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Autophagy is an essential process for eliminating ubiquitinated protein aggregates and dysfunctional organelles.
Defective autophagy is associated with various degenerative diseases such as Parkinson disease. Through a genetic
screening in Drosophila, we identified CG11148, whose product is orthologous to GIGYF1 (GRB10-interacting GYF
protein 1) and GIGYF2 in mammals, as a new autophagy regulator; we hereafter refer to this gene as Gyf. Silencing of
Gyf completely suppressed the effect of Atg1-Atg13 activation in stimulating autophagic flux and inducing autophagic
eye degeneration. Although Gyf silencing did not affect Atg1-induced Atg13 phosphorylation or Atg6-Pi3K59F (class I
PtdIns3K)-dependent Fyve puncta formation, it inhibited formation of Atg13 puncta, suggesting that Gyf controls
autophagy through regulating subcellular localization of the Atg1-Atg13 complex. Gyf silencing also inhibited Atg1-
Atg13-induced formation of Atg9 puncta, which is accumulated upon active membrane trafficking into
autophagosomes. Gyf-null mutants also exhibited substantial defects in developmental or starvation-induced
accumulation of autophagosomes and autolysosomes in the larval fat body. Furthermore, heads and thoraxes from Gyf-
null adults exhibited strongly reduced expression of autophagosome-associated Atg8a-Il compared to wild-type (WT)
tissues. The decrease in Atg8a-Il was directly correlated with an increased accumulation of ubiquitinated proteins and
dysfunctional mitochondria in neuron and muscle, which together led to severe locomotor defects and early mortality.
These results suggest that Gyf-mediated autophagy regulation is important for maintaining neuromuscular
homeostasis and preventing degenerative pathologies of the tissues. Since human mutations in the GIGYF2 locus were
reported to be associated with a type of familial Parkinson disease, the homeostatic role of Gyf-family proteins is likely

to be evolutionarily conserved.

Introduction

Autophagy is a highly conserved homeostatic process essential
for bulk degradation of cytoplasmic contents. It is critical for
elimination of toxic cytoplasmic inclusions, dysfunctional organ-
elles such as damaged mitochondria,' excessive nutrient deposits
such as lipid droplets,2 and invading microorgamisms.3 Defective
regulation of autophagy in animal models can result in diverse
pathological phenomena including neurodegeneration® and mus-
cular dystrophy” that are associated with accumulation of protein
aggregates oxygen species (ROS)-producing

and reactive

dysfunctional mitochondria. In humans, genetic mutations lead-
ing to autophagy defects have been reported to be associated with
hereditary neurodegenerative diseases such as several types of
familial Parkinson disease (PD).°

The molecular basis for autophagy has been explored most
thoroughly in yeast, which offers a simple and straightforward
genetic model. Genetic screening in yeast has identified many
components constituting the core autophagy-controlling machin-
ery named autophagy-related (A7G) genes. Particularly, it has
been well established that A7G genes play a central role in
autophagy processes as they conjugate ATG12 and ATGS8 or
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MAP1LC3/LC3 onto target proteins and lipids in a mechanism
analogous to the ubiquitin conjugating system.” The conjugation
of ATGS or LC3 into target lipid membranes induces the forma-
tion of an autophagosome that will fuse with the lysosome, in
which the cargo will become degraded.® Subsequent biochemical
and genetic studies in mammalian cells and animal models
revealed that this core machinery is surprisingly well conserved in
higher animals as well, including both vertebrates and
invertebrates.”

However, unlike unicellular yeast, multicellular animals have
developed more sophisticated molecular mechanisms for control-
ling autophagy, as autophagy needs to respond to a greater variety
of physiological inputs such as hormonal regulation and develop-
mental signaling. Furthermore, tissues that are quiescent and
have a low cell turnover rate such as neurons and muscle cells
will need to maintain their intracellular homeostasis by removing
unnecessary and toxic cell constituents through autophagy.
Indeed, a recent genetic screening in C. elegans and Drosophila
identified several autophagy components that are not present in
yeast cells, demonstrating the existence of metazoan-specific
autophagy components.”'? Still, the metazoan-specific autoph-
agy pathway awaits more rigorous investigation.

To discover additional autophagy-controlling genetic compo-
nents, we conducted our own genetic screening in Drosophila,
from which we isolated Gyf/CG11148, whose human ortholog is
mutated in a type of familial PD, as a new autophagy-regulating
gene. We showed that Gyf is essential for starvation-induced and
developmental autophagy, as well as for physiological autophagy
which is critical for eliminating protein aggregates and dysfunc-
tional organelles. Correspondingly, null mutants of Gyf'exhibited
a dramatically reduced life span and early impairment of mobil-
ity, which is associated with neurodegeneration, muscle degener-
ation, and accumulation of ubiquitinated proteins and
dysfunctional mitochondria in the tissues. Taken together, our
results establish Gyf as a new mediator of autophagy that protects
tissue homeostasis and further prevents development of diverse
degenerative pathologies in Drosophila.

Results

Identification of GyffCG11148 as a new autophagy-
regulating gene

In order to discover new autophagy regulators, we constructed
a Drosophila line that stably expresses both Atgl and Atgl3 spe-
cifically in the eye using the wpstream activator sequence (UAS)-
Atgl and UAS-Atgl3 transgenes and a glass multiple reporter
(GMR)-Gal4 driver. Simultaneous transgenic expression of Atgl
and Atgl3 provoked excessive autophagy in the developing eye,
resulting in easily noticeable eye degeneration (Fig. 1A), as for-
merly reported.!’ We conducted a genetic screening by crossing
the stable GMR>Atgl+Atgl3 line (the fly line with UAS-Azgl
and UAS-Atg13 transgenes whose expression is driven by GMR-
Gal4) with double-stranded RNA (dsRNA) transgenic Drosophila
lines obtained from the established libraries of dsSRNA transgenic

12,13

flies and searching for dsRNA lines that can suppress the
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phenotype of the GMR>Atgl+Argl3 transgene. A dsRNA line
that targets an unnamed gene temporarily annotated as
CG11148 was identified to completely suppress the eye-degener-
ation phenotype of the GMR>Atgl+Atgl3 flies (Fig. 1A). The
level of suppression by CG11148 silencing was even comparable
to the level conferred by silencing of Azgl itself (Fig. 1A). Silenc-
ing of CG11148 alone did not affect eye development and mor-
phology, similar to other autophagy regulators such as Atg!
(Fig. 1B).

