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Significance

Autophagy clears damaged 
organelles and long- lived 
proteins in eukaryotic cells 
including neurons. However, 
whether and how autophagy 
regulates elimination of neuronal 
processes during development 
remain poorly understood. Here, 
we report an important role of 
autophagy in regulating 
elimination of the dendrites of 
sensory neurons during 
Drosophila metamorphosis. We 
found that autophagy acts 
downstream of AMP- activated 
protein kinase and insulin–target 
of rapamycin pathway to regulate 
protein turnover in sensory 
neurons. Importantly, autophagy 
regulates activation of the 
transcription factor CncC (Cap “n” 
collar isoform C) prior to dendrite 
pruning. Conversely, CncC also 
modulates autophagic activity 
through sequestration of a key 
autophagic regulator. Thus, this 
study reveals an interplay 
between autophagy and CncC in 
neuronal pruning.
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Autophagy is essential for the turnover of damaged organelles and long- lived proteins. 
It is responsible for many biological processes such as maintaining brain functions and 
aging. Impaired autophagy is often linked to neurodevelopmental and neurodegener-
ative diseases in humans. However, the role of autophagy in neuronal pruning during 
development remains poorly understood. Here, we report that autophagy regulates 
dendrite- specific pruning of ddaC sensory neurons in parallel to local caspase activation. 
Impaired autophagy causes the formation of ubiquitinated protein aggregates in ddaC 
neurons, dependent on the autophagic receptor Ref(2)P. Furthermore, the metabolic 
regulator AMP- activated protein kinase and the insulin–target of rapamycin pathway 
act upstream to regulate autophagy during dendrite pruning. Importantly, autophagy 
is required to activate the transcription factor CncC (Cap “n” collar isoform C), thereby 
promoting dendrite pruning. Conversely, CncC also indirectly affects autophagic activity 
via proteasomal degradation, as impaired CncC results in the inhibition of autophagy 
through sequestration of Atg8a into ubiquitinated protein aggregates. Thus, this study 
demonstrates the important role of autophagy in activating CncC prior to dendrite prun-
ing, and further reveals an interplay between autophagy and CncC in neuronal pruning.

autophagy | Atg8a | dendrite pruning | metamorphosis | CncC

To establish precise and functional neural circuits, neurons are constantly remodeled over 
the lifespan (1). During development, neurons often extend supernumerary projections 
at an earlier stage and subsequently remove aberrant or excessive projections without 
undergoing neuronal cell death, a process known as neuronal pruning (2). Neuronal 
pruning refines overabundant neuronal connections to establish mature nervous systems 
(3, 4). Classic examples of neuronal pruning in vertebrates include axonal pruning in layer 
V sub- corticospinal tract pyramidal neurons (5) and motoneuron axonal retraction at the 
neuromuscular junctions (6). Dysregulation in neuronal pruning is implicated in many 
neurodevelopmental disorders, such as autism spectrum disorders (ASDs), schizophrenia, 
and epilepsy (7, 8).

In Drosophila, neuronal pruning takes place during metamorphosis (9, 10). Two rep-
resentative models are dendrite- specific pruning of dendritic arborization (da) sensory 
neurons in the peripheral nervous system (PNS) and axon pruning of mushroom body 
(MB) γ neurons in the central nervous system (CNS) (4). In the PNS, class II and class 
III da neurons are apoptotic, whereas class I and class IV da neurons survive but undergo 
dendrite- specific pruning (11, 12). ddaC neurons, a subset of dorsal class IV da neurons 
(C4da neurons), selectively prune their larval dendrites without affecting their axons. 
Dendrite pruning of ddaC neurons initiates with the occurrence of thinning and blebbing 
along proximal branches around 3 h after puparium formation (APF), followed by severing 
of proximal dendrites around 5 to 8 h APF. Severed dendrites are rapidly fragmented 
around 10 to 12 h APF and eventually cleared by phagocytes such as epidermal cells by 
16 h APF (12–14). This stereotyped pruning event is triggered by a late larval pulse of 
the steroid hormone 20- hydroxyecdysone (ecdysone). Upon binding to ecdysone hor-
mone, the heterodimeric nuclear receptor complex, namely ecdysone receptor- Ultraspiracle 
(EcR- Usp), activates its downstream signaling cascades (15), including the transcription 
factor Sox14 (13, 16) and a cytosolic protein Headcase (17). Sox14 further activates 
expression of the F- actin dismantling factor Mical (13).

We have recently demonstrated that ecdysone signaling is necessary and sufficient to 
activate the transcription factor Cap “n” collar isoform C (CncC), which plays a crucial 
role in dendrite pruning (18). In Drosophila, CncC was initially identified as a homolog 
of mammalian Nrf2 to regulate oxidative stress tolerance and lifespan (19). Nrf2 and its 
repressor Keap1 mediate a conserved stress response pathway that protects cells against 
oxidative and xenobiotic stresses (20, 21). Under normal conditions, Nrf2 is ubiquitinated 
by the Keap1- containing ubiquitin E3 ligase and rapidly degraded by proteasomes. Under 
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oxidative stress, Keap1 becomes inactivated, leading to stabiliza-
tion of Nrf2. Nrf2 is subsequently translocated into the nucleus 
where it induces the transcription of cytoprotective targets against 
stress. In Drosophila, CncC also forms a protein complex with fly 
Keap1 via their conserved domains (22). Fly CncC is homologous 
not only to Nrf2 but also to another mammalian paralog Nrf1 
(23). Growing evidence shows that Nrf1 induces compensatory 
upregulation of proteasomal subunits and activity upon proteas-
ome inhibition (24–26). Like its mammalian counterparts, CncC 
translocates from the cytoplasm to the nucleus in ddaC neurons, 
which depends on ecdysone signaling (18). In the ddaC nuclei, 
CncC induces proteasomal subunit expression, thereby enhancing 
proteasomal degradation activity to promote dendrite pruning 
(18). On the other hand, ecdysone signaling modulates metabolic 
changes by inhibiting the insulin–target of rapamycin (TOR) 
pathway (27) and activating the energy sensor AMP- activated 
protein kinase (AMPK) (28, 29). AMPK acts upstream of the 
insulin–TOR pathway to activate CncC before dendrite pruning 
(29). Therefore, metabolic changes cause activation of CncC dur-
ing the nonfeeding prepupal stages. However, how these metabolic 
changes activate CncC remains elusive.

Autophagy is a conserved catabolic process that delivers dam-
aged or obsolete organelles and cytoplasmic proteins to lysosomes 
for degradation (30). Under nutrient deprivation, AMPK activity 
is elevated, and TOR is downregulated, which leads to Atg1 acti-
vation and autophagy induction. Upon induction of autophagy, 
a phagophore (also known as an isolation membrane) first forms 
around cytoplasmic components. It subsequently elongates and 
matures into a double- membrane autophagosome, which requires 
the Atg8 (also known as LC3 in mammals) and Atg5- Atg12 
conjugation systems. Autophagosomes then fuse with lysosomes 
to degrade their contents for recycling (30). Impaired autophagy 
is linked to age- dependent neurodegenerative diseases as well as 
neurodevelopmental disorders in humans (31, 32). In Drosophila, 
autophagy is highly activated during metamorphosis, a develop-
mentally programmed starvation period (33, 34). It mediates 
degradation of cytoplasmic proteins/organelles and even 
unwanted tissues (such as the larval fat body, salivary gland, or 
midgut) to recycle proteins and lipids for the development of 
adult- specific organs. While autophagy plays an important role 
in synapse formation and brain aging in Drosophila (35–37), it 
is dispensable for axonal pruning of MB γ neurons in the CNS 
(38). In this study, we identify autophagy as an important regu-
lator of dendrite pruning. Moreover, autophagy is required for 
activation of CncC. Interestingly, CncC also modulates auto-
phagy in ddaC neurons. We show that CncC impairment down-
regulates autophagic activity through sequestration of Atg8a. 
Thus, our study highlights an interplay between autophagy and 
CncC during neuronal pruning.

