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The membrane protein Raw regulates dendrite pruning
via the secretory pathway
Menglong Rui1,*, Shufeng Bu1,2,*, Liang Yuh Chew1,2,*, Qiwei Wang1,2 and Fengwei Yu1,2,3,‡

ABSTRACT
Neuronal pruning is essential for proper wiring of the nervous systems
in invertebrates and vertebrates. Drosophila ddaC sensory neurons
selectively prune their larval dendrites to sculpt the nervous system
during early metamorphosis. However, the molecular mechanisms
underlying ddaC dendrite pruning remain elusive. Here, we identify an
important and cell-autonomous role of the membrane protein Raw in
dendrite pruning of ddaC neurons. Raw appears to regulate dendrite
pruning via a novel mechanism, which is independent of JNK
signaling. Importantly, we show that Raw promotes endocytosis and
downregulation of the conserved L1-type cell-adhesion molecule
Neuroglian (Nrg) prior to dendrite pruning. Moreover, Raw is required
to modulate the secretory pathway by regulating the integrity of
secretory organelles and efficient protein secretion. Mechanistically,
Raw facilitates Nrg downregulation and dendrite pruning in part
through regulation of the secretory pathway. Thus, this study reveals a
JNK-independent role of Raw in regulating the secretory pathway and
thereby promoting dendrite pruning.

KEY WORDS: Pruning, Raw, JNK signaling, Neuroglian, Axon,
Dendrite

INTRODUCTION
During animal development, neurons often elaborate exuberant
processes and connections at early stages. Selective elimination of
their unnecessary processes without causing neuronal death,
referred to as pruning, is essential for the maturation of the
nervous systems at late stages (Luo and O’Leary, 2005;
Riccomagno and Kolodkin, 2015; Schuldiner and Yaron, 2015).
Developmental pruning widely occurs across the animal kingdom.
In mammals, some neurons in the central and peripheral nervous
systems can prune their unwanted or incorrect axons/dendrites to
establish proper wiring of the nervous systems (O’Leary and
Koester, 1993; Malun and Brunjes, 1996; Bagri et al., 2003;
Riccomagno et al., 2012; Tapia et al., 2012). Aberrant pruning,
which results in altered dendritic or axonal density in human brains, is
often associatedwith neurological disorders, including autism spectrum
disorder and schizophrenia (Tang et al., 2014; Sekar et al., 2016).
Moreover, developmental pruning involves local degeneration and
terminal retraction, morphologically resembling neurodegeneration

associated with nerve injury and age-dependent neurodegenerative
diseases. Thus, a comprehensive understanding of the underlying
mechanisms of developmental pruning would provide important
insights into pathogenesis of human brain disorders.

In the holometabolous insect Drosophila, many larval-born
neurons in the central and peripheral nervous systems undergo
stereotyped pruning to eliminate their larval dendrites and/or axons
during metamorphosis (Truman, 1990). Dendrite pruning of class
IV dendritic arborization sensory neurons (C4da) and axon pruning
of mushroom body (MB) γ neurons are two appealing model
systems for dissecting the molecular and cellular mechanisms of
neuronal pruning (Yu and Schuldiner, 2014; Kanamori et al.,
2015a). ddaC neurons, a subset of dorsal C4da neurons in the
peripheral nervous system, elaborate long and branched dendrites at
larval stages to nonredundantly cover the dorsal body surface and
function as polymodal nociceptors (Jan and Jan, 2010). ddaC
neurons prune away all their larval dendrites but keep their axons
intact during the first day of metamorphosis (Kuo et al., 2005;
Williams and Truman, 2005). At the proximal regions of ddaC
dendrites, initial thinning and blebbing events take place at ∼4 h
after puparium formation (APF), which leads to severing of the
proximal dendrites, subsequent fragmentation and debris clearance
(Fig. 1A). Like ddaC neurons, dorsal class I sensory neurons (ddaD
and ddaE) also specifically prune their larval dendrites without
affecting their axons (Williams and Truman, 2005).

In ddaC neurons, dendrite pruning initiates in response to a late
larval pulse of the steroid hormone 20-hydroxyecdysone (ecdysone).
Upon the binding of ecdysone, a heterodimer of ecdysone receptor
complex, consisting of EcR-B1 and Ultraspiracle, acts together with
two epigenetic factors Brahma and CREB-binding protein to trigger a
downstream transcriptional cascade (Kirilly et al., 2009, 2011). The
key transcription activator Sox14 and the negative growth regulator
Headcase are induced by EcR-B1 (Kirilly et al., 2009; Loncle and
Williams, 2012); Sox14, in turn, activates the expression of the actin
disassembly factor Mical (Kirilly et al., 2009). The first cellular
hallmark of dendrite pruning includes local thinning and blebbing of
major dendrites at the proximal regions, which occurs as early as 4 h
APF. Subsequently, major dendrites are severed between 5 and 8 h
APF. Several known pathways that contribute to dendrite severing
are:microtubule disassembly (Williams and Truman, 2005; Lee et al.,
2009; Herzmann et al., 2017) and orientation (Herzmann et al., 2018;
Wang et al., 2019; Rui et al., 2020; Tang et al., 2020), ubitquitin-
proteosomal degradation (Kuo et al., 2005; Rumpf et al., 2011;Wong
et al., 2013), endolysosomal degradation (Zhang et al., 2014; Krämer
et al., 2019), secretory pathway (Wang et al., 2017, 2018), and local
disassembly of plasma membrane (Kanamori et al., 2015b). Dendrite
severing is induced by both global and local endocytosis. Via a Rab5/
ESCRT-dependent endolysosomal degradation pathway, the
conserved L1-type cell-adhesion molecule Neuroglian (Nrg) is
internalized from the plasma membrane to early endosomes and
drastically downregulated to induce the onset of dendrite pruning
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(Zhang et al., 2014). More recently, we also reported that Arf1/Sec71
and Yif1/Yip1 complexes regulate the secretory pathway and
promote dendrite severing via the regulation of Nrg endolysosomal
degradation (Wang et al., 2017, 2018). After severing, the dendrites

are rapidly fragmented in a caspase-dependent manner (Williams
et al., 2006), followed by phagocyte-mediated debris clearance
(Williams and Truman, 2005; Han et al., 2014) at 16-18 h APF.
Although considerable progress in the understanding of dendrite

