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Introduction

A proper balance between cellular anabolism and catabolism is 
important for maintaining cell physiology and perpetuating life 
phenomena. Recently, autophagy has been highlighted as one of the 
critical catabolic mechanisms that degrade toxic protein aggregates, 
dysfunctional organelles,1 excessive nutrient deposits such as glycogen 
and lipid droplets2 and invading microorganisms.3 Defective 
regulation of autophagy can result in diverse pathological phenomena 
such as neurodegeneration,4 cancer,5 muscular dystrophy,6 cardiac 
malfunction,7 fat accumulation,8 developmental abnormalities9 and 
defective responses to starvation and infections.10,11

Autophagy is regulated by diverse signaling pathways to 
meet the needs of cells or organisms. A family of protein kinases 
named Atg1 (in yeast and Drosophila), UNC-51 (in worms) or 
ULK1/2/3/4 (in mammals) is shown to be an evolutionarily 
conserved component that is essential for autophagy initiation.12 
Diverse cell growth-stimulating signals such as nutrients and 

growth factors suppress autophagy through target of rapamycin 
complex 1 (TORC1)-mediated inhibitory phosphorylation of 
ULK1.13 On the other hand, during energetic stress, autophagy 
is induced through AMP-activated protein kinase (AMPK)-
mediated activatory phosphorylation of ULK1.14,15 Activation of 
ULK1 results in activation of class III PtdIns3K complex16 that 
subsequently transmits the signal to the core autophagy machinery 
composed of ATG3, ATG7, ATG10, etc. that conjugates ATG5 
and MAP1LC3/LC3 (ortholog of yeast Atg8) into target lipids and 
proteins, via a mechanism analogous to the ubiquitin conjugating 
system. The conjugation of LC3 into target lipid membranes 
induces the formation of autophagosome that is destined to be 
fused with lysosome and become ultimately degraded.17

Upon activation, ULK1 suppresses cell growth and protein 
synthesis by inhibiting TORC1 while promoting autophagic 
degradation.18,19 Reciprocal inhibition between ULK1 and TORC1 
is suggested to be an interlocked feedback loop that serves as a 

Autophagy-related 1 (Atg1)/Unc-51-like protein kinases (ULKs) are evolutionarily conserved proteins that play critical 
physiological roles in controlling autophagy, cell growth and neurodevelopment. RB1-inducible coiled-coil 1 (RB1CC1), 
also known as PTK2/FAK family-interacting protein of 200 kDa (FIP200) is a recently discovered binding partner of ULK1. 
Here we isolated the Drosophila RB1CC1/FIP200 homolog (Fip200/CG1347) and showed that it mediates Atg1-induced 
autophagy as a genetically downstream component in diverse physiological contexts. Fip200 loss-of-function mutants 
experienced severe mobility loss associated with neuronal autophagy defects and neurodegeneration. The Fip200 
mutants were also devoid of both developmental and starvation-induced autophagy in salivary gland and fat body, while 
having no defects in axonal transport and projection in developing neurons. Interestingly, moderate downregulation 
of Fip200 accelerated both developmental growth and aging, accompanied by target of rapamycin (Tor) signaling 
upregulation. These results suggest that Fip200 is a critical downstream component of Atg1 and specifically mediates 
Atg1’s autophagy-, aging- and growth-regulating functions.
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switch between growth arrest and proliferation. Drosophila Atg1 
mutation indeed abolishes autophagic activities20 and promotes 
cell growth.21 Interestingly, in addition to problems caused in 
autophagy and cell growth regulation, Atg1 mutation precipitates 
various neurodevelopmental defects, such as failures in axonal 
transport and neuronal wiring,22-24 which could ultimately result in 
lethality.20,21 Other autophagy mutants, such as Atg8- or Atg7-null 
mutants, do not display neurodevelopmental defects or lethality,9,11,25 
suggesting that Atg1 plays autophagy-independent developmental 
functions. The role of Atg1 in regulating axonal transport, growth 
and projection is also well established in mammals.26-29

A proteomic search for ULK1-interacting proteins isolated 
RB1CC1/FIP200 as an ULK1 binding partner that is critical 
for the formation of autophagosomes.30 RB1CC1 was originally 
isolated as a PTK2/FAK-interacting protein31,32 and as a tumor 

suppressor RB1-inducing protein.33 However, RB1CC1 interacts 
with many other proteins as well, such as TP53,34 TSC1,35 
TRAF2 and MAP3K5/ASK1.36 Most importantly, RB1CC1 
forms a complex with ATG1 and ATG13 and is essential for the 
autophagy regulation.30,37-41 fip200-null mutant mice are lethal 
at embryonic stage due to heart failure and liver degeneration,36 
a phenomenon that is distinct from other autophagy-defective 
mouse strains that are usually born at a Mendelian ratio 
like atg5- or atg7-knockout mice.42,43 On the other hand, 
neuron-specific fip200 mutant mice show motor deficits and 
progressive neurodegeneration44 similar to neuron-specific atg5- 
or atg7-knockout mice.4,45 RB1CC1 is also important for fetal 
hematopoiesis46 in which elimination of mitochondria through 
ULK1-dependent autophagy is critical.47 However, because 
there are multiple orthologs of Atg1 in mammalian genome 

