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Atgl01 is an autophagy-related gene identified in worms,
flies, mice, and mammals, which encodes a protein that func-
tions in autophagosome formation by associating with the
ULK1-Atg13-Fip200 complex. In the last few years, the critical
role of Atgl01 in autophagy has been well-established through
biochemical studies and the determination of its protein struc-
ture. However, Atgl01’s physiological role, both during devel-
opment and in adulthood, remains less understood. Here, we
describe the generation and characterization of an Atg101 loss-
of-function mutant in Drosophila and report on the roles of
Atgl01 in maintaining tissue homeostasis in both adult brains
and midguts. We observed that homozygous or hemizygous
Atgl01 mutants were semi-lethal, with only some of them sur-
viving into adulthood. Both developmental and starvation-in-
duced autophagy processes were defective in the Atgl101 mutant
animals, and A#gI0I mutant adult flies had a significantly
shorter lifespan and displayed a mobility defect. Moreover, we
observed the accumulation of ubiquitin-positive aggregates in
Atgl01 mutant brains, indicating a neuronal defect. Interest-
ingly, Atgl01 mutant adult midguts were shorter and thicker
and exhibited abnormal morphology with enlarged enterocytes.
Detailed analysis also revealed that the differentiation from
intestinal stem cells to enterocytes was impaired in these midg-
uts. Cell type—specific rescue experiments disclosed that Atg101
had a function in enterocytes and limited their growth. In sum-
mary, the results of our study indicate that Drosophila Atg101 is
essential for tissue homeostasis in both adult brains and midg-
uts. We propose that Atgl01 may have a role in age-related
processes.

Autophagy (macroautophagy) is a process in which cytoplas-
mic materials, including organelles and macromolecules, are
delivered to and degraded in the lysosome (1-4). As a major
intracellular degradation system, autophagy plays important
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roles in development, tissue homeostasis, and aging (5-7).
Defects in the autophagy pathway cause various human dis-
eases, such as cancer and neurodegenerative diseases
(8-10).

Genetic studies from budding yeast have identified more
than 30 Atg genes, which function at various steps during
autophagy (2, 3, 11). Most of these genes are highly conserved
from yeast to mammals (3, 11). Among them, the Atgl complex
acts at the initiation stage of autophagy functioning as a scaffold
for the recruitment of downstream Atg” proteins to the pre-
autophagosomal structure (4, 11-13). The yeast Atgl complex
consists of Atgl, Atgl3, Atgl7, Atg29, and Atg31, and its mam-
malian counterpart is composed of ULK1 (or ULK2), Atgl3,
FIP200 (also known as RB1CC1) and Atgl101 (4, 11-13). Mam-
malian ULK1 and ULK2 are homologs of Atgl (13). FIP200 is
generally considered as a homolog of yeast Atgll and Atgl7
(13). Homologs of Atg29 and Atg31 are not found in higher
eukaryotes (13). In contrast, AtglOl is present in most
eukaryotes, with the exception of budding yeast (13). It has been
proposed that the regulatory mode of the Atgl complex and
the regulatory mechanism for controlling autophagy initiation
might have evolved from yeast to animal cells (13). Because of
its absence in budding yeast, Atgl01 has not been studied as
extensively as other components of the ULK1 complex until the
recent determination of the crystal structure of the Atgl3-
Atgl01 complex (14-20). AtglO1 contains a single HORMA
domain and forms a heterodimer with Atgl3 via this domain
(14, 15, 18-23). The interaction between Atgl01 and Atgl3
helps to stabilize Atgl3 and ULKI in the complex (14, 15,
18-23). Although the functional requirement for AtglO1 in
autophagy has been established in mammalian cells, Caenorh-
abditis elegans, and Drosophila, the physiological role of
Atgl01 remains largely unexplored (14-17).