Results

Autophagy Is Required for Dendrite Pruning in ddaC Neurons. 
The previous studies demonstrate that ecdysone signaling promotes 
dendrite pruning by inhibiting the insulin–TOR pathway and 
activating the energy sensor AMPK (27–29). Moreover, AMPK acts 
to inhibit the insulin–TOR pathway to govern dendrite pruning 
(29). Given that both AMPK and TOR govern autophagy induction 
under starvation (39–41), we attempted to assess a potential role 
of autophagy in dendrite pruning. To this end, we focused on 
several key autophagy regulators, such as Atg1, Atg5, and Atg8a. 
Interestingly, the expression of either of two independent Atg1 
RNAi constructs, via the class IV da- specific ppk- Gal4 driver, led 
to consistent dendrite pruning defects in ddaC neurons at 16 h 

APF (Fig. 1 B, C, K, and L). In contrast, the control RNAi neurons 
eliminated their larval dendrites at the same stage (Fig. 1 A, K, and L). 
Likewise, knockdown of Atg8a (RNAi #1 and #2) also significantly 
inhibited dendrite pruning in ddaC neurons (Fig. 1 D, E, K, and L). 
To verify these RNAi results, two Atg8a loss- of- function mutants, 
Atg8ad4 (42) and Atg8aKG07569 (43), were utilized to confirm its 
important role in dendrite pruning. Both Atg8ad4 and Atg8aKG07569 
mutants displayed similar pruning defects in ddaC neurons at 16 
h APF (Fig. 1 F, G, K, and L). Importantly, by using a transgene 
that expresses 3XmCherry- tagged Atg8a under the control of its 
endogenous promoter (3XmCherry- Atg8a) (44), we significantly 
rescued the pruning defects in Atg8aKG07569 mutant ddaC neurons 
(Fig.  1 H, K, and L), confirming that loss of Atg8a function is 
responsible for the dendrite pruning defects in these mutant neurons. 
Lipidation of Atg8a is required for its covalent attachment to 
autophagosomes, a prerequisite step for elongation of phagophores, 
autophagosome closure, and autophagosome–lysosome fusion (45). 
Mutant ddaC neurons, derived from a non- lipidatable Atg8aG116* 
allele (46), failed to prune away their dendrites by 16 h APF (Fig. 1 
I, K, and L), compared to the wild- type neurons (Fig. 1 K and L). 
Moreover, ddaC neurons derived from the Atg55CC5 null mutant 
also exhibited dendrite pruning defects at 16 h APF (Fig. 1 J, K, and 
L). Collectively, our data demonstrate the important role of these 
key autophagy- related genes for dendrite pruning, suggesting that 
autophagy is required for dendrite pruning in ddaC sensory neurons.

Autophagy Regulates Dendrite Pruning in Parallel to Local 
Caspase Activation. During metamorphosis, autophagic 
degradation and caspases function independently to mediate 
the clearance of salivary glands (47, 48). However, midgut cells 
require autophagy but not caspases for their removal (49). In ddaC 
neurons, dendrite pruning requires activation of caspases that is 
locally restricted to the dendrites (50, 51). To examine whether local 
caspase activation is regulated by autophagy, we took advantage 
of the caspase reporter CD8::poly- ADP- ribose polymerase- 1 
(PARP)::Venus containing the caspase substrate PARP that can be 
cleaved by effector caspases (51). Cleaved PARP leads to exposure 
of the terminal cleavage site that can be recognized by a highly 
specific antibody. In the control ddaC neurons, activation of the 
CD8::PARP::Venus reporter was observed in the fragmenting 
dendrites that had been severed from the soma (SI  Appendix, 
Fig. S1A). Similarly, activation of the reporter also occurred in 
the dendrites of Atg1 or Atg8a RNAi neurons (SI Appendix, Fig. S1 
B and C), suggesting that caspases are locally activated in these 
mutant neurons. Unlike ddaC neurons, the class III ddaF neuron 
is removed via apoptosis during metamorphosis (51). We observed 
the activation of the CD8::PARP::Venus reporter in the soma of 
Atg1 or Atg8a RNAi ddaF neurons (SI Appendix, Fig. S1 E–G), 
suggesting that autophagy is dispensable for ddaF apoptosis. To 
test whether both autophagy and caspase activation are required 
for dendrite pruning in ddaC neurons, we overexpressed p35, 
a baculoviral inhibitor of effector caspases, or DIAP1, an E3 
ubiquitin ligase with caspase inhibitor activity, in autophagy- 
deficient neurons to assess their effects on dendrite pruning. 
Notably, overexpression of p35 or DIAP1 in Atg1 or Atg8a RNAi 
neurons exhibited stronger dendrite pruning defects (Fig. 2 A and 
B), compared to Atg1 RNAi, Atg8a RNAi, p35 overexpression or 
DIAP1 overexpression alone (Fig. 2 A and B). Therefore, these 
data demonstrate that autophagy and caspase activation function 
in separate pathways to promote dendrite pruning.

Impaired Autophagy Results in Robust Accumulation of 
Polyubiquitinated Protein Aggregates in ddaC Neurons. We 
next investigated whether autophagy is important for clearance 

http://www.pnas.org/lookup/doi/10.1073/pnas.2310740121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2310740121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2310740121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2310740121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2310740121#supplementary-materials


PNAS  2024  Vol. 121  No. 10  e2310740121 https://doi.org/10.1073/pnas.2310740121   3 of 12

of unwanted protein substrates in ddaC neurons. The autophagic 
receptor p62, whose fly homolog is Ref(2)P (Refractory to sigma 
P), targets polyubiquitinated protein aggregates for autophagic 
degradation and thus is used as a readout to detect autophagy 
(42, 52–54). We thus measured Ref(2)P levels and distributions 
in autophagy- deficient ddaC neurons. As expected, knockdown 
of Atg1 (RNAi #1 and #2) or Atg8a (RNAi #1 and #2) resulted 
in robust accumulation of large Ref(2)P puncta that overlapped 
with ubiquitinated protein aggregates (Fig. 3A and SI Appendix, 
Table  S1), compared to no apparent protein aggregates in the 
control RNAi neurons. The total levels of Ref(2)P proteins were 
significantly elevated in Atg1 or Atg8a RNAi neurons (Fig. 3A). 
The punctate signals are specific to Ref(2)P as they were eliminated 
when ref(2)P was knocked down in Atg1 or Atg8a RNAi ddaC 
neurons (Fig. 4 A and B). Similar to the RNAi knockdowns, Atg8ad4, 
Atg8aKG07569, and Atg55CC5 mutant ddaC neurons also exhibited 
prominent accumulation of Ref(2)P- positive ubiquitinated protein 
aggregates (Fig. 3A). The Ref(2)P- ubiquitin protein aggregation 
phenotype in Atg8aKG07569 neurons was significantly rescued by 
the expression of 3XmCherry- Atg8a under the endogenous Atg8a 
promoter (SI Appendix, Fig. S2A). Moreover, the puncta size and 
number were also significantly increased in Atg1/Atg8a RNAi or 
mutant neurons (SI Appendix, Table S2). The ubiquitinated protein 
aggregates in Atg1 RNAi or Atg8a RNAi neurons did not colocalize 
with the early and late endosomal/lysosomal markers FYVE- 
green fluorescent protein (GFP) and LAMP1- GFP, respectively 
(SI Appendix, Fig. S2 B and C and Table S1), suggesting that these 

protein aggregates reside in the cytosol. We next made use of 
the autophagosome marker mCherry- Atg8a (55). Compared to a 
lack of mCherry- Atg8a puncta in the control neurons, large and 
discrete mCherry- Atg8a punctate structures were present in Atg1 
RNAi neurons (Fig. 3B). These mCherry- Atg8a puncta colocalized 
with the ubiquitinated protein aggregates (Fig. 3B), indicating 
that Atg1 is required for the clearance of ubiquitinated proteins 
in ddaC neurons.