Figure 1. Conservation of RB1CC1/FIP200 in Drosophila. (A) Schematic representation of the comparison among Drosophila, human and C. elegans 
RB1CC1 homologs. Amino acid sequence similarity is displayed as a percentage. NTD, N-terminal domain; CC, coiled-coil domain; CTD, C-terminal 
domain; aa, amino acids. Leucine zipper domain in human RB1CC1 is indicated as a closed circle. NTD is only partially conserved in C. elegans ATG-11.  
(B and C) Expression of Fip200 at different developmental stages of Drosophila. Em, embryo; 1st, first instar larva; 2nd, second instar larva; 3rd, wan-
dering-stage third instar larva; P, pupa; F, adult female; M, adult male. Quantitative reverse transcriptase-real time polymerase chain reaction was per-
formed, and Fip200 mRNA expression was normalized with ribosomal protein 49 expression (B), n = 3. Quantification data are represented as means ± 
standard error. Immunoblot analysis was performed to reveal Fip200 and tubulin (Tub) expression (C). (D–J) Physical interaction among Atg1, Fip200 
and Atg13. (D, E, I and J) After transfection with the indicated constructs, Drosophila Kc cells were incubated for 48 h. Whole cell lysates (WCL) were 
prepared and subsequently subjected to immunoprecipitation (IP) with or without (Con) the indicated antibodies. WCL and IP samples were analyzed 
by immunoblotting with the indicated antibodies. (J) WCL was incubated with or without calf intestine phosphatase (CIP) at 30°C for 3 h. (F–H) Kc cells 
were treated with 5 μM oligomycin (OM) for 1 h as indicated and were subjected to WCL-IP sample preparation and immunoblotting (IB) with the indi-
cated antibodies. (K and L) Eye imaginal discs from wandering-stage third instar larvae of the indicated genotypes were subjected to LysoTracker Red 
(Lys, K) and acridine orange (AO, L) staining. Brackets indicate the area where GMR-Gal4 and transgenes were expressed. Scale bar: 50 μm. Approximate 
molecular weights (observed/predicted): Fip200 (150 to 200/152 kD), Atg1 (120 to 150/92 kD), Atg13 (60 to 70/57 kD), SNF1A/AMPK (70/65 kD), S6k (60/55 
kD), Tub (50/52 kD). Endogenous and overexpressed protein bands exhibited similar size.
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(ULK1/2/3/4) that can compensate for each other, it was far 
from possible to evaluate the physiological contribution of 
RB1CC1 to ULK/Atg1 function, for which direct comparison 
between ULK/Atg1 and RB1CC1 mutant phenotypes in a single 
model organism was needed.

Here we have identified a single RB1CC1 homolog in the 
Drosophila melanogaster genome (Drosophila Fip200), which was 
previously known as CG1347. By biochemically and genetically 
analyzing Fip200 loss-of-function mutants, we show that Fip200 
is an important mediator of Atg1 in controlling autophagy 
and cell growth, while it is largely dispensable for Atg1- or 
Fak-dependent neuronal morphogenesis and axonal transport. 
The Fip200-dependent control of autophagy is important for 
maintaining protein homeostasis, attenuating age-associated 
accumulation of ubiquitinated protein and preventing neuronal 
cell death in adult brain. In addition, although all Fip200-null 
mutants are developmentally lethal, viable Fip200 hypomorphs 
show acceleration in both developmental growth and aging, 
further highlighting the antagonistic physiological relationship 
between autophagy (Atg1) and cell growth (TORC1)-controlling 
signaling complexes.

Results

The identification of Drosophila Fip200. A BLAST search 
against the Drosophila melanogaster genome identified a protein 
(annotated as CG1347) as the only homolog of the mamma-
lian RB1CC1 protein, which was named as Drosophila Fip200 
(hereafter, Fip200). Strong primary sequence homology (approx-
imately 50% similarity) was detected at both terminal regions 
of the protein. We subsequently designated the two homologous 
regions as N-terminal and C-terminal domain (NTD and CTD 
in Fig. 1A), respectively. However, the central region, which con-
tains coiled-coil and leucine zipper motifs, does not show signifi-
cant homology between the two proteins. The single RB1CC1/
FIP200 homolog in C. elegans, which was previously designated 
as ATG-11,48 also showed significant homology in both the NTD 
and CTD (Fig. 1A), suggesting that these domains are evolution-
arily conserved. Interestingly, although sequence homology was 
not apparent in the central region, bioinformatic analyses through 
COILS algorithm49 demonstrated that both the Drosophila and 
C. elegans Fip200 homologs contain strong coiled-coil signature 
motifs around the central region, suggesting that this coiled-coil 
(CC) domain is also functionally conserved. Therefore, we could 
infer that most of the primary sequence features in mammalian 
RB1CC1 are conserved in Fip200. We also analyzed the expres-
sion of Fip200 during Drosophila development. Abundant expres-
sion of Fip200 mRNA (Fig. 1B) and Fip200 protein (Fig. 1C) 
was detected in embryos, wandering third-instar larvae, pupae 
and adults, but the expression decreased significantly in feeding-
stage larvae including first and second instar larvae. This pattern 
shows that Fip200 expression was at its lowest level when the rate 
of organism growth was at the highest, implicating the inverse 
correlation between Fip200 activity and developmental growth.

Fip200 interacts with Atg1 and Atg13. We first tested if 
Fip200 could physically interact with Drosophila Atg1 and 

Atg13, in a similar manner as mammalian RB1CC1 interacting 
with ULK1 and ATG13.30,37-39 In Drosophila Kc cells, we 
were able to detect physical interaction between overexpressed 
Fip200 and Atg1 (Fig. 1D) as well as between Fip200 and Atg13 
(Fig. 1E) through co-immunoprecipitation (co-IP) experiments. 
The interaction between Fip200 and Atg1 was also observed 
at the endogenous level, both under normal conditions and 
during energetic stress induced by oligomycin, a mitochondrial 
ATP synthase inhibitor (Fig. 1F–H). As previously reported,50 
oligomycin-induced energetic stress provoked Lkb1-dependent 
activating phosphorylation of SNF1A/AMPK and suppressed 
TORC1-dependent activatory phosphorylation of S6k and 
inhibitory phosphorylation of Atg1 (monitored by phospho-
specific antibodies or phosphorylation-induced gel shift, Fig. 1F). 
Interestingly, we found that cotransfection of Atg1 and Fip200 
induced a slight shift of the Fip200 band, which was further 
enhanced by additional cotransfection of Atg13 (Fig.  1I) and 
diminished by calf intestinal phosphatase treatment (Fig.  1J). 
This Fip200 shift by Atg1 may reflect Atg1-induced Fip200 
phosphorylation,38 but the shift of endogenous Fip200 was 
not evident (Fig. 1F–H). On the other hand, although Atg13 
induced phosphorylation-mediated shift of Atg1 as previously 
reported,51 Fip200 did not promote this phosphorylation 
(Fig. 1I and J), suggesting that Fip200 does not regulate Atg1 
phosphorylation.

