% in the absence of Abi. With
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Fig. 1 Characterization of Drosophila abi gene, mutants, and neuromuscular junction (NMJ) expression. a Genomic organization of the Drosophila abi locus
showing exon/intron organization of abi and two neighboring genes (twf and 740up), position of P-elements (G6718 and G4355), and abi® deletion
generated by G6718 excision. Untranslated regions, white boxes; translated regions, black boxes; translation start sites, arrows. Gray bar represents
the abi-GAL4 promoter region. b Reverse transcription-PCR analysis of abi, twf, and rp49 RNA expression in wild type (WT; w8), abi®, and abi®/Df.

¢ Quantification of adult viability for wild type, abi°/Df, abi-GAL4/+; UAS-HA-abi,Df/abi® (abi-GAL4 rescue), da-GAL4,abi>/UAS-HA-abi,Df (da-GAL4
rescue), C155-GAL4/+; UAS-HA-abi,Df/abi® (C155-GAL4 rescue), 24B-GAL4,abi°/UAS-HA-abi,Df (24B-GAL4 rescue), and C155-GAL4/+; 24B-GAL4,
abi®/UAS-HA-abi,Df (C155, 24B-GAL4 rescue) animals. The number of abi°/Df flies is given as a percentage of the expected viability, which is half the
number of adults carrying a balancer chromosome. Values are from three independent experiments and presented as percentages of wild type.

d Quantification of response time in the larval roll-over assay for the indicated genotypes. e Western blot of third instar larval extracts probed with anti-Abi
and anti-B-actin. Numbers are molecular masses in kDa. f Abi is enriched at NMJ boutons. Single confocal slices of NMJ 6/7 in wild type and abi°/Df
co-labeled for anti-Abi and anti-HRP (top) or anti-Dlg (bottom). Scale bars: 2 um. Bar graphs show mean = s.e.m. The number of animals analyzed in at
least three experiments is indicated above (¢) or inside (d) bars. Statistical analyses were performed by one-way analysis of variance with Tukey-Kramer
post hoc test. Comparisons are with wild type (*P<0.001; **P<0.01)

normalization to muscle surface area, bouton number remains in abi’/Df mutants are surrounded by SSR marker Dlg, with
~40% larger in abi’/Df compared to matched controls (Fig. 2b).  presynaptic active zone Bruchpilot (Brp) juxtaposed to post-
Null abi mutants display an even greater elevation in satellite synaptic glutamate receptor (GIuRIIC) domains (Supplementary
boutons (Fig. 2a, arrowheads), with abi®/Df mutants showing a  Fig. 1). Thus satellite boutons in abi mutants display the predicted
~90% increase at the NM]J 6/7 terminal (Fig. 2b). Satellite boutons  features of a functional bouton. To test whether Abi is required
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Fig. 2 abi controls synaptic structure and function at the neuromuscular junction (NMJ). a Loss of Abi causes synaptic overgrowth with excessive satellite
bouton formation. Sample confocal images of anti-HRP labeled NMJs 6/7 and 4 in wild type, abi>/Df, and C155-GAL4/+; UAS-HA-abi,Df/abi® (Abi rescue-
pre). Insets (left panels) show higher magnification views of boutons marked by white asterisks. Satellite boutons are indicated by arrowheads. Scale bars:
20 pm. b Quantification of total bouton number normalized to muscle surface area ([#/um?2] x 103; top) and satellite bouton number (bottom) at NMJ 6,7
in wild type, abi®/+, Df/+, abi®/Df, C155-GAL4/+; UAS-HA-abi,Df/abi® (Abi rescue-pre), C155-GAL4/+; UAS-HA-abi430-65/ 1 abi®/Df (AbiA30-65 rescue-
pre), C155-GAL4/+; UAS-HA-abiA123-175 Df/abi® (AbiA123-175 rescue-pre), C155-GAL4/+; UAS-HA-abiW452K Df/abi> (Abi-W452K rescue-pre), C155-

GAL4/+; UAS-HA-abi4YE,Df/abi® (Abi-4YE rescue-pre), C155-GAL4/+; UAS-HA-abi4YF Df/abi® (Abi-4YF rescue-pre), 24B-GAL4,abi°/UAS-HA-abi,Df (Abi
rescue-post). ¢, d Loss of Abi causes an increase in NMJ synaptic transmission. ¢ Representative two-electrode voltage-clamp (=60 mV) records from
muscle 6 with 0.5 Hz nerve stimulation. Sample excitatory junction current (EJC) traces are shown for wild type, abi®/Df, abi-GAL4/+ transgenic control,
and abi-GAL4/+; UAS-HA-abi,Df/ abi® (abi-GAL4 rescue). d Quantification of EJC amplitude. e Schematic view of the domain structure of wild-type Abi and
Abi variants used in rescue experiments. WAB, WAVE-binding domain; HHR, homeodomain homologous region; P, proline-rich region; SH3, Src homology
3 domain. Point mutations are indicated by stars. Bar graphs show mean + s.e.m. Sample number analyzed is indicated inside bars. Statistical analyses were

performed by one-way analysis of variance with Tukey-Kramer post hoc test. Comparisons are with wild type (*P <0.001; **P<0.01; ***P<0.05)

presynaptically or postsynaptically, UAS-HA-abi was expressed in
abi’/Df mutants using the UAS/GAL4 system. Expression in
neurons using the C155-GAL4 driver completely rescues synaptic
defects in abi null mutants, whereas expression in the muscles
using 24B-GAL4 fails to provide any rescue (Fig. 2a, b). Thus Abi
is required in the neuron to regulate growth and structural
architecture at the NM]J synapse.

To assay functional neurotransmission strength in abi mutants,
evoked excitatory junction current (EJC) recordings were made in
two-electrode voltage-clamp (TEVC) configuration. Null abi
mutants (abi’/Df) display clearly increased evoked EJC ampli-
tudes (Fig. 2c). Compared with wild-type controls, the mean EJC
amplitude at the NM]J 6/7 is increased by 20% in abi null mutants

(wll18: 224 + 11.9 nA; abi®/Df: 269 + 7.4 nA; P <0.05; Fig. 2¢, d).
Expression of wild-type UAS-HA-abi under the control of
endogenous abi-GAL4 is sufficient to decrease the mean EJC
amplitude by 25% in the abi®/Df mutant background relative to
the transgenic control (abi-GAL4/+: 203 +12.2 nA; abi-GAL4
rescue: 153 8.1 nA; P<0.01; Fig. 2¢, d). Indeed, the elevated
transgenic expression of abi suppresses EJC neurotransmission
strength significantly below the control level, showing that the abi
dosage bidirectionally determines synapse function under both
loss- and gain-of-expression conditions (Fig. 2¢, d). These results
indicate that loss of Abi causes an increase in NM]J synaptic
transmission and indicate the importance of the precise level of
Abi for determining normal neurotransmission strength.
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Abi domain requirements in synaptic development regulation.
Abi is a multi-modular protein with N-terminal SCAR/WAVE-
binding (WAB) domain, central Kette/NAP1-binding home-
odomain homologous region (HHR), and C-terminal Src
homology 3 (SH3) domain, which interacts with the Abl tyrosine
kinase and WASp (Supplementary Fig. 2a)?>2%4l  Abl

AbI'/AbI* e

C155-GAL4/+

C155-GAL4/+; Abl® +/Abl',UAS-HA-abi*"]
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phosphorylates multiple Abi tyrosine residues, including Y148,
Y155, Y248, and Y285 (ref. 28). To investigate Abi domain
requirements, we performed rescue experiments in abi null
mutants using transgenes for SCAR-binding defective HA-
AbiA30-65, Kette-binding defective HA-AbiA123-175, WASp-
binding defective HA-Abi-W452K, phospho-mimic HA-Abi-4YE
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Fig. 3 Abi acts downstream of Abl and Rac1 via SCAR complex activation. a-d Genetic interactions between abi and Abl regulating synaptic architecture.
a Sample confocal images of anti-HRP-stained neuromuscular junction (NMJ) 6/7 in wild type, abi>/+, Abl4/+, and abi®,+/+,Abl4. b Quantification of total
(top) and satellite (bottom) bouton number reveals a transheterozygous interaction between abi and Abl. ¢ Sample confocal images of anti-HRP-stained
NMJ 6/7 in Abl'/Abl4, C155-GAL4/+, C155-GAL4/+; UAS-HA-abi*YE, and C155-GAL4/+; Abl4,+/Abl",UAS-HA-abi4YE. d Quantification of total (top) and
satellite (bottom) bouton number reveals that Abl synaptic overgrowth is suppressed by neural overexpression of phospho-mimic Abi-4YE, while Abl-
induced synaptic undergrowth is suppressed by decreasing abi gene dose. e-g Genetic interactions between abi and Racl, SCAR and kette. @ Sample
confocal images of anti-HRP-stained NMJ 6/7 in Rac/'/+, SCARA37/+, kette!*48/+, abi®+/+ RacP’, SCARA37/+; abi®/+, and abi®+/+ kettel4-48.

f Quantification of total (top) and satellite (bottom) bouton number reveals transheterozygous interactions of abi with Racl, SCAR, and kette but not
with WASp. g Quantification of total (top) and satellite (bottom) bouton number reveals that Rac1-G12V-induced overgrowth is suppressed by decreasing
abi gene dose. Bar graphs indicate mean £ s.e.m. NMJ number analyzed for each genotype is indicated inside bars. Comparisons made against wild type
(b, d, f) or C155-GAL4/+ (g) unless indicated (one-way analysis of variance with Tukey-Kramer post hoc test; *P < 0.001; **P < 0.01; ***P < 0.05; n.s. not
significant). Insets (a, ¢, @) show higher magnification views of boutons marked by white asterisks. Satellite boutons are indicated by arrowheads. Scale

bars: 20 pm

(Y148E + Y155E + Y248E + Y285E), and phospho-defective
HA-Abi-4YF (Y148F + Y155F + Y248F 4 Y285F) (Fig. 2e; see
Supplementary Note 1 and Supplementary Fig. 2b for the char-
acterization of Abi mutants). Neuronal expression of HA-Abi-
W452K or HA-Abi-4YE fully rescues the abi null NMJ pheno-
types (Fig. 2b). Both the number of mature synaptic boutons
(top) and immature satellite boutons (bottom) are indis-
tinguishable from control. In contrast, the HA-AbiA30-65,
HA-AbiA123-175, and HA-Abi-4YF lines all fail to exhibit any
rescue activity (Fig. 2b). These three conditions show the same
increase in synaptic bouton number and supernumerary satellite
bouton formation that characterizes the abi null mutant.
Importantly, expression levels and presynaptic targeting of all
transgenes are indistinguishable from those of wild-type HA-
Abi transgene (Supplementary Fig. 2c, d). Taken together, these
results suggest that Abl-mediated phosphorylation of Abi and its
interactions with SCAR and Kette, but not with WASp, are all
required for the proper regulation of synaptic development.