2 The abbreviations used are: Atg, autophagy-related gene; NMJ, neuromus-
cular junction; ULK1/2, UNC-51-like autophagy-activating kinase 1/2;
Fip200, focal adhesion kinase family-interacting protein, 200 kDa; CRISPR,
clustered regularly interspaced short palindromic repeats; PAM, proto-
spacer adjacent motif; RFP, red fluorescent protein; Ref(2)p, refractory to
sigma P; DAPI, 4',6-diamidino-2-phenylindole; esg, escargot; ISC, intestinal
stem cell; EB, enteroblast; EC, enterocyte; EE, enteroendocrine cell; PH3,
phospho-Ser10-Histone H3; TOR, target of rapamycin; DSHB, Develop-
mental Studies Hybridoma Bank.
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Figure 1. Loss of Atg101 causes defects in starvation-induced and developmental autophagy. A, schematic diagram for the Atg707 gene locus. Coding
exons are in black, and noncoding exons are in white. The guide RNA target sequence is indicated in red. The PAM sequence is indicated in purple. The dotted
line indicates the deleted sequence. Atg101°" has a 13-bp deletion around the gRNA target site. ChX, chromosome X. B-B", accumulation of GFP-Atg8a and
RFP-Atg8a punctate structures in fat body cells of middle stage WT third instar larvae in response to starvation. C-C", absence of GFP-Atg8a and RFP-Atg8a
punctate structures in Atg707%" mutant animals under the same growth condition as in B-B". D, quantification of the number of RFP-Atg8a punctate spots from
B" and C'. 145 cells from 16 WT fat body samples and 114 cells from 15 Atg101°" mutant fat body samples were counted. E, quantification of the size of
RFP-Atg8a punctate spots shown in B’ and C’. 1000 spots from 12 WT fat body samples and 198 spots from 16 Atg701°" mutant fat body samples were
measured. F-F", accumulation of GFP-Atg8a and RFP-Atg8a punctate structures in fat body cells of wandering-stage WT third instar larvae. G-G”, absence of
GFP-Atg8a and RFP-Atg8a punctate structures in Atg107°" mutant animals. H, quantification of the number of RFP-Atg8a punctate spots shownin F’ and G'. 82
cells from 15 WT fat body samples and 162 cells from 29 Atg107°" mutant fat body samples. /, quantification of the size of RFP-Atg8a punctate spots shown in
B’ and C’. 150 spots from six WT fat body samples and 410 spots from four Atg707%" mutant fat body samples were measured. Data are presented as mean =
S.E. An unpaired t test was used for statistical analysis. ***, p < 0.001. Scale bars: 50 pwm.

Drosophila has increasingly become an attractive model Results

system for studying autophagy, especially the physiological Generation and characterization of Atg101 loss-of-function

functions of autophagy in tissue homeostasis and neurogenesis
(24-26). In this study, in which we generated an AtgI01 loss-
of-function mutant using the CRISPR/Cas9 approach in Dro-
sophila, we report on the roles of Atgl01 in regulating neuron
and midgut homeostasis.

SASBMB

mutant alleles

Drosophila Atgl01 is located in an intron of the S6KL gene,
which encodes an S6 kinase—like protein (Fig. 14). To explore
the physiological function of Azgl01, we generated an Atgl01
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loss-of-function mutant allele, AtgI101°”, using the recently

developed CRISPR/Cas9 system (Fig. 1A4). Atgl01°" contains a
13-nucleotide deletion in the coding region, which causes a
frameshift mutation (Fig. 14). To examine whether this Azg101
mutation affects the expression of its host gene, S6KL, we
extracted total RNA from both WT and Atgl01°" mutant ani-
mals and performed quantitative PCR analysis using a pair of
exon-specific primers for S6KL. Our quantitative PCR results
showed that the mature S6KL level was ~1.2 times of WT level
in Atg101°" mutants (Fig. S1A4). Previous studies have reported
that overexpression and mutation of S6KL leads to a decreased
and increased bouton number at the larval neuromuscular
junctions (NMJ), respectively (27, 28). To further determine
whether loss of Atgl01 affects S6KL function, we performed
immunostaining analysis and examined larval NMJ develop-
ment in Azg101°" mutants. For this analysis, an anti-CSP anti-
body was used to label presynaptic components at larval NMJs.
Our results revealed that there were no significant changes in
the number of boutons for the muscle 4 NMJ in AtgI01%"
mutant larvae as compared with the control (Fig. S1, B and C).
This indicated that Atg101°" mutants exhibited no detectable
defects during larval NMJ development and further confirmed
that loss of Azg101 does not affect S6KL function.