Fig. 1. Raw cell-autonomously regulates dendrite pruning of sensory neurons. (A) A schematic of dendrite pruning in ddaC sensory neurons. (B-H) Live
confocal images of ddaC neurons expressing mCD8::GFP driven by ppk-Gal4 at WP stage or 16 h APF. (B,D) Control neurons pruned away their larval dendrites
at 16 h APF. raw RNAi and raw mutants ddaC neurons (C,E,G) displayed dendrite arborization defects at WP stage and pruning defects at 16 h APF.
(F,H) Re-introduction of Raw-Venus rescued dendrite pruning defects in raw134.47 and raw155.27 clones. Red arrowheads indicate the ddaC somas. (I) Quantitative
analysis of unpruned dendrite lengths. (J) Percentages of ddaC neurons showing severing defects. In I, data are mean±s.e.m. One-way ANOVA with
Bonferroni’s test and two-tailed Student’s t-test were applied to determine statistical significance. ***P<0.001. The number of neurons (n) examined in each group
is shown on the bars. Scale bar: 50 μm.
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pruning has been made in past years, our understanding of the
molecular mechanisms is still far from complete.
To systematically understand the mechanisms of dendrite pruning,

we previously conducted a genome-wide RNA interference (RNAi)
screen to isolate novel regulators that are required for dendrite pruning
(Kirilly et al., 2009). From this screen, we identified the membrane
protein Raw as an important player of dendrite pruning. Raw was
initially reported to govern embryonic dorsal closure, gonad
morphogenesis, intestine regeneration and glial development via
negatively regulating JNK signaling (Byars et al., 1999; Bates et al.,
2008; Jemc et al., 2012; Zhou et al., 2017; Hans et al., 2018; Luong
et al., 2018). It has been well documented that JNK signaling plays a
crucial role in regulation of Wallerian degeneration: an axon
degenerative process upon nerve injury (Miller et al., 2009; Xiong
and Collins, 2012). Moreover, Raw has been shown to regulate
degeneration of injured axons and dendrites via inhibiting Fos and
Jun (Hao et al., 2019). Interestingly, in this study we show that Raw is
required to promote dendrite pruning independently of JNK
signaling. Rather, we demonstrate that Raw facilitates Nrg
downregulation and dendrite pruning in part through the regulation
of secretory pathway. Thus, we demonstrate a novel and
JNK-independent role of Raw in regulating the secretory pathway
during dendrite pruning.

RESULTS
Raw cell-autonomously regulates dendrite pruning
of sensory neurons
In a large-scale RNAi screen, we isolated one RNAi line, v101255,
that targets the raw gene. The expression of this RNAi line via the
C4da-specific driver ppk-Gal4 led to fully penetrant dendrite
pruning defects in ddaC neurons at 16 h APF (Fig. 1C,J). These raw
RNAi neurons retained an average of 1555 µm dendrites in the
vicinity of their soma (Fig. 1I). In contrast, the neurons expressing
the control RNAi line pruned away all their larval dendrites at the
same time point (Fig. 1B,I,J). To further confirm the requirement of
Raw for dendrite pruning, we used two previously published alleles,
raw134.47 and raw155.27 (Jemc et al., 2012), and generated their
mutant ddaC clones via mosaic analysis with a repressible cell
marker (MARCM). Either raw134.47 or raw155.27 mutant clones
exhibited consistent dendrite pruning defects with almost full
penetrance at 16 h APF (Fig. 1E,G,J), in contrast to the control
clones (Fig. 1D,J). Approximately 1063 and 666 µm dendrites
remained in raw134.47 or raw155.27 mutant clones (Fig. 1I),
respectively. Overexpression of Venus-tagged full-length Raw
(Raw-Venus) fully rescued their dendrite pruning defects in
raw134.47 (Fig. 1F,I,J) and raw155.27 (Fig. 1H-J) mutant neurons,
respectively. The complete rescues were also achieved by the
expression of RFP-tagged Raw (Raw-RFP) (Fig. S1A,I,J) as well as
another previously published transgene expressing GFP-Raw (Fig.
S1A,I,J). These rescue results demonstrate that the dendrite pruning
defects in raw mutant neurons are caused by loss of raw function.
Like ddaC neurons, class I ddaD/E neurons also undergo
stereotyped dendrite pruning (Williams and Truman, 2005).
While ddaD/E dendrites were specifically pruned in the control
neurons by 19 h APF (Fig. S1B), all mutant ddaD/E neurons in
which raw was knocked down via the Gal42-21 driver exhibited the
dendrite pruning defects at the same time point (Fig. S1B). Thus,
these data demonstrate an important role of Raw in regulating
dendrite pruning in both types of sensory neurons during
metamorphosis. In addition, we also observed that the number of
primary and secondary dendrites was significantly reduced in raw
RNAi (Fig. 1C, Fig. S1C) or raw mutant (Fig. 1E,G, Fig. S1C)

neurons at WP stage. Overexpression of Raw-Venus significantly
rescued the dendrite branching defects in raw mutant neurons
(Fig. 1F,H, Fig. S1C). These data are consistent with the role of raw
in regulate larval dendrite branching in class IV da neurons
(Lee et al., 2015). To examine a specific function of Raw in dendrite
pruning, we used the RU486-inducible gene-switch system
(Osterwalder et al., 2001) to induce the expression of the raw RNAi
construct at the larval stage. RU486-mediated knockdown of raw led
to dendrite pruning defects in 42% of ddaC neurons (Fig. S1D). An
average of 960 µm dendrites persisted in these RU486-inducible
mutant neurons (Fig. S1D). Taken together, Raw plays a cell-
autonomous role in dendrite pruning of sensory neurons during
metamorphosis, in addition to its role in larval dendrite arborization.

The first Raw repeat, the putative transmembrane domain
and the C-terminal region are important for Raw function in
dendrite pruning
Raw protein contains two Raw repeats: a putative transmembrane
(TM) domain; and a short carboxy-terminal (C-terminal) region
(Fig. 2A) that shares some homology with the nematode OLRN-1
(Bauer Huang et al., 2007). To determine which domain is required
for Raw function during dendrite pruning, we generated a series of
transgenes expressing several Raw deletions and performed the
rescue experiments in the raw134.47 mutant background. The
expression of full-length Raw fully rescued the dendrite pruning
and arborization defects in raw134.47 mutant clones (Fig. 2C,H,
Fig. S2A), compared with the raw134.47 neurons alone (Fig. 2B, Fig.
S2A). Either RawΔR1, which deletes the first repeat, or RawΔC-ter,
which deletes the C-terminal region, was unable to rescue the
dendrite pruning and arborization defects in raw134.47mutant clones
(Fig. 2D,G,H, Fig. S2A). However, the expression of RawΔR2,
which deletes the second repeat, largely rescued the dendrite
pruning and branching defects in raw134.47mutant neurons (Fig. 2E,
H, Fig. S2A), indicating that the first repeat but not the second one is
required for Raw function. These results are similar to those in its
nematode homolog OLRN-1, which also shows that the first Raw
repeat and the C-terminal region are important for its function in
C. elegans (Bauer Huang et al., 2007). Importantly, the expression
of the RawΔTM variant that lacks the putative TM domain failed to
rescue the raw134.47 phenotypes (Fig. 2F,H, Fig. S2A), suggesting
that potential membrane targeting of Raw is important for regulating
dendrite pruning and arborization. As a control, overexpression of
the Raw variants did not disturb normal dendrite pruning in wild-
type ddaC neurons (Fig. S2B). Thus, the structure-function analysis
indicates the requirement of the first repeat, the putative TM domain
and the C-terminal region for Raw function in dendrite pruning.
This result also supports the notion that Raw likely associates with
the membranes to exert its function in dendrite pruning of ddaC
neurons.