Abi links Abl function and Racl/SCAR signaling at the NM]J.
The Abi structure-function analyses suggest Abl and the Racl-
SCAR pathway function with Abi at the synapse. To further test
the Abl-Abi link, we first assayed whether Abl is required in
synaptic development. Abl nulls (AbI'/Abl4) and targeted
expression of dominant-negative, kinase-dead Abl (Abl-K417N)
in neurons increase total and satellite bouton numbers (Supple-
mentary Figs. 1 and 3a, b), mimicking abi loss of function. In
contrast, postsynaptic expression of Abl-K417N does not alter
synaptic development, supporting a presynaptic role. Given the
similar abi and Abl phenotypes, we next examined genetic
interactions between abi and Abl. Larvae carrying one null copy
of abi and one null copy of Abl display synaptic overgrowth with
excessive satellite bouton formation (Fig. 3a, b), with no defects in
either heterozygous mutation alone, suggesting that Abi and Abl
act in a common pathway. We next pursued two additional
experiments to test whether abi is epistatic to Abl. Neuronal
expression of HA-Abi-4YE, which has no effect on synaptic
development by itself, completely suppresses the synaptic defects
of Abl mutants (Fig. 3¢, d). Moreover, neuronal expression of
wild-type Abl induces synaptic undergrowth, and this defect is
completely suppressed by removing one copy of abi (Fig. 3d).
However, neuronal expression of Abl fails to suppress synaptic
overgrowth in abi mutants (Fig. 3d). These results show that Abi
functions downstream of Abl during synaptic development.

We next further tested the functional link between Abi and the
Racl-SCAR pathway. Neuronal expression of dominant-negative
Racl-T17N%2, SCARRNAL or ketteRNAI increases total synaptic
bouton number as well as satellite bouton number (Supplemen-
tary Figs. 1 and 3c, d), recapitulating the phenotypes of abi
mutants. In addition, we find similar phenotypes in larvae

transheterozygous for abi and Racl, SCAR, or kette, but we never
observe any synaptic defects in single heterozygotes alone (Fig. 3e,
f). However, abi null mutants fail to show any heterozygous
interaction with WASp (Fig. 3f), demonstrating the specificity of
the SCAR complex compared to the WASp complex in the Abi-
mediated regulation of synaptic development. Neuronal expres-
sion of constitutively active Rac1-G12V42 also induces synaptic
overgrowth with excessive satellite bouton formation as pre-
viously reported!0. These synaptic phenotypes are also fully
suppressed by removing a single copy of abi (Fig. 3g). Finally,
neuronal expression of HA-Abi or HA-ADi-YE fails to suppress
the synaptic overgrowth caused by Racl-T17N, SCARRNAL or
ketteRNAT expression (Supplementary Fig. 3d). Taken together,
these results support the conclusion that Abi acts exclusively
through the Racl1-SCAR pathway.

Abi, Abl, and Racl regulate the BMP-dFMRP-Futsch pathway.
Elevated trans-synaptic BMP signaling is a well-established
mechanism underlying synaptic expansion and bouton
formation!1:13:43, We therefore hypothesized that the synaptic
overgrowth caused by loss of Abi, Abl, Racl, or components of
SCAR complex might be due to increased retrograde BMP sig-
naling. To test this hypothesis, we first examined the BMP-
dependent production of phosphorylated Mad (P-Mad) in the
presynaptic terminal and accumulation in neuronal nuclei, as
established molecular readouts of BMP trans-synaptic signaling
activity>’. P-Mad levels are significantly higher in both abi and
Abl mutants compared to matched controls, both within NMJ
synaptic boutons and in the downstream ventral nerve cord (VNC)
motor neuron nuclei (Fig. 4a, b). Neuronal expression of Racl-
T17N, SCARRNAI, or ketteRNA? similarly produces the same ele-
vated P-Mad expression both in the NMJ presynaptic terminal and
within the VNC motor neuron nuclei (Fig. 4a, b). These results
suggest that Abi, Abl, Racl, and the SCAR complex all negatively
regulate BMP signaling during synaptic development.

We next examined genetic interactions of abi, Abl, and Racl
with the BMP type II receptor wishful thinking (wit)®7. Removal
of one copy of wit alone has no detectable effect on synaptic
development but significantly suppresses the synaptic overgrowth
of abi*/Df null mutants (Fig. 4c, d). With reduced BMP signaling,
both the elevated number of mature synaptic boutons (top) and
excessive immature satellite boutons (bottom) decrease toward
control levels. Moreover, removing both copies of wit further
suppresses the synaptic defects in abi mutants; wit, abi double
mutants are not detectably different from wit single mutants
(Fig. 4c, d), which show significant synaptic undergrowth®”.
Once again, the dependence on BMP signaling is observed for
both total synaptic bouton number and satellite bouton
formation. Similar dosage-sensitive genetic interactions occur
between wit and either Abl or Racl (Fig. 4d), showing that these
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Fig. 4 Abi pathway restrains synaptic development by inhibiting bone morphogenetic protein (BMP) signaling. a, b Loss of Abi, Abl, and Rac1-SCAR
components increases P-Mad in motor neurons. a Single confocal sections of neuromuscular junction (NMJ) 6/7 (top) and ventral nerve cord (VNC) co-
labeled with anti-P-Mad and anti-HRP (NMJ) or anti-Even Skipped (Eve; VNC) shown for wild type, abi®>/Df, Abl'/Abl4, C155-GAL4/+, and C155-GAL4/+;
UAS-Rac1™’N/+. b Quantification of P-Mad intensity normalized to HRP or Eve in the indicated genotypes. ¢, d Synaptic overgrowth induced by loss of Abi,
Abl, or presynaptic Racl depends on BMP signaling. ¢ Sample confocal images of anti-HRP-labeled NMJs in wild type, abi°/Df, witA2/+, witA12,abi>/+,Df,
witA12/witBT and witA12 abi>/witB"!, Df. d Quantification of synaptic structure at NMJ 6/7 in the indicated genotypes. Bar graphs indicate mean +s.e.m. The
number of NMJ branches (b, upper panel), Eve-positive motor neurons (b, bottom panel), or NMJs (d) analyzed for each genotype is indicated inside bars.
All comparisons are with wild type (b, d) unless indicated (one-way analysis of variance with Tukey-Kramer post hoc test; *P < 0.001; n.s. not significant).
Scale bars: a, 2pm (NMJ); a, 5 pm (VNC); ¢, 20 pm
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phenotypes also depend on BMP signaling. Finally, neuronal
overexpression of UAS-HA-abi fails to suppress the synaptic
undergrowth phenotype of wit-null mutants (Fig. 4d). These
findings suggest that Abi, Abl, and Rac1-SCAR signaling restrains
synaptic development via inhibition of BMP trans-synaptic
signaling.

HA-Abi puncta colocalizing =*
with TMR-Dex (%)

We have previously shown that BMP signaling promotes NMJ
synaptic growth by repressing the expression of Drosophila
Fragile X Mental Retardation Protein (dFMRP)!!, which in turn
inhibits Futsch/MAP1B translation!2. BMP-mediated mainte-
nance of microtubule (MT) stability via the dFMRP-Futsch
pathway is critical for synapse regulation. As detailed in
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Fig. 5 Abi domain requirements in Gbb-induced early macropinocytosis. a Live, time-lapse imaging of control or Gbb (50 ng/ml)-stimulated BG2-c2
cells expressing PI(4,5)P, probe PLC-PH-mCherry and GFP-Abi. Differential interference contrast images show elapsed time (min:s) in upper panels.
Arrowheads mark a forming macropinosome. b Confocal images of BG2-c2 cells transfected with dsRNA for 3’ untranslated region of abi alone (control) or
in combination with HA-Abi, HA-AbiA30-65, HA-AbiA123-175, HA-Abi-4YE, or HA-Abi-4YF, serum starved for 6 h, and pulsed with 2 mg/ml TMR-Dex
in the presence of 50 ng/ml Gbb for 5 min. ¢ Quantification of TMR-Dex-filled macropinosomes (puncta >0.2 um in diameter). d Single confocal sections
of cells treated as in b and labeled for F-actin with rhodamine-phalloidin. e Single confocal sections of cells expressing HA-Abi or HA-Abi-4YE together
with Abl-Myc or Abl-K417N-Myc, incubated for 2 min with 2 mg/ml TMR-Dex and Gbb (50 ng/ml), and then labeled with anti-HA and anti-Myc.
Arrowheads show HA-Abi-positive and Abl-Myc-positive puncta containing TMR-Dex. f Quantification of HA-Abi-TMR-Dex colocalization. Bar graphs
indicate mean = s.e.m. The number of cells analyzed is indicated inside bars. Comparisons are made against control cells transfected with abi dsRNA
(c) or Gbb-stimulated cells expressing HA-Abi and Abl-Myc unless indicated (one-way analysis of variance with Tukey-Kramer post hoc test; *P < 0.001).

Scale bars: a, Tum; b, d, €, 5um

Supplementary Note 2 and Supplementary Fig. 4, we find that the
Abi-SCAR complex acts downstream of Abl and Racl to regulate
synaptic development via the BMP-dFMRP-Futsch-MT stability
pathway in the presynaptic terminal.

Abi acts downstream of Abl in Rac-mediated macro-
pinocytosis. We next tested how Abi regulates BMP trans-
synaptic signaling. Previous studies show that BMPR endocytosis
is a key regulatory mechanism**. Moreover, mammalian Abi,
Racl, and SCAR are all essential for signaling-induced macro-
pinocytosis, at least in non-neuronal cells!®#>. We therefore
hypothesized Abi might function downstream of Abl in a Racl-
SCAR pathway controlling macropinocytosis to inhibit trans-
synaptic BMP signaling. To test this idea, we first characterized
macropinocytosis in Drosophila BG2-c2 neuronal cells using a
classic macropinocytic tracer; dextran (70kDa) conjugated to
tetramethylrhodamine (TMR-Dex). As detailed in Supplementary
Note 3 and Supplementary Fig. 5, uptake of TMR-Dex by BG2-c2
cells occurs at background levels under basal conditions but is
potently induced by Gbb stimulation in a manner dependent on
Abi, Abl, Racl, SCAR, and Kette. Gbb stimulation also indu-
ces Abi-dependent formation of F-actin-rich membrane ruf-
fles (Supplementary Note 3 and Supplementary Fig. 5h), which
are functionally coupled to macropinocytosis!®.

We next examined the association of Abi with macropinocytic
structures using the phospholipase Cd1-pleckstrin homology
domain-mCherry (PLC-PH-mCherry) reporter of PI(4,5)P,
(ref. 4°), which labels membrane ruffles and macropinocytic
cups, the precursors of macropinosomes®’. Live, time-lapse
imaging shows green fluorescent protein (GFP)-Abi associates
with Gbb-induced, PLC-PH-mCherry-positive membrane ruffles
and macropinocytic cups (Fig. 5a). As detailed in Supplementary
Note 3, immunostaining of cells uptaken TMR-Dex in the
presence of Gbb and TMR-Dex pulse-chase experiments reveal
that Abi is also transiently localized on newly formed macro-
pinosomes (Supplementary Figs 5i and 6). These results support a
critical role of Abi in macropinosome formation.