A sequence database search identified the protein product of
CG11148 as an ortholog of mammalian proteins named
GIGYF1 (GRB10 interacting GYF protein 1) and GIGYF2.
GIGYF2 is also known as KIAA0642, PERQ2, PERQ3,
TNRC15, and PARK11.'4 Considering that the protein product
of CG11148 is orthologous to both GIGYF1 and GIGYF2, we
named this newly discovered gene Drosophila Gigyf (hereafter
Gyf). Strong primary sequence homology (approximately 30%
similarity) was detected at both terminal regions of the protein,
while the central region did not show any significant similarity
between the mammalian and Drosophila orthologs (Fig. 1C). We
subsequently designated the 2 homologous terminal regions as
the N-terminal and C-terminal domain, respectively. The N-ter-
minal domain of mammalian GIGYF2 contains 2 important
namely EIF4E2/4EHP
(eukaryotic translation initiation factor 4E-homologous protein)-
binding motif'> and GRB10 (growth factor receptor-bound pro-
tein 10)-binding GYF motif."® GIGYF2 can regulate protein
translation and insulin signal transduction through these 2
motifs.">'® Such motifs are conserved in Drosophila Gyf as well
(Fig. 1C). Gyf-family proteins are found in most metazoan

protein-protein  interaction motifs,

organisms (Fig. 1D), but no specific orthologs exist in fungi and
plants. Expression of Drosophila Gyf mRNA and Gyf protein is
detected throughout all developmental stages, although the
expression was relatively low during larval development
(Fig. 1E). Unlike Gyf whose silencing (Fig. 1F and G) can
strongly suppress the eye phenotype of Atgl-Atgl3 overexpres-
sion (Fig. 1A), silencing of 4EHP (Fig. 1H) or pico/Grb10
(Fig. 1I) did not suppress the Atgl-Atgl3 effect (Fig. 1]), sug-
gesting that Gyf may control autophagy independently of these
formerly known interacting partners. In addition, although
mammalian GIGYF2 was shown to modulate insulin signal-
ing,'®"” the Gyfsilencing construct did not produce any genetic
interaction with insulin-target of rapamycin (TOR) signaling
components in the eye system (Fig. S1).

Gyf silencing does not inhibit Atgl-Atgl3 expression and
activity

We further characterized the phenotypic
between Atgl-Atgl3 activation and Gyf silencing through
biochemical and histological methods. First, we checked the
molecular status of overexpressed Atgl and Atgl3 in eye pro-
tein lysates. Gyf silencing did not reduce transgenic Atgl
expression; rather it strongly increased the Atgl level by more
than 2-fold in comparison to the control (Fig. 2A). It is for-
merly reported that, under the conditions of autophagy inhi-

interaction

bition, there is compensatory upregulation of Atgl protein
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were imaged using light dissection microscopy.

Figure 1. Isolation of Gyf/CG11148 as a genetic modifier of the Atg1-Atg13-gain-of-function eye phenotype. (A and B) Eyes from the flies expressing indi-
cated transgenes were imaged using light dissection microscopy. (C) Schematic representation of the comparison among Drosophila and human Gyf
orthologs. Amino acid sequence similarity is displayed as a percentage. (D) Phylogenic tree analysis of Gyf family proteins from Drosophila melanogaster
(Dme), Caenorhabditis elegans (Cel), Anopheles gambiae (Aga), Apis mellifera (Ame), Danio rerio (Dre), Mus musculus (Mmu), and Homo sapiens (Hsa), con-
structed by the neighbor-joining algorithm. (E) Expression of Gyf at different developmental stages of Drosophila. Em, embryo; 1st, first instar larva; 2nd,
second instar larva; 3rd, wandering-stage third instar larva; P, pupa; F, adult female; M, adult male. Quantitative reverse transcriptase (RT)-PCR was per-
formed, and Gyf mRNA expression was normalized to ribosomal protein 49 (rp49) expression (upper panel, n = 3). Quantification data are represented as
means =+ standard error. Inmunoblot analysis was performed to monitor Gyf (180 kDa) and Actin (40 kDa) expression. (F-1) Expression of Gyf in indicated
1-wk-old adult flies was examined through quantitative RT-PCR (F) and immunoblotting (G). Expression of 4EHP and pico in indicated 1-wk-old adult flies
(H) or wandering-stage third instar larvae (I) was examined through quantitative RT-PCR. Tub>pico®™ flies cannot develop into adulthood. Quantifica-
tion data are represented as means =+ standard error (n = 3). P values were calculated using the Student t test. *, P < 0.05; **, P < 0.01; NS, not significant.
Immunoblot analysis was performed to monitor Gyf (180 kDa) and Actin (40 kDa) expression. (J) Eyes from the flies expressing the indicated transgenes

expression.' "'® Thus, it is possible that Gyf silencing inhib-
ited autophagy. In contrast, Azg! silencing (positive control)
strongly reduced the Atgl expression level as expected
(Fig. 2A). The amount of Atgl3 expression was not altered
by silencing of either Azgl or Gyf. However, the electromobil-
ity retardation (gel shift) of Atgl3 was diminished by Azgl
silencing (Fig. 2A) since the gel shift reflects the Atgl-medi-
ated phosphorylation of Atgl3."" The Atgl3 gel shift is
maintained after Gyf silencing (Fig. 2A), suggesting that Gyf
silencing does not inhibit the catalytic activity of the Atgl
kinase.

Gyf silencing does not completely suppress morphogenetic
abnormalities of ommatidia caused by Atgl-Atgl3 activation

We then examined the histological morphology of Atgl-
Atgl3-overexpressing and Gyf-silenced adult eyes. Overexpres-
sion of Atgl-Atgl3 induced pronounced degeneration of
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retinal cells such as photoreceptors and cone cells, in addition
to a complete disarray of the ommatidia structure and accu-
mulation of membrane-dense vacuoles (Fig. 2B). After 4 wk,
the retinal structure was no longer detectable inside the eye;
the ommatidial structure was completely degenerated except
for the corneal lens exocuticle (Fig. 2B). The silencing of
Atgl completely prevented eye degeneration and restored
ommatidial morphology at either one or 4 wk (Fig. 2B). Gyf’
silencing also dramatically suppressed an Atgl-Atgl3-induced
progressive eye degeneration phenotype; however, it failed to
fully restore the photoreceptor morphology (Fig. 2B). It has
been formerly shown that Atgl regulates neuronal develop-
ment independent of its autophagy-regulating activities.'®™!
Therefore, it is possible that, although Gyf is required for
Atgl-Atgl3-induced autophagic eye degeneration, it does not
play a critical role in regulating Atgl’s neuronal morphogene-
sis-regulating activities.