Raw regulates dendrite pruning independently of JNK
signaling
We next attempted to understand the mechanism whereby Raw
regulates dendrite pruning. Raw negatively regulates JNK signaling
during development (Byars et al., 1999; Bates et al., 2008). To test a
possible role of raw in regulating JNK signaling in ddaC neurons,
we made use of the JNK reporter puc-lacZ to examine the
expression of the target gene puckered and indicate the level of JNK
signaling. Similar to the control neurons (Fig. 3A,E), knockdown of
raw in ddaC neurons did not significantly alter the expression level
of the puc-lacZ reporter at the wandering 3rd instar larval (wL3)
stage (Fig. 3B,E), consistent with that reported in a previous study
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Fig. 2. See next page for legend.
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(Lee et al., 2015). Interestingly, the puc-lacZ expression levels
significantly increased 2.4-fold at white prepupal (WP) stage
(Fig. 3D,E), compared with the control RNAi neurons (Fig. 3C,E).
Thus, JNK signaling appeared to be hyperactivated in raw RNAi
ddaC neurons before the onset of dendrite pruning, which mimicked
that in raw RNAi motor neurons (Hao et al., 2019). To investigate
whether the elevated JNK activity in raw RNAi neurons contributes
to the dendrite pruning defects, we expressed JNKDN, the dominant-
negative form of JNK that is encoded by bsk inDrosophila, in either
raw RNAi or raw155.27 mutant ddaC neurons. JNKDN expression,
which was shown to fully inhibit the JNK signaling in motor
neurons (Xiong et al., 2010), also significantly suppress the puc-
LacZ expression levels in wild-type ddaC neurons at WP stage
(Fig. S3A). The expression of either JNKDN transgenes, via one
copy of ppk-Gal4 driver, did not rescue the dendrite pruning defects
in raw RNAi (Fig. 3F-H,L,M) and raw155.27 mutant neurons
(Fig. 3I-K-M). As a control, JNKDN overexpression blocked the
upregulation of puc-LacZ expression in raw RNAi ddaC neurons at
WP stage (Fig. S3B), indicating that this dominant-negative
construct is effective in ddaC sensory neurons. Similarly, the
treatment with GNE-3511, a potent DLK inhibitor that significantly
attenuated the JNK activity (Fig. S4A) (Feng et al., 2019), did not
rescue the pruning defects in raw RNAi neurons (Fig. S4B). JNK
signaling functions through its downstream Activator Protein 1
(AP-1) complex, which is composed of Jun and Fos transcription
factors. Overexpression of either dominant-negative constructs
(FosDN or JunDN), via one copy of the ppk-Gal4 driver, also did not
rescue the pruning defects in raw RNAi neurons (Fig. S5A),
although FosDN or JunDN expression was reported to rescue the
injury-induced axon degeneration phenotypes in raw mutant motor
neurons (Hao et al., 2019). JunDN or FosDN expression was able to
significantly suppress the puc-LacZ expression in both wild-type
(Fig. S3A) and raw RNAi (Fig. S3B) ddaC neurons at WP stage,
suggesting that both constructs effectively attenuate the JNK
activity. Moreover, high-level expression of JNKDN, JunDN or
FosDN, via two copies of ppk-Gal4 driver, failed to rescue the
dendrite pruning defects in raw RNAi neurons (Fig. S5B). In
addition, overexpression of wild-type JNK, Fos or Jun alone did not
inhibit dendrite pruning in wild-type ddaC neurons (Fig. S6A).
Either JNK or Fos expression augmented the JNK activity, as
indicated by elevated puc-LacZ levels (Fig. S6B). Taken together,
these data indicate that Raw is unlikely to regulate dendrite pruning
by suppressing JNK signaling, which contrasts with its role in
injury-induced axon degeneration in motor neurons.
Raw has previously been reported to distribute in both

membranes and cytoplasm; it could potentially act as a cell-
adhesion molecule to govern terminal dendrite branching of C4da
neurons via activating the Tricornered (Trc)/Furry (Fry) pathway
(Lee et al., 2015). However, we did not observe any dendrite
pruning defect in either trc1 or fry1 mutant ddaC clones (Fig. S5C),

suggesting that Raw may not require Trc or Fry during dendrite
pruning. Our previous study also indicates that the cell-adhesion
molecule Neuroglian is degraded via the endolysosomal
degradation machinery before the onset of dendrite pruning
(Zhang et al., 2014). If Raw functions as a cell-adhesion molecule
to regulate dendrite pruning, one might consider whether Raw, like
Nrg, also undergoes the Rab5/ESCRT-mediated endolysosomal
degradation prior to dendrite pruning. Nrg robustly accumulated on
enlarged endosomes and colocalized with the endosomal marker
Avalanche (Avl, also known as Syntaxin 7) in Rab5DN or Vps4DN

mutant neurons (Fig. S7A) (Zhang et al., 2014). In contrast, RFP-
tagged Raw exhibited no accumulation in Rab5DN or Vps4DN

mutant neurons (Fig. S7B). Moreover, Nrg was redistributed from
the plasma membrane (WP stage) to the GFP-2XFYVE-positive
early endosomes at 6 h APF in ddaC neurons (Fig. S7C) (Zhang
et al., 2014). Unlike Nrg, RFP-Raw did not colocalize with these
endosomes at wL3 and 6 h APF stages (Fig. S7D). Finally, Raw
overexpression did not inhibit dendrite pruning (Fig. S2B), in
contrast to the dendrite pruning defects in Nrg-overexpressing
neurons (Zhang et al., 2014). Thus, these data indicate that Raw is
unlikely to undergo endolysosomal degradation before the onset of
dendrite pruning. In addition, dendritic microtubule levels and
orientation, as detected by the microtubule-associated protein
Futsch (22C10) and EB1-GFP comet directionality, respectively,
were not affected in the dendrites of raw RNAi ddaC neurons
(Fig. S7E,F), suggesting that Raw is dispensable for microtubule
mass and polarity in the dendrites. Taken together, Raw is unlikely
to regulate dendrite pruning via JNK signaling, Trc/Fry pathway or
endolysosomal degradation.

Raw is required for endocytosis and downregulation of Nrg
prior to dendrite pruning
In an attempt to examine Nrg distribution in rawmutant neurons, we
consistently observed its robust accumulation in both rawRNAi and
mutant neurons. Nrg, as detected by the BP104 antibody, was
localized in the soma, dendrites and axons in the control ddaC
neurons at wL3 stage (Fig. 4A). Importantly, RNAi knockdown of
raw led to a significant increase in the Nrg expression level in ddaC
neurons at the same stage (Fig. 4B,E), similar to Rab5DN

overexpression (Fig. 4M) or arf1 knockdown (Fig. S8A,D). More
strikingly, Nrg levels were elevated over threefold in raw RNAi
neurons at 6 h APF (Fig. 4D,F), compared with those in the controls
(Fig. 4C,F). Nrg RNAi knockdown significantly eliminated the Nrg
signals in rawRNAi ddaC neurons (Fig. S8B,D), further confirming
that Nrg protein levels are elevated upon raw knockdown.
Moreover, we also observed a similar accumulation of Nrg in
raw134.47 or raw155.27 neurons at wL3 stage (Fig. 4H,I,J; wild type,
Fig. 4G). Interestingly, the levels of another transmembrane protein
Ppk26, functioning as a DEG/ENaC ion channel in C4da neurons,
remained unchanged in raw RNAi neurons (Fig. S9A).
Overexpression of JNK or Fos, which led to elevated puc-LacZ
expression (Fig. S6B), showed no aberrant Nrg accumulation
(Fig. S6C), suggesting that hyperactivated JNK signaling in raw
mutant neurons is not responsible for Nrg accumulation. In addition,
overexpression of Raw did not disturb the expression level and
pattern of Nrg in ddaC neurons (Fig. S8C,D); no physical
interaction between Raw and Nrg was detected, as Raw-
Venus was not able to pull down endogenous Nrg in the
co-immunoprecipitation experiments using the protein extracts
from the adult brains overexpressing Raw-Venus (Fig. S8E). Thus,
these control experiments suggest that Raw may indirectly regulate
Nrg protein stability.