For autophagic degradation to occur, autophagosomes carrying 
ubiquitinated proteins fuse with acidic lysosomes to form autolyso-
somes. We made use of the dual fluorescent marker GFP- mCherry-  
Atg8a (56, 57) to assess autophagic flux. Upon autophagosome–lys-
osome fusion, the GFP fluorescence is quenched by the low pH in 
acidic autolysosomes but the mCherry fluorescence remains intact. 
In the soma of control neurons, all the puncta were mCherry- positive 
but GFP- negative autolysosomes (Fig. 3C). Interestingly, the GFP- mCherry-  
Atg8a reporter is both GFP- positive and mCherry- positive in Atg1 
RNAi neurons (Fig. 3C), suggesting that autophagic flux is inhibited 
in the absence of Atg1. Consistently, the ubiquitinated protein aggre-
gates did not overlap with lysosomal markers (LAMP1- GFP and 
LysoTracker) in Atg1 or Atg8a RNAi neurons (SI Appendix, Fig. S2 
C and D), indicating that these punctate structures are not autolys-
osomes. Moreover, those protein aggregates in Atg1 or Atg8a RNAi 
neurons were negative for other early autophagic markers, such as 
GFP- Atg5 (Fig. 3 D and E), Myc- Atg6 (SI Appendix, Fig. S2E) and 
GFP- Atg9 (SI Appendix, Fig. S2F). Thus, multiple lines of evidence 
suggest that the Ref(2)P- positive puncta are not autophagosome- related 
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Fig. 1.   Autophagy is required 
for dendrite pruning in ddaC 
neurons. (A–J) Representative 
live confocal images of ddaC 
neurons at 16 h APF. Dendrites 
of control RNAi (A), Atg1 RNAi 
#1 (B), Atg1 RNAi #2 (C), Atg8a 
RNAi #1 (D), Atg8a RNAi #2 (E), 
Atg8ad4 (F), Atg8aKG07569 (G), Atg-
8aKG07569 rescue (H), Atg8aG116* 
(I), Atg55CC5 (J) at 16 h APF. The 
ddaC soma is indicated with 
a red arrowhead. Quantita-
tive analyses of percentage  
of pruning defects (K) and un-
pruned dendrite length (L) at  
16 h APF. Error bars represent 
± SEM. The number of neurons 
(n) for each group is indicated 
above the x- axis. Statistical sig-
nificance was assessed using a 
two- tailed Student’s t test (**P 
< 0.01; ***P < 0.001). The scale 
bar in (A) represents 50 µm.
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structures but membrane- free protein aggregates (58). Taken 
together, our data demonstrate that autophagy is important for the 
clearance of ubiquitinated proteins in ddaC neurons.

Ref(2)P Is Required for the Formation of Ubiquitinated Protein 
Aggregates and Contributes to the Dendrite Pruning Defects in 
Atg1 or Atg8a- Depleted Neurons. Ref(2)P and its mammalian 
homolog p62 bind to both cytosolic ubiquitinated proteins and 
autophagosomal Atg8a/LC3 to deliver ubiquitinated cargoes 
for autophagic- lysosomal degradation (52–54). To examine 
whether Ref(2)P contributes to the formation of ubiquitinated 
protein aggregates and the dendrite pruning defects associated 
with autophagy deficiency, we knocked down Ref(2)P in either 
Atg1 (#1) or Atg8a (#1) RNAi ddaC neurons. In contrast to large 
ubiquitin- positive protein aggregates in Atg1 or Atg8a single RNAi 
neurons, the aggregates were almost completely dispersed after 
further removal of Ref(2)P protein in these RNAi backgrounds 
(Fig. 4 A and B). The overall levels of ubiquitinated proteins in 
Atg1- Ref(2)P and Atg8a- Ref(2)P double RNAi neurons were 
significantly reduced (Fig. 4 A and B), compared to their respective 
controls. The reduction could be due to a compensatory increase 
in proteasomal degradation, as the proteasomal degradation 
reporter CL1- GFP was significantly downregulated in Atg8a 
RNAi neurons (SI Appendix, Fig. S2G). These data indicate that 
Ref(2)P is required for the formation of the protein aggregates in 
autophagy- deficient neurons. Moreover, knockdown of Ref(2)P 
ameliorated the dendrite pruning defects in Atg1 or Atg8a RNAi 
neurons, as the unpruned dendrites were significantly reduced 
in length in ref(2)P/Atg1 or ref(2)P/Atg8a double RNAi neurons 
(Fig. 4 D and E). Thus, Ref(2)P is required for the formation 
of ubiquitinated protein aggregates and in part contributes to 

the dendrite pruning defects in Atg1 or Atg8a RNAi neurons 
(SI Appendix, Discussion).

Autophagy is thought to recycle the unwanted proteins to maintain 
the pool of amino acids for protein synthesis and energy production 
during metamorphosis, a non- feeding stage (34). We next examined 
whether depriving the animals of amino acids can enhance the prun-
ing defects in autophagy- deficient neurons. To do this, we altered the 
amino acid composition in fly food by controlling the yeast percentage 
(59, 60). Larvae were reared on a low yeast diet (LYD) containing 
1.2% yeast without affecting pupal formation. We confirmed that 
the control animals reared on the LYD diet were able to completely 
prune larval dendrites of ddaC neurons by 16 h APF (SI Appendix, 
Fig. S3), similar to those on normal food diet containing 5% yeast 
(SI Appendix, Fig. S3). Interestingly, in Atg1 or Atg8a RNAi animals 
raised on LYD, their ddaC neurons exhibited more severe pruning 
defects, compared to those derived from the normal food diet 
(SI Appendix, Fig. S3). Although the proteasomes remained active in 
autophagy- deficient neurons (SI Appendix, Fig. S2G), they were una-
ble to degrade the Ref(2)P- containing ubiquitinated protein aggre-
gates (Fig. 3A), which might cause an amino acid deficit. Thus, our 
data suggest that the LYD, which restricts the supply of amino acids, 
might further exacerbate the amino acid deficit, and thereby lead to 
even stronger pruning defects in autophagy- deficient neurons.