We next tested relationships between Abi, Abl, and Racl-
SCAR during Gbb-induced macropinocytosis. Expression of wild-
type HA-Abi or phospho-mimic HA-Abi-4YE in Abi-knockdown
cells fully restores Gbb-induced membrane ruffling and TMR-
Dex uptake to control levels (Fig. 5b-d). In contrast, SCAR-
binding mutant HA-AbiA30-65, Kette-binding mutant HA-
AbiA123-175, and phospho-defective mutant HA-Abi-4YF all
fail to function (Fig. 5b-d). These results show that phosphoryla-
tion of Abi and its interactions with both SCAR and Kette are
required for Gbb-induced macropinocytosis. Previous work has
shown that Abl-mediated phosphorylation of Abi regulates
subcellular localization?8. To test whether Abl is needed for Abi
targeting to macropinocytic structures, BG2-c2 cells coexpressing
HA-Abi and Abl-Myc were incubated with TMR-Dex in the
absence or presence of Gbb (Fig. 5e, f). Unstimulated controls

show low levels of uptake and diffuse Abi cytoplasmic distribu-
tion. In contrast, Gbb strongly induces uptake and recruitment of
HA-ADbi and Abl-Myc to peripheral punctate structures contain-
ing internalized TMR-Dex (Fig. 5e, f). These changes are not
observed in cells coexpressing kinase-dead Abl-K417N-Myec.
Importantly, Gbb-induced TMR-Dex uptake and Abl/Abi
recruitment are observed with HA-Abi-4YE and Abl-K417N-
Myc coexpression (Fig. 5e, f). These results show that Abl-
mediated phosphorylation of Abi is critical for its recruitment to
forming macropinosomes.

Gbb-induced macropinocytosis required for BMPR degrada-
tion. To test whether Gbb-induced macropinocytosis drives
BMPR degradation, we used an antibody-feeding assay in BG2-c2
cells expressing Myc-Tkv or Myc-Wit. This experiment prelabels
surface receptors with anti-Myc antibody (4 °C) to quantify both
surface and internalized pools after 5min in the absence and
presence of Gbb (25°C). In unstimulated cells, receptors inter-
nalize at low levels (Fig. 6a and Supplementary Fig. 7a). In con-
trast, Gbb stimulation causes both Myc-Tkv and Myc-Wit to
rapidly incorporate into intracellular punctate structures (Fig. 6a
and Supplementary Fig. 7a). The intracellular to surface receptor
ratio is potently increased in Gbb-stimulated cells versus unsti-
mulated controls (Fig. 6b and Supplementary Fig. 7b). Gbb-
induced uptake is completely abrogated by knockdown of Abi or
the macropinocytosis regulator Rabankyrin and by pretreatment
with the macropinocytosis inhibitor LY294002 or 5-N-ethyl-N-
isopropyl-amiloride (EIPA) (Fig. 6b). In contrast, receptor
internalization is not impaired by knockdown of clathrin heavy
chain (Chc) or GTPase regulator associated with focal adhesion
kinase (Graf)*® driving endocytosis, demonstrating a selective
role for macropinocytosis in BMPR internalization. Consistent
with macropinocytosis being dynamin independent*’, the dyna-
min inhibitor dynasore also does not affect the Gbb-induced
uptake of receptors (Fig. 6b). These results suggest that Gbb sti-
mulation drives BMPR internalization via macropinocytosis.
We next combined antibody feeding with a TMR-Dex pulse-
chase assay. BG2-c2 cells prelabeled for Myc-Tkv or Myc-Wit
surface receptors were TMR-Dex pulsed with Gbb stimulation
(2 min) and then chased (3 min). Internalized receptors colocalize
(69-76%) with TMR-Dex-positive macropinosomes (Supplemen-
tary Fig. 7c-e). We tested sorting of internalized Myc-Tkv
receptors to lysosomes at 23min and found a complete
colocalization between internalized Myc-Tkv and TMR-Dex in
punctate structures (Fig. 6c). Notably, most (~75%) of the Myc-
Tkv colocalizes with the lysosome marker Lysotracker (Fig. 6d).
Internalized Myc-Tkv and TMR-Dex are significantly diminished
by depleting Abi or Rabankyrin, as well as by pretreating cells
with LY294002 or EIPA. Importantly, interfering with macro-
pinocytosis also greatly reduces the extent of Myc-Tkv/Lyso-
tracker colocalization (Fig. 6d). In contrast, colocalization is not
affected by either depleting Chc or Graf or pretreating dynasore
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Fig. 6 Abi-dependent macropinocytosis in Gbb-induced Tkv degradation. a Gbb induces macropinocytosis-mediated internalization of Tkv receptor. Single
confocal slices of BG2-c2 cells transfected with Myc-Tkv alone (control) or together with abi dsRNA. Cells were serum-starved for 6 h, prelabeled with
anti-Myc antibody at 4 °C for 30 min, and then incubated in the absence (— Gbb) or presence (+ Gbb) of Gbb at 25 °C (50 ng/ml, 5 min). After fixing,
surface and internalized receptors were sequentially fluorescent-labeled with secondary antibodies under nonpermeant (green) and permeant (red)
conditions, respectively. b Quantification of internal-to-surface Myc-Tkv ratio in controls versus cells transfected with the indicated dsRNA. Shading:
BG2-c2 cells were pretreated with dimethyl sulfoxide (DMSO; 0.1%), LY294002 (25 uM), 5-N-ethyl-N-isopropyl-amiloride (100 pM), or dynasore

(20 pM) for 30 min. € Macropinocytosis of internalized receptors in BG2-c2 cells transfected with Myc-Tkv alone (control) or together with abi dsRNA.
Serum-starved cells prelabeled with anti-Myc antibody (4 °C, 30 min) were pulsed with TMR-Dex (70 kDa, 2 mg/ml) in the absence (— Gbb) or presence
(+ Gbb) of Gbb at 25 °C (50 ng/ml, 2 min) and then chased for 18 min. Cells were labeled with Lysotracker (1M, 5min) prior to anti-Myc staining. Single
confocal sections through the middle of the cells are shown. d Quantification of Myc-Tkv-Lysotracker colocalization in cells of the indicated genotypes.
e Macropinocytosis mediates ligand-induced Tkv degradation. Western blot analysis of total BG2-c2 cell extracts transfected with Myc-Tkv alone or
together with the indicated dsRNA. Serum-starved cells were pretreated with cycloheximide (50 pg/ml, 3 h) to inhibit new protein synthesis and then
stimulated with Gbb (50 ng/ml) at 25 °C for the indicated times. Bar graphs indicate mean = s.e.m. The number of cells analyzed for each genotype is
indicated inside bars (b, d). All comparisons are made against Gbb-treated (unshaded) or Gbb- and DMSO-treated (shaded) control (one-way analysis of
variance with Tukey-Kramer post hoc test; *P < 0.001). Scale bars: 5 pm
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(Fig. 6d). We also directly tested the impacts of Gbb stimulation
and Abi knockdown on Myc-Tkv receptor degradation by
western blot analysis. Constitutive receptor degradation is
minimal in the absence of Gbb stimulation (Fig. 6e). In contrast,
Myc-Tkv is robustly degraded in Gbb-stimulated cells over a 2-h
period in a mechanism blocked by both Abi and Rabankyrin
knockdown (Fig. 6e). These results suggest that Gbb-induced
macropinocytosis efficiently commits BMPRs to degradation.

Abi-dependent macropinocytosis downregulates synaptic
BMPRs. We next tested Gbb-induced, Abi-dependent macro-
pinocytosis in BMP regulation at the NM]J. Since macropinocytosis
has not been reported at any synapse, we first tested whether
macropinocytosis is active. Acutely dissected third instar larvae
were pulse-labeled with TMR-Dex for 5min to assay for dye
uptake. Wild-type NM]Js show little TMR-Dex incorporation
(Fig. 7a, b). In sharp contrast, however, application of Gbb
(50 ng/ml) strongly induces TMR-Dex uptake in large, internalized
vesicles (Fig. 7a, b). This Gbb-induced uptake is completely
abrogated by loss of Abi, Abl, Racl, and two macropinocytosis
regulators, Rabankyrin and C-terminal-binding protein (CtBP*%;
Fig. 7b). These results demonstrate Gbb-induced and Abi/Abl/
Racl-mediated macropinocytosis at the NM]J. Importantly, this
endocytosis mechanism is greatly inhibited by loss of BMPR and
strongly enhanced by presynaptic overexpression of BMPR
(Fig. 7a, b). To verify macropinosomes after Gbb induction, we
assayed the synaptic ultrastructure of Gbb-stimulated and unsti-
mulated boutons overexpressing Tkv. Transmission electron
microscopic measurements were done in NMJ 6/7 synaptic bou-
tons, employing a macropinosome definition of 200 nm in dia-
meter™Y, Unstimulated boutons display uniform synaptic vesicles
with 30-40nm diameters (Fig. 7c). Gbb-stimulated boutons
additionally show large, clear macropinosomes with diameters
exceeding 200 nm (Fig. 7c). These results indicate that Gbb induces
synaptic macropinocytosis through BMPR activation.

We next tested whether NMJ macropinocytosis is induced by
postsynaptic Gbb release by employing the muscle-specific Mhc-
GeneSwicth-GAL4 (Mhc-GS-GAL4) driver, which induces condi-
tional transgene expression in an RU486-dependent fashion®!.
Third instar Mhc-GS-GAL4/UAS-gbb fed RU486 and aged for 8 h
show elevated Gbb release and consequent NM]J overgrowth
(Supplementary Fig. 8a—d). Importantly, this elevated postsynap-
tic Gbb expression causes strong stimulation of macropinocytosis
in presynaptic boutons (Fig. 7d, e). These results suggest that
presynaptic macropinocytosis can be driven under physiological
conditions by an increase of postsynaptic Gbb release. In parallel,
we also examined localization of presynaptic Myc-Tkv in NMJ
boutons to test for roles of macropinocytosis in internalizing
BMPRs. We find partial colocalization of the Myc-Tkv puncta
with HA-Abi, GFP-Rabankyrin, and CtBP-GFP (HA-Abi: 46.1%,
n = 24; GFP-Rabankyrin: 48.6%, n = 22; CtBP-GFP: 55.1%, n =
29; Supplementary Fig. 8e), suggesting that presynaptic BMPRs
are internalized via Abi-dependent macropinocytosis. We also
assessed steady-state levels of neuronally expressed Myc-Tkv and
Flag-Wit at the NM]J to show that both total and surface levels of
both synaptic receptors are significantly increased by Abi,
Rabankyrin, or CtBP loss (Fig. 7f, g and Supplementary Fig. 8f,
g). These results strongly support a role for Abi-dependent
macropinocytosis in the downregulation of presynaptic BMPRs.
However, Abi-dependent macropinocytosis is not required for
efficient synaptic vesicle recycling during depolarizing stimulation
as detailed in Supplementary Note 4.