Fig. 2. The first Raw repeat, the putative transmembrane domain and the
C-terminal region are important for its function in dendrite pruning.
(A) A schematic diagram showing the full-length Raw protein with different
domains, and various truncated Raw proteins. (B-G) Live confocal images of
ddaC neurons expressingmCD8::GFP driven by ppk-Gal4 atWP stage or 16 h
APF. raw134.47 mutant ddaC clones (B) displayed the pruning defects at 16 h
APF. (C-G) The rescue effect of Raw, RawΔR1, RawΔR2, RawΔTM or RawΔC-ter

on the raw134.47 phenotypes. Red arrowheads indicate the ddaC somas.
(H) Quantitative analysis of unpruned dendrite lengths (data aremean±s.e.m.).
One-way ANOVA with Bonferroni’s test was applied to determine statistical
significance. ns, not significant; ***P<0.001. The number of neurons (n)
examined in each group is shown on the bars. Scale bar: 50 μm.
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Fig. 3. Raw regulates dendrite pruning independently of JNK signaling. (A-D) Confocal images of control RNAi (A,C) and rawRNAi (B,D) ddaC neurons that
were immunostained for LacZ at wL3 and WP stages. ddaC somas are outlined with dashed lines, ddaE somas are indicated with asterisks. ddaC neurons
were identified by ppk-Gal4-driven mCD8::GFP (green channel) expression. (E) Quantitative analysis of normalized puc-lacZ fluorescence intensities
in ddaC somas. (F-K) Live confocal images of ddaC neurons expressing mCD8::GFP driven by ppk-Gal4 at WP or 16 h APF stages. raw RNAi and raw134.47

mutant ddaC neurons (F,I) displayed the pruning defects at 16 h APF. (G,H,J,K) The expression of JNKDN (III) and JNKDN (X) did not rescue the dendrite pruning
defects in raw RNAi or raw155.27 mutant ddaC clones. Red arrowheads indicate the ddaC somas. (L) Quantitative analysis of unpruned dendrite lengths.
(M) Percentages of ddaC neurons showing severing defects. In E,L, data aremean±s.e.m. One-way ANOVAwith Bonferroni’s test and a two-tailed Student’s t-test
were applied to determine statistical significance. ns, not significant; ***P<0.001. The number of neurons (n) examined in each group is shown on the bars.
Scale bars: 10 μm in A,C; 50 μm in F.
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Interestingly, the distribution pattern ofNrg in rawRNAi ormutant
neurons (Fig. 4B,D) is distinct from that in Rab5DN-expressing
neurons (Fig. S7A). In wild-type ddaC neurons, Nrg protein was
drastically redistributed to punctate structures and colocalized with
the early endosomal marker GFP-2XEGFP at 6 h APF (Fig. 4K,
Fig. S7C), suggesting active endocytosis and degradation ofNrg prior
to dendrite pruning (Zhang et al., 2014). However, elevated Nrg was

primarily localized on the cortex of raw RNAi neurons and exhibited
several small punctate structures in the cytoplasm (Fig. 4L),
suggesting that Nrg endocytosis is primarily inhibited in these
mutant neurons. This phenotype contrasts with the Rab5DN

phenotype in which Nrg was present at higher levels on two or
three enlarged endosomes positive for Avl (Fig. 4M, Fig. S7A)
(Zhang et al., 2014). Raw knockdown did not lead to accumulation of

Fig. 4. Raw is required for
downregulation of Nrg prior to
dendrite pruning. (A-D) Confocal
images of control RNAi (A,C) and raw
RNAi (B,D) ddaC neurons that were
immunostained for Nrg at wL3 and 6 h
APF stages. (E,F) Quantitative analysis
of normalized Nrg fluorescence
intensities in ddaC somas.
(G-I) Confocal images of Ctrl MARCM
(G), raw134.47 MARCM (H) and raw155.27

MARCM (I) ddaC clones that were
immunostained for Nrg at wL3 stage.
ddaC somas are outlined with dashed
lines, ddaE somas are indicated with
asterisks. ddaC neurons were identified
by ppk-Gal4-driven mCD8::GFP (green
channel) expression. (J) Quantitative
analysis of normalized Nrg fluorescence
intensities in ddaC somas.
(K-M) Confocal images of wild-type (K),
raw RNAi (L) and rab5DN (M) ddaC
neurons that were immunostained for
Nrg at 6 h APF. ddaC somas are outlined
with dashed lines. In E,F,J, data are
mean±s.e.m. One-way ANOVA with
Bonferroni’s test and a two-tailed
Student’s t-test were applied to
determine statistical significance.
***P<0.001. The number of neurons (n)
examined in each group is shown on the
bars. Scale bars: 10 μm.
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ubiquitylated protein aggregates (Fig. S8F) and enlarged Avl-positive
endosomes (Fig. 4L), in contrast to those in Rab5DN (Fig. 4M,
Fig. S8F) or Vsp4DN expression (Fig. S7A) (Zhang et al., 2014).
These data suggest that, unlike Rab5 and Vps4, Raw may indirectly
regulate the endolysosomal degradation of Nrg. Thus, Raw promotes
endolysosomal degradation of Nrg prior to dendrite pruning.

Raw is required for ER/Golgi integrity and protein secretion
in ddaC neurons
The phenotypes in raw RNAi or mutant neurons, such as elevated
Nrg levels and no ubiquitylated protein aggregates, are reminiscent
of those observed in mutant neurons depleting the regulators of
secretory pathway, including Arf1/Sec71, Yif1/Yip1 and Rab1
(Wang et al., 2017, 2018). This prompted us to investigate a possible
role for Raw in regulating the secretory pathway during dendrite
pruning. To this end, we first assessed whether Raw is required for
proper localization of endoplasmic reticulum (ER) markers or
regulators. In the control neurons, Sec31-mCherry, an ER exit site
marker, was localized as many discrete punctate structures in the
soma (Fig. 5A). Strikingly, these Sec31-mCherry puncta were
almost lost when rawwas knocked down in ddaC neurons (Fig. 5A).
Likewise, the punctate signals of endogenous Rab1, an important
regulator of the ER-to-Golgi transport, significantly decreased in
intensity in raw RNAi neurons (Fig. 5B), compared with its bright
puncta in the control neurons (Fig. 5B). Next, we tested several Golgi
markers and secretory regulators. Both the endogenous cis-Golgi
marker GM130 and a trans-Golgi marker galactosyltransferase-RFP
(GalT-RFP) were strongly reduced in total level in the soma of raw
RNAi neurons (Fig. 5C,D), compared with their bright punctate
signals in the controls (Fig. 5C,D). Dendritic GalT-RFP signals were
much dimmer in intensity in raw RNAi neurons than those in the
controls (Fig. S10A). Moreover, raw knockdown also led to
significant reductions in the fluorescence intensity of endogenous
Arf1 and Sec71 (Fig. 5E,F), two secretory regulators required for
dendrite pruning (Wang et al., 2017). In addition to the average
reduction in total intensity, we often observedmore individual puncta
with reduced size and faint intensity in raw RNAi neurons. By
contrast, overexpression of Raw did not interfere with the punctate
localizations of Rab1 and GM130 (Fig. S10B). In addition, neither
JNK nor Fos expression impaired the expression and distribution of
Rab1 (Fig. S6D) and GM130 (Fig. S6E) in ddaC neurons.
Interestingly, RNAi knockdown of raw, via the epidermal driver
A58-Gal4, did not lead to any defect in the expression of GM130 in
epidermal cells (Fig. S9B). Using a raw-GFP enhancer-trap line
(rawMI07292) (Zhou et al., 2017), we observed that Raw was
predominantly expressed in sensory neurons but undetectable in the
epidermal cells (Fig. S9C), suggesting a neuron-specific role for Raw.
Collectively, these data suggest that Raw is required for the integrity
of ER/Golgi apparatus in ddaC neurons.
To examine whether Raw regulates the secretion of the