AMPK and the Insulin–TOR Pathway Are Important for Autophagy 
in ddaC Neurons. AMPK and the insulin–TOR pathway have 
been demonstrated to maintain energy level and regulate dendrite 
pruning in ddaC neurons (27–29). The insulin–TOR pathway 
has an inhibitory effect on autophagy whereas AMPK activates 
autophagy (39–41). We next assessed a possible role of AMPK and 
the insulin–TOR pathway in activating autophagy in ddaC neurons. 
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Fig.  2.   Autophagy regulates 
dendrite pruning in parallel 
to local caspase activation. 
(A–C) Dendrites of Atg1 RNAi 
#1 (A), Atg8a RNAi #1 (B) or 
cncC RNAi #1 (C) with control, 
p35, or DIAP1 overexpressing 
ddaC neurons at 16 h APF. 
Red arrowheads indicate the 
soma. Quantitative analyses 
of percentage of pruning de-
fects and unpruned dendrite 
length at 16 h APF are shown 
on the Right panels. Error bars 
represent ± SEM. Statistical 
significance was assessed 
using One- way ANOVA with 
the Bonferroni test (*P < 0.05; 
**P < 0.01; ***P < 0.001). The 
number of neurons (n) exam-
ined is indicated above the x- 
axis. The scale bar in (A) repre-
sents 50 μm.
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Interestingly, knockdown of AMPKα (called AMPK hereafter) (RNAi 
#1 and #2) led to significant accumulation of Ref(2)P/ubiquitinated 
protein aggregates in ddaC neurons (Fig.  5A and SI  Appendix, 
Table  S1). The level, size, and number of ubiquitin/Ref(2)P- 
positive puncta were significantly increased in these RNAi neurons 
(Fig. 5A and SI Appendix, Table S2), suggesting that autophagic 
degradation of Ref(2)P is compromised. Likewise, overexpression 
of InRCA (the constitutively active form of InR), Akt, and TOR, 
which leads to hyperactivation of the insulin–TOR pathway, also 
caused prominent accumulation of Ref(2)P- Ub- positive aggregates 
with TOR overexpression bearing the most robust accumulation 
(Fig. 5B and SI Appendix, Fig. S4A and Table S2). Furthermore, 
the ubiquitinated protein aggregates in AMPK RNAi, InRCA, or 
TOR- overexpressing neurons colocalized with mCherry- Atg8a- 
positive puncta (Fig. 5C and SI Appendix, Table S1), suggesting that 
AMPK and repression of the insulin–TOR pathway are required 
for autophagic degradation. Moreover, similar to those in Atg1 or 
Atg8a RNAi neurons, the autophagic flux was suppressed in AMPK 
RNAi, InRCA-  and TOR- overexpressing neurons as shown by the 

increased number of mCherry- positive and GFP- positive punctate 
structures using the GFP- mCherry- Atg8a flux reporter (Fig. 5D). Of 
note, the ubiquitinated protein aggregates found in AMPK RNAi, 
InRCA-  or TOR- overexpressing neurons did not colocalize with 
the lysosomal markers LAMP1- GFP (SI Appendix, Fig. S4B and 
Table S1) and LysoTracker (SI Appendix, Fig. S4C and Table S1). 
Moreover, the protein aggregates in AMPK RNAi neurons were not 
labeled by other early autophagic markers Myc- Atg6 and GFP- Atg9 
(SI Appendix, Fig. S4 D and E). Our data suggest that these protein 
aggregates are membrane- free structures, like those observed in Atg1 
or Atg8a RNAi neurons. AMPK knockdown and hyperactivation of 
the insulin–TOR pathway phenocopied Atg1 or Atg8a knockdowns. 
Thus, these data suggest that AMPK and insulin–TOR pathway act 
upstream to regulate autophagy in ddaC neurons.

AMPK acts upstream to inhibit the insulin–TOR pathway to 
promote dendrite pruning (29), and inhibition of the insulin–TOR 
pathway is required for autophagy activation in ddaC neurons 
(Fig. 5C). We therefore hypothesized that the autophagy defects  
in AMPK RNAi neurons can be rescued by suppressing the 
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Fig. 3.   Impaired autophagy resulted in robust 
accumulation of polyubiquitinated protein ag-
gregates in ddaC neurons. (A) Expression of 
Ub and Ref(2)P in control RNAi, Atg1 RNAi #1, 
Atg1 RNAi #2, Atg8a RNAi #1, Atg8a RNAi #2, At-
g8ad4, Atg8aKG07569, and Atg55CC5 ddaC neurons. 
Relevant quantifications of normalized Ub 
and Ref(2)P fluorescent intensities are shown 
on the Bottom panels. Error bars represent ± 
SEM. Two- tailed Student’s t test was used to 
determine statistical significance (**P < 0.01; 
***P < 0.001). The number of neurons (n) ex-
amined is indicated above the x- axis. (B) Ex-
pression of Ub in control RNAi (n = 25) or Atg1 
RNAi #1 (n = 23) ddaC neurons co- expressing 
UAS- mCherry- Atg8a. (C) Live images of control 
RNAi (n = 22), Atg1 RNAi #1 (n = 17) ddaC neu-
rons co- expressing the GFP- mCherry- Atg8a 
reporter. (D and E) Expression of Ub in control 
RNAi (n = 20), Atg1 RNAi #1 (n = 18) (D) or Atg8a 
RNAi #1 (n = 12) (E) co- expressing the GFP- Atg5 
reporter. All specimens were observed at the 
late L3 stage. White dashed lines define the  
boundary of the ddaC somas. The boxed 
 regions are magnified on the Right panels. 
Scale bar represent 10 µm.
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insulin–TOR pathway. Indeed, the Ref(2)P- ubiquitin- positive 
aggregates were gone when InRDN, akt RNAi, TOR RNAi, or 
TSC1- TSC2 (forming a negative regulator complex of TOR) was 
expressed in AMPK RNAi neurons (SI Appendix, Fig. S5 A and B), 
in contrast to the Ref(2)P- ubiquitin aggregates that robustly accumu-
lated in AMPK RNAi neurons alone (SI Appendix, Fig. S5 A and B). 
As controls, the expression of InRDN, akt RNAi, TOR RNAi, or 
TSC1- TSC2 alone caused no accumulation of Ref(2)P- ubiquitin 
aggregates (SI Appendix, Fig. S5C). Thus, these data suggest that 
AMPK functions upstream to inhibit the insulin–TOR pathway 
and thereby activate autophagy in ddaC neurons.

Together with our previous findings (29), these data indicate 
that AMPK and the insulin–TOR pathway regulate ddaC dendrite 
pruning at least partly via activation of autophagy.

Atg8a Is Required for CncC Activation Prior to Dendrite 
Pruning. We next attempted to understand the mechanism of 
how autophagy regulates dendrite pruning. It has been reported 
that impaired autophagy causes sequestration of Keap1 into 
Ref(2)P/p62- positive ubiquitinated protein aggregates, leading 
to elevated CncC and Nrf2 activity in flies and mice, respectively 
(61, 62), suggesting that autophagy plays an inhibitory role in 
regulating CncC/Nrf2 activity. Moreover, CncC is activated by 
ecdysone signaling to govern dendrite pruning (18). We therefore 
investigated the possible role of Atg8a in activating CncC during 
dendrite pruning. We utilized two CncC readouts, namely gstD1- 
lacZ and Rpn7 (18, 29), to assess the activity of CncC at 6 h APF, 
a stage before the onset of dendrite pruning. In the control RNAi 
ddaC neurons, gstD1- lacZ and Rpn7 were expressed at 6 or 7 h 
APF (Fig. 6 A and B and SI Appendix, Fig. S6 B and D) but not at 
the wandering 3rd instar larval (wL3) stage (SI Appendix, Fig. S6 A 
and C), as reported in our previous findings (18, 29). Interestingly, 
Atg8a RNAi neurons displayed significant reductions in the 
levels of both gstD- lacZ and Rpn7 at 6 h APF (Fig. 6 A and B). 
Consistent with these findings, both reporters were downregulated 
in Atg8aKG07569 mutant neurons at 6 or 7 h APF (Fig. 6 A and B 
and SI Appendix, Fig. S6 B and D). As controls, these reporters 
remained silent in Atg8aKG07569 mutant neurons at wL3 stage 