Fip200 is required for Atg1-induced autophagy. Since Atg1 is 
known to induce autophagy in Drosophila when overexpressed,9,20 
we tested the role of Fip200 in Atg1-dependent induction of 
autophagy. As previously reported, Atg1 overexpression in 
Drosophila eye imaginal disc through glass multiple reporter 
(GMR)-Gal4 driver induced prominent accumulation of acidic 
vesicles in most of the cells posterior to the morphogenetic 
furrow where GMR-Gal4 was expressed [Fig. 1K, monitored by 
LysoTracker Red (Lys) staining]. This tendency is well associated 
with ectopic cell death in the area [Fig. 1L, monitored by acridine 
orange (AO) staining], as expected from the known association 
between Atg1 and autophagic cell death.20 However, silencing 
of Fip200 through Fip200-dsRNA TRiP construct52 almost 
completely prohibited the induction of both autophagic activity 
and autophagy-mediated cell death (Fig.  1K and L; Fig. S1). 
These results suggest that endogenous Fip200 is critical for the 
autophagy-controlling function of Atg1 in Drosophila.

Generation of Fip200 loss-of-function mutants. To further 
study the physiological function of the Fip200 gene, we isolated 
Fip200 loss-of-function mutants. Flybase search identified two 
independent transposon insertions in the first intron of the 
Fip200 gene (Fig. 2A). The Fip200MI01469 (designated as MI) allele 
was generated by an insertion of a genetically engineered Minos 
transposon called MIMIC element that contains an enhanced 
green fluorescent protein (eGFP) open reading frame preceded by 
a strong splice acceptor sequence and followed by a transcription 
terminator sequence.53 Therefore, it was expected that the 
expression of Fip200 mRNA and protein would be suppressed in 
MI homozygotes. Indeed, Fip200 protein expression was strongly 
reduced in MI homozygotes, suggesting that MI is a strong 
hypomorphic allele (Fig. 2B). By removing the MIMIC transgenic 
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Figure 2. See page 1205 for figure legend.
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cassette in MI allele through phi31C-mediated recombination,53 
we obtained a revertant of the MI mutation (designated as RV) 
as well. We also attempted to generate null mutants of Fip200 
gene through imprecise excision of Fip200EY03045 (designated as 
EY) P-element insertion. Through a large-scale screening, we 
were able to isolate two deletion mutants, designated as 3F5 and 
4G7 alleles, each of which has a deletion in more than 50% of 
the coding sequence and translation initiation site of the Fip200 
gene (Fig. 2A). No Fip200 protein was detected in 3F5 and 4G7 
homozygotic flies (Fig. 2B). Mutant alleles of the Fip200 gene 
used in this study are summarized in Table S1.

Fip200 loss-of-function mutants exhibit strong motor 
deficit. All Fip200 mutant flies progressed well into the pupal 
stage P15 (also known as pharate adult stage).54 However, after 
this stage, all Fip200-null mutant flies, both 3F5 and 4G7, were 
dead before or during the eclosion (Fig. 2C). Whereas artificial 
removal of puparium allowed wild-type flies to walk at this 
stage, such manipulation only left 3F5 and 4G7 mutant flies 
with uncoordinated leg movements. Although most of MI flies 
successfully completed the eclosion when cultured at 25°C, all 
were dead before or during the eclosion at 29°C, suggesting 
that disruptive mRNA splicing caused by the MI insertion is 
temperature-sensitive. Interestingly, the MI adult flies that 
eclosed at 25°C were still unable to fly and showed a defective 
wing posture phenotype (Fig.  2D). Using negative geotaxis 
assay, we found that MI flies were unable to efficiently climb 
walls (Fig.  2E and F), further demonstrating their mobility 
defects. Correspondingly, the pupariation site of MI flies was 
also lower compared with that of WT flies (Fig. 2G), suggesting 
that the mobility defects can be observed at both larva and adult 
stages.

Then we determined if these mobility defects of MI, 3F5, and 
4G7 flies were due to loss of Fip200 activity or caused by unknown 
second-site mutations. The wing posture and climbing ability 
defects were not observed in RV adult flies in which the MIMIC 
inhibitory cassette of the MI mutant was removed by PhiC31-
mediated recombination.53 This reversion of mutant phenotypes 
demonstrated that the mobility defects of MI mutants were 
indeed caused by interruption in Fip200 mRNA transcription. 
In addition, we performed an array of complementation tests 
to find out if all of the Fip200 mutants were within a single 

complementation group (also known as gene). As expected, the 
MI mobility defects were complemented by RV and EY, but not 
by 3F5, 4G7 and a deficiency allele covering the Fip200 locus 
(DF, Df(3L)Exel7283). Similarly, 3F5 and 4G7 lethality was not 
complemented by each other or by DF, but was complemented 
by RV and EY alleles. A complete complementation test result 
is provided in Table S2. Importantly, ubiquitous transgenic 
expression of Fip200 through daughterless (da)-Gal4 driver (Fig. 
S2A) suppressed the lethality of 3F5 or 4G7 mutants. These 
genetic evidences collectively show that the observed phenotypes 
of Fip200 loss-of-function mutants are indeed due to the absence 
or reduction of the Fip200 activity.

Fip200 loss-of-function mutants exhibit signs of 
neurodegeneration. Because the mobility defects could be 
caused by neurodegenerative brain pathologies, we examined the 
histology of MI adult brain. Semi-thin sections showed that MI 
brains suffered from higher levels of vacuolization in both optic 
lobe (Fig. 2H) and central brain (Fig. 2I) regions, compared with 
age-matched wild-type flies. This brain vacuolization phenotype 
is commonly observed in Drosophila mutants with severe 
neurodegeneration.11,55-57 Terminal deoxynucleotidyl transferase 
dUTP Nick End Labeling (TUNEL) assay revealed the existence 
of dying cells in MI brain again in both optic lobe (Fig. 2J) and 
central brain (Fig. 2K; Fig. S2B) regions. Transmission electron 
microscopic analysis showed that MI brain contains neurons 
with various degenerative features like abnormally shaped 
mitochondria, ectopic vacuoles and dense inclusion bodies 
(Fig. 2L; Fig. S2C). These data suggest that MI mutants exhibit 
neurodegeneration in broad parts of the brain.