transmembrane protein to the cell surface, we conducted a
trafficking assay for mCD8-GFP and measured the levels of
extracellular mCD8 epitope under detergent-free conditions. In the
control RNAi neurons, the extracellular mCD8 signals were
strongly present on the dendrites using the anti-mCD8 antibody in
the absence of the detergent (Fig. S10C). Importantly, mCD8
signals significantly decreased in the dendrites of raw RNAi
neurons under detergent-free conditions (Fig. S10C). Overall GFP
fluorescence, which represents both cell-surface and internal pools
of the protein, was comparable between the control and raw RNAi
neurons (Fig. S10C). Thus, the trafficking assay suggests that Raw
is required for protein secretion in ddaC neurons.

Next, we attempted to examine whether Raw localizes on ER or
Golgi as a component to govern their integrity. Several anti-Raw
antibodies were generated but none of them was able to detect the
endogenous protein in immunostaining assays. We therefore used
the Raw-RFP transgene to investigate its subcellular distribution.
Raw-RFP expression fully rescued the dendrite pruning defects in
raw134.47 mutant ddaC clones (Fig. 1I,J, Fig. S1A), suggesting that
Raw-RFP can functionally substitute for the endogenous Raw
protein. Under the control of the ppk-Gal4 driver, Raw-RFP
exhibited many discrete punctate structures (Fig. S7B,D). These
Raw-RFP signals were largely eliminated by the expression of the
raw RNAi line (Fig. S10D), indicating that these punctate signals
indeed represent the Raw-RFP protein. To understand the identity of
these punctate structures, we co-expressed Raw-RFP with various
ER/Golgi markers. We observed that Raw-RFP signals often
colocalized with some of the KDEL-GFP-positive puncta (Fig. 5G),
suggesting that Raw-RFP can localize on ER compartment.
Raw-RFP signals localized adjacent to some puncta positive for
the trans-Golgi marker GalT-GFP (Fig. 5H). These data suggest that
these Raw-RFP puncta might be the vesicular subcompartment of
ER or Golgi. We observed no detectable interaction between Raw
and Arf1 in the co-immunoprecipitation assays using adult fly
brains expressing Raw-Venus (Fig. S10E). Thus, our data suggest
that Raw is unlikely a core component of ER/Golgi organelles but
might regulate some vesicular subcompartment of the secretory
pathway. Taken together, our observations suggest that Raw is
required to regulate the integrity of ER/Golgi compartments and
protein secretion in ddaC neurons.

Raw regulates Nrg downregulation and dendrite pruning
at least in part via the secretory pathway
We have shown that Raw is required for both Nrg downregulation
(Fig. 4) and the integrity of secretory compartments (Fig. 5). We
further examined whether an altered secretory pathway contributes to
abnormal Nrg accumulations and dendrite pruning in raw RNAi
neurons. raw knockdown led to a significant increase in Nrg levels in
ddaC neurons (Fig. 4B,D), compared with those in the wild type
(Fig. 4A,C). Given impaired secretory pathway in rawRNAi neurons,
we overexpressed the constitutive active forms of Rab1 (Rab1CA) and
the Arf1GEF Sec71 to enhance the secretory pathway in raw RNAi
neurons. Interestingly, overexpression of Rab1CA led to a significant
rescue in Nrg levels in raw RNAi mutant neurons at wL3 stage
(Fig. 6C,E). Likewise, overexpression of Sec71, which activates Arf1
function as its guanine nucleotide exchange factor (Wang et al., 2017),
also significantly suppressed the Nrg expression to the normal level
in raw RNAi neurons at wL3 stage (Fig. 6D,E). Moreover, the
Nrg levels in raw RNAi neurons were significantly suppressed
by Rab1CA (Fig. 6H,J) or Sec71 overexpression (Fig. 6I,J) at 6 h
APF, a stage before the onset of dendrite severing. As controls,
the Nrg levels were not suppressed when the constitutive active
forms of Rab11 or Arf6, regulators of endocytic pathways, were
overexpressed in raw RNAi neurons at wL3 and 6 h APF stages
(Fig. S11A-D). Thus, these rescue data suggest that abnormal
Nrg accumulation in raw RNAi or mutant neurons is caused
partially by an impaired secretory pathway.

Moreover, overexpression of Rab1CA (Fig. 7B,D) or Sec71
(Fig. 7C,D) significantly suppressed the dendrite pruning defects in
rawRNAi neurons, comparedwith the control (Fig. 7A,D). However,
Rab1CA or Sec71 overexpression did not rescue the dendrite length
defects in raw RNAi neurons at WP stage (Fig. S12A), suggesting a
specific effect of Rab1CA and Sec71 on dendrite pruning in the
mutant neurons. As controls, overexpression of Rab1CA or Sec71 in
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Fig. 5. Raw is required for the integrity of ER and Golgi compartments in ddaC sensory neurons. (A-F) Confocal images of Ctrl RNAi and raw RNAi ddaC
neurons that were labelled for Sec31-mCherry, Rab1, GM130, GalT-RFP, Arf1 and Sec71 at wL3 stage. ddaC somas are outlined with dashed lines. ddaC
neurons were identified by ppk-Gal4-driven mCD8::GFP (green channel) expression (insets). Quantitative analysis of normalized fluorescence intensities in
ddaC somas (right panels). (G,H) Confocal live images of ddaC neurons that were labelled for Raw-RFP and KDEL-GFP, as well as Raw-RFP and GalT-GFP. In
A-F, data are mean±s.e.m. Two-tailed Student’s t-test was applied to determine statistical significance. **P<0.01, ***P<0.001. The number of neurons (n)
examined in each group is shown on the bars. Scale bars: 10 μm.
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the control RNAi neurons did not cause any dendrite pruning defects
at 16 h APF (Fig. S12B). Overexpression of Rab11CA or Arf6CA,
which did not exhibit any dendrite pruning defects in the control
RNAi neurons (Fig. S12B), neither suppressed nor enhanced the
dendrite pruning defects associated with Raw knockdown (Fig.
S12C). Thus, these experiments suggest that the dendrite pruning
defects and aberrant Nrg accumulation in raw mutant neurons are
caused partly by impaired secretory pathway. To further confirm
whether the dendrite pruning defect in raw mutant neurons is indeed
attributable to aberrant Nrg accumulation, we knocked down Nrg in
raw RNAi ddaC neurons. Indeed, the expression of two independent

nrg RNAi transgenes, both of which efficiently knocked down Nrg
protein (Fig. S8B), significantly suppressed the dendrite pruning
defects in raw RNAi ddaC neurons (Fig. 7F-H).