Volume 11 Issue 8
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Figure 2. Gyf silencing suppresses Atg1-Atg13-induced eye degeneration and ectopic cell death. (A) Fly heads expressing indicated transgenic elements
were subjected to immunoblotting to monitor the level of myc-Atg1 (Atg1, 120 kDa), Atg13-GFP (Atg13, 80 kDa), Actin (40 kDa), and GFP (25 kDa)
expression. The level of Atg13 shift was quantified by densitometry of total and shifted Atg13 expression. Quantification data are represented as means
=+ standard error of the shifted/total Atg13 protein ratios (n=10). P values were calculated using the Student t test. *** P < 0.001; NS, not significant. (B)
Eyes from the flies expressing indicated transgenes were analyzed by electron microscopy to visualize photoreceptor structures. Scale bars: 10 pm. (C
and D) Developing eye discs from wandering-stage third instar larvae expressing indicated transgenes were analyzed by acridine orange (AO) staining
(€) and LysoTracker Red staining (D) to visualize dying cells and autolysosomes, respectively. Brackets indicate the areas of differentiated ommatidia that
express GMR-Gal4. Boxed regions in the top panel of (D) are magnified in the bottom panel to visualize the size of LysoTracker Red-positive vesicles.

Atgl-Atgl3-induced ectopic cell death is suppressed by Gyf’
silencing

To decipher the underlying basis of Atgl-Atgl3-induced eye
degeneration and Gyfsilencing-mediated suppression of the degen-
erative phenotype, we examined the cell biological effects of Atgl-
Atgl3 and Gyf in developing eye discs. Because the GMR-Gal4
driver is only expressed in differentiated ommatidia, Atgl-Atgl3
overexpression and Gyf silencing occurred only posterior to the
morphogenetic furrow (brackets in Fig. 2C). As formerly reported,
Atgl-Atgl3 overexpression induced prominent cell death in differ-
entiated ommatidia (Fig. 2C), monitored by acridine orange (AO)
staining. However, the ectopic cell death was completely sup-
pressed by silencing of Gyf (Fig. 2C), demonstrating that Gyf is
necessary for the Atgl-Atgl3 signaling module to induce ectopic
cell death. Atgl-Atgl3-induced expansion of acidic compartments,
which was visualized by the LysoTracker Red reagent to represent
active autophagy, was also substantially reduced in size by silencing
of Gyf (Fig. 2D), supporting the idea that Gyf is an autophagy
controller downstream of, or in parallel with, Atgl-Atgl3.

Atgl-Atgl3-induced autophagic flux is inhibited by Gyf
silencing

We directly measured the autophagic activity of developing
eye disc using an autophagic flux marker GFP-mCherry-Atg8a
(Fig. 3A).*> Due to the intrinsic nature of fluorescence proteins,
mCherry matures, fluoresces, and fades slower than GFP

www.tandfonline.com

Autophagy

(Fig. 3B).2** Because mCherry-GFP is conjugated with Atg8a
which becomes integrated into autophagosomes, autophagy can
induce specific loss of GFP fluorescence; upon fusion with lyso-
somes, exposure to an acidic environment denatures GFP and
quickly diminishes its fluorescence, while mCherry fluorescence
can be maintained even in the acidic condition. Therefore, in
conditions of active autophagy, GFP fluorescence is dramatically
suppressed while mCherry fluorescence persists (Fig. 3B and C).

We expressed GFP-mCherry-Atg8a marker in differentiated
ommatidia of the developing eye disc using a GMR-Gal4 driver.
In the disc, ommatidia differentiation is initiated at the morpho-
genetic furrow advancing in the anterior direction at the rate of
approximately 2 h per column.”” Therefore, by measuring the
distance between ommatidia and the morphogenetic furrow, we
are able to estimate how long GMR-Gal4 has been expressed in
the ommatidia.”> GFP signal was strong in the control eye disc as
expected because there is minimal autophagic activity in omma-
tidia during eye development.”® (Fig. 3D and E). When overex-
pressed, expression of Atgl-Atgl3 in the eye disc strongly
interfered with GFP fluorescence emission while it did not affect
mCherry fluorescence substantially (Fig. 3D and F), implying
that Atgl-Atgl3-induced autophagic flux reduced GFP fluores-
cence by degrading it in autolysosomes. However, silencing of
Gyf completely restored GFP fluorescence (Fig. 3D, G and H),
demonstrating that Gyf is required for Atgl-Atgl3-induced stim-
ulation of autophagic flux.
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Figure 3. Gyf silencing interferes with Atg1-Atg13-induced autophagic flux. (A) Schematic representation of the GFP-mCherry-Atg8a autophagic flux
reporter. (B) Due to the intrinsic nature of fluorescence proteins, GFP matures, fluoresces, and fades faster than mCherry. (C) Incorporation of GFP-
mCherry-Atg8a into autolysosomes diminishes the fluorescence of GFP, but not that of mCherry. (D) Developing eye discs from wandering-stage third
instar larvae expressing indicated transgenes and the GFP-mCherry-Atg8a reporter were observed using laser confocal microscopy. Brackets indicate the
areas of differentiated ommatidia. (E-H) GFP and mCherry fluorescence intensities were measured from individual ommatidia expressing indicated trans-
genes and plotted into a graph against estimated time (h) after expression (n > 15 in each time period) (E-G). GFP/mCherry fluorescence ratio at each
time period was calculated (H). Data are represented as means =+ standard error.