Progressive ubiquitin accumulation in Fip200 mutant 
brain. Autophagy has a critical role in regulating cellular protein 
homeostasis and is especially important for eliminating protein 
aggregates that are labeled with ubiquitin chains but unable 
to be degraded by conventional 26S proteasome machinery.1 
Previous studies of Atg5 and Atg7 mutant mice4,45 as well as 
of Atg7 and Atg8 mutant flies11,25 reported an accumulation of 
ubiquitinated proteins in their brains that are associated with 
progressive neurodegeneration. We also found that MI mutants 
age-dependently accumulate ubiquitinated proteins in their brain 
(Fig. 3A and B). This accumulation was observed in both soluble 
and insoluble fractions (Fig. 3C). The ubiquitin accumulation by 

Figure 2 (See opposite page). Phenotypes of Drosophila Fip200 mutants. (A) Schematic genomic organization of the Fip200 (CG1347) locus and Fip200 
mutants. Brackets indicate the genomic deficiency in Fip200-null alleles. Triangles indicate transposon insertions. Open boxes: untranslated exons; closed 
boxes: protein-coding exons; size bar: relative length of 1 kb genomic span. (B) Absence of Fip200 protein in Fip200 mutant flies. Protein samples from 
wandering third-instar larvae of wild type (WT; Fip200+/+), MI (Fip200MI/MI), 3F5 (Fip2003F5/3F5) and 4G7 (Fip2004G7/4G7) were gel separated and immunoblotted 
with anti-Fip200 and anti-tubulin antibodies. (C) Pupal (pharate adult) lethality of Fip200-null mutants. Most of the 3F5 and 4G7 mutant flies die before 
or during eclosion. (D) Wing posture defects of Fip200 hypomorphs. WT, MI, MI/3F5 (Fip200MI/3F5) and MI/4G7 (Fip200MI/4G7) adult male flies. Complete 
phenotypic description of each mutant strain is summarized in Table S1 and S2. (E–G) Mobility defects of Fip200 hypomorphs. (E) A photograph of vials 
containing 2-week-old WT and MI flies taken 3 sec after negative geotaxis induction. (F) Quantification of climbing speed of the indicated 2-week-old 
adult male flies (n ≥ 10). Complete statistical comparison between each strain is summarized in Table S3. (G) Quantification of pupariation site height 
of the indicated fly strains (n > 480). (H and I) Semi-thin section of 2-week-old adult fly brain. Optic lobe (H) and central brain (I) regions were magnified 
to reveal moderate vacuolization in MI mutant brain. (J and K) TUNEL (red) and DAPI (blue, DNA) staining of 2-week-old adult fly brain. Optic lobe (J) 
and central brain (K) regions of MI mutant brain shows moderate apoptosis induction. (L) Electron micrographs reveal the presence of ectopic vacuoles 
(white arrows), inclusion bodies (black arrows) and dysfunctional mitochondria (green arrows) in 2-week-old MI brain (right panels) but not in wild-type 
control brain (left panels). Lower panels are magnified view of boxed regions in upper panels. Scale bars: 50 μm (white), 2 μm (black). Quantification 
data are represented as means ± standard error. p value was calculated using Student’s t-test. Approximate molecular weights (observed/predicted): 
Fip200 (150 to 200/152 kD), Tubulin (50/52 kD).
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MI mutation was complemented by RV allele but not by 3F5 or 
4G7 alleles (Fig. 3D).

Temporal neuron-specific Fip200 ablation results in motor 
deficit with ubiquitin accumulation in brain. We questioned 
whether ubiquitin accumulation, neurodegeneration and 
mobility defects were caused by developmental abnormalities or 
by physiological autophagy failure. To address this, we silenced 
Fip200 in neurons of adult stage using the elav-GeneSwitch-
Gal4 system58 in which Fip200-dsRNA is specifically expressed 
in neurons only after RU486 feeding. Compared with control 
flies, Fip200-silenced flies showed a prominent accumulation of 
ubiquitinated proteins in their brains (Fig.  3E) and exhibited 
strong motor deficits (Fig. 3F) that were comparable to those of 
MI mutant flies (Fig. 2F). These results demonstrate that Fip200 
function in adult neurons is important for the maintenance of 
neuronal physiology and preservation of mobility during aging.

Neuronal autophagy is suppressed by Fip200 loss. We 
attempted to directly measure the autophagic activities by using 
mCherry-Atg8a (homolog of mammalian LC3) transgene as a 

marker for autophagosomes.51 While wild-type adults showed 
a fair number of autophagosomes throughout the brain, adult 
brains from MI/3F5 mutant flies displayed a dramatically reduced 
number of autophagosomes (Fig. 3G and H; Fig. S3A), suggesting 
that the autophagic activity in the brain is generally suppressed by 
Fip200 loss. Similarly, the immunostaining of Atg1 in wild-type 
adult brains revealed a punctated staining pattern that is frequently 
associated with mCherry-Atg8a (Fig. 3I; Fig. S3B),30,59 while this 
pattern was almost completely absent in MI mutant brains (Fig. 3J; 
Fig. S3C). Interestingly, the overall Atg1 level was upregulated 
in MI mutant brains, which may reflect the compensatory 
upregulation of Atg1 protein to counteract the reduced autophagic 
activity.51 The level of ubiquitin staining was prominently elevated 
uniformly throughout the brain (Fig. 3I and J), consistent with the 
immunoblotting results (Fig. 3B and C). Collectively, these data 
suggest that neuronal autophagy is suppressed by hypomorphic 
mutation of Fip200 and that the autophagy defects led neurons to 
protein homeostasis defects and premature cell death, ultimately 
resulting in neurodegenerative phenotypes.