(SI Appendix, Fig. S6 A and C), like wild- type neurons. These 
data indicate that impaired Atg8a function leads to inactivation 
of CncC in ddaC neurons during dendrite pruning. Since CncC 
is activated through its cytoplasmic- to- nuclear translocation 
(18), we then measured the nuclear levels of CncC at 6 or 7 h 
APF. Importantly, the nuclear levels of CncC were significantly 
decreased in Atg8a RNAi or Atg8aKG07569 mutant neurons at 6 
or 7 h APF (Fig. 6C and SI Appendix, Fig. S6F), compared to 
those in their respective control neurons. As a control, CncC was 
mainly localized in the cytoplasm of Atg8aKG07569 mutant neurons 
at wL3 stage (SI Appendix, Fig. S6E), like that in the wild- type 
neurons. Taken together, these data strongly indicate that the 
CncC level/activity was reduced upon Atg8a depletion. Moreover, 
overexpression of CncC significantly enhanced the expression 
levels of gstD1- lacZ and Rpn7 in Atg8aKG07569 mutant neurons 
(SI Appendix, Fig. S7 A and B), strengthening the conclusion that 
Atg8a is required for CncC activation prior to dendrite pruning. 
In addition, we also overexpressed CncC or removed one copy 
of the cncC gene in Atg8a RNAi neurons to examine the genetic 
interaction between cncC and Atg8a. Interestingly, overexpression 
of CncC significantly suppressed the pruning defects in Atg8a 
RNAi neurons (Fig. 6D). Moreover, removal of one copy of the 
cncC gene strongly enhanced the dendrite pruning defects in 
Atg8a RNAi neurons (Fig. 6E). We observed no colocalization 
of either endogenous or overexpressed Keap1 proteins with 
ubiquitinated protein aggregates in Atg8a RNAi or Atg8aKG07569 
mutant neurons (SI  Appendix, Fig.  S5D). Thus, unlike mouse 
livers and fly adult brains (61, 62), ddaC neurons appeared to 
show no sequestration of Keap1 into the ubiquitinated protein 
aggregates when autophagy was impaired during the larval- to- 
pupal transition. Collectively, these data demonstrate that Atg8a- 
mediated autophagy is required for activation of CncC prior to 
dendrite pruning, contrasting to the inhibitory role of autophagy 
in other contexts (61, 62).

Taken together, our data suggest that AMPK and inactivation 
of the insulin–TOR pathway induce autophagy during the lar-
val–pupal transition; autophagy in turn activates CncC to pro-
mote dendrite pruning in ddaC neurons.
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Fig. 4.   Ref(2)P is required for the forma-
tion of protein aggregates and contrib-
utes partly to the dendrite pruning de-
fects in Atg1-  or Atg8a- deficient neurons. 
(A–C) Expression of Ub and Ref(2)P in Atg1 
RNAi #1 (A), Atg8a RNAi #1 (B), or cncC 
RNAi #1 (C) ddaC neurons co- expressing 
control RNAi or Ref(2)P RNAi at late L3 
stage (n = 14 to 30). White dashed lines 
define the boundary of the ddaC somas. 
The boxed regions are magnified on the 
right panels. Relevant quantifications of 
normalized Ub fluorescent intensities are 
shown accordingly on the Right panels. 
(D–F) Dendrites of Atg1 RNAi #1 (D), Atg8a 
RNAi #1 (E), or cncC RNAi #1 (F) ddaC neu-
rons co- expressing control RNAi or Ref(2)
P RNAi at 16 h APF. The ddaC soma is indi-
cated with a red arrowhead. Quantitative 
analyses of unpruned dendrite length at 
16 h APF are shown on the Right panels. 
Error bars represent ± SEM. The number 
of neurons (n) for each group is indicated 
above the x- axis. Statistical significance 
was assessed using a two- tailed Student’s 
t test (ns, non- significant; *P < 0.05; **P 
< 0.01; ***P < 0.001). The scale bars in 
(A–C) and (D–F) represent 10 µm and 50 
µm, respectively.
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Impaired CncC Results in the Inhibition of Autophagy in ddaC 
Neurons. Autophagy genes (including Atg8a) and Ref(2)P/
p62 have been reported to be transcriptional targets of CncC 
and Nrf2 in flies and mammals, respectively (22, 63, 64). We 
attempted to examine a possible existence of a positive feedback 
loop between autophagy and CncC in ddaC neurons. To test this 
possibility, we investigated whether CncC regulates autophagy 
in ddaC neurons by inducing Atg8a and Ref(2)P expression. 
Interestingly, knockdown of cncC, via two validated RNAi lines 
#1 and #2 (18), did not cause Ref(2)P downregulation, but 
instead resulted in robust accumulation of Ref(2)P protein on 
the ubiquitinated protein deposits as well as in the cytoplasm 
(Fig.  7A and SI  Appendix, Tables  S1 and S2). Furthermore, 
removal of Ref(2)P led to dispersal of the ubiquitinated protein 
puncta (Fig. 4C) and significantly suppressed the pruning defects 
in cncC RNAi neurons (Fig. 4F). Thus, Ref(2)P also controls the 
formation of protein inclusion bodies and contributes partly to 
the pruning defects in cncC- depleted ddaC neurons, similar to 
those in autophagy- deficient neurons (SI Appendix, Discussion).

The ubiquitinated protein aggregates in cncC RNAi neurons colo-
calized with mCherry- Atg8a- positive puncta (Fig. 7B). The auto-
phagic flux was suppressed in cncC RNAi neurons, as all the 
GFP- mCherry- Atg8a puncta are mCherry- positive and GFP- positive 
in the mutant neurons (Fig. 7C), compared to mCherry- positive and 
GFP- negative puncta in the control neurons (Fig. 7C). In addition, 
in cncC RNAi neurons, the protein aggregates colocalized with neither 
the early endosomal marker FYVE- GFP (SI Appendix, Fig. S8A), the 
late endosomes GFP- Rab7 (SI Appendix, Fig. S8B), the recycling 
 endosomes Rab11- GFP (SI Appendix, Fig. S8C), the late endosomal/
lysosomal marker LAMP1- GFP (SI Appendix, Fig. S8D), nor the endo-
plasmic reticulum (ER) marker YFP- Rab1 (SI Appendix, Fig. S8E).  

Importantly, the protein aggregates in cncC RNAi neurons were not 
labeled by other autophagic markers, such as Myc- Atg6 (SI Appendix, 
Fig. S8F) and GFP- Atg9 (SI Appendix, Fig. S8G), and the lysosomal 
marker LysoTracker (SI Appendix, Fig. S8H), suggesting that these 
puncta are membrane- free protein aggregates. In addition, the caspase 
reporter CD8::PARP::Venus was also activated in the dendrites of 
cncC RNAi neurons (SI Appendix, Fig. S1D) and ddaF soma 
(SI Appendix, Fig. S1H). Overexpression of p35 or DIAP1 enhanced 
the dendrite pruning defects in cncC RNAi neurons (Fig. 2C). 
Overall, all these cncC RNAi phenotypes are identical to those defects 
observed in Atg1 or Atg8a RNAi neurons (Figs. 2 and 3 and 
SI Appendix, Figs. S1 and S2), suggesting that CncC is required for 
autophagic degradation. Taken together, these data indicate an inter-
dependence between autophagy and CncC. While autophagy is 
required for activation of CncC prior to dendrite pruning, autophagy 
activity is also regulated by CncC.