Gyf silencing does not interfere with PtdIns3P accumulation

It has been formerly shown that GIGYF2, the mammalian
ortholog of Gyf, is present in endosomal compartments.”’”
Because the activity of Atg6-Pi3K59F (class III PtdIns3K) is
important for both endosomal trafficking and autophagosome
formation, we tested if Gyf is necessary for the proper func-
tionality of Atg6-Pi3K59F, which produces phosphatidylino-
sitol 3-phosphate (PtdIns3P). The PtdIns3P level inside the
tissue was monitored by Fyve-GFP, which has a PtdIns3P-
binding domain conjugated with a GFP fluorophore.”® Gyf
silencing in the eye disc does not reduce the level of Fyve-
GFP puncta (Fig. 4A, B and Fig. S2A), suggesting that Gyf
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is not essential for the gross activity of Atg6-Pi3K59F in
Drosophila eyes.

Gyf silencing inhibits Atgl-Atgl3-induced Atg9 trafficking

During active autophagy in mammalian cells, endosomally
localized Atgl-Atgl3 induces trafficking of Atg9-labeled endoso-
mal membranes to autophagosomes.””*° Indeed, overexpression
of Atgl-Atgl3 in the developing eye disc induced formation of
Atg9-positive puncta (Fig. 4C and D), which are known to be
accumulated during active autophagy.®"** We tested the require-
ment of Gyf in this process. Silencing of Gyf strongly abrogated
the Atg9 puncta formation (Fig. 4E and Fig. S2B), suggesting
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that Gyf is required for Atgl-Atgl3-induced trafficking of the
endosomal membrane and Atg9. Interestingly, Atgl3 puncta for-
mation, which is observed in Atgl-Atgl3-overexpressing eye
disc, was also completely prevented by silencing of Gyf (Fig. 4D,
E and Fig. S2C). This result suggests that Gyf is required for
proper subcellular localization of the Atgl-Atgl3 complex, which
is required for instigation of active Atg9 trafficking and autopha-
gosome formation.

Gyfsilencing does not interfere with classical apoptosis

Because Gyfsilencing inhibited Atgl-Atgl3-induced cell death
and eye degeneration, we speculated on whether Gyf can also serve
as a general inhibitor of cell death such as apoptosis. Rpr/Reaper
and Hid proteins in Drosophila antagonize the inhibitor of apo-
ptosis (Thread/dIAP1) proteins, thereby inducing activation of
caspase cascades that lead to apoptotic cell death.”® Eye-specific
overexpression of either of these proteins induced significant cell
death, as monitored by acridine orange (AO) or terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL) stain-
ing, in the developing eye disc (Fig. 5A and B), and reduced eye
size in adules (Fig. 5C). These apoptotic phenotypes were not sup-
pressed at all by Gyfsilencing (Fig. 5A-C), suggesting that Gyf
specifically regulates the autophagic signaling pathway.
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Identification and characterization of Gyfnull mutant flies

To further study the physiological function of the Gyfgene, we
isolated Gyfnull mutant flies. A FlyBase search identified 2 Minos
transposon insertions, Gyf*"#?'%% and Gyf*""**> (designated as
Gyf*"® and Gyf*""), in the fourth intron and fifth exon of the Gyf
gene respectively (Fig. 6A). These mutants were formerly gener-
ated by the large-scale Drosophila gene disruption projects.’*
Although the Gyf*” mutation did not affect the expression of Gyf
mRNA (data not shown), the Gyf*” mutation, which disrupts the
coding sequence of the Gyf gene, completely prevented Gyf
mRNA (Fig. 6B) and Gyf protein (Fig. 6C) expression. Thus, we
characterized Gyf*"” as the null mutant of Gyfgene.

Gyf-null mutants are short lived

Gyf""" mutants developed into adulthood well without any
noticeable developmental problems. Because many Drosophila
mutants with autophagy defects are short-lived,"®*° we measured
longevity of WT control and Gyf*’ mutants under the standard
laboratory condition. Interestingly, Gyf*”/ mutants exhibited a
high mortality rate in the early ages of their life, making their life
span drastically shorter than WT counterparts (Fig. 6D). We
then confirmed whether the early onset of mortality was due to
the mutation of the Gyf'gene. The genomic sequence including
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mutants. Triangles, transposon insertions; open boxes, untranslated exons; closed boxes, protein-coding exons. Scale bar, relative length of 1-kb genomic
span. (B and C) Absence of Gyf expression in Gyf-null flies (Gyf™). RT-PCR of Gyf and rp49 (B) and immunoblotting of Gyf (180 kDa) and Tubulin (50 kDa)
(C) were conducted from the flies of indicated genotypes. (D) Survivorship of WT (w'""® control), Gyf-null mutant (Gny’) and Gyf-null mutant with Gyf
genomic rescue (Gny’; DpGyf) male flies (n > 180). Survival of 4 independent cohorts is presented as mean =+ standard error. (E-G) Photographs of the
vials containing 2- or 4-wk-old adult male flies of indicated genotypes taken at 3 sec after negative geotaxis induction. (H) Quantification of the climbing
speeds of indicated 2- or 4-wk-old adult male flies (n > 80). Climbing speed is presented as mean =+ standard error. P values were calculated using the
Student t test. *** P < 0.001; NS, not significant.
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and surrounding Gyf'gene on the fourth chromosome was cloned
into a bacterial artificial chromosome (BAC) vector and trans-
genically inserted into an independent genomic locus on the
third chromosome by phiC31 integrase-mediated recombina-
tion. This allele, which was formerly generated by Duplication
Consortium,” was designated as the Dp® duplication. Using
the Dp™ strain, we tested if transgenic expression of Gyf can
suppress the longevity defects of Gyf* mutants. Dp™ was able
to partially restore Gyf protein expression in Gyf*”’ mutant
(Fig. 6C). This expression was enough to substantially prevent
an early rise in the mortality rate of Gyf*" mutant (Fig. 6D), sug-
gesting that the absence of Gyf protein is indeed responsible for
the observed life-span phenotype.

Gyf-null mutants exhibit mobility defects

We observed that the early mortality rate of Gyf*" mutants is
associated with a dramatic decline in locomotor ability, as most
of the flies were found at the bottom of vials with a largely
impaired ability to fly or climb the walls. A negative geotaxis
assay confirmed the loss of mobility in Gy’ mutants, which was
already prominent at 2 wk of age (Fig. 6E). The mobility defect
was again substantially restored by Dp® genomic rescue
(Fig. 6F). Interestingly, the heterozygotic Gy*""* flies and res-
cued flies showed a slight decrease in climbing ability at 4 wk of
age (Fig. 6G and H), suggesting that the reduced expression of
Gyf'in these flies may have caused a motor deficit in later ages.
These results indicate that Gyf'is important for preservation of
mobility in adult flies.