Macropinocytosis regulation of NMJ synaptic development.
The above results all support the model of Abi regulating synaptic

development by downregulating surface BMPRs via macro-
pinocytosis. We therefore hypothesized that interfering with
synaptic macropinocytosis should be sufficient to phenocopy
NM]J defects characterizing abi mutants. Consistently, mature
bouton number, satellite bouton number, and synaptic P-Mad
levels are all increased by presynaptic knockdown of Rabankyrin
or CtBP (Fig. 8a-d). Moreover, synaptic Futsch/MAP1B expres-
sion increases, and the synaptic overgrowth phenotype caused by
Rabankyrin or CtBP knockdown is fully rescued by feeding vin-
blastine (Supplementary Fig. 9a-c). These results suggest that
Rabankyrin/CtBP-mediated macropinocytosis limits synaptic
growth by modulating MT stability. Moreover, the synaptic
overgrowth caused by Rabankyrin or CtBP knockdown is com-
pletely suppressed by removing one copy of wit, which does not
alter NMJ morphology in the wild-type background (Fig. 8b).
Furthermore, removal of both copies of wit, which causes severe
synaptic undergrowth, further suppresses the synaptic over-
growth caused by Rabankyrin or CtBP knockdown. Overall
mature bouton number and satellite bouton number in wit
mutants with Rabankyrin or CtBP knockdown are not sig-
nificantly different from those in wit single mutants alone
(Fig. 8b). These findings support the model that macropinocytosis
inhibits synaptic development via inhibition of BMP trans-
synaptic signaling.

Discussion

Retrograde BMP signaling is a key instructive regulator of
synaptic development in animals ranging from Drosophila to
mammals>*. At the Drosophila NM]J, endocytosis and subsequent
lysosomal degradation of presynaptic BMPRs is a critical
mechanism attenuating this developmental signaling!!-13-144,
However, the molecular mechanism involved in this endocytosis-
mediated regulation of BMP signaling has been poorly defined.
Here we present extensive evidence indicating that the post-
synaptically secreted BMP ligand Gbb induces Abi- and SCAR/
WAVE-dependent macropinocytosis at the Drosophila NMJ. We
establish that this mode of endocytosis trafficking is indispensable
for signaling-dependent downregulation of BMPRs at the devel-
oping NMJ synapse. Furthermore, we show that Abl and Racl act
downstream of Gbb activation of BMPRs to regulate synaptic
macropinocytosis and synaptic growth via the Abi-SCAR com-
plex. These findings indicate that Gbb-induced and Abi/SCAR-
dependent macropinocytosis generates a key negative-feedback
mechanism that likely safeguards motor neurons against excessive
BMP signaling, thus limiting the extent of ligand-induced
synaptic growth. This study is the first demonstration of mac-
ropinocytosis at any synapse and the first example of
macropinosome-dependent limiting control of cell surface
receptors in developmental signaling.

Synaptic morphogenesis is tightly dependent on dynamic
turnover and reorganization of the actin cytoskeleton®>°3. At the
Drosophila NM]J, the Racl-SCAR and Cdc42-WASp signaling
pathways with major roles in activating the Arp2/3 complex
nucleating F-actin polymerization!® have been implicated in the
proper regulation of synaptic development. Mutant disruption of
either pathway causes NMJ overgrowth with excessive satellite
bouton formation32-37>45> Importantly, this synaptic archi-
tectural over-elaboration phenotype is recapitulated by elevated
BMP signaling from postsynaptic muscle to presynaptic nerve
terminal!1-13:56, suggesting a potential link between presynaptic
actin cytoskeleton regulation and the mechanism of BMP-
dependent synaptic development. However, it has been unclear
whether SCAR/WASp-mediated actin polymerization affects
NM]J synaptic morphogenesis directly and/or exerts effects
through modulation of the BMP signaling pathway. In this study,
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we have addressed this question by analyzing the synaptic role of
Abi, which regulates the activity of SCAR and WASp signaling by
acting as a scaffolding protein!®19-2225 Intriguingly, Abi binds
and activates the Abl tyrosine kinase, and Abl mutants also dis-
play striking NMJ synaptic overgrowth33. Thus an important
question is whether synaptic development requires crosstalk
between Abl kinase and SCAR/WASp signaling pathways medi-
ated through Abi.

Normalized intensity
(% of control)

x
o
Q*O OQX‘(\
N9
N

§ PV ™

o o o g

¥ "

We provide multiple lines of evidence indicating Abi acts
downstream of Abl to regulate BMP-dependent synaptic growth
through SCAR but not WASp. We find that loss of presynaptic
Abi causes NM]J overgrowth characterized by hyperbudding and
excessive satellite bouton formation. Structure-function analyses
of Abi combined with genetic rescue studies indicate that normal
synaptic development requires the interactions of Abi with Kette
and SCAR but not with WASp. In addition, Abi must be
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Fig. 7 Synaptic macropinocytosis-mediated downregulation of Tkv receptors. a Stimulation of neuromuscular junction (NMJ) macropinocytosis by
recombinant Gbb. Sample confocal images of NMJ 6/7 boutons in the indicated genotypes labeled with anti-HRP (green) following pulse of TMR-Dex
(70 kDa, 2 mg/ml, red) in both absence (— Gbb) and presence (+ Gbb) of Gbb (50 ng/ml, 5 min). b Quantification of TMR-Dex-positive macropinosomes
(>0.2 pm diameter) per NMJ bouton. ¢ Representative transmission electron microscopic images of control or Gbb-stimulated NMJ 6/7 boutons
overexpressing bone morphogenetic protein receptor (BMPR) Tkv (C155-GAL4/+; UAS-Myc-tkv/+). d Macropinocytosis stimulation from postsynaptic
Gbb driven by Mhc-GS-GAL4/UAS-gbb in early third instar (RU486 [3 mg/ml], 2 min), aged for 8 h to the late third instar. Sample images of NMJ 6/7
boutons from Mhc-GS-GAL4/+ (control) and Mhc-GS-GAL4/UAS-gbb labeled with anti-HRP (green) following pulse of TMR-Dex (2 mg/ml, 5 min, red).
e Quantification of TMR-Dex-positive macropinosomes/NMJ bouton. f Single confocal sections of NMJ 6/7 boutons of the indicated genotypes stained
with anti-HRP (green) and anti-Myc (red) under permeant conditions. g Quantification of BMPR intensities. Bar graphs indicate mean + s.e.m. The number
of NMJ branches analyzed for each genotype is indicated inside bars. Statistical analyses were performed by one-way analysis of variance with
Tukey-Kramer post hoc test for b and g (Myc-Tkv) or by Student's t test for e and g (Flag-Wit). Comparisons are made against Gbb-stimulated wild
type (b), Mhc-GS-GAL4/+ (e), C155-GAL4/+; UAS-Myc-tkv/+ (g), or C155-GAL4/+; UAS-Flag-wit/+ (g, shaded) NMJs (*P < 0.001; **P < 0.01). Scale

bars: a, d, f, 5um; ¢, 100 nm

phosphorylated by Abl to activate this signaling cascade. Fur-
thermore, abi, Abl, Racl, kette, and SCAR display transheter-
ozygous interactions producing NMJ overgrowth, indicating they
function together in NMJ synaptic development. Importantly,
defects caused by either Abl mutation or presynaptic over-
expression of constitutively active Racl are suppressed by redu-
cing the abi genetic dose, demonstrating the epistatic relationship
between Abl, Racl, and abi. We show that Abl-Abi and Racl-
SCAR pathways negatively regulate Gbb-dependent P-Mad pro-
duction in motor neurons. We also show that both pathways
genetically interact with the dFMRP-Futsch/MAP1B pathway, a
core signaling module regulating synaptic development through
regulation of MT stability!2. Consistently, synaptic overgrowth
caused by loss of Abi, Abl, Racl, Kette, and SCAR are all com-
pletely suppressed by the MT-severing drug vinblastine. Taken
together, this work suggests that Abl and Racl signaling converge
on the Abi-SCAR complex to control BMP-dependent synaptic
development.

In mammalian cells, Racl and Abil-SCAR complex regulate
macropinocytosis!”»!8, a mode of clathrin- and dynamin-
independent endocytosis. This pathway occurs constitutively in
antigen-presenting cells (such as macrophages and dendritic cells)
but can be induced by growth factors in other cell types, including
fibroblasts and epithelial cells'®. While very little is known about
the physiological relevance of macropinocytosis in neurons,
previous work has demonstrated that macropinocytosis operates
constitutively in axon growth cones of primary hippocampal
neurons, supporting membrane retrieval during axonal out-
growth, but apparently ceasing at the onset of synaptogenesis®’.
In Drosophila BG2-c2 neuronal cells and NMJ synapses, we find
that bona fide macropinocytosis can be induced by Gbb stimu-
lation and that this induction is abrogated by loss of Abi, Racl,
Kette, and SCAR. Furthermore, we find that synaptic macro-
pinocytosis at the Drosophila NM]J is also induced by targeted
postsynaptic Gbb expression, establishing the in vivo physiolo-
gical relevance of Gbb-induced macropinocytosis. Finally, both
our Abi structure-function analyses and subcellular Abi locali-
zation studies show that the Abi-SCAR complex is essential for
actin ruffle formation, as a key event driving macropinosome
formation!®. Taken together, these findings establish an essential
role for the Abi-SCAR complex in mediating actin polymeriza-
tion underlying Gbb-induced synaptic macropinocytosis.

Both loss and gain of Racl function induces NM]J overgrowth
with excess satellite boutons, with acute Racl activation driving
membrane ruffle and macropinocytic cup formation and deacti-
vation required for efficient macropinosome closure!”. Thus
macropinocytosis critically depends on dynamic changes in Racl
activity, and our loss and gain-of-function studies of
Racl support the notion that Racl acts through macropinocytosis
to restrain BMP-dependent synaptic growth. Given that Abl acts

upstream of Abi, a key question is the role of Abl in macro-
pinocytosis. In mammalian cells, Abl phosphorylation of Sos-1, a
Racl GEF, drives growth factor-induced and Racl-dependent
membrane ruffling®®. However, evidence supporting a direct Abl
role in macropinocytosis has been lacking. We report here that
Abl-mediated phosphorylation of Abi is essential for its recruit-
ment to plasma membrane sites of macropinosome formation. At
synapses, endocytic downregulation of BMPRs is a core signal
attenuation mechanism!>13-1>. We find that Gbb drives BMPR
internalization and degradation via Abi-mediated macro-
pinocytosis. Moreover, loss of Abi or Rabankyrin impairs Gbb-
induced degradation of BMPRs. Consistent with abi mutant
defects, loss of Rabankyrin or CtBP elevates presynaptic BMP
signaling and growth, causing supernumerary satellite bouton
formation. These findings establish that Gbb-induced macro-
pinocytosis downregulates BMPRs, with Abi restraining synaptic
development via Gbb-induced macropinocytosis.

This developmental signaling mechanism may be endemic to
the Drosophila NM]J, but precedents occur in several other cellular
contexts. For example, both platelet-derived growth factor B
receptor and vascular endothelial growth factor receptor 2 utilize
macropinocytosis during ligand-induced signaling>®0. In future
studies, it will be interesting to define the mechanisms by which
distinct receptor classes employ macropinocytosis to determine
differential signaling outcomes. At the Drosophila NM]J, synaptic
inputs dramatically expand during development to maintain
transmission efficacy with rapidly growing muscles®!. This
homeostatic synaptic regulation critically depends on retrograde
BMP signaling from the muscle-derived Gbb>>~7. Intriguingly,
this same signaling pathway enhances NM]J synaptic growth in
response to increased levels of neuronal activity®?, providing a
challenge for motor neurons to prevent the overstimulation of
BMPREs. In this regard, one of our key findings is the requirement
for BMPR activation in macropinocytosis-driven receptor inter-
nalization and degradation. Given this newly discovered cycling
mechanism, synaptic macropinocytosis mediated by the Abi/
SCAR signaling network likely underlies the homeostatic reg-
ulation maintaining the balanced level of NMJ synaptic bouton
formation, both during normal synaptogenesis and with the onset
of activity-dependent synaptic plasticity.