We next explored how autophagy is regulated by CncC. Atg8a and 
Ref(2)P are potential transcriptional targets of CncC in the fly (22). 
However, Ref(2)P levels were elevated in cncC RNAi (Fig. 7A), sug-
gesting that CncC is not required to induce Ref(2)P expression in 
ddaC neurons. Similar to Ref(2)P, we also observed an accumulation 
of endogenous Atg8a protein on the ubiquitinated protein aggregates 
in cncC RNAi neurons (Fig. 7D). These Atg8a fluorescence signals 
are specific, as they were depleted upon cncC and Atg8a double RNAi 
knockdown (SI Appendix, Fig. S8I). In addition, overexpression of 
CncC neither enhanced the expression of 3XmCherry- Atg8a protein 
which is under the control of its endogenous promoter nor affected 
Ref(2)P levels at the late 3rd instar larval (L3) or 6 h APF stages 
(SI Appendix, Fig. S9A). These data suggest that Ref(2)P and Atg8a 
are not transcriptional targets of CncC in ddaC neurons. Thus, CncC 
does not regulate autophagy through Ref(2)P and Atg8a expression 

U
b/

R
ef

(2
)P

A
U

b/
R

ef
(2

)P

B

C

Ctrl RNAi AMPK RNAi #2AMPK RNAi #1

O/E InRCA O/E TOR

Ctrl RNAi

U
AS

-m
C

h-
At

g8
a

/U
b

AMPK RNAi #1 O/E InRCA O/E TOR

G
FP

-m
C

h-
At

g8
a

D

Ctrl 
RNAi 

AMPK R
NAi #

1

Ctrl 
RNAi 

AMPK R
NAi #

2
0

1

2

3

N
or

m
al

is
ed

 U
b 

In
te

ns
ity

******

19 32 21 26

Ctrl 
RNAi 

AMPK R
NAi #

1

Ctrl 
RNAi 

AMPK R
NAi #

2
0

2

4

6

8

N
or

m
al

is
ed

 R
ef

(2
)P

 In
te

ns
ity ******

19 32 21 26

O/E C
trl

O/E
 In

R
CA

O/E
 A

kt

O/E C
trl

O/E
 TOR

0

2

4

6

8

N
or

m
al

is
ed

 R
ef

(2
)P

 In
te

ns
ity

***

***

***

39 37 21 15 27

O/E C
trl

O/E
 In

R
CA

O/E
 A

kt

O/E C
trl

O/E
 TOR

0

1

2

3

4

5

39 37 21 15 27

***
***

N
or

m
al

is
ed

 U
b 

In
te

ns
ity

***

AMPK RNAi #1 O/E InRCA O/E TORCtrl RNAi

O/E Control

Fig.  5.   AMPK and repression of the insu-
lin–TOR pathway act upstream to activate 
autophagy in ddaC neurons. (A and B) Ex-
pression of Ub and Ref(2)P in ddaC neu-
rons expressing control RNAi, AMPK RNAi 
#1, AMPK RNAi #2 (A), control, InRCA or TOR 
overexpression (B). (C) Expression of Ub in 
control RNAi (n = 12), AMPK RNAi #1 (n = 20), 
InRCA (n = 20), or TOR (n = 18) overexpressing 
ddaC neurons co- expressing UAS- mCherry- 
Atg8a. (D) Live images of control RNAi (n = 
15), AMPK RNAi #1 (n = 37), InRCA (n = 15), 
or TOR (n = 18) overexpressing ddaC neu-
rons co- expressing the GFP- mCherry- Atg8a 
reporter. All specimens were observed at 
the late L3 stage. White dashed lines define 
the boundary of the ddaC somas. The boxed 
regions are magnified on the Right panels. 
Relevant quantifications of normalized 
Ub and Ref(2)P fluorescent intensities are 
shown accordingly on the Right. Error bars 
represent ± SEM. Statistical significance was 
assessed using a two- tailed Student’s t test 
(***P < 0.001). The number of neurons (n) 
examined is indicated above the x- axis. Scale 
bar represent 10 µm.
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in ddaC neurons. Interestingly, we observed even more robust 
Ref(2)P- positive ubiquitinated protein aggregates when the protea-
somal subunit Mov34 (also known as Rpn8) was knocked down 
in ddaC neurons (SI Appendix, Fig. S9B), which was much more 
severe than cncC RNAi knockdown (Fig. 7A). Removal of Ref(2)
P disrupted the formation of the protein aggregates (SI Appendix, 
Fig. S9C). The autophagosome markers (mCherry- Atg8a and 
GFP- mCherry- Atg8a) were enriched on the protein aggregates in 
mov34 RNAi neurons (SI Appendix, Fig. S9 D and E). Thus, the 
cncC mutant phenotypes, albeit weaker, are largely similar to mov34 
knockdown. These similar phenotypes can be explained by the role 
of CncC in proteasomal degradation, because CncC is able to 
induce proteasomal subunit transcription and hence enhance pro-
teasomal degradation activity in ddaC neurons, as reported in our 
previous study (18).

We further examined how impaired proteasomal degradation in 
cncC RNAi ddaC neurons compromises autophagy. We proposed 
the possibility that through its direct interaction with Ref(2)P (22), 
endogenous Atg8a was captured into those Ref(2)P- positive ubiq-
uitinated protein aggregates in cncC RNAi neurons (Fig. 7D), lead-
ing to sequestration of endogenous Atg8a protein and thereby 
impairment of autophagy. In line with this possibility, further 
removal of the Atg8a gene did not enhance the dendrite pruning 
defects in cncC RNAi neurons (SI Appendix, Fig. S9F), suggesting 
that Atg8a function is largely (if not completely) disrupted in cncC 
RNAi neurons. Thus, our data suggest that impaired CncC com-
promises the proteasomal degradation machinery and causes strong 
accumulation of ubiquitinated protein aggregates which can seques-
ter endogenous Atg8a protein through its binding to Ref(2)P, thereby 
leading to inhibition of autophagy.
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Fig. 6.   Atg8a is required for activation of CncC prior to dendrite 
pruning. (A–C) Expression of gstD1- lacZ (A), Rpn7 (B) or CncC (C) 
in control RNAi, Atg8a RNAi #1 or Atg8aKG07569 ddaC neurons. All 
specimens in (A–C) were dissected at 6 h APF. White dashed lines 
define the boundary of the ddaC somas. (D) Dendrites of Atg8a 
RNAi #1 ddaC neurons co- expressing control or CncC at 16 h APF. 
(E) Dendrites of Atg8a RNAi #1 or Atg8a RNAi #1 in cnc1223/+ mu-
tant background at 16 h APF. The ddaC soma is indicated with a 
red arrowhead. Quantitative analyses of normalized fluorescence 
intensities (A–C) or unpruned dendrite length (D and E) are shown 
on the Right panel. Error bars represent ± SEM. The number of 
neurons (n) for each group is indicated above the x- axis. Statistical 
significance was assessed using a two- tailed Student’s t test (*P < 
0.01; ***P < 0.001). The scale bars in (A–C) and (D and E) represent 
10 µm and 50 µm, respectively.
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Taken together, we demonstrate that autophagy is required for 
activation of CncC; importantly, CncC also indirectly regulates 
autophagy activity via proteasomal degradation (SI Appendix, 
Fig. S10A). Our study reveals an interplay between autophagy and 
CncC that plays a pivotal role in dendrite pruning in ddaC neu-
rons (SI Appendix, Fig. S10A).

Discussion

Autophagy Regulates Dendrite Pruning of ddaC Neurons 
Downstream of AMPK and Insulin–TOR Pathway. Growing studies 
demonstrate that autophagy plays crucial roles in neuronal health 
and diseases (31, 32, 65). In Drosophila, autophagy has been shown 
to regulate neuronal development, aging, and injury (35, 66, 67). 
However, the role of autophagy in neuronal remodeling is less 
understood. In this study, we report an essential role of autophagy 
in regulating dendrite pruning of ddaC sensory neurons. Multiple 
lines of genetic evidence demonstrate that the key autophagy 
regulators, such as the autophagy initiation gene Atg1 and two 