Gyf-null mutants exhibit autophagy defects

We then returned to the question of whether Gyf is a genuine
regulator of autophagy. Because Atgl-Atgl3, which showed
strong genetic interaction with the Gyf-silencing construct, is
essential for developmental and starvation-induced autophagy,
we questioned the contribution of Gyf to these processes. As pre-
viously reported,®*® late wandering-stage third instar WT larvae
exhibited prominent autophagic activities, such as accumulation
of autophagosomes (monitored by Atg8a staining), and acidic
vesicles such as autolysosomes (monitored by LysoTracker Red)
in their fat bodies (Fig. 7A-D). However, these autophagic activ-
ities were strongly abrogated by the Gyfnull mutation (Fig. 7A-
D). Gyfnull mutant larvae were also defective in starvation-
induced autophagy (Fig. 7E-H). Because the Gyfnull mutant
showed degenerative phenotypes at the adult stage, we were also
curious if Gyf controls autophagy at the adult stage. To biochem-
ically monitor the autophagic activity in adult tissues, we have
utilized an anti-Atg8 antibody, which can detect an endogenous
level of Atg8a protein expression in Drosophila (Fig. S3). Head
and thorax tissues of WT adults exhibited considerable Atg8a-II
expression (Fig. 7I-L) which correlates with the basal level of
physiological autophagy that is necessary for maintaining tissue
homeostasis. However, Gyfnull mutants showed substantial
decreases in Atg8a-II expression in both head and thorax tissues
(Fig. 71-L). These results collectively indicate that Gyf'is a gene
that is critical for developmental, starvation-induced and physio-
logical autophagy processes.
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Gyfloss downregulates TOR signaling in adult tissues

As briefly mentioned above, GIGYF2, the mammalian ortho-
log of Gyf, was formerly shown to regulate the insulin-TOR sig-
naling pathway.16’17 Because TOR complex 1 (TORCI)
signaling antagonizes autophagy and inhibits Atg8-II processing
through downregulation of Atgl/ULK1,%” we were curious
whether the organism-level Gyf deficiency affects autophagy
through activation of TORCI. Phosphorylation of the TORC1
substrate S6k (RPS6-p70-protein kinase) was, however, dramati-
cally downregulated in Gyfnull mutant tissues (Fig. 7M and N),
suggesting that TORC1 signaling was inhibited, not activated,
by the Gyfloss. Phosphorylation of a TORC2 substrate Aktl was
also downregulated, but to a less extent when compared to the
S6k phosphorylation (Fig. 7M and N). TORCI1-induced inhibi-
tory phosphorylation of Atgl, which induces a gel shift of Atgl
in Drosophila,'" was also substantially reduced by Gyf loss
(Fig. 7M and N). This TORCI1 downregulation could be as an
unsuccessful compensatory response to restore autophagy in Gyf
null mutant tissues.

Gyf-null mutants accumulate large amounts of ubiquitinated
proteins and dysfunctional mitochondria

Autophagy is important for clearance of ubiquitinated pro-
teins and maintenance of protein homeostasis. Mice and flies
with autophagy defects accumulate a large amount of ubiquiti-
nated proteins inside their body, provoking neurodegeneration
and muscular dysfunction®> which can together interfere with
mobility. As the data indicate that Gyf is important for physio-
logical autophagy in neuron and skeletal muscle tissues (Fig. 71—
L), we inferred that Gyfnull mutants may have defects in elimi-
nating ubiquitinated proteins in these tissues. Indeed, 2-wk-old
Gyf-null mutants accumulated a highly elevated amount of ubiq-
uitinated proteins inside the body, which was suppressed by
DpGyf genomic rescue (Fig. 8A and B).

In addition to ubiquitinated proteins, dysfunctional organelles
such as damaged mitochondria are physiologically important
substrates of autophagy.*® Defective clearance of ROS-producing
mitochondria can also facilitate neurodegeneration and muscle
degeneration in autophagy-defective flies and mice.”*'*** Brain
(Fig. 8C and D, optic lobe medulla) and skeletal muscle tissues
(Fig. 8E and F) of Gyfnull mutants exhibited a number of dam-
aged mitochondria, characterized by vacuolization and disorga-
nized cristae structure which are rarely observed in WT control
flies. The mitochondrial dysfunctions were also associated with
extensive apoptotic cell death in both tissues (Fig. 9). In muscle,
the Z band in the sarcomere structure was frequently broadened
(Fig. 8E and G), indicative of muscle dysfunction and degenera-
tion.*”™* These results highlight the critical role of Gyf in main-
tenance of tissue homeostasis that prevents degeneration of
neuron and muscle tissues.

Discussion

Through screening for mediators of Atgl-Atgl3-induced
autophagy, we have isolated Gyf as a new autophagy-regulating

1365



FB from 3" instar FB from 3" instar feeding larvae
wandering-stage larvae (starved for 3 h)

A Gy Vi E

Gy v

G nyl/Ml G ny.‘/Ml

Developmental

Developmental Starvation-induced Starvation-induced
C 30 autophagy D 20 autophagy G 30 autophagy H 30 autophagy
w320 2% ©820 £320
58 g5 10 BE15 - RER
<§. EE 5 Kkk <§.10 i 55127
>3 5 - >3 9/
Je M e i . S8 ‘
WT Gy WT Gy WT Gy
I Adult Head J M N > 1.5, Thorax
WT Gy o 30%  Head Adult Thorax G
&= — c
= ! 1
=20 kD S 20% WT Gyf" £
= =75 kD = 0.5 %
Atg8a-l » v = © © 0.
Atg8a-ll > -5k0 | 10% wok e |
z N P-S6K 0
B 0% = — (T398) > 157
Actin === = WT Gy i NS
-50 kD g 1
=75 kD = 05
Adult Thorax L p-Akt]—> === =
WT Gy ' 30% Thorax (S505) b e e >0 - '
= —2>06
=20 kD '_.220% %'@
= £g 04-
Atg8a-l > @ Atgl S o *kk
Atg8a-ll > —  ~15kD B 10% ** ™ oo £ 43
< ] . A
_ 0% , Actin "% 5 _j._
Actin ———— WT Gy WT GyM