Methods

Drosophila stocks. w!!18 was used as genetic control unless otherwise stated. Two
P-element alleles of abi, G6718 and G4355, were obtained from GenExel (Republic
of Korea). The abi null allele abi® was generated via imprecise excision of G6718.
Transgenic flies carrying the following constructs were generated in the w!!18
background using standard procedures: UAS-HA-abi, UAS-HA-abi®30-65, UAS-
HA-abi®123-175, UAS-HA-abiW452K, UAS-HA-abi*'E, UAS-HA-abi*'F, abi-GAL4,
UAS-Myc-tkv, UAS-Flag-wit, UAS-GFP-Rabankyrin, and UAS-CtBP-GFP. Df(3R)
su(Hw)7 (a deficiency uncovering the abi locus), Abl!, Abl, Racl/l, WASp!,
witA12, witBlL, dFmr1450M, kettel*-48, SCARAY, shifsl, UAS-Abl, UAS-AbIK4I7N,
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Fig. 8 Rabankyrin and C-terminal-binding protein (CtBP) inhibit bone morphogenetic protein (BMP)-dependent synaptic development. a Presynaptic
Rabankyrin or CtBP RNA interference (RNAI) induces BMP-dependent synaptic overgrowth. Sample images of anti-HRP-labeled neuromuscular junctions
(NMJs) 6/7 and 4 in the indicated genotypes. Insets show high-magnification boutons marked by asterisks. Satellite boutons are indicated by arrowheads.
b Quantification of total (top) and satellite (bottom) bouton number at NMJ 6/7. Note that synaptic overgrowth with Rabankyrin or CtBP knockdown is
sensitive to wit level. € Presynaptic Rabankyrin or CtBP RNAi increases P-Mad in motor neurons. Single confocal sections of NMJ 6/7 (top) and ventral
nerve cord (VNC; bottom) co-labeled for anti-P-Mad and anti-HRP (NMJ) or anti-Eve (VNC). d Quantification of P-Mad intensity normalized to HRP or
Eve. Bar graphs indicate mean = s.e.m. The number of NMJs (b), NMJ branches (d, upper panel), or Eve-positive motor neurons (d, lower panel) analyzed
for each genotype is indicated inside bars. All comparisons against C155-GAL4/+ unless indicated (one-way analysis of variance with Tukey-Kramer post
hoc test; *P <0.001; **P < 0.01; n.s. not significant). Scale bars: a, 20 pm; ¢, 2 pm (NMJ); ¢, 5 pm (VNC)

UAS-dFmrl, UAS-RaclT17N, UAS-Rac1912V, UAS-SCARRNAI, UAS-ketteRNAi, UAS-  Gene-Switch experiments, third instar larvae were fed with 3 mg/ml RU486
Rabankryin®NAi, and UAS-CtBPRNAi flies were obtained from the Bloomington (Sigma-Aldrich) for 2 min.

Stock Center (Supplementary Table 1), and UAS-gbb from Kristi Wharton (Brown
University, USA). The following GAL4 strains were used to drive UAS transgenes:
abi-GAL4, 24B-GAL4 (ref. 63), C155-GAL4 (Lin and Goodman, 1994), da-GAL4
(ref. %), and Mhc-GeneSwitch-GAL4 (Mhc-GS-GAL4)>!. Animals were cultured on
standard medium at 25 °C. For manipulation of MT stability, animals were grown
on standard medium containing 1 uM vinblastine sulfate (Sigma-Aldrich). For

Cloning and molecular analysis. A full-length abi cDNA clone was obtained from
the Drosophila Genomics Resource Center (DGRG; clone ID: LD37010). The entire
abi open reading frame (ORF) was PCR-amplified and cloned into the pGEM-T
easy vector (Promega). W452K, 4YE (Y148E + Y155E + Y248E + Y285E), and
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4YF (Y148F + Y155F + Y248F + Y285F) mutations were introduced into pGEM-
T-abi via two-step PCR-based mutagenesis. For the transgenic rescue experiments,
abi, abiV42K, abi*YE, and abi*YF cDNA inserts were subcloned into pUAST-HA!l;
named UAS-HA-abi, UAS-HA-abiV452K, UAS-HA-abi*YE, and UAS-HA-abi*'F,
respectively. We generated UAS-HA-abi?30-65 and UAS-HA-abiA123-175 by
sequentially subcloning two cDNA fragments encoding N- and C-terminal Abi
relative to the deleted region into pUAST-HA. For expression in Drosophila BG2-
c2 cells, HA-abi, HA-abi?30-65, HA-abiA123-175 HA-abiW452K, HA-abi*VE, and HA-
abi*¥F cDNA inserts were ligated into the pAc5.1 vector (Invitrogen). For
expression in Escherichia coli, cDNA fragments encoding Abi-N (amino acids
1-387), Abi-NA30-65, Abi-NA123-175, Abi-SH3 (amino acids 388-473), Abi-
SH3-W452K, and Abi-C (amino acids 253-473) were subcloned into the pGEX6P1
vector (GE Healthcare). For abi-GAL4, a 2785-bp fragment of the abi 5’ region
(—2801 to —17 relative to the translation start site) was PCR-amplified from the
genomic clone BACR10E03 (BACPAC Resources) and inserted into the pCaSpeR4
vector (Addgene). Subsequently, GAL4 cDNA amplified from the pGaTB vector®
by PCR was inserted into the 3’ end of the abi promoter.

For expression in animals or BG2-c2 cells, cDNAs were subcloned into pUAST
or pAc5.1, respectively. Full-length cDNAs for tkv and wit were obtained from
DGRC (clone ID: LD45557 and GH13548, respectively). Two-step PCR was
performed to generate cDNAs encoding Tkv or Wit with an N-terminal Myc
(EQKLISEEDL) or Flag (DYKDDDDK) tag, respectively, after the signal sequence.
The Myc-tkv, Myc-wit, and Flag-wit cDNAs were ligated into the pPGEM-T easy
vector. The Myc-tkv and Flag-wit cDNAs moved into pUAST, named UAS-Myc-tkv
and UAS-Flag-wit, respectively. The Myc-tkv and Myc-wit cDNA inserts were also
subcloned into pAc5.1 to create pAc-Myc-tkv and pAc-Myc-wit. The full-length
Rabankyrin ORF was PCR-amplified from the cDNA RE06111 cDNA template
(DGRC) and ligated into the pEGFP-C1 vector (Clontech). The GFP-Rabankyrin
cDNA insert was ligated into pUAST and pAc5.1 to generate UAS-GFP-Rabankyrin
and pAc-GFP-Rabankyrin, respectively. The full-length CtBP ORF was PCR-
amplified from the cDNA GH20987 cDNA template (DGRC) and ligated into the
PEGFP-N3 vector (Clontech). The CtBP-GFP ¢cDNA insert was ligated into pUAST
to generate UAS-CtBP-GFP. The coding sequence of the PLCS; PH domain (amino
acids 1-170) was amplified by reverse transcription-PCR from total RNA extracted
from human K562 leukemia cells and then subcloned into pAc-EGFP and pAc-
mCherry vector to create pAc-PLC-PH-GFP and pAc-PLC-PH-mCherry,
respectively. Wild-type Abl and AbIK#17N cDNAs were amplified by reverse
transcription-PCR of RNA extracted from Drosophila S2R+ cells and PCR from the
genomic DNA of UAS-AbIK4I7N transgenic flies, respectively. The resulting PCR
products were subcloned into pAc5.1 containing a C-terminal Myc tag to create
pAc-Abl-Myc and pAc-AbIK*17N_Myc. For pAc-kette-Myc, cDNA encoding Kette
with a C-terminal Myc tag was amplified from the LD43495 cDNA template
(DGRC) by PCR and ligated into the pAc vector. For pAc-GFP-Rab5 and pAc-GFP-
Rab7, the Rab5 and Rab7 cDNAs were amplified by reverse transcription-PCR of
RNA extracted from Drosophila S2R+ cells and inserted into pAc5.1 containing an
N-terminal GFP tag. All primers used for cloning are listed in Supplementary
Table 2.

For expression of Gbb and HA-Gbb in S2R+ cells, the full-length ghb cDNA
was PCR-amplified from the genomic DNA of UAS-gbb transgenic flies (gift from
Kristi Warton; Brown University) and inserted into the pPGEM-T easy vector. The
resulting plasmid was used for two-step PCR to introduce a single HA tag
(GGYPYDVPDYAGG) between Thr351 and Arg352 (ref. ©°). The gbb and HA-gbb
cDNA inserts were moved into pAc5.1 to generate pAc-gbb and pAc-HA-Gbb.

For RNAIi experiments in BG2-c2 cells, abi, Abl, Racl, SCAR, kette, Rabankyrin,
Graf, and Chc dsRNAs were synthesized by in vitro transcription of their cognate
DNA templates. To generate DNA templates, we used primers containing the T7
promoter sequence upstream of the following: abi, 5'-GCCTCGCATCGATATTC
TA-3" and 5-ACCATATAGAGCGTATGTG-3"; Abl, 5'-GGATCCGGATCGGGG
CTGAGC-3’ and 5'-CTCTGAGATGCGGTAGTGATA-3’; Racl, 5'-CAGGCGAT
CAAGTGCGTCG-3" and 5'-GAGCAGGGCGCACTTGCGC-3'; SCAR, 5'-GTGT
ATCAGCAGGATGAGC-3" and 5'-CGCCGTGCACCAGTGCACG-3'; kette, 5'-A
CCTGGTACAGTGAGGTTC-3" and 5'-CATCAGTAGACAGGCAGTG-3';
Rabankyrin, 5'-GCCAAATCTAGTTAAGAAG-3’ and 5'-GCAGCGGAGATGC
CTTATC-3'; Graf, 5'-GTTACTCAATCGGGCTCAA-3’ and 5'-AATGGTGC
GGCTTCAAATG-3'; and Che, 5'-GCCTGCTGGAAATGAAT-3’ and 5'-CGC
TCCACCTCCTTAAT-3". DNA templates were transcribed with the Megascript T7
Transcription Kit (Ambion) to generate dsRNAs.

To characterize abi deletions, the following primers were used for genomic
PCR: 5'-GCGGCCGCTTAGACACAAGGCTCTACGTAG-3' and 5'-
CTTCAAGCTCCAGTACTTTGCAGCAC-3'. To analyze the effects of the abi®
mutation on the expression of abi, twinfilin (twf), and rp49 (control), total RNAs
from abi®/abi® and abi®/Df third instar larvae were reverse transcribed. The
resulting cDNAs were analyzed by PCR using the following primers: abi, 5'-
ATGTTGACCGAAACCCCCATG-3" and 5-CACGCCAATCTCTCTCCTG-3';
twf, 5'-GTCTCACCAAACGGGTATC-3" and 5'-CGAAATCCTGCTTGTGCCG-
3’; and rp49, 5'-CACCAGTCGGATCGATATGC-3’ and 5'-CACGTTGTGCA
CCAGGAACT-3'. To assess the effects of Abi, Abl, and Racl loss of function on
dFmr] RNA expression, total RNA prepared from the larval central nervous system
(brain and VNC) was reverse-transcribed into cDNA. The resulting cDNAs were
used as templates for real-time PCR with Applied Biosystems SYBR Green PCR
Master Mix and the following dfmr1 primers: 5'-GGATCAGAACATACCACGTG-

3’ and 5'-CGCCTCCACGATAGCTGCCAG-3'. The comparative CT method was
used to analyze the level of dFmrl RNA expression.