autophagosome maturation genes Atg5/Atg8a, are required to 
regulate dendrite pruning in parallel to local caspase activation. Loss 
of these autophagy genes led to robust accumulation of ubiquitinated 
protein aggregates in ddaC neurons, similar to Atg5 or Atg7 mutant 
neurons in mice (68, 69). The ubiquitinated protein aggregates are 
positive for Ref(2)P, a key autophagic receptor. This suggests that 
autophagy- mediated protein degradation is disrupted in the absence 
of these autophagy genes. We further show that Ref(2)P is required 
for the formation of the ubiquitinated protein aggregates and in part 
for the dendrite pruning defects in autophagy- deficient neurons. In 
support of it, Ref(2)P and its mammalian homolog p62 are able to 
associate with poly- ubiquitinated proteins and also crosslink them via 
oligomerization (22, 70). In contrast to our present study, a previous 
study reported that autophagy is dispensable for axon pruning of MB 
γ neurons in CNS, as loss of Atg1 or Atg7 function did not show 
apparent pruning defects (38). Surprisingly, RNA profiling studies 
show that various autophagy regulators, including Atg1, Atg5, and 
Atg8a, are upregulated in an ecdysone- dependent manner in MB 
γ neurons from larva to pupa (71), similar to the upregulation of 
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Fig. 7.   Impaired CncC also resulted in inhibition 
of autophagy in ddaC neurons. (A) Expression of 
Ub and Ref(2)P in ddaC neurons expressing con-
trol RNAi, cncC RNAi #1 or #2. (B) Expression of Ub 
in control RNAi (n = 26) or cncC RNAi #1 (n = 22) 
ddaC neurons expressing UAS- mCherry- Atg8a. (C) 
Live images of control RNAi (n = 24) or cncC RNAi #1  
(n = 21) ddaC neurons expressing the GFP- mCherry-  
Atg8a reporter. (D) Expression of Ub and Atg8a in 
control RNAi (n = 47) or cncC RNAi #1 (n = 58) ddaC 
neurons. All specimens were observed at the late 
L3 stage. White dashed lines define the boundary 
of the ddaC somas. The boxed regions are magni-
fied on the Right panels. Relevant quantifications 
of normalized Ub and Ref(2)P fluorescent intensi-
ties are shown accordingly. Error bars represent 
± SEM. Two- tailed Student’s t test (A) was used to 
determine statistical significance between geno-
types (***P < 0.001). The number of neurons (n) 
examined is indicated above the x- axis. The scale 
bar represent 10 µm.
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various Atg genes in salivary glands (72). Even though expression of 
autophagy genes is induced by ecdysone signaling in both remodeling 
MB γ neurons and salivary glands, the autophagic degradation 
machinery is dispensable for pruning of MB γ neurons but critical 
for removal of salivary glands. Thus, the role of autophagy in tissue 
remodeling is context- dependent during metamorphosis.

Ecdysone signaling downregulates the insulin–TOR pathway 
via activation of AMPK to control growth and pupal size (73, 74). 
Both AMPK activation and downregulation of the insulin–TOR 
pathway are required to induce autophagy in fat bodies (34). 
Recently, AMPK has been shown to antagonize the insulin–TOR 
pathway to facilitate dendrite pruning in ddaC neurons (18). We 
found here that activation of autophagy in ddaC neurons is also 
mediated by AMPK and repression of insulin–TOR pathway. Loss 
of AMPK and hyperactivation of the insulin–TOR pathway led 
to strong accumulation of the Ref(2)P- positive ubiquitinated pro-
tein inclusions in ddaC neurons (Fig. 5), resembling those in 
autophagy- deficient neurons (Fig. 3). Furthermore, the genetic 
interaction data indicate that AMPK acts upstream to inhibit the 
insulin–TOR pathway and in turn activate autophagy in ddaC 
neurons, as suppressing the insulin–TOR pathway rescued the 
autophagic degradation defects in AMPK- depleted neurons 
(SI Appendix, Fig. S5 A and B). It is possible that AMPK and 
insulin–TOR pathway directly regulate autophagy via modulating 
phosphorylation of the autophagy initiation factor Atg1. In mam-
mals, AMPK has been reported to promote autophagy by directly 
phosphorylating ULK1/Atg1 or through inhibiting mTOR activ-
ity (41). Thus, our study supports the conclusion that in response 
to ecdysone signaling, autophagy is activated by high AMPK 
activity and low insulin–TOR pathway in ddaC neurons 
(SI Appendix, Fig. S10A). Autophagy is thought to mediate the 
degradation of unwanted proteins to maintain amino acid levels 
for biosynthesis and energy production during metamorphosis 
(34). We also found that autophagy- deficient larvae reared on low 
amino acid diet exhibited more severe pruning defects, suggesting 
an increased reliance of autophagy on maintaining optimal amino 
acid levels to facilitate dendrite pruning. In support of it, amino 
acids have been shown to be an alternative source of energy to 
power the energy- intensive pruning process (28).

Autophagy Acts Upstream to Activate CncC Prior to Dendrite 
Pruning. Similar to dendrite pruning in fly sensory neurons, 
mTOR- dependent autophagy is also required for developmental 
spine pruning in mouse cortical projection neurons. Moreover, 
hyperactivation of mTOR and impaired autophagy correlate with 
reduced spine pruning in layer V pyramidal neurons in patients 
with ASDs (75). However, how autophagy regulates developmental 
neurite pruning is still unknown. Fly Ref(2)P or its mammalian 
homolog p62 is able to form a complex with the CncC/Nrf2 inhibitor 
Keap1. When autophagy is impaired, Ref(2)P/p62 accumulates 
and sequesters Keap1 into ubiquitinated protein aggregates in 
mouse livers and adult fly brains, thereby enhancing CncC/Nrf2 
activity in flies and mice (22, 52, 54, 61, 62, 76). These studies 
highlight an inhibitory role of autophagy in CncC/Nrf2, raising 
a possibility that autophagy might regulate dendrite pruning by 
suppressing CncC during dendrite pruning. Unexpectedly, multiple 
lines of evidence demonstrate that autophagy activates CncC to 
facilitate dendrite pruning in ddaC neurons. First, two readouts 
of CncC activity, gstD1- lacZ and Rpn7, were downregulated upon 
Atg8a knockdown or depletion (Fig. 6 A and B). Second, Atg8a 
knockdown also inhibited the nuclear enrichment of CncC protein 
in ddaC neurons (Fig. 6C). Finally, overexpression or reduction 

of CncC suppressed or enhanced the dendrite pruning defects in 
Atg8a- depleted neurons, respectively (Fig. 6 D and E). In addition, 
neither endogenous nor overexpressed Keap1 proteins colocalized 
with those ubiquitin- positive protein aggregates in Atg8a RNAi 
or mutant ddaC neurons (SI Appendix, Fig. S5D), suggesting no 
sequestration of Keap1 in those autophagy- deficient neurons. 
Thus, autophagy- dependent regulation of CncC appears to be 
context- dependent. In ddaC neurons, Atg8a- mediated autophagy 
regulates dendrite pruning at least partly through activation of 
CncC. In support of our finding, a recent study has shown that 
Atg8a- mediated autophagy leads to activation of CncC, rather than 
suppression, in fly intestines (77).

Since Atg8a can bind to Keap1 in fly and mediate Keap1 degra-
dation in intestines (22), in ddaC neurons Keap1 might be stabilized 
in the absence of Atg8a, resulting in downregulation of CncC activ-
ity. However, Keap1 levels detected by the anti- Keap1 antibody did 
not differ between Atg8a and keap1 double RNAi neurons and Atg8a 
RNAi controls (SI Appendix, Fig. S11A). Moreover, endogenous 
Keap1 protein levels, which were detected by keap1- 3×FLAG- V5 
knock- in line (78), did not alter in Atg8a RNAi neurons (SI Appendix, 
Fig. S11B). Thus, Keap1 does not seem to be degraded through 
Atg8a- dependent autophagy in ddaC neurons. In addition, keap1 
depletion did not alter the protein levels of the autophagic receptor 
Ref(2)P, ubiquitinated proteins and the proteasomal subunit Rpn7 
(SI Appendix, Fig. S11 C–E), suggesting that Keap1 is not required 
for CncC- mediated proteasomal degradation and autophagy during 
dendrite pruning. Therefore, CncC regulates proteasomal degrada-
tion and autophagy in ddaC neurons in a Keap1- independent man-
ner. Consistent with our findings, in Drosophila S2 cells, CncC 
appears to control proteasome levels independent of the Nrf2 repres-
sor Keap1 (79).