Figure 7. Gyf is essential for developmental, starvation-induced and physiological autophagy. (A-H) Fat bodies (FB) of wandering-stage third instar lar-
vae (A-D) or feeding-stage third instar larvae that were placed on 20% sucrose solution for 3 h (E-H) of WT and Gyf*™' flies were subjected to anti-
Atg8a immunostaining (A, C, E and G) or LysoTracker Red (Lys) staining (B, D, F and H). Hoechst 33258 (DNA) was used to visualize nuclei. Scale bars:
50 wm. Number of Atg8a or LysoTracker Red puncta per cell in fat bodies are presented as means +standard error (n > 40) (C, D, G and H). (I-L) Heads
(I and J) and thoraxes (K and L) of 1-wk-old WT and Gny’/M’ flies were analyzed through immunoblotting of Atg8a-I (16 kDa), Atg8a-Il (14 kDa) and Actin
(40 kDa). The ratios of Atg8a-Il to Atg8a-l are presented as means =+ standard error (n = 7) (J and L). (M and N) Thoraxes of 1-wk-old WT and Gny’/M’ flies
were analyzed through immunoblotting of phospho-Thr398 S6k (70 kDa), phospho-Ser505 Akt1 (60 and 70 kDa), Atg1 (120 kDa) and Actin (40 kDa). The
immunoblot results were quantified and presented as means =+ standard error (n = 4). P values were calculated using the Student t-test. *, P < 0.05; **, P
< 0.01; ***, P < 0.001; NS, not significant.
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Figure 8. Accumulation of ubiquitinated proteins and damaged mitochondria in Gyf mutant flies. (A and B) 2-wk-old adult male flies of indicated geno-
types were subjected to immunoblot analyses with ubiquitin and tubulin (50 kDa) antibodies (A). Relative protein level was quantified and presented as
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medulla) and the skeletal muscle (E) of 4-wk-old Gyf mutant flies. Boxed areas with normal or damaged mitochondria are magnified in lower (C) or right
(E) panels. In the skeletal muscle of Gyf mutant flies, broadened Z-bands (black arrows) were frequently observed. Scale bars: 500 nm. (D, F and G) Quan-
tification data are represented as means =+ standard error (n > 3). P values were calculated using the Student t test. **, P < 0.01; ***, P < 0.001; NS, not

gene. Gyf is required for the Atgl-Atgl3 complex to stimulate
autophagic flux, autolysosome formation and cell death in the case
of excessive autophagy. It is also physiologically essential for devel-
opmental and starvation-induced autophagy as well as autophagic
elimination of ubiquitinated proteins and dysfunctional mitochon-
dria from neuron and skeletal muscle tissues. This physiological
role of Gyf is critical for preventing neurodegeneration and myop-
athy as well as for preserving life span and mobility.

Although Gyf is required for Atgl-Atgl3-induced autophagy,
Gyfnull mutant phenotypes are milder than those of Azgl-,
Atgl13-, or Atgl 7l Fip200-null mutants, which all fail to develop
into viable adult flies."""'®**%% Thus, it is likely that Gyf does
not mediate all biological functions of the Atgl-Atgl3 complex.
Consistently, we observed that Gyf'silencing did not restore some
phenotypic outputs of the Atgl-Atgl3 overexpression, such as
interference with photoreceptor morphogenesis. Nevertheless,
accumulation of autophagy substrates in Gyfnull mutants, such
as ubiquitinated proteins and dysfunctional mitochondria, shows
that Gyf is indeed required for the physiological autophagy that
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is dependent on Atgl-Atgl3. Accumulation of ubiquitinated
proteins was also formerly observed in flies deficient in several
autophagy-regulating gene products, such as Atg7,%® Atg8a,””
and Bchs/ALFY.”! However, mitochondrial dysfunction or mus-
cle degeneration was not observed in some of these flies,>® and it
has been determined that these components are not necessarily
essential for mitochondrial autophagy (mitophagy) that functions
to eliminate damaged mitochondria.’*>> On the contrary, the
Atgl-Atg13-Atgl7 system is essential for mitophagy,”>>® and
hypomorphic mutations of Azg! or Atgl7 provoke accumulation
of damaged mitochondria,'®** similar to the currently described
Gyfnull mutant phenotypes. Thus, Gyf'is a genetic component
that is essential for Atgl-Atgl3-dependent autophagy of both
ubiquitinated proteins and dysfunctional mitochondria in the
physiological context.

Although our current study uncovered the genetic function of
Gyf'in regulating autophagy and neuromuscular homeostasis, the
exact biochemical role of Gyf in autophagy process still awaits
further investigation. As there is no known catalytic activity or
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Figure 9. Degenerative phenotypes of brain and muscle tissues of Gyf mutant flies. (A-D) TUNEL (red) and DAPI (blue, DNA) staining reveals apoptotic
cells in the brain and skeletal muscle of 4-wk-old Gyf mutant flies. Right panel images are corresponding to the boxed areas in the left panel images (A
and B). Scale bars: 200 pm (white), 50 wm (gray).

motif in Gyf or its related mammalian orthologs, it is likely that
Gyf works with other proteins to regulate autophagy. For exam-
ple, formerly known interacting partners of Gyf, such as 4EHP
and Pico/GRB10,">'® may play some roles in Gyf-mediated
autophagy. However, as these molecules are largely dispensable
for Atgl-Atgl3-induced autophagy, additional molecules should
be also involved in Gyf-regulated autophagy process. One report
shows that GIGYF2 in human cells is localized in endosomal
compartments.”” As Atgl/ULKI protein kinase is known to
localize into endosomes and endosomes contribute to the growth
of the autophagosomal membrane,”® Gyf/GIGYF2 may promote
autophagosome formation by regulating Atgl-Atgl3-mediated
trafficking of endosomal membrane constituents into autophago-
somes. Supporting this idea, we have found that Gyf is required
for Atgl-Atgl3-induced Atg9 puncta formation, which reflects
active membrane trafficking to autophagosomes.”"*** In addition,
although Gyf does not control Atgl-induced Atgl3 phosphoryla-
tion, it was necessary for Atgl-induced Atgl3 puncta formation
in developing eye discs, suggesting that Gyf may control autoph-
agy by regulating subcellular localization of the Atgl-Atgl3 pro-
tein complex.