Taken together, our data suggest that Raw regulates Nrg
downregulation and dendrite pruning at least partly through the
secretory pathway. To the best of our knowledge, this is the first study
showing a functional link between Raw and the secretory pathway.

DISCUSSION
Neuronal pruning is a conserved mechanism used to refine the
mature nervous system during animal development (Riccomagno

Fig. 6. Raw regulates Nrg downregulation partly via the secretory pathway. (A-D,F-I) Confocal images of wild-type (A,F), raw RNAi+UAS-Control (B,G), raw
RNAi+UAS-Rab1CA (C,H) and raw RNAi+UAS-Sec71 (D,I) ddaC neurons immunostained for Nrg at wL3 and 6 h APF stages. ddaC somas are outlined with
dashed lines, ddaE somas are indicated with asterisks. ddaC neurons were identified by ppk-Gal4-driven mCD8::GFP (green channel) expression.
(E,J) Quantitative analysis of normalized Nrg fluorescence intensities in ddaC somas. In E,J, data are mean±s.e.m. One-way ANOVAwith Bonferroni’s test was
applied to determine statistical significance. ns, not significant. *P<0.05, **P<0.01, ***P<0.001. The number of neurons (n) examined in each group is shown on
the bars. Scale bars: 10 μm.
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and Kolodkin, 2015; Schuldiner and Yaron, 2015). Despite the
considerable progress made in previous years, our understanding of
the molecular mechanisms is still incomplete. Here, we have
identified the membrane protein Raw as a new regulator of dendrite
pruning in our genome-wide RNAi screen. We found that Raw does
not regulate dendrite pruning by inhibiting the JNK signaling.
Instead, Raw regulates the secretory pathway to promote
endolysosomal degradation of Nrg during dendrite pruning. Thus,
this study reveals a novel and JNK-independent role of Raw in
regulating the secretory pathway during dendrite pruning.

Raw regulates dendrite pruning in a JNK-independent
manner
Numerous studies have reported an antagonism between Raw
and JNK signaling in regulating various developmental processes
in Drosophila, including embryonic dorsal closure, gonad

morphogenesis, intestine regeneration and glial development
(Byars et al., 1999; Bates et al., 2008; Jemc et al., 2012; Hans et al.,
2018; Luong et al., 2018). Loss of raw function leads to elevated JNK
activity, which contributes to the defects in these developmental
processes. JNK signaling has been well documented to play vital
roles in multiple neuronal events, including axon/dendrite growth,
axon degeneration and regeneration in both development and
diseases (Coffey, 2014). Growing studies have highlighted a key
role of JNK signaling in the regulation of injury-induced axon
degeneration (Chen et al., 2012; Xiong and Collins, 2012). In this
system, JNK signaling promotes local axon degeneration via the
degradation of the survival factors NMNAT2 and SCG10, leading
to the depletion of NAD+ and ATP in injured axons (Shin et al.,
2012b; Yang et al., 2015; Walker et al., 2017). By contrast,
canonical JNK signaling is also implicated in axon regeneration by
activating the downstream nuclear transcription factors, namely AP-

Fig. 7. Raw regulates dendrite pruning partly via the secretory pathway. (A-C,E-G) Live confocal images of ddaC neurons expressing mCD8::GFP
driven by ppk-Gal4 at WP and 16 h APF stages. Dendrites of raw RNAi+UAS-Control (A), raw RNAi+UAS-Rab1CA (B), raw RNAi+UAS-Sec71 (C), raw RNAi+Ctrl
RNAi (E), raw RNAi+nrg RNAi #1 (F) and raw RNAi+nrg RNAi #2 (G) ddaC neurons. Red arrowheads indicate the ddaC somas. (D,H) Quantitative analysis of
unpruned dendrite lengths. In D,H, data are mean±s.e.m. One-way ANOVA with Bonferroni’s test was applied to determine statistical significance. **P<0.01;
***P<0.001. The number of neurons (n) examined in each group is shown on the bars. Scale bars: 50 μm.
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1 complex (Xiong et al., 2010; Chen et al., 2012; Shin et al., 2012a).
JNK also plays crucial roles in regulating axon pruning of MB γ
neurons and dendrite pruning of sensory neurons. JNK signaling
acts through a non-canonical mechanism to destabilize the cell-
adhesion molecule Fasciclin II and specifically govern axon
pruning in MB γ neurons (Bornstein et al., 2015). In contrast,
JNK signaling, via the downstream AP-1 transcriptional complex,
regulates dendrite pruning of sensory neurons in a canonical manner
(Zhu et al., 2019). Moreover, a recent study has reported that Fos
and Jun are negatively regulated by Raw to promote degeneration of
injured axons in motor neurons (Hao et al., 2019). However, it
remains unknown whether this antagonism between Raw and JNK
signaling occurs in ddaC sensory neurons prior to dendrite pruning
and whether it is required for dendrite pruning.
In this study, we show that Raw regulates dendrite pruning of

ddaC neurons in a JNK-independent manner. The antagonism
between Raw and JNK signaling takes place in ddaC sensory
neurons prior to dendrite pruning. However, interestingly, we show
that this antagonism is dispensable for dendrite pruning. We found
that loss of raw function led to an increase in the expression of the
JNK reporter puc-LacZ at WP stage, suggesting elevated JNK
signaling. However, this elevated JNK signaling is not required for
the dendrite pruning defects in raw RNAi or mutant ddaC neurons.
First, overexpression of either JNKDN constructs, which blocked
puc-lacZ upregulation, did not rescue the dendrite pruning defects in
raw RNAi or raw155.27mutant neurons. Second, the treatment of the
DLK inhibitor GNE-3511, which abolished the induction of puc-
lacZ, was not able to rescue the dendrite pruning defects in raw
RNAi neurons. Third, overexpression of JNK, Fos or Jun did not
cause the dendrite pruning defects. Finally, overexpression of FosDN

or JunDN, the dominant-negative forms of two JNK downstream
effectors Fos and Jun, failed to rescue the raw RNAi phenotypes. In
contrast, FosDN or JunDN overexpression has been reported to
significantly rescue injury-induced axon degeneration in the raw
mutant motor neurons (Hao et al., 2019). Thus, we provide multiple
lines of evidence demonstrating that Raw regulates dendrite pruning
independently of the JNK signaling via an unknown mechanism.