Cell transfection and production of Gbb-conditioned medium. Drosophila BG2-
c2 neuronal cells (DGRC; Supplementary Table 1) were maintained at 25 °C in
Shields and Sang M3 Insect Medium (Sigma-Aldrich) supplemented with 10%
heat-inactivated (30 min, 55 °C) fetal bovine serum (FBS; Gibco) and 10 pg/ml
insulin (Sigma-Aldrich). Drosophila S2R+ cells (DGRC; Supplementary Table 1)
were maintained at 25 °C in Schneider’s medium (Gibco) supplemented with 10%
FBS. Cells were transfected in serum-free medium using Cellfectin (Invitrogen),
according to the manufacturer’s instructions. UAS constructs were cotransfected
with Actin 5C-GAL4. For production of Gbb-conditioned medium, S2R+ cells
transfected with pAc-gbb were incubated in serum-free Schneider’s medium
(Gibco) for 120 h. Multiple Tag Fusion (GenScript) was used as protein standard to
determine HA-Gbb concentration by western blot using rabbit anti-HA (1:1000;
Cell Signaling). Conditioned medium with known HA-Gbb concentration was used
as a standard for determining Gbb concentration by western blot using mouse anti-
Gbb (GBB 3D6-24; 1:500; DSHB).

Abi antibody generation. A GST-Abi-C (amino acids 253-473) fusion protein
expressed in E. coli BL21 (Stratagene) was purified with glutathione Sepharose 4B
(GE Healthcare). Rats were immunized with purified GST-Abi-C protein
(AbFrontier, Korea).

Western blotting, GST pull-down, and Tkv degradation assay. For western blot
analysis of abi mutants and transgenes, third instars were homogenized in sodium
dodecyl sulfate (SDS) sample buffer (62.5 mM Tris-HCI, pH 6.8, 10% glycerol,
2% SDS, 2.88 mM B-mercaptoethanol, and 0.02% bromophenol blue), boiled for
10 min, and centrifuged at 13,000 x g for 15 min. The supernatants were subjected
to SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose
membrane (Whatman). Blots were blocked in 5% bovine serum albumin (BSA)/
TBST (TBS, 0.1% Tween-20) and incubated with rat anti-Abi (1:500), rabbit anti-
HA (1:1000, Cell Signaling Technology), or rabbit anti-B-actin (1:1000; Sigma-
Aldrich) overnight at 4 °C. After several washes in TBST, blots were incubated with
HRP-conjugated secondary antibodies (1:5000; Jackson ImmunoResearch
Laboratories) for 1h at room temperature. Protein bands were visualized by
enhanced chemiluminescence reagents (Thermo Scientific). Full-length western
blots are shown in Supplementary Fig. 10.

GST pull-down assays were performed to characterize physical interactions of
mutated Abi proteins with SCAR, Kette, or WASp. GST and GST fusion proteins of
various Abi regions were expressed in E. coli BL21 and purified using glutathione-
Sepharose 4B (GE Healthcare). S2R+ cells mock-transfected or transfected with
pAc-kette-Myc were homogenized in lysis buffer (25 mM Tris-HCI, pH 7.5,

150 mM NaCl, 0.5% Triton X-100, and protease inhibitors) and then centrifuged at
12,000 x g for 15 min at 4 °C. Cytoplasmic supernatants were mixed with 10 pg of
GST fusion proteins immobilized on glutathione-Sepharose 4B beads for 4 h at
4°C. Proteins were eluted from the beads in SDS sample buffer for western blot
analysis using rabbit anti-Myc (1:1000; Cell Signaling Technology), mouse anti-
SCAR (P1C1-SCAR; 1:100; Developmental Studies Hybridoma Bank [DSHB]), or
mouse anti-WASp (P5E1-Wasp; 1:100; DSHB).

To assess ligand-induced Tkv degradation, BG2-c2 cells transfected with pAc-
Myc-tkv in the presence or absence of abi or Rabankyrin dsRNA were incubated in
serum-free Shields and Sang M3 medium for 3 h. Cycloheximide was added to the
culture medium at a final concentration of 50 pg/ml, and cells were further
incubated for 3 h. Cells were then stimulated with S2R+--conditioned medium with
or without 50 ng/ml Gbb for the indicated times and homogenized in lysis buffer
(25 mM Tris-HCI, pH 7.4, 150 mM NacCl, 1% Triton X-100, and protease
inhibitors) for western blot analysis using rabbit anti-Myc (1:1000; Cell Signaling)
and rabbit anti-B-actin (1:1000; Sigma-Aldrich).

Immunohistochemistry and imaging of larval tissues. Wandering third instar
larvae were dissected in Ca?*-free HL3 saline®® and fixed in 4% formaldehyde/
phosphate-buffered saline (PBS) for 30 min. Fixed larval fillets were then washed in
permeabilizing PBST-0.1 (PBS, 0.1% Triton X-100) or detergent-free PBS (for
extracellular Gbb labeling) and incubated with primary antibodies in 0.2% BSA/
PBST-0.1 or 0.2% BSA/PBS (for extracellular Gbb labeling) at 4 °C overnight. The
following antibodies were used: rabbit anti-Gbb>® at 1:100; rat anti-Abi at 1:100,
fluorescein isothiocyanate (FITC)-conjugated goat anti-HRP and Cy5-conjugated
goat anti-HRP (Jackson ImmunoResearch Laboratories) at 1:200, rabbit anti-P-
Mad (PS1)®7 at 1:100, rabbit anti-GluRIIC (gift from Aaron DiAntonio,
Washington University) at 1:2000, rabbit anti-HA (Cell Signaling Technology) at
1:100, rabbit anti-Myc (Cell Signaling Technology) at 1:100, mouse anti-Myc (BD
Pharmingen) at 1:100, mouse anti-Flag (Sigma-Aldrich) at 1:100, mouse anti-
Futsch (22C10; DSHB) at 1:50, mouse anti-DIg (4F3; DSHB) at 1:500, and mouse
anti-Bruchpilot (nc82; DSHB) at 1:10. FITC- and Cy3-conjugated secondary
antibodies (Jackson ImmunoResearch Laboratories) were used at 1:200. All
antibodies used in this study are listed in Supplementary Table 3.

Images of whole anti-HRP-labeled NMJs were acquired on a FV300 laser-
scanning confocal microscope (Olympus) using a Plan Apo x40 0.9 objective lens.
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Other fluorescent images were acquired on an LSM 800 confocal microscope
(Carl Zeiss) with a C-Apo x40 1.2W or Plan-Apo x63 1.25 Oil objective lens.
All confocal images were obtained from NM]J 6/7 and NM]J 4 in segment A2. For
quantification of NMJ morphology, maximum projection images of NM]J 6/7 were
produced from stacked confocal images (1-um thickness), and total and satellite
bouton numbers were counted. A satellite bouton was defined as a single bouton
that was not included in a chain of boutons. For quantification of P-Mad, Futsch,
Myc-Tkv, Flag-Wit, and extracellular synaptic Gbb levels, images of middle optical
sections of individual boutons were acquired and their fluorescence intensities were
normalized to that of HRP.

VNC was dissected out from wandering third instar larvae in ice-cold PBS and
fixed in 4% formaldehyde/PBS for 30 min at room temperature. Fixed VNCs were
washed in PBST-0.3 (PBS, 0.3% Triton X-100) and incubated with primary
antibodies in 0.2% BSA/PBST-0.3 for 48 h at 4 °C. The following primary
antibodies were used: rabbit anti-P-Smad3 (Epitomics) at 1:200, rabbit anti-HA
(Cell Signaling Technology) at 1:100, and mouse anti-Even Skipped (2B8; DSHB)
at 1:10. Stained VNCs were collected on a LSM 800 confocal microscope with a
Plan Apo x20 0.8 or Plan Apo x40 1.3W objective lens.

Immunofluorescence of BG2-c2 cells. BG2-c2 cells were fixed in 4% for-
maldehyde/PBS for 10 min and permeabilized with PBST-0.2 (PBS, 0.2% Triton
X-100) or saponin/PBS-0.1 (PBS, 0.1% saponin; for TMR-Dex-labeled cells only)
for 10 min, blocked with 1% BSA/PBS 30 min, and incubated with primary anti-
bodies in 1% BSA/PBS for 1 h at room temperature. The following antibodies were
used: rat anti-Abi at 1:100, mouse anti-HA (BioLegend) at 1:100, and rabbit anti-
Myc (Cell Signaling Technology) at 1:100. FITC- and Cy5-conjugated secondary
antibodies (Jackson ImmunoResearch Laboratories) were used at 1:200. Actin
filaments were stained with 6.6 uM rhodamine-phalloidin (Molecular Probes). For
each cell, single confocal slice or Z stack of optical sections (0.33 pm) were taken
with an LSM 800 confocal microscope using a Plan Apo x63 1.4 Oil objective.

Dextran uptake assay. BG2-c2 cells were subjected to serum deprivation for 6 h.
Starved cells were pulsed with 2 mg/ml of 70 kDa TMR-Dex (Molecular Probes) in
the S2R+--conditioned medium containing 50 ng/ml Gbb for 5 min. In some
experiments, mock-transfected cells were pretreated with DMSO, 25 uM LY294002
(Sigma-Aldrich), or 100 uM EIPA (Sigma-Aldrich) over the last 30 min of the
serum starvation step. TMR-Dex-pulsed cells were washed three times with ice-
cold PBS, fixed in 4% formaldehyde/PBS for 10 min, washed three times with PBS,
and stained with 1 ug/ml 4,6-diamidino-2-phenylindole (Molecular Probes) in PBS.
Larval NM]J preparations were also pulsed with 70 kDa TMR-Dex as described
above. After being washed with ice-cold PBS, the samples were fixed in 4% for-
maldehyde/PBS for 30 min and further processed for FITC-HRP labeling to
visualize NM]J structure. A Z stack of optical sections (0.33-um thick) was taken
with a LSM 800 confocal microscope using a Plan Apo x63 1.4 Oil objective.
Maximum-intensity projection images were used to measure the number of TMR-
Dex-positive puncta (>0.2 um in diameter) per cell or three terminal boutons at
each NMJ branch in the ImageJ software (NIH).