It should be noted that mutations in G/IGYF2 gene, one of the
2 human orthologs of Gyf, are associated with several cases of
familial PD."* Although GIGYF2/PARKII mutations are actu-
ally excluded from the frequent causes of PD in the general
human population,v‘60 GIGYF2 may still play important roles
in maintaining neuronal homeostasis and preventing neurode-

generation. Gigyﬂfl* mice are reported to exhibit perinatal
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mortality and Gigyf2'~ mice display early onset of age-associ-
ated neurodegenerative phenotypes that include neuronal protein
inclusion and a significant decline in mobility."” Our results of
Gyft'™ flies exhibiting a slight motor deficit and Gyf ™'~ flies dis-
playing an early mortality rate and neurodegeneration-associated
mobility defects are highly reminiscent of the mouse Gigy/2 and
human PD phenotypes.'®'7®" The prominent cell death
observed in neuron and muscle tissues of Gyqu flies (Fig. 9) is
most likely due to excessive accumulation of dysfunctional mito-
chondria and protein aggregates (Fig. 8) as a consequence of
chronic autophagy downregulation (Fig. 7). Thus, it should be
investigated in the future whether mammalian GIGYF1 and
GIGYF2 proteins play roles in neuronal autophagy as Drosophila
Gyf does. In addition, since many autophagy-defective mouse
mutants are lethal at early neonatal stage due to their defects in
responding to neonatal starvation,*** it would be interesting to
investigate later whether perinatal lethality of Gigy2™'~ mice' is
associated with autophagic defects. Based on the current results,
it is highly likely that Gyf-family proteins are evolutionarily con-
served regulators of neuronal autophagy that is critical for pre-
vention of neurodegenerative phenotypes.

Human mutations in several genes have been implicated as
playing a causal role in familial PD. These genes include SNCA/
PARK1, PARK2|Parkin, UCHLI/PARK5, PINKI/PARKG,
PARK7IDJ-1, LRRK2/ PARKS and ATP13A2/PARKY. It is inter-
esting to note that all of these genes play some roles in autophagic
elimination of ubiquitinated proteins or damaged mitochon-
dria.*>*¢*® Because our current report suggests GIGYF2 as
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another potential regulator of the autophagy process, autophagy
defects that impede cellular protein and oxidative metabolism
homeostasis seem to be a general underlying pathogenetic cause
of the familial PD syndrome. The genetic role of PARK genes
also seems to be evolutionarily conserved because Drosophila
strains bearing mutations of SNCAS®  park/Parkin,””*®
Pink1,*"*? Dj-1°7" and Lrrk’*7* genes show neurodegenerative
phenotypes similar to those of PD patients, and Gyfnull mutants
also exhibited such phenotypes. Therefore, Gyf is among the
family of neuroprotective proteins that are important for prevent-
ing PD-like degenerative pathologies.

Materials and Methods

Fly strains and culture

Atg8a™, UAS-myc-Atgl (UAS-Atgl) and UAS-Atgl3-GFP
(UAS-Atg13) were gifts from Dr. Thomas Neufeld (University of
Minnesota). GMR-Gald, UAS-AtgI™®™, UAS-Gyf**™4, UAS-
JEHPRNA, Gyt MBOI09T (G eMB)” (3 MI00SS (oMY 1] PR
[y w" Dp(4:3)RC049]VK00033 (Dp™), UAS-GFP, as well as
balancer and WT strains, were obtained from Bloomington Dro-
sophila Stock Center (BDSC). UAS—pz‘cod:RNA was obtained from
Vienna Drosophila RNAi Center (VDRC, 16369). The flies were
reared on standard cornmeal-agar medium with humidity
(70%), temperature (25°C or as indicated) and light (12/12 h
light/dark cycle) control. For negative geotaxis assays, pictures
were taken 3 sec after negative geotaxis induction, and climbing

speed was calculated from the pictures.'®

Construction of the GMR> Atgl+Atgl3 line

UAS-Atgl and UAS-Argl3 were interbred to generate UAS-
Atg1/UAS-Atgl13 females, which were then crossed with 7M356/
TM6B balancer male flies. The male progenies from this cross were
mated with GMR-Gal4; TM2/TMG6B virgins (50 single pair mating
(s.p-m.)). GMR-Gal4/+; UAS-Atgl UAS-Atg13/TM6B flies with
noticeable eye degeneration were selected from the s.p.m crosses
and interbred. Finally, a stable GMR-Gal4; UAS-Atgl UAS-Atg13/
TMG6B line (GMR>Atg1+Atgl3) was constructed, and expression
of Atgl and Atgl3 was confirmed through immunoblotting. How-
ever, we noticed that GMR>Atgl+Argl3 flies exhibited reduced
viability and fecundity. Raising the flies at 18°C restored fertility
while maintaining the eye phenotypes that allowed us to distinguish
the flies; therefore, all genetic experiments using the
GMR> Atgl+Atgl 3 transgene were conducted at 18°C.

Gyf mutants

The Gyf gene locus is located on the fourth chromosome.
Gy and Gyf*" mutant alleles were generated by an insertion of
genetically engineered Minos transposons called MiETT** and
MiMIC,” respectively. The original Gyf*"” stock was maintained
as homozygotes while the Gy’ stock was balanced with 72(4)ci”
inversion. Because the fourth chromosome does not undergo
recombination, this genetic combination is enough to maintain
Gy allele whose homozygosity produces early mortality and
extreme sickness. Due to these defects, we were unable to
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establish a Gyf™
homozygotes were collected from the progenies of Gyf™/In(4)

homozygotic fly line. Therefore, all G}/f

¢i” intercrosses by absence of ¢i” marker.

Dp™ allele was generated by the BDSC Duplication Consor-
tium using a formerly described method.”””> A duplication of
165,448 bp-long sequence from the fourth chromosome (coordi-
nates 4:798,603..964,051, Drosophila melanogaster genome
release 5; encompassing Gyf (4:874,342..887,651) and several
neighboring genes) derived from the BACR11A04 BAC clone
was inserted at the PBac[}/+—attP—3B]VK00033 docking site on
the third chromosome using phiC31- mediated recombination.