CncC shows high homology to both Nrf1 and Nrf2 in mam-
mals (23). While Nrf2, antagonized by Keap1, induces antioxi-
dants and detoxifying enzymes upon oxidative stress (20, 23), 
Nrf1 predominantly promotes proteasomal expression and deg-
radation independent of Keap1 (25, 26, 80). We have recently 
reported that CncC regulates dendrite pruning through the pro-
teasomal degradation pathway but independent of the antioxidant 
pathway (18), raising the possibility that CncC functions like 
Nrf1, instead of Nrf2, in ddaC neurons. Under normal conditions, 
Nrf1 is an ER- associated glycoprotein which is rapidly degraded by 
the proteasomes (24). Upon proteasome inhibition or ER stress, 
Nrf1 is stabilized, deglycosylated by the N- glycanase 1 enzyme 
Ngly1, and proteolytically cleaved into the active form which enters 
the nucleus to induce proteasomal subunit expression (24, 81, 82). 
Interestingly, knockdown of fly Ngly1 led to consistent and severe 
dendrite pruning defects (SI Appendix, Fig. S12A) as well as robust 
accumulation of Ref(2)P- positive ubiquitinated protein aggregates 
(SI Appendix, Fig. S12B), phenocopying CncC knockdown. We 
therefore propose a speculative model showing Keap1- independent 
and Nrf1- like activation of CncC in ddaC neurons (SI Appendix, 
Fig. S10B). In wild- type ddaC neurons, CncC, like Nrf1, might 
be processed by Ngly1 and translocated to the nucleus where it 
activates proteasomal subunit expression (SI Appendix, Fig. S10B). 
Impaired autophagy might disrupt CncC processing and/or 
nuclear enrichment, and thereby inhibit its activation (SI Appendix, 
Fig. S10C). Future studies are required to investigate how auto-
phagy regulates Nrf1- like activation of CncC during dendrite 
pruning. Given that the previous studies mostly focused on the 
Nrf2- like function of CncC, our finding has provided significant 
insight into the underappreciated Nrf1- like function of CncC in 
Drosophila.
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An Interplay between Autophagy and CncC during Dendrite 
Pruning. CncC and Nrf2 have been reported to induce the 
transcription of both autophagy genes and Ref(2)P/p62 to promote 
autophagy in flies (fat bodies and intestines) and mammals, respectively 
(22, 63, 64). CncC and Nrf2 directly bind to the antioxidant 
response elements of ref(2)P/p62 to induce their transcriptions in flies 
and mammals (22, 63). Thus, there exists a feedback loop between 
autophagy and CncC/Nrf2. We found that in contrast to fat bodies 
and intestines (22), CncC is dispensable for the expression of Ref(2)
P and Atg8a in ddaC neurons. First, overexpression of CncC did 
not lead to any detectable increase in Atg8a or Ref(2)P expression 
in ddaC sensory neurons prior to dendrite pruning (SI Appendix, 
Fig. S9A). Moreover, CncC knockdown did not abolish Ref(2)P 
and Atg8a expression, instead, led to their accumulation on the 
ubiquitinated aggregates in the mutant neurons (Fig. 7 A and D). 
Of note, we found that CncC depletion phenocopied Atg1 and 
Atg8a mutants. First, Ref(2)P- positive protein aggregates formed 
as punctate structures in these mutant neurons. Second, Atg8a 
was recruited to the protein aggregates by Ref(2)P in these mutant 
neurons. Third, the protein aggregates in cncC RNAi or Atg1/8a 
RNAi neurons were negative for other early autophagic markers Atg6 
and Atg9. Thus, these similar phenotypes suggest that upon CncC 
depletion, autophagy is impaired in ddaC neurons.

How does CncC regulate autophagy in ddaC neurons? In our 
previous study, we have demonstrated that CncC induces the 
expression of various proteasomal subunits in ddaC neurons to 
enhance proteasomal degradation activity, which is important for 
dendrite pruning (18). cncC depletion impairs the proteasomal 
degradation machinery and thereby causes undegraded polyubiq-
uitinated proteins, which recruit Ref(2)P to form protein aggre-
gates due to its ubiquitin- binding and self- oligomerizing ability. 
Atg8a is then recruited by Ref(2)P through their direct interaction 
to target the protein aggregates for autophagy- mediated clearance. 
However, the capacity of autophagy- mediated degradation in 
ddaC neurons appears to be insufficient to clear a considerable 
amount of ubiquitinated proteins generated upon cncC depletion, 
therefore leading to formation of large Ref(2)P/Atg8a- positive 
protein aggregates. Studies have demonstrated that compensatory 
autophagy is strongly upregulated to clear the polyubiquitinated 
aggregates upon proteasomal dysfunction (58, 83). However, 
ddaC neurons seem to have an inhibitory mechanism keeping 
autophagy at a low but indispensable level for cellular homeostasis. 
In line with this, ddaC sensory neurons have been reported to 
possess a low level of autophagic activity due to a low expression 
level of the stress sensor FoxO, compared to strong autophagic 
activity in epidermal cells (59). Given the low level of autophagy, 
the ubiquitinated protein aggregates in cncC RNAi neurons failed 
to be cleared through autophagy- dependent degradation, ulti-
mately leading to accumulation of Ref(2)P proteins (Fig. 7A). 
Endogenous Atg8a was then recruited into the Ref(2)P aggregates 
(Fig. 7D) through direct interaction (SI Appendix, Fig. S10D). 
Importantly, genetic ablation of the Atg8a gene in cncC RNAi 
neurons did not enhance the dendrite pruning defects (SI Appendix, 
Fig. S9F). This suggests that in cncC RNAi neurons, Atg8a is 
largely sequestered by the Ref(2)P- positive protein aggregates. 

Therefore, our data strongly suggest that CncC indirectly regulates 
autophagy activity via proteasomal degradation, representing a 
mode of autophagic regulation by CncC.

In summary, we show a crucial role of autophagy in regulating 
protein degradation and dendrite pruning in ddaC neurons. 
Moreover, autophagy is required for activation of CncC, whereas 
CncC also affects autophagic activity via proteasomal degradation. 
Thus, our study indicates an interplay between autophagy and CncC 
that act interdependently to promote dendrite pruning in sensory 
neurons.

Methods

Fly Strains. All Drosophila stocks were reared on standard laboratory cornmeal 
diet at 25 °C, unless otherwise stated. Late third instar larvae (110 to 120 h after 
egg laying) or prepupae at 6, 7, 9, or 16 h APF (both male and female) were used 
in this study. The details of fly strains and genotypes used in this study are listed 
in SI Appendix, Methods.

LYD Assays. Adult males and females were first crossed on the standard labo-
ratory cornmeal diet supplemented with yeast paste for an egg- laying interval 
of 2 d at 25 °C, and subsequently transferred daily to 1.2% LYD. The ingredients 
are provided in SI Appendix, Methods.

Live Imaging Analysis of ddaC Sensory Neurons. Late third instar larvae and 
prepupae were collected, processed, and imaged using either Olympus FV3000 
or Leica TCS SPE2 laser confocal microscopies. The detailed procedures are listed 
in SI Appendix, Methods.

Immunohistochemistry Assays and Antibodies. Late third instar larvae and 
prepupae were dissected and subsequently fixed in 4% formaldehyde for 20 min. 
The detailed staining procedures and antibody dilutions are listed in SI Appendix, 
Methods.

Quantification of Immunostaining. The measurement of fluorescence inten-
sities, the analysis of puncta colocalization, and the quantification of puncta size/
number are provided in SI Appendix, Methods.

Statistical Analysis. Either two- tailed Student’s t test was used for pairwise com-
parison, or one- way ANOVA with the Bonferroni test was conducted for multiple- 
group comparison. See the details in SI Appendix, Methods.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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