Figure 3. Protein homeostasis and autophagy defects in Fip200 mutant brain. (A–D) Accumulation of ubiquitin in Fip200 hypomorphs. (A, B and D) 
Adult male flies (A and D) or heads (B) of wild-type (+), Fip200MI (MI), Fip200MI/Fip200RV (MI/RV), Fip200MI/Fip2003F5 (MI/3F5) and Fip200MI/Fip2004G7 (MI/4G7) 
at the indicated ages (A) or at 2 weeks of age (B) were subjected to immunoblot analyses with the indicated antibodies. (C) 50 adult fly heads of indicated 
2-week-old adult flies were subjected to serial protein extraction with the indicated concentration of Triton X-100 (TX100) or sodium dodecyl sulfate 
(SDS) and were analyzed by immunoblotting with the indicated antibodies. (E and F) Temporal silencing of Fip200 in adult neurons is sufficient to induce 
neurodegenerative phenotypes. 1-week-old elav-GS > Fip200dsRNA flies were cultured for two weeks on standard media (-) or on media supplemented 
with 200 mM RU486 and were assayed for ubiquitin accumulation (E) and climbing abilities (F). (G and H) Autophagic activities are decreased in MI brain. 
Fluorescence images of adult fly brain from 2-week-old hs > mCherry-Atg8a/+ (WT) and Fip200MI/hs > mCherry-Atg8a Fip2003F5 (MI/3F5) after eclosion. 
mCherry-Atg8a (mCh-Atg8a, red) was induced by overnight exposure to low-grade heat shock (29°C), and nuclei in live cells were stained with Hoechst 
33258 (DNA, blue). (I an J) Increased ubiquitin (UbiQ, green) and Atg1 (Atg1, red) levels in MI brain. 2-week-old WT and MI fly brains were dissected and 
subjected to immunostaining with anti-ubiquitin (UbiQ) and anti-Atg1 antibodies. DNA was visualized with DAPI staining. Scale bars: 200 μm (white),  
10 μm (gray). Quantification data are represented as means ± standard error. p value was calculated using Student’s t-test. Approximate molecular 
weights (observed/predicted): Fip200 (150 to 200/152 kD), Tubulin (50/52 kD). As cellular proteins of diverse molecular weights are mono- or polyubiq-
uitinated, ubiquitin immunoblots show a smeared banding pattern toward the top of the gel, as previously reported.11
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Axonal growth, projection and transport are unaffected 
in Fip200 mutants. In addition to controlling autophagy, Atg1 
has another important physiological role in neurons: Atg1 is 
required for axonal transport of cargo proteins as well as for 
axonal growth and projection.22-24 We were curious if Fip200, 
as a binding partner of Atg1, is also involved in these processes 
as defective axonal growth and neuronal wiring can contribute 
to the motor deficits observed in Fip200 mutants. However, 
the axonal transport in larval motor neurons, monitored by 
immunostaining of synaptotagmin (SYT, Fig. 4A; Fig. S4A) and 
cysteine string protein (Csp, Fig. 4B; Fig. S4B) cargo proteins, 
was completely normal in 3F5 and 4G7 mutants, unlike Atg1-
null mutants where cargo proteins showed uneven distribution 
and formed aggregates.23 Furthermore, the axonal projection of 
photoreceptor neurons during brain development, monitored 
by axonal marker 24B10 antibody, was also completely normal 
in Fip200-null mutant brains (Fig. 4C; Fig. S4C), in contrast 
to the disorganized projection pattern frequently observed in 
Atg1 mutants (Fig.  4C; Fig. S4C).22,24 On a side note, Atg1 
localization at optic laminal axons were also unaffected by the 
loss of Fip200 (Fig. 4C). These data demonstrate that although 
Fip200 is important for Atg1-dependent neuronal autophagy, it 
is largely dispensable for Atg1’s role in axonal growth, projection 
and transport.

Fip200 mutants are defective in developmental and 
starvation-induced autophagy. Because Atg1 is essential for 
developmental and starvation-induced autophagy, we questioned 
the contribution of Fip200 to these Atg1-dependent processes. 
As previously reported,9,11 late wandering-stage third instar 

wild-type larvae exhibited prominent autophagic activities, such 
as accumulation of acidic vesicles (monitored by LysoTracker 
Red, Fig.  5A) and autophagosomes (monitored by mCherry-
Atg8a, Fig. 5B), in their salivary glands and fat bodies. However, 
these autophagic activities were almost absent in both of Fip200-
null mutant larvae (3F5 and 4G7, Fig. 5A and B; Fig. S5A–D). 
Fip200-null mutant larvae were also defective in starvation-
induced autophagy (Fig. 5C and D; Fig. S5E and S5F). Fip200-
null mitotic clones exhibited cell autonomous autophagy defects 
both during development (Fig. 5E) and upon starvation (Fig. 5F). 
Transgenic expression of Fip200 in Fip200-null mutant restored 
developmental autophagy (Fig.  5G; Fig. S5D), showing that 
the autophagy defects were indeed caused by Fip200 loss. These 
results collectively indicate that Fip200 is a critical mediator of 
Atg1-dependent autophagy during development and in response 
to starvation.

Hypomorphic Fip200 mutation accelerates both aging 
and development. Finally, we tested the effect of Fip200 
loss on aging and developmental growth, the two important 
processes subjected to regulation by autophagy. Associated with 
neurodegeneration and behavioral defects (Figs.  2–3), Fip200 
hypomorphs (MI) showed high mortality in the early ages of 
their life, making their life span drastically shorter than WT 
counterparts (Fig. 6A and B). Interestingly, MI mutants were 
relatively fast in development with the time needed for the laid 
eggs to pupariate or to become imago reduced by at least 1 to 2 
d on average, compared with WT or RV controls (Fig. 6C–F). 
This is opposite from the previous observation that autophagy 
defects generally attenuate development.11 However, we noticed 

Figure  4. Axonal growth, projection 
and transport are unaffected by Fip200 
loss. (A and B) Motor neurons from 
wandering-stage third instar larvae were 
immunostained with the indicated anti-
bodies. In Fip200-null mutant (3F5 and 
4G7) motor neurons, axonal traffic of 
synaptotagmin (SYT), (A) and cysteine 
string protein (Csp), (B) cargo molecules 
were normal and indistinguishable 
from WT motor neurons. However, the 
proteins became aggregated in Atg1-
null (Atg1Δ3d/Df(3)BSC10) motor neurons. (C) 
Wandering-stage third instar larval brain 
was immunostained with the indicated 
antibodies. In both WT and Fip200-null 
mutant brains, axons of eye photorecep-
tor cells, visualized by 24B10 monoclonal 
antibodies, show stereotyped projection 
to lamina and medulla region, and Atg1 
prominently localizes to axons in lamina 
of the brain optic lobes. Atg1-null (Atg1Δ3d/

Df(3)BSC10) brains show disruption of this 
structure. Scale bars: 20 μm.
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that this developmental acceleration was only seen during 
larval growth, as the time spent between pupariation and adult 
eclosion was not significantly altered in MI mutants compared 
with wild-type counterparts. Therefore, considering that  
the developmental timing of pupariation generally depends  
on larval growth to critical mass60 and that there is no 
considerable difference in pupa and adult size between WT and 
MI flies, the accelerated development of MI mutants seems to be 
mainly attributable to the enhanced growth rate during larval 
stage.