Homozygous or hemizygous Atgl01°” mutants were found
to be semi-lethal (Table S1). To determine whether the lethality
we observed in Atgl01°" mutants was caused by the specific loss
of Atgl01 function, we made a UAS-Atgl01 rescue transgene.
Overexpression of UAS-Atgl01 with a ubiquitously expressed
Daughterless-Gal4 (Da-Gal4) in Atgl01°" mutants restored the
viability of the mutant animals, indicating that the lethality is a
likely consequence of loss of Atg101 (Table S1).

To analyze the lethality phenotype in more detail, we
first examined the viability of WT and Atgl01°" mutants at
different developmental stages under growth control condi-
tions. Reduced viability was observed in both embryonic and
post-embryonic stages in Atg101°” mutants compared with the
control, although the reduction of viability during the larval and
pupal stages was subtle (Fig. S1D). Loss of Atg10I resulted in
lethality before or during eclosion, similar to previously
reported Atgl 7 mutants (Fig. S1, E and F) (29). Atgl01°" mutant
adult flies also displayed an abnormal wing posture, which has
been described in Atgl7 mutants (Fig. S1, G and F) (29). This
wing posture defect was rescued by overexpressing Atg101 with
Da-Gal4 (Fig. S11). Some of the newly enclosed Atg101°"
mutant flies fell down easily into the food at the bottom of the
vial (data not shown). In addition, we found that Atg101°"
mutant animals developed relatively slower compared with the
control and the time needed from the newly hatched first instar
larvae to become pupae or adults was increased by 12—-24 h on
average (Fig. S1, / and K).

We also determined the expression level of Ag101 at differ-
ent developmental stages by performing RT-PCR analysis on
RNA prepared from embryos, larvae, pupae, and adults. Azg101
mRNA was expressed at all developmental stages, with the
highest level in 0—12—h embryos (Fig. S11). In addition, the
expression level of Atgl01 was comparable with the levels of
Atgl and Atg8a but higher than the levels of Atg3, Atg4a, and
Atg7in 0-12—h embryos (Fig. SIM).
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Atg101 mutants exhibit defects in starvation-induced and
developmental autophagy

Atgl01 is an important component of the ULK1/Atg]1 kinase
complex in higher eukaryotes and plays essential roles in
the initiation of autophagy by interacting with Atgl3 (13-15).
To demonstrate the role of AtglOl during the process of
autophagy in vivo, we analyzed starvation-induced and devel-
opmentally triggered autophagy in the Atgl01°” mutant and
WT control larval fat bodies. The dual-tagged GFP-RFP-Atg8a
reporter is commonly used to follow autophagic flux and mon-
itor autophagic activities (30). In this system, GFP fluorescence
is normally quenched in the acidic environment of the
autolysosome, but RFP fluorescence is pH-independent. Thus,
autophagosomes can be labeled by both GFP and RFP signals
and appear as yellow. Autolysosomes are positive only for
RFP and appear as red. We took this approach and examined
the effects of AtglO1 on autophagic activities. Loss of Atgl01
prevented the accumulation of both yellow and red punctate
structures in fat body cells of both starved third instar larvae
and late wandering third instar larvae, consistent with a previ-
ous report in which knockdown of Atgl01 by RNAi blocked
both starvation-induced and developmental autophagy (Fig. 1,
B-I) (17). It has been shown that Atg8a-positive structures are
larger in size upon Azgl101 knockdown. However, we found that
the size of Atg8a punctate structures was smaller in Azgl01
mutant fat body cells than in the control (Fig. 1, B-I). It is
possible that some remaining Atg101 activities might affect the
size of Atg8a-positive structures.