BMPR internalization and trafficking studies. For the BMPR internalization
assay, BG2-c2 cells transfected with pAc-Myc-tkv or pAc-Myc-wit alone or in
combination with abi, Rabankyrin, Chc, or Graf dsRNA were serum-starved for 6 h
and incubated at 4 °C with 2.5 ug/ml mouse anti-Myc antibody (BD Pharmingen)
in serum-free medium for 30 min to label surface Myc-Tkv or Myc-Wit BMPRs. In
some experiments, cells were pretreated with DMSO, 25 uM LY294002, 100 uM
EIPA, or 20 uM Dynasore (Sigma-Aldrich) over the last 30 min of the serum
starvation step. Cells were incubated at 25 °C in conditioned medium containing
0 or 50 ng/ml Gbb for 5 min to allow internalization. Cells were then fixed in 4%
formaldehyde/PBS for 10 min and incubated with FITC-conjugated anti-mouse
secondary antibody to label surface BMPRs. Cells were then washed in PBS, per-
meabilized with 0.2% Triton X-100/PBS for 10 min, and incubated with Cy3-
conjugated anti-mouse secondary antibody. A Z stack of optical sections (0.35-pm
thick) was taken with an LSM 800 laser-scanning confocal microscope using a Plan
Apo x63 1.4 Oil objective. For quantification of internalization, we used Image]J to
measure surface and internal Myc-Tkv or Myc-Wit fluorescence intensities as the
integrated pixel intensities in the green and red channels, respectively. The ratio of
mean internalized to surface fluorescence intensities was used as the internalization
index.

For BMPR trafficking studies, live BG2-c2 cells transfected with pAc-Myc-tkv or
pAc-Myc-wit alone or in combination with abi, Rabankyrin, Chc, or Graf dsRNA
were prelabeled with anti-Myc antibody as described above. Cells were then pulsed
at 25 °C for 2 min with 2 mg/ml TMR-Dex in S2R+-conditioned medium
containing 0 or 50 ng/ml Gbb and chased at 25 °C for 3 or 18 min in serum-free
Schneider’s medium lacking Gbb. In some experiments, cells were additionally
treated with 1 uM Lysotracker (Molecular Probes) during the last 5 min of the
chase to label lysosomes. Cells were then fixed in 4% formaldehyde/PBS for 10 min,
permeabilized with 0.1% saponin/PBS for 10 min, and incubated with a FITC-
conjugated secondary antibody in 1% BSA/PBS for 1 h. Fluorescence images were
obtained with a Plan Apo x63 1.4 Oil objective on an LSM 800 laser-scanning
confocal microscope. The index of colocalization between Myc-Tkv/Myc-Wit and
Lysotracker or TMR-Dex was manually counted using Image].

NMJ electrophysiology and FM1-43FX dye uptake assay. TEVC electro-
physiology was performed on the wandering third instar NM]J. Staged larvae were
glued on sylgard-coated coverslip and dissected longitudinally along the dorsal
midline. Peripheral motor nerves were cut at the base of the VNC. Dissections and
stimulations were done at 18 °C in 5 mM HEPES, pH 7.2, 128 mM NaCl, 2 mM
KCl, 4 mM MgCl,, 1 mM CaCl,, 70 mM sucrose, and 5 mM trehalose. Preparations
were viewed with a Zeiss Axioskop microscope using a x40 water immersion
objective. The motor nerve bundle of hemisegment A2 or A3 was sucked into a
fire-polished suction electrode. Muscle 6 in segments A2/A3 was impaled with two
intracellular microelectrodes (1-mm outer diameter borosilicate capillaries; World
Precision Instruments) of ~20 MQ resistance filled with 3 M KCIl. Muscles were
clamped at —60 mV using an Axoclamp-2B amplifier. Motor nerves were stimu-
lated using 0.5 ms suprathreshold voltage stimuli at 0.2 Hz from a Grass
$88 stimulator. Nerve stimulation-evoked EJC recordings were filtered at 2 kHz. To
quantify EJCs, 10 consecutive traces were averaged and the average peak value
recorded. Clampex 10.6 was used for data acquisition, Clampfit 10.6 for data
analysis, GraphPad Prism 7 for statistical analysis, and Adobe Photoshop Elements
for data presentation.

For FM1-43FX dye uptake assay, wandering third instar larvae were dissected
on sylgard plates in Ca?*-free HL3 saline. Preparations were incubated in
HL3 saline containing 90 mM KCI, 5mM CaCl,, and 4 uM FM1-43FX for 2 min.
The samples were washed in Ca2*-free HL3 saline for 10 min and then fixed in 4%
formaldehyde in PBS for 30 min. Images of synaptic boutons at NMJ 6/7 in
segment A2 were obtained with a Plan Apo x63 1.4 Oil objective on a Zeiss LSM
800 laser-scanning confocal microscope. The fluorescence intensity was measured
using the ZEN imaging software (Carl Zeiss).

Electron microscopy. Wandering third instars overexpressing presynaptic BMPR
Tkv (C155-GAL4/+; UAS-Myc-tkv/+) were dissected in Ca2*-free HL3 saline,
treated with 50 ng/ml Gbb for 5 min at 25 °C, and rinsed with 0.2 M sodium
cacodylate buffer (pH 7.2). Preparations were fixed overnight at 4 °C in 0.2 M
sodium cacodylate buffer (pH 7.2) containing 2.5% glutaraldehyde. Secondary
fixation was done for 1h in 0.1 M sodium cacodylate containing 1% osmium
tetroxide. En bloc uranyl acetate staining was performed using 2% uranyl acetate,
followed by ethanol dehydration, propylene oxide infiltration, and resin embed-
ding. Type Ib boutons at NM]J 6/7 (segments A2 and A3) were serially sectioned
(60 nm) on a Philips FEI T-12 transmission electron microscope operating at
100 kV, with images collected using a 2k-by-2k Gatan CCD camera. Macropino-
some diameters were measured in Image J.

Live cell imaging. BG2-c2 cells transfected with pAc-GFP-abi and pAc-PLC-PH-
mCherry were transferred to a culture dish (SPL Life Sciences) and incubated with
serum-free Shields and Sang M3 Insect Medium (Sigma-Aldrich) for 6 h. Culture
medium was replaced with control or Gbb-conditioned (50 ng/ml Gbb) medium.
Time-lapse images were collected at 1 stack/1.86 s for 10 min with an LSM 800
laser-scanning confocal microscope using a Plan Apo x100 1.4 Oil objective.

Statistical analysis. Data are presented mean values * s.e.m of at least three
experiments. Statistical significance was determined by Student’s t test or one-way
analysis of variance followed by post hoc pairwise comparisons of means using
Tukey-Kramer test.

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

Data availability
The data that support the findings of this study are available from the corresponding
author upon request.

Received: 11 August 2018 Accepted: 9 January 2019
Published online: 08 February 2019

References

1. Regehr, W. G, Carey, M. R. & Best, A. R. Activity-dependent regulation of
synapses by retrograde messengers. Neuron 63, 154-170 (2009).

2. Zweifel, L. S., Kuruvilla, R. & Ginty, D. D. Functions and mechanisms of
retrograde neurotrophin signalling. Nat. Rev. Neurosci. 6, 615-625 (2005).

3. Marques, G. & Zhang, B. Retrograde signaling that regulates synaptic
development and function at the Drosophila neuromuscular junction. Int. Rev.
Neurobiol. 75, 267-285 (2006).

4. Xiao, L. et al. BMP signaling specifies the development of a large and fast CNS
synapse. Nat. Neurosci. 16, 856-864 (2013).

5. McCabe, B. D. et al. The BMP homolog Gbb provides a retrograde signal that
regulates synaptic growth at the Drosophila neuromuscular junction. Neuron
39, 241-254 (2003).

16 | (2019)10:684 | https://doi.org/10.1038/541467-019-08533-2 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Aberle, H. et al. wishful thinking encodes a BMP type II receptor that regulates
synaptic growth in Drosophila. Neuron 33, 545-558 (2002).

Marques, G. et al. The Drosophila BMP type II receptor Wishful Thinking
regulates neuromuscular synapse morphology and function. Neuron 33,
529-543 (2002).

Rawson, J. M., Lee, M., Kennedy, E. L. & Selleck, S. B. Drosophila
neuromuscular synapse assembly and function require the TGF-beta type I
receptor saxophone and the transcription factor Mad. J. Neurobiol. 55,
134-150 (2003).

Keshishian, H. & Kim, Y. S. Orchestrating development and function:
retrograde BMP signaling in the Drosophila nervous system. Trends Neurosci.
27, 143-147 (2004).

Ball, R. W. et al. Retrograde BMP signaling controls synaptic growth at the
NM]J by regulating trio expression in motor neurons. Neuron 66, 536-549
(2010).

Nahm, M. et al. Spartin regulates synaptic growth and neuronal survival by
inhibiting BMP-mediated microtubule stabilization. Neuron 77, 680-695
(2013).

Zhang, Y. Q. et al. Drosophila fragile X-related gene regulates the MAP1B
homolog Futsch to control synaptic structure and function. Cell 107, 591-603
(2001).

O’Connor-Giles, K. M., Ho, L. L. & Ganetzky, B. Nervous wreck interacts with
thickveins and the endocytic machinery to attenuate retrograde BMP signaling
during synaptic growth. Neuron 58, 507-518 (2008).

Dickman, D. K., Lu, Z., Meinertzhagen, I. A. & Schwarz, T. L. Altered synaptic
development and active zone spacing in endocytosis mutants. Curr. Biol. 16,
591-598 (2006).

Wang, X., Shaw, W. R, Tsang, H. T., Reid, E. & O’Kane, C. J. Drosophila
spichthyin inhibits BMP signaling and regulates synaptic growth and axonal
microtubules. Nat. Neurosci. 10, 177-185 (2007).

Buckley, C. M. & King, J. S. Drinking problems: mechanisms of
macropinosome formation and maturation. FEBS J. 284, 3778-3790 (2017).
Fujii, M., Kawai, K., Egami, Y. & Araki, N. Dissecting the roles of Racl
activation and deactivation in macropinocytosis using microscopic photo-
manipulation. Sci. Rep. 3, 2385 (2013).

Innocenti, M. et al. Abil regulates the activity of N-WASP and WAVE in
distinct actin-based processes. Nat. Cell Biol. 7, 969-976 (2005).

Rotty, J. D., Wu, C. & Bear, J. E. New insights into the regulation and cellular
functions of the ARP2/3 complex. Nat. Rev. Mol. Cell Biol. 14, 7-12 (2013).
Mendoza, M. C. Phosphoregulation of the WAVE regulatory complex and
signal integration. Semin. Cell Dev. Biol. 24, 272-279 (2013).

Eden, S., Rohatgi, R., Podtelejnikov, A. V., Mann, M. & Kirschner, M. W.
Mechanism of regulation of WAVEI-induced actin nucleation by Racl and
Nck. Nature 418, 790-793 (2002).

Innocenti, M. et al. Abil is essential for the formation and activation of a
WAVE? signalling complex. Nat. Cell Biol. 6, 319-327 (2004).

Kunda, P., Craig, G., Dominguez, V. & Baum, B. Abi, Sral, and Kette control
the stability and localization of SCAR/WAVE to regulate the formation of
actin-based protrusions. Curr. Biol. 13, 1867-1875 (2003).

Bogdan, S. & Klambt, C. Kette regulates actin dynamics and genetically
interacts with Wave and Wasp. Development 130, 4427-4437 (2003).
Bogdan, S., Stephan, R., Lobke, C., Mertens, A. & Klambt, C. Abi activates
WASP to promote sensory organ development. Nat. Cell Biol. 7, 977-984
(2005).