Dp was incorporated into f)/f mutants by means of the
following genetlc scheme. Dp contains y* and w* genetic
markers. Gyf™" contains y* genetic marker only. w™/Y; Dp™/
TM6Sb males were crossed with y~ w™; Gyf ML (4)ciP females.
The resulting y~ w™/Y; qu'f/—i- Gyf™/+ males were back—
crossed with y~ w5 Gyf ML (4)ciP females. Males with g+

* phenotypes, Whose genotype should be either y~ w /Y
DpGyf/—I-; GGy or y~ w 1Y Dp“l4 +1Gyf M, were
collected and bred again with y~ w™; Gyf’ MlIn(4)ci” females in
s.p.m. crosses. The males that produce progenies with y~ w™ ¢i”
phenotypes in s.p.m. crosses are judged to have genotype of y_
wIY; Dp™4;5 Gyf ™I+, therefore removed from the study. y©
w* ¢i" male progenies from all the other s.p.m. crosses will be y~
w 1Y; DpGyf/ + Gf My Gf ML fies (designated as Gyf M,
Dp®’) that were found to be fully viable and fertile.

Antibodies

Guinea pig anti-Gyf antibodies were made as follows: a cDNA
fragment encoding a.a. 500 to 1000 of Gyf was cloned into
pGEX and transformed into E. coli BL21. Insoluble GST-fusion
proteins were purified from SDS-PAGE gel bands and injected
into guinea pigs (Pocono farms, Inc.). Sera were subjected to
affinity purification using PVDF-immobilized proteins. Anti-
Atgl and anti-Atg9 antibodies were formerly described.'®??
Atgl13-GFP was detected using anti-GFP antibodies (Santa Cruz
Biotechnology, sc-9996; 1:50). Anti-TUBA/a-tubulin (Sigma,
T5168; 1:1000), anti-ACTA1l/actin (DSHB, JLA20; 1:100),
anti-ubiquitin (Santa Cruz Biotechnology, sc-8017; 1:100), anti-
phospho Thr398 Drosophila S6k (Cell Signaling Technology,
9209; 1:1000) and anti-phospho-Ser505 Drosophila Akel (Cell
Signaling Technology, 4054; 1:1000) antibodies were used for
immunoblot analyses. Anti-GABARAP (anti-Atg8) antibody
(Abcam, ab109364) was used to detect endogenous levels of Dro-
sophila Atg8a in both immunostaining (1:200) and immunoblot-
ting (1:1000) experiments. According to Abcam, this rabbit
monoclonal antibody was raised against the evolutionarily con-
served region of GABARAP, and therefore can cross-react with
Atg8-family proteins from a variety of species including Drosoph-
ila and silkworm. In Drosophila, this antibody detected endoge-
Atg8a in and
experiments (Fig. S3).

nous immunoblotting immunostaining

Histology

Immunostaining,” LysoTracker Red staining,”® acridine

orange staining,”” Terminal deoxynucleotidyl transferase dUTP
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nick end labeling (TUNEL) staining,78 transmission electron
microscopy™ and observation of the GFP-mCherry-Atg8a
autophagy flux indicator”” were done as previously described.
Fluorescence images and electron micrographs were quantified
using NIH Image] software or manually in a blinded manner.
To simultaneously conduct autophagy phenotyping and PCR
genotyping of Gyf from a single larva, we thoroughly rinsed the
larvae in phosphate-buffered saline (PBS; Life Technologies,
14190-144) and dissected them individually in a drop of PBS,
using fresh disposable slides and an 18-gauge needle every time.
Fat bodies were transferred to a well in a 96-well plate filled with
Brower Fix** (for immunostaining)79 or to a well in a 9-well glass
plate filled with PBS plus 100 nM LysoTracker Red DND-99
(Invitrogen, L7528) and 20 pg/ml Hoechst 33258 (Sigma,
23491-45-4) (for LysoTracker Red staining),76 and the remain-
ing carcass was transferred to a microcentrifuge tube. For PCR
genotyping of larval carcasses, an individual carcass was digested
in 100 pL mouse tail digestion buffer (100 mM Tris-HCI, pH
8.5, 200 mM NaCl, 5 mM EDTA, 0.2% SDS [IBI Scientific,
IB07060], 0.2 mg/mL proteinase K [Roche, 3115879]) at 65°C
overnight, and diluted 2 fold with water. After centrifugation at
15,000 g for 10 min, 1 pL of the supernatant fraction was used
for a PCR reaction with relevant primers as described below.

Biochemical analyses

Total RNA was isolated, reverse transcribed, and analyzed
using quantitative RT-PCR method using relevant primers as
previously described.*® Protein lysate preparation and immuno-
blotting were performed using a standard cell lysis buffer or the
indicated buffers as previously described.**** Predicted protein
molecular weights were calculated using the ExPASy molecular
weight computation tool. Observed protein size was estimated by
comparison of the protein band to protein size marker bands

(Bio-Rad, 161-0374).

Primer sequences

For genotyping of the Gyf gene, 5'-GACCGAAAAGTAAA-
GACCTGTC-3"  (forward) and  5-AGTGCAGCTG-
TAAACCCGT-3' (reverse) primers were used. Homozygosity of
Gyf ™ insertion abolishes PCR amplification from the Gyflocus

References 5.

with these primers. Primers detecting 7949 locus, 5'-
ACGTTGTGCACCAGGAACTT-3"  (forward) and 5-
CCAGTCGGATCGATATGCTAA-3' (reverse), were used as a
positive control reaction. Quantitative RT-PCR of Gyf'and rp49
(normalization control) was also done using the same primers
described above. Quantitative RT-PCR of 4EHP and pico was
done using 5'- GCGAGTAGAGCGACCACC-3' (forward) and
5'-GAACAGCGCCACAGGAAC-3' (reverse), and 5'-AGTGC-
CACGTCATCAGGTT-3" (forward) and 5-CGTCGGC-
TGTTTGTCAAGG-3' (reverse), respectively.

Statistical analysis

A 2-tailed Student # test was used to calculate statistical signifi-
cance of differences between 2 groups. P values equal to or above
0.05 were judged to be not statistically significant (NS).
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