Raw modulates the secretory pathway during dendrite
pruning
We have previously reported that the cell-adhesion molecule Nrg is
internalized from the plasma membrane to early endosomes and
drastically downregulated by the endolysosomal pathway to trigger
dendrite pruning (Zhang et al., 2014). Rawwas shown to distribute in
both membranes and cytoplasm; at least some of the protein could be
targeted to the plasma membrane to regulate terminal dendrite
branching as a cell-adhesion molecule in C4da neurons (Lee et al.,
2015). However, unlike Nrg, Raw is unlikely degraded by the
endolysosomal machinery. First, Raw-RFP did not accumulate on
aberrant endosomes in Rab5DN- or Vps4DN-expressing neurons, in
contrast to robust Nrg aggregates in those mutant neurons. Second, in
the wild-type neurons, Raw-RFP did not colocalize with GFP-
2XFYVE-positive early endosomes before the onset of dendrite
pruning, whereas Nrg was drastically redistributed from the plasma
membrane to the endosomes. Finally, overexpression of Raw did not
protect the dendrites from pruning, which differs from a protective
role of Nrg overexpression in dendrite pruning. Thus, Raw is unlikely
to regulate dendrite pruning via a cell-adhesion mechanism.
How does Raw regulate dendrite pruning of ddaC neurons during

early metamorphosis? Raw can regulate dendrite patterning in part
by activating the Trc/Fry pathway (Lee et al., 2015). However, this
mechanism appears to be dispensable for dendrite pruning, as no

dendrite pruning defect was observed in mutant neurons devoid of
Trc or its interacting protein Fry. Given that Raw regulates cadherin-
based adhesion by localizing β-catenin to the cell surface during
gonad development (Jemc et al., 2012), we explored a potential role
of Raw in the distribution of the cell-adhesion molecule Nrg in
dendrite pruning. Interestingly, we found that loss of raw function
caused robust accumulation of Nrg in ddaC neurons, suggesting that
Raw promotes endolysosmal degradation of Nrg before dendrite
pruning. Moreover, loss or reduction of raw function did not lead to
accumulation of ubiquitylated protein aggregates or the presence of
enlarged endosomes, in contrast to rab5 or vps4mutants, suggesting
that Raw may indirectly regulate the Rab5/ESCRT-dependent
endolysosomal pathway. We realized that the raw phenotypes
mimic those in mutant neurons devoid of secretory regulators,
including Arf1/Sec71 and Rab1/Sar1 (Wang et al., 2017, 2018).
Thus, these findings lead us to pinpoint a novel role for Raw in
regulating the secretory pathway to promote Nrg downregulation
and dendrite pruning. First, loss of raw function led to significant
decreases in the levels of various ER/Golgi markers, as well as
impaired protein secretion. However, the larger number of smaller
ER/Golgi puncta were still present in the soma of raw RNAi
neurons, in contrast to a loss of ER/Golgi punctate signals in arf1 or
sec71mutant neurons (Wang et al., 2017), suggesting that Rawmay
function as an auxiliary regulator to modulate efficient protein
secretion. In line with this idea, Raw-RFP appears to colocalize with
some of the KDEL-GFP-positive ER compartments and localizes
adjacent to GalT-GFP-positive Golgi compartments. In contrast,
Arf1/Sec71 and Yif1/Yip likely act as core components of the
secretory organelles to fully colocalize with trans-Golgi and cis-
Golgi (Wang et al., 2017, 2018), respectively. Thus, our data
suggest that Raw is unlikely a core component of ER/Golgi
organelles but might regulate some vesicular sub-compartment of
the secretory pathway. Raw protein was also shown to be integrated
to the plasma membrane to in C4da neurons (Lee et al., 2015). Thus,
our observations imply that Raw might shuttle between secretory
vesicles and plasma membrane. Finally, elevated secretory pathway,
via Rab1CA or Sec71 overexpression, significantly restored Nrg
expression to the normal level and rescued the dendrite pruning
defects in raw RNAi neurons. Thus, our study provides multiple
lines of evidence showing that Raw regulates Nrg degradation and
dendrite pruning via the modulation of the secretory pathway. Nrg is
a key cell-adhesion molecule that promotes dendrite arborization
and mediates dendrite-epidermis interactions during larval growth
stages (Yang et al., 2011; Yang et al., 2019). At the onset of dendrite
pruning, the secretory pathway might be required to specifically
secrete an unknown ligand to trigger the endocytosis of Nrg;
alternatively, it may maintain the proper bending rigidity of the
plasma membrane, which is important for endocytosis of Nrg.
Therefore, disruption of the secretory pathway may result in the
retention of Nrg on dendritic plasma membrane and thereby
inhibition of dendrite pruning.

Raw and its nematode ortholog OLRN-1 play important roles in
neuronal fate, dendrite branching and pruning (this study) (Bauer
Huang et al., 2007; Lee et al., 2015). Although Raw has no obvious
counterpart in mammals, its N-terminal region bears some homology
to mucins and leucine-rich repeat proteins (Lee et al., 2015).
Moreover, the secretory regulators and Nrg are highly conserved in
vertebrates, and their mammalian orthologs are essential for dendrite
growth and neuronal morphogenesis in various developmental
contexts (Kenwrick et al., 2000; Horton and Ehlers, 2003, 2004;
Horton et al., 2005; Godenschwege et al., 2006; Maness and
Schachner, 2007). Thus, the JNK-independent role of Drosophila
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Raw in the secretory pathway and neuronal remodeling might be
conserved during neuronal pruning and remodeling in vertebrates.

MATERIALS AND METHODS
Fly strains
Fly strains used were: UAS-micalNT (Terman et al., 2002), ppk-Gal4 on II
and III chromosome (Grueber et al., 2003), SOP-flp (#42) (Matsubara et al.,
2011), UAS-EB1-GFP (Stone et al., 2008), raw134.47, raw155.27 (Jemc et al.,
2012), puc-lacZ (Martin-Blanco et al., 1998), UAS-Rab5DN, UAS-GFP-
2xFYVE (Wucherpfennig et al., 2003), UAS-Vps4DN (Rusten et al., 2007),
UAS-JunDN (Hao et al., 2019), UAS-FosDN (Hao et al., 2019), UAS-Sec31-
mCherry (Forster et al., 2010), UAS-Arf6CA (Dottermusch-Heidel et al.,
2012), UAS-GFP-Raw (Lee et al., 2015), UAS-Sar1T34N, UAS-Rab1CA,
UAS-Sec71 (Yu lab) and A58-Gal4 (Galko and Krasnow, 2004).

The following stocks were obtained from Bloomington Stock Centre
(BSC): UAS mCD8::GFP, FRT40A, UAS-Dicer2, tubP-Gal80, elav-
Gal4C155 (BL#458), UAS-JNKDN #1 (BL#6409), UAS-JNKDN #2
(BL#9311), nrg RNAi #1 (BL#38215), nrg RNAi #2 (BL#37496), UAS-
ManII-GFP (BL#65248), UAS-Rab11CA (BL#50783), UAS-GalT-GFP
(BL#30902), UAS-GalT-RFP (BL#30907), UAS-GFP-KDEL (BL#9899),
UAS-JNK (BL#6407), UAS-Fos (BL#7213), UAS-Jun (BL#7216),
rawMI07292 (BL#44702), GSG2295-Gal4 (BL#40266), trc1 (BL#5261)
and fry1 (BL#32103).

The following stocks were obtained from the Vienna Drosophila RNAi
Centre (VDRC): raw RNAi (v101255), arf1 RNAi (v23082) and control
RNAi (v36355, v37288).

A complete list of the fly genotypes shown in each figure is provided in
the supplementary Materials and Methods.

Generation of various raw transgenes
The raw full-length cDNA was PCR amplified from the EST clone
GH23250 (DGRC) into Topo Entry and pDonor, respectively (Life Tech).
The variants of Raw deletions were generated by site mutagenesis (Agilent
Technology). The GATEWAY pTW, pTWV or pTWR vectors containing
the raw cDNA were constructed by LR reaction (Life Tech) and several
transgenic lines were established by Bestgene.