Chen, Z. et al. Structure and control of the actin regulatory WAVE complex.
Nature 468, 533-538 (2010).

Dai, Z. & Pendergast, A. M. Abi-2, a novel SH3-containing protein interacts
with the c-Abl tyrosine kinase and modulates c-Abl transforming activity.
Genes Dev. 9, 2569-2582 (1995).

Huang, C. H,, Lin, T. Y., Pan, R. L. & Juang, J. L. The involvement of Abl and
PTP61F in the regulation of Abi protein localization and stability and lamella
formation in Drosophila S2 cells. J. Biol. Chem. 282, 32442-32452 (2007).
Juang, J. L. & Hoffmann, F. M. Drosophila abelson interacting protein (dAbi)
is a positive regulator of abelson tyrosine kinase activity. Oncogene 18,
5138-5147 (1999).

Shi, Y., Alin, K. & Goff, S. P. Abl-interactor-1, a novel SH3 protein binding to
the carboxy-terminal portion of the Abl protein, suppresses v-abl
transforming activity. Genes Dev. 9, 2583-2597 (1995).

Wang, B., Golemis, E. A. & Kruh, G. D. ArgBP2, a multiple Src homology 3
domain-containing, Arg/Abl-interacting protein, is phosphorylated in v-Abl-
transformed cells and localized in stress fibers and cardiocyte Z-disks. J. Biol.
Chem. 272, 17542-17550 (1997).

Bogdan, S., Grewe, O., Strunk, M., Mertens, A. & Klambt, C. Sra-1 interacts
with Kette and Wasp and is required for neuronal and bristle development in
Drosophila. Development 131, 3981-3989 (2004).

Lin, T. Y. et al. Abi plays an opposing role to Abl in Drosophila axonogenesis
and synaptogenesis. Development 136, 3099-3107 (2009).

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Qurashi, A. et al. HSPC300 and its role in neuronal connectivity. Neural Dev.
2, 18 (2007).

Schenck, A. et al. CYFIP/Sra-1 controls neuronal connectivity in Drosophila
and links the Racl GTPase pathway to the fragile X protein. Neuron 38,
887-898 (2003).

Schenck, A. et al. WAVE/SCAR, a multifunctional complex coordinating
different aspects of neuronal connectivity. Dev. Biol. 274, 260-270 (2004).
Zhao, L., Wang, D., Wang, Q., Rodal, A. A. & Zhang, Y. Q. Drosophila cyfip
regulates synaptic development and endocytosis by suppressing filamentous
actin assembly. PLoS Genet. 9, 1003450 (2013).

Nahm, M. et al. dCIP4 (Drosophila Cdc42-interacting protein 4) restrains
synaptic growth by inhibiting the secretion of the retrograde Glass bottom
boat signal. J. Neurosci. 30, 8138-8150 (2010).

Stephan, R., Gohl, C., Fleige, A., Klambt, C. & Bogdan, S. Membrane-targeted
WAVE mediates photoreceptor axon targeting in the absence of the WAVE
complex in Drosophila. Mol. Biol. Cell 22, 4079-4092 (2011).

Pan, L., Woodruff, E. 3rd, Liang, P. & Broadie, K. Mechanistic relationships
between Drosophila fragile X mental retardation protein and metabotropic
glutamate receptor A signaling. Mol. Cell. Neurosci. 37, 747-760 (2008).
Ryu, J. R, Echarri, A, Li, R. & Pendergast, A. M. Regulation of cell-cell
adhesion by Abi/Diaphanous complexes. Mol. Cell. Biol. 29, 1735-1748
(2009).

Luo, L, Liao, Y. ], Jan, L. Y. & Jan, Y. N. Distinct morphogenetic functions of
similar small GTPases: Drosophila Dracl is involved in axonal outgrowth and
myoblast fusion. Genes Dev. 8, 1787-1802 (1994).

Sweeney, S. T. & Davis, G. W. Unrestricted synaptic growth in spinster-a late
endosomal protein implicated in TGF-beta-mediated synaptic growth
regulation. Neuron 36, 403-416 (2002).

Deshpande, M. & Rodal, A. A. The crossroads of synaptic growth signaling,
membrane traffic and neurological disease: insights from Drosophila. Traffic
17, 87-101 (2016).

Dubielecka, P. M. et al. Differential regulation of macropinocytosis by Abil/
Hssh3bpl isoforms. PLoS ONE 5, 10430 (2010).

Varnai, P. & Balla, T. Visualization of phosphoinositides that bind pleckstrin
homology domains: calcium- and agonist-induced dynamic changes and
relationship to myo-[3H]inositol-labeled phosphoinositide pools. J. Cell Biol.
143, 501-510 (1998).

Araki, N., Egami, Y., Watanabe, Y. & Hatae, T. Phosphoinositide metabolism
during membrane ruffling and macropinosome formation in EGF-stimulated
A431 cells. Exp. Cell Res. 313, 1496-1507 (2007).

Kim, S. et al. Graf regulates hematopoiesis through GEEC endocytosis of
EGEFR. Development 144, 4159-4172 (2017).

Liberali, P. et al. The closure of Pakl-dependent macropinosomes requires the
phosphorylation of CtBP1/BARS. EMBO J. 27, 970-981 (2008).

Kerr, M. C. & Teasdale, R. D. Defining macropinocytosis. Traffic 10, 364-371
(2009).

Osterwalder, T., Yoon, K. S., White, B. H. & Keshishian, H. A conditional
tissue-specific transgene expression system using inducible GAL4. Proc. Natl
Acad. Sci. USA 98, 12596-12601 (2001).

Goellner, B. & Aberle, H. The synaptic cytoskeleton in development and
disease. Dev. Neurobiol. 72, 111-125 (2012).

Gordon-Weeks, P. R. & Fournier, A. E. Neuronal cytoskeleton in synaptic
plasticity and regeneration. J. Nneurochem. 129, 206-212 (2014).

Rodal, A. A., Motola-Barnes, R. N. & Littleton, J. T. Nervous wreck and Cdc42
cooperate to regulate endocytic actin assembly during synaptic growth. J.
Neurosci. 28, 8316-8325 (2008).

Coyle, L. P. et al. Nervous wreck, an SH3 adaptor protein that interacts with
Wsp, regulates synaptic growth in Drosophila. Neuron 41, 521-534 (2004).
Dani, N., Nahm, M., Lee, S. & Broadie, K. A targeted glycan-related gene
screen reveals heparan sulfate proteoglycan sulfation regulates WNT and BMP
trans-synaptic signaling. PLoS Genet. 8, 1003031 (2012).

Bonanomi, D. et al. Identification of a developmentally regulated pathway of
membrane retrieval in neuronal growth cones. J. Cell Sci. 121, 3757-3769
(2008).

Sini, P., Cannas, A., Koleske, A. J., Di Fiore, P. P. & Scita, G. Abl-dependent
tyrosine phosphorylation of Sos-1 mediates growth-factor-induced Rac
activation. Nat. Cell Biol. 6, 268-274 (2004).

Basagiannis, D. et al. VEGF induces signalling and angiogenesis by directing
VEGFR?2 internalisation through macropinocytosis. J. Cell Sci. 129, 4091-4104
(2016).

Schmees, C. et al. Macropinocytosis of the PDGF beta-receptor promotes
fibroblast transformation by H-RasG12V. Mol. Biol. Cell 23, 2571-2582
(2012).

Schuster, C. M., Davis, G. W., Fetter, R. D. & Goodman, C. S. Genetic
dissection of structural and functional components of synaptic plasticity. L
Fasciclin II controls synaptic stabilization and growth. Neuron 17, 641-654
(1996).

| (2019)10:684 | https://doi.org/10.1038/s41467-019-08533-2 | www.nature.com/naturecommunications 17


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

62. Berke, B., Wittnam, J., McNeill, E., Van Vactor, D. L. & Keshishian, H.
Retrograde BMP signaling at the synapse: a permissive signal for synapse
maturation and activity-dependent plasticity. J. Neurosci. 33, 17937-17950
(2013).

63. Brand, A. H. & Perrimon, N. Targeted gene expression as a means of altering
cell fates and generating dominant phenotypes. Development 118, 401-415
(1993).

64. Wodarz, A, Hinz, U., Engelbert, M. & Knust, E. Expression of crumbs confers
apical character on plasma membrane domains of ectodermal epithelia of
Drosophila. Cell 82, 67-76 (1995).

65. Akiyama, T., Marques, G. & Wharton, K. A. A large bioactive BMP ligand
with distinct signaling properties is produced by alternative proconvertase
processing. Sci. Signal. 5, ra28 (2012).

66. Stewart, B. A., Atwood, H. L., Renger, J. J., Wang, J. & Wu, C. F. Improved
stability of Drosophila larval neuromuscular preparations in haemolymph-like
physiological solutions. J. Comp. Physiol. A. 175, 179-191 (1994).

67. Persson, U. et al. The L45 loop in type I receptors for TGF-beta family
members is a critical determinant in specifying Smad isoform activation. FEBS
Lett. 434, 83-87 (1998).

Acknowledgements

We thank K. Wharton and the Bloomington Drosophila Center for stocks. This work was
supported by the National Institute of Mental Health grants to K.B. (MH096832 and
MHO084989) and National Research Foundation of Korea grants to N.K. (BK21-+ pro-
gram) and S.L. (2017M3C7A1025368).

Author contributions

N.K, SK, MN,, DK, JK, E.C, M.-].L. and M.L. performed experiments and analyzed
data. SH.K. contributed to the design of the project. K.B. and S.L. designed the project,
analyzed data, and wrote the manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-08533-2.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Journal peer review information Nature Communications thanks Sebastian Rumpf and
the other anonymous reviewer(s) for their contribution to the peer review of this work.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

18 | (2019)10:684 | https://doi.org/10.1038/541467-019-08533-2 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-019-08533-2
https://doi.org/10.1038/s41467-019-08533-2
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	BMP-dependent synaptic development requires Abi-Abl-Rac signaling of BMP receptor macropinocytosis
	Results
	Abi has essential functions in the neuromusculature
	Abi localizes to the sub-membrane cortex within NMJ boutons
	Abi is required for normal synaptic structure and function
	Abi domain requirements in synaptic development regulation
	Abi links Abl function and Rac1/SCAR signaling at the NMJ
	Abi, Abl, and Rac1 regulate the BMP-dFMRP-Futsch pathway
	Abi acts downstream of Abl in Rac-mediated macropinocytosis
	Gbb-induced macropinocytosis required for BMPR degradation
	Abi-dependent macropinocytosis downregulates synaptic BMPRs
	Macropinocytosis regulation of NMJ synaptic development

	Discussion
	Methods
	Drosophila stocks
	Cloning and molecular analysis
	Cell transfection and production of Gbb-conditioned medium
	Abi antibody generation
	Western blotting, GST pull-down, and Tkv degradation assay
	Immunohistochemistry and imaging of larval tissues
	Immunofluorescence of BG2-c2 cells
	Dextran uptake assay
	BMPR internalization and trafficking studies
	NMJ electrophysiology and FM1-43FX dye uptake assay
	Electron microscopy
	Live cell imaging
	Statistical analysis
	Reporting summary

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