Fip200 loss provokes TORC1-S6k signaling activation. To 
directly examine the larval growth, we measured the size of larvae 
at 4 d after egg laying. At that time point, MI mutant larvae 
were substantially larger than WT or RV controls (Fig. 7A–D), 
supporting that Fip200 downregulation by MI mutation 

accelerates larval growth. This is similar to previous findings that 
reduction of Atg1/ULKs activity promotes cell growth through 
boosting TORC1-S6k activities.18-21 Therefore, we examined if 
Fip200 loss could also affect the signaling activity of TORC1-
S6k as Atg1 does. In Drosophila Kc cells, silencing of Fip200 
or Atg1 increased S6k phosphorylation at Thr398 by TORC1 
(Fig. 7E). Similar upregulation of S6k phosphorylation compared 
with WT counterparts was also observed in MI adults (Fig. 7F) 
as well as in MI, 3F5, 4G7, Atg1 larvae (Fig.  7G), suggesting 
that the Atg1-dependent regulation of TORC1-S6k-dependent 
growth is mediated by Fip200. However, null mutations of 
Fip200 and Atg1 substantially attenuated larval growth rather 
than accelerating it (Fig.  7D, H and I), implying that the 
complete abrogation of Atg1-Fip200 pathway can actually be 
detrimental to development. Therefore, although Atg1-Fip200 

Figure 5. Fip200 is essential for developmental and starvation-induced autophagy. (A) Fat bodies (FB) and salivary glands (SG) of wandering-stage 
third instar larvae of WT, 3F5 and 4G7 flies were subjected to LysoTracker Red (Lys) and Hoechst 33258 (DNA) staining. (B) FB and SG of wandering-
stage third instar larvae of hs > mCherry-Atg8a/+ (WT), hs > mCherry-Atg8a Fip2003F5/Fip2003F5 (3F5) and hs > mCherry-Atg8a Fip2004G7/Fip2004G7 (4G7) 
flies, heat-shocked at 37°C for 1 h to induce mCherry-Atg8a and recovered at 25°C for 3 h, were stained with Hoechst 33258 (DNA) and observed under 
fluorescence microscopy. (C) FB from feeding-stage third instar larvae of WT, 3F5 and 4G7, starved for 3 h, were subjected to Lys and DNA staining. (D) 
FB from feeding-stage third instar larvae of hs > mCherry-Atg8a/+ (WT), hs > mCherry-Atg8a Fip2003F5/Fip2003F5 (3F5) and hs > mCherry-Atg8a Fip2004G7/
Fip2004G7 (4G7) flies, heat-shocked at 37°C for 1 h and incubated on 20% sucrose solution at 25°C for 3 h, were subjected to DNA staining. (E) SG from 
wandering-stage third instar larvae of y w hs-FLP; FRT82B Ubi-eGFP/FRT82B Fip2003F5 (GFP/3F5) flies were subjected to Lys and DNA staining. Absence of 
GFP marks Fip200-deficient cells, which also have less Lys staining. (F) FB from feeding-stage third instar larvae of y w hs-FLP; FRT82B Ubi-eGFP/FRT82B 
Fip2003F5 (GFP/3F5) flies, starved for 3 h, were subjected to Lys and DNA staining. (G) SG of wandering-stage third instar larvae of UAS-Fip200/+; hs > 
mCherry-Atg8a Fip2003F5/Fip2004G7 (3F5/4G7 hs > Fip200) flies, heat-shocked at 37°C for 1 h and recovered at 25°C for 3 h, were subjected to DNA staining. 
Scale bar: 200 μm (white), 50 μm (gray).
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pathway inhibits TORC1-S6k-dependent cell growth, a certain 
level of its autophagy-controlling activities is essential for proper 
developmental propagation.

Interestingly, the level of Fip200 was increased by Atg1 loss 
(Fig. 7E and G), as the level of Atg1 was increased by Fip200 
loss (Fig. 3I and J; Fig. 7E–G), possibly through a compensatory 
mechanism.51 However, increased Atg1 in Fip200-null mutants 
does not mean it can induce autophagy as there is no functional 
Fip200 that is needed for the autophagosome formation. 
Nonetheless, TORC1-dependent Atg1 phosphorylation51 was still 
well responsive to cellular energy (Fig. 7E) or nutrition (Fig. 7F) 
status even in the absence of Fip200, supporting that Fip200 does 
not play a critical role in the regulation of Atg1 phosphorylation 
(Fig. 1I and J).

Discussion

In mammalian cells, formation of the ULK1-ATG13-RB1CC1 
complex is critical for the initiation of autophagy upon TORC1 
inhibition by nutrient deprivation.30,37-39 Although ULK1 
and ATG13 homologs in Drosophila and C. elegans have been 

identified and functionally characterized to play autophagy-
related roles, the existence of a functional RB1CC1 homolog in 
the invertebrate genome had not been determined yet.61,62 Here 
we isolated Fip200 as a single RB1CC1 homolog in Drosophila. 
As observed in mammals, Fip200 interacts with Atg1 and 
Atg13, and this Atg1-Atg13-Fip200 complex constitutively exists 
regardless of nutrition-dependent Atg1 phosphorylation status. 
Interestingly, while Atg13 is essential for phosphorylation-
dependent regulation of Atg1,51 the loss of Fip200 does not 
affect the phosphorylation status, as Atg1 phosphorylation is 
still fully responsive to nutrients and cellular energy status in the 
absence of Fip200. Furthermore, whereas coexpression of Atg1 
and Atg13 in Kc cells induces autophosphorylation-mediated 
shift of Atg1, Fip200 does not induce this phosphorylation 
indicating that, unlike Atg13, Fip200 is not an Atg1 activator 
per se. In consistence with this idea, co-overexpression of Atg1 
and Fip200 does not exhibit any genetic interaction in adult eyes 
while Atg1 and Atg13 synergistically induce eye degeneration 
(Fig. S6) that results from excessive autophagic cell death.51 
Nonetheless, Fip200 is essential for the autophagic output of 
Atg1-Atg13 because the silencing of endogenous Fip200 strongly 