Immunohistochemistry and antibodies
The following primary antibodies were used for immunohistochemistry at the
indicated dilution: mouse anti-β-galactosidase (1:1000, Promega, Z3781),
mouse anti-Nrg (1:20, BP104, DSHB), mouse anti-Futsch (1:50, 22C10,
DSHB), guinea pig anti-Arf1 (1:200, F.Y.’s Lab), guinea pig anti-Sec71
(1:200, F.Y.’s Lab), rabbit anti-Rab1 (1:250, Yu Lab), rabbit anti-GM130
(1:200, Abcam, ab52649), mouse anti-Ubiquitin (1:500; FK2, Enzo Life
Sciences, BML-PW0150-0100), chicken anti-Avl (1:500; a gift fromD. Bilder,
University of California, Berkeley, CA, USA), rat monoclonal anti-mCD8
(1:100, Invitrogen, 11-0081-82) and rabbit anti-Ppk26 (1:1000, a gift from
Y. N. Jan, University of California San Francisco, CA, USA; and Z. Wang,
Institute of Neuroscience, Shanghai, China). Cy3 or Cy5-conjugated secondary
antibodies (Jackson Laboratories, 111-165-003 and 112-095-003) were used at
1:500 dilution. For immunostaining, pupae or larvae were dissected in ice-cold
PBS and fixed with 4% formaldehyde for 20 min. The control and mutant
samples were incubated simultaneously in the same tubes. Mounting was
performed in VectaShield mounting medium, and the samples were directly
visualized using an Olympus FV3000 confocal microscope.

Live imaging analysis
To image the dendrites of da sensory neurons at WP stage, pupae were
collected and briefly washed with PBS buffer, followed by immersion with
90% glycerol. To image da neurons at 16 h APF or 19 h APF, pupal cases
were carefully removed before mounted with 90% glycerol. Dendrite arbors
were imaged by using the Leica TSC SP2 confocal microscopy.

Live-imaging of EB1-GFP comet
Larvae (96 h AEL) were immersed in a drop of halocarbon oil (Santa Cruz
Biotechnology, sc-250077) and mounted onto slides for time-lapse
imaging. Time-lapse imaging was carried out to record EB1-GFP comets

with an Olympus FV3000 using a 60× oil lens with 3× zoom. Eighty-three
frames were acquired at 2.25 s intervals with six z-steps. Kymographs were
generated for z-projected time-lapse images using the Kymographbuilder
plug-in in ImageJ.

Brain protein extraction for co-immunoprecipitation
Adult flies were collected and decapitated by vigorous shaking after frozen.
The lysis buffer (Pierce, 87788) was freshly mixed with the protease
inhibitor (Roche, Cat#11697498001) to extract proteins from the fly heads.
Venus-tagged Raw protein was immunoprecipitated with anti-GFP beads
(Chromotek, GFP-Trap A), and subjected to standard western blot analyses.
Each co-immunoprecipitation assay was repeated three times.

MARCM analysis of da sensory neurons
We carried out MARCM clonal analysis, dendrite imaging and branch
quantification as previously described (Kirilly et al., 2009). ddaC or da
clones were chosen and imaged according to their location and morphology
at the WP stage. ddaC neurons were examined for dendrite pruning defects
at 16 h or 19 h APF.

RU486/mifepristone treatment and trafficking assay
RU486/mifepristone treatment was performed as previously described
(Wang et al., 2017). Embryos were collected at 6 h intervals and cultivated
on standard food to the early 3rd instar larva stage. Subsequently, the larvae
grew in the standard culture medium with 240 μg/ml mifepristone (Sigma-
Aldrich, M8046) for 24 h. wL3 larvaewere picked and dissected in PBS and
fixed with 4% formaldehyde for 20 min. The fillets were incubated with rat
monoclonal anti-CD8α in PBS and washed three times with PBS in the
detergent-free condition, which was followed by Cy3-conjugated secondary
antibody incubation and washed three times in the detergent-free condition.
The intensity of immunofluorescence was measured in the same confocal
setting for both mutant and control neurons.

GNE-3511 treatment
Embryos were collected at 12 h intervals and reared on the standard food.
The larvae were then transferred to the food containing 50 μM GNE-3511
(Millipore, 5.33168.0001). Wandering 3rd instar larvae were collected after
1-2 days of drug feeding and used for anti-β-gal staining at WP stage. WPs
were collected after 1-2 days of drug feeding and used for testing dendrite
pruning at 16 h APF.

Quantification of dendrites
Live confocal images of da neurons expressing UAS-mCD8-GFP were
performed at WP, 16 h and 19 h APF stages. Dorsal is upwards in all
images. The percentage of severing defects is the percentage of ddaC
neurons with larval dendrites attached to the soma at 16 h APF. The length
of unpruned dendrites was measured in a 275 µm×275 µm region derived
from the dorsal dendritic field of ddaC neurons, ranging from the abdominal
segments 2-4. The number of neurons (n) examined in each group is shown
on the bars. Plots of average length and s.e.m. were generated using
GraphPad Prism software.

Quantification of immunostaining
Images were obtained from projected z-stacks (at 1.5 μm intervals) to cover
the entire volume of da sensory neurons using an Olympus FV3000
confocal microscope. To measure the fluorescence intensities, cell nuclei
( puc-lacZ immunostaining) or whole soma (Nrg/Arf1/Rab1/Sec71/GM130
immunostaining and Sec31-mCherry/GalT-RFP live imaging) contours
were drawn on the appropriate fluorescent channel based on the GFP
channel in ImageJ software. After subtracting the background (Rolling Ball
Radius=30) from the entire image of that channel, we measured the mean
gray value in the marked area in ddaC and/or ddaE on the same images and
calculated their ratios. The ratios were normalized to the corresponding
average control values and subjected to statistical analysis for comparison
between different conditions. Graphs display the average values of the
ddaC/ddaE ratios and the s.e.m. normalized to controls. The number of ddaC
neurons (n) examined in each group is shown on the bars. Insets show the

13

RESEARCH ARTICLE Development (2020) 147, dev191155. doi:10.1242/dev.191155

D
E
V
E
LO

P
M

E
N
T

https://dev.biologists.org/lookup/doi/10.1242/dev.191155.supplemental


ddaC neurons labeled by ppk-Gal4-driven mCD8-GFP expression. The
number of ddaC neurons (n) examined in each group is shown on the bars.
Dorsal is upwards in all images.

To quantify the alterations of dendritic Fustch and mCD8-GFP
distribution, we measured their intensities in the 20 μm of major dorsal
dendrites that were 30 µm away from the soma. The number of ddaC
neurons (n) examined in each group is shown on the bars. Dorsal is upwards
in all images.

Statistics
For pairwise comparison, two-tailed Student’s t-test was used to
determine statistical significance. For multiple-group comparison, one-
way ANOVAwith Bonferroni’s test was used to determine significance.
Error bars in all graphs represent s.e.m. Statistical significance was
defined as ****P<0.0001, ***P<0.001, **P<0.01, *P<0.05 and n.s.,
not significant. The number of neurons (n) in each group is shown on
the bars.
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