Figure 6. Hypomorphic Fip200MI mutation accelerates both aging and development. (A and B) Survivorship (A) and daily mortality (B) of WT and MI male 
flies (n ≥ 380). (C and D) Pupariation rates of WT, RV and MI flies were recorded at the indicated days after egg laying (C), AEL. Average pupariation day 
AEL was calculated and presented as a bar graph (D), n ≥ 500. (E and F) Adult eclosion rates of WT, RV and MI flies were recorded at the indicated days 
AEL (E). Average eclosion day AEL was calculated and presented as a bar graph (F, n ≥ 500). Quantification data are represented as means ± standard 
error. p values were calculated between WT and MI groups using Student’s t-test.
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suppressed Atg1-Atg13 overexpression phenotype, restoring both 
eye size and pigmentation (Fig. S6). These results show that 
Fip200 is strictly epistatic to Atg1 and that the role of Fip200 
is distinct from that of Atg13, a regulatory subunit of Atg1 
stoichiometrically required for Atg1’s maximum catalytic activity 
and phosphorylation-dependent regulation. Therefore, our study 
suggests that Fip200 is the most downstream molecule in the 
Atg1-Atg13-Fip200 complex and is essentially mediating Atg1 
action on the autophagosome formation.

Although Fip200 has been revealed to be a critical molecule that 
mediates autophagy-controlling output of Atg1, it is still possible 
that both Fip200 and Atg1 play additional physiological roles 
independent of each other. For instance, Fip200 may interact with 
many important signaling molecules other than Atg1 and Atg13, 
such as Fak, Rbf and p53, like its mammalian homolog.32-34 On 
the other hand, Atg1 also has autophagy-independent functions, 
especially in neurons, where it controls axonal transport, growth 
and projection.12 Correspondingly, Atg1 mutation in Drosophila 
produces strong pleiotropic phenotypes including diminished 
autophagic activities, cell growth enhancement and defects in 

axonal transport and projection.20-24 Drosophila Fip200-null 
mutants, described in this paper for the first time, also exhibited 
strong autophagy defects and TORC1-S6k activation, which 
suggests that Fip200 mediates most of Atg1 function in autophagy 
and cell growth control. However, unlike Atg1-null mutants, 
Fip200-null mutants developed well up to the late pupal stage 
without displaying any apparent defect in neurodevelopment and 
axonal physiology, suggesting that Fip200 is dispensable for the 
autophagy-independent physiological output of Atg1. Consistently, 
even though the localization of Atg1 in autophagic vesicles is 
diminished by Fip200 loss, Atg1 localization in optic lobe laminal 
axons is completely normal in Fip200-null brains. Furthermore, 
Fak-dependent optic stalk morphogenesis63 and Rbf-dependent 
ommatidia array morphogenesis64 are not affected by Fip200 loss, 
implying that Fip200 is not critically involved in mediating the 
function of these proteins. Therefore, this study provides the first 
genetic evidence that Fip200 specifically mediates the autophagy- 
and cell growth-regulating roles of Atg1 in an organism.

In this study, we isolated a hypomorphic mutant strain of 
Fip200 (MI) and characterized its phenotypes. The MI mutation 

Figure 7. Fip200 loss induces TORC1-S6k activation. (A–C, H and I) Feeding-stage larvae of the indicated strains at 4 d AEL were imaged through dissec-
tion microscope. (D) Average larval area from the images was calculated and presented as a bar graph (n ≥ 22). Quantification data are represented as 
means ± standard error. p values were calculated between WT and indicated groups using Student’s t-test. (E) Drosophila Kc cells treated with the indi-
cated dsRNA for 3 d were treated with 5 μM oligomycin (OM) for the indicated hours and subjected to immunoblotting with the indicated antibodies. 
(F) 1-week-old adult male flies of the indicated genotypes were incubated on standard media (fed) or 20% sucrose media (stv) for 24 h and subjected to 
immunoblotting with the indicated antibodies. (G) Wandering-stage third instar larvae of the indicated strains were subjected to immunoblotting with 
the indicated antibodies. Scale bar: 1 cm. Approximate molecular weights (observed/predicted): Fip200 (150 to 200/152 kD), Atg1 (120 to 150/92 kD), S6k 
(60/55 kD), Actin (48/42 kD), Tub (50/52 kD).
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strongly accelerated development and aging, both of which can 
be associated with the effects of downregulated Atg1 activities on 
autophagy and cell growth inhibition. Because the developmental 
growth is accelerated only by the MI mutation, not by any other 
mutations of Atg1 or Fip200 genes, there is still a possibility that 
this specific phenotype is independent of the Atg1-Atg13-Fip200 
complex functionality. In addition to the developmental growth 
and longevity phenotypes, MI adult flies exhibited obvious 
deficit in motor abilities such as flying and climbing, very similar 
to Drosophila models of neurodegenerative diseases such as 
Alzheimer or Parkinson diseases.65-69 Moreover, MI adult brain 
exhibited common neurodegenerative histological features such 
as brain vacuolization, mitochondrial dysfunction and ectopic 
neuronal cell death. The brain of MI flies accumulated a large 
amount of ubiquitinated proteins in both soluble and insoluble 
forms, similar to previously described autophagy-defective 
mutant flies, such as Atg7−/−, Atg8a−/− and bchs−/− mutants.11,25,57 
The accumulation of ubiquitin can be also induced by 
temporal neuron-specific silencing of Fip200 in the adult brain, 
demonstrating that the protein homeostasis defect is not due to 
developmental anomalies. Neuron-specific Fip200 silencing is 
sufficient to induce mobility defect at the same magnitude as MI 
mutant, while muscle-specific Fip200 silencing does not produce 
such a phenotype (Fig. S7A), indicating that the behavioral 
phenotype of MI mutant is primarily attributable to the neuronal 
autophagy defects. Further supporting this, transmission electron 
microscopy showed that microfiber structure of the MI mutant 
skeletal muscle is largely unaltered (Fig. S7B). Nevertheless, we 
cannot rule out the possibility that non-neuronal Fip200 function 
can be important for mobility of flies as well. Collectively, our 
current results highlight the importance of Fip200 in regulating 
autophagy and in protecting organisms from premature aging, 
age-associated neurodegeneration, abnormal developmental 
growth and metabolic derangements.

Materials and Methods

Fly strains. Atg1Δ3d, UAS-myc-Atg1, UAS-Atg13-GFP and hs > 
mCherry-Atg8a (hs-Gal4 UAS-mCherry-Atg8a) were gifts from 
Dr. Neufeld (Univ. of Minnesota). elav-GeneSwitch-Gal4 and 
Mef2-Gal4 lines were from Wessells lab (UM). GMR-Gal4, 
Atg1Df(3)BSC10, UAS-Fip200RNAi, Fip200MI01469 and Fip200EY03045 
flies, as well as balancer, FLP/FRT, wild-type and transposase 
strains were obtained from Bloomington Stock Center (Indiana). 
UAS-Fip200 was made using LD09358 full-length Fip200 
cDNA clone obtained from Drosophila Genome Research 
Center (Indiana). The Fip200 ORF was subcloned into pUAST-
attB70 after fusion to an N-terminal 3xFlag epitope and a 
Kozak sequence. The cloned construct was microinjected into 
BL-24481 fly strain that has PhiC31 integrase and attP landing 
site (Rainbow Transgenic Flies, Inc.). Similarly, Fip200MI01469-RV 
revertants were generated by microinjection of pBS-KS-attB cor-
rection plasmid53 with helper integrase into the Fip200MI01469 
strain. Fip200-null alleles were generated using imprecise exci-
sion by crossing y w; Fip200EY03045 line with y w; Sb Δ2–3/TM6 
transposase line. Resulting y w; Fip200EY03045/Sb Δ2–3 F

1
 males 

were crossed with y w; TM3/TM6B virgins [~200 single pair 
mating (s.p.m.)], and F

2
 males with P element excision were 

selected and backcrossed with w1118 ; TM3 Sb Ser/TM6B Tb vir-
gins (~1,000 s.p.m.). Each male from the final s.p.m. was col-
lected 7 d after crosses and screened by PCR for Fip200 deletions 
using primers that flank the Fip200EY03045 insertion site with 2 to 
4kb intervals in the Fip200 locus, as previously described.71 The 
final screen identified a series of genomic Fip200 deletion alleles 
including Fip2003F5 and Fip2004G7 that were used in this study. 
Mosaic clones were generated by placing y w hs-FLP; FRT82B 
Ubi-eGFP/FRT82B Fip2003F5 first instar larvae in a 37°C water 
bath for 1 h.

Antibodies. Rabbit anti-Atg1 and guinea pig anti-Fip200 
antibodies were made as follows: full-length Atg1 cDNA and 
a cDNA fragment encoding a.a. 628 to 1358 of Fip200 were 
cloned into pGEX and transformed into E. coli BL21. Insoluble 
GST-fusion proteins were purified from SDS-PAGE gel bands 
and injected to rabbits and guinea pigs, respectively (Pocono 
Farms, Inc.). Sera were subjected to affinity purification using 
PVDF-immobilized proteins. 22C10 (DSHB), 24B10 (DSHB), 
anti-Csp (DSHB, AB49), anti-synaptotagmin (DSHB, 3H2-
2D7), anti-myc (DSHB, 9E10), anti-HA (Roche, 1867431), 
anti-Flag (Sigma, F3165), anti-ubiquitin (Invitrogen, 13-1600), 
anti-pT398 Drosophila S6k (Cell Signaling, 9209), anti-pT172 
AMPK (Santa Cruz, sc-33524), and anti-tubulin (Sigma, T5168) 
antibodies were used for immunostaining and immunoblot 
analyses.

Histology. Immunostaining,71 LysoTracker Red staining,72 
acridine orange staining,73 TUNEL staining,74 mCherry-ATG8a 
observation,72 semi-thin histology75 and transmission electron 
microscopy71 were done as previously described. Quantification of 
histological phenotypes was done from fluorescence images and 
electron micrographs using NIH ImageJ software or manually in 
a blinded manner.

Culture of cells and flies. Drosophila Kc cells were 
cultured in Schneider’s Drosophila medium (Invitrogen, 
21720024) supplemented with 10% FBS (Denville Inc., 
FB5002-H). Transient transfection of plasmid DNAs was 
done using Effectene (Qiagen, QIA301425) according to the 
manufacturer’s recommendation. Expression constructs were 
carried by pUAST-attB vector and cotransfected with actin-
Gal4 driver plasmid. dsRNA transfection was done as previously 
described.76 The flies were reared on 15% sucrose-yeast medium 
(for life-span measurement) or standard cornmeal-agar medium 
(for all other experiments) with humidity (70%), temperature 
(25°C or as indicated) and light (12/12 h light/dark cycle) 
control. For negative geotaxis assay, photos were taken 3 sec 
after negative geotaxis induction, and the climbing speed was 
calculated from the picture. RU486 was added to the medium 
as described.58

Biochemical analyses. Total RNA was isolated, reverse 
transcribed and analyzed as previously described.71 Protein lysate 
preparation and immunoblotting were done using standard cell 
lysis buffer or the indicated buffers as previously described.71 
Coimmunoprecipitation of proteins was done as described.75 
Predicted protein molecular weights were calculated using 
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ExPASy molecular weight computation tool. Observed protein 
size was estimated by comparison of protein band to protein size 
marker (Bio-Rad, 161-0374).

Online Supplemental Material. Figures S1–S5 show 
supporting data related to Figures 1–5. Figure S6 shows genetic 
interaction among Atg1, Atg13 and Fip200 in Drosophila eyes. 
Figure S7 shows the muscle phenotypes of Fip200-deficient 
flies. Table S1 shows the list of Fip200 and Atg1 mutant strains 
and their phenotypes. Table S2 shows complementation test 
performed between Fip200 alleles. Table S3 shows statistical 
comparison of the climbing speed between fly strains that 
appeared in Figure 2F.
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