Previous studies have shown that inhibition of autophagy
leads to a delay in larval midgut cell death during Drosophila
metamorphosis. Consistent with this finding, morphological
analysis of Atg101°" mutant midguts revealed a delay in midgut
cell death, as the gastric caeca still persisted at 4 h RPF (after
puparium formation) in Azg101°” mutant animals (Fig. S2, A
and B). Together, these data confirmed that animals lacking
AtglOI function are impaired in their abilities to induce
autophagy during normal development and in response to
starvation.

Atg101 mutant flies show decreased lifespans and impaired
mobility

Mutations in several Drosophila autophagy-related genes,
including Atg7, Atg8, and Atgl7, lead to reduced lifespans in
adult flies (29, 31-33). We therefore examined the effect on
Drosophila lifespan when Atgl01 was deleted. 50-70% of the
Atgl01°” mutants were able to develop to adulthood, and these
flies were used for lifespan measurement. Compared with the
control, Atgl01°" mutant flies exhibited a reduced adult lifes-
pan, and most of mutant animals died at 3 weeks of age (Fig. 2,
A and B). In addition, we noticed that Atg101°” mutant animals
also showed a movement disorder, and most of them were
found at the bottom of vials (data not shown). To confirm this
finding, we performed a negative geotaxis assay with WT and
mutant flies. When tapped to the bottom of a vial, WT flies
responded by climbing to the top (Fig. 2C). However, most
Atg101°" mutant flies failed to do so (Fig. 2C). At 2 days of age,
70-80% of the Atgl101°" mutant flies had impaired climbing
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Figure 2. Loss of Atg101 leads to decreased adult lifespan and impaired
locomotion. A, lifespan of Atg707%" mutant females is reduced compared
with control females. The survival rates were calculated as the percentage of
the number of surviving females versus the total number of females at the
indicated days. Data are presented as mean = S.D. B, lifespan of Atg101%"
mutant males is reduced compared with control males. The survival rates
were calculated as the percentage of the number of surviving males versus
the total number of males at the indicated days. Data are presented as
mean = S.D. C, photograph of vials containing 7-day-old male flies with the
indicated genotypes taken 15 s after taping the vials. D, groups of male flies
with the indicated genotypes were tested for locomotor activity at day 2 and
day 10. Data are presented as mean = S.E. A paired t test was used for statis-
tical analysis. **, p < 0.01.

ability in a climbing assay (Fig. 2D). Their performance was
much worse at day 10, with 100% of the flies impaired (Fig.
2D). These mobility defects were restored in the rescued flies
(Fig. 2, C and D). Collectively, these data indicate that loss of
Atgl01 leads to a reduced lifespan and impaired mobility in
adult flies.

Atg101 mutants show neurodegeneration defects

The age-related decline of mobility could be a reflection of
neurodegeneration in the adult brain. Previous studies have
shown that an accumulation of ubiquitinated proteins is asso-
ciated with progressive neurodegeneration in A#g5 and Atg7
mutant mice as well as Atg7, Atg8, and Atgl7 mutant flies (29,
31-35). To determine whether the mobility defects in Atg101%"
mutant were attributable to neurodegeneration, we used an
antibody against ubiquitin to examine A£g101°” mutants. Ubiq-
uitinated proteins accumulated in 1-week-old Azg101°" mutant
fly head extracts as compared with the WT control (Fig. 34). To
confirm the disruption of autophagy in the AzgI01 mutant fly
head, we also examined the protein level of Ref(2)p in both WT
and mutant fly heads. Consistently, AtgI101°” mutants had an
obvious increase in the Ref(2) level as compared with the con-
trol (Fig. 3B). Furthermore, our immunofluorescence staining
also revealed that the ubiquitin and Ref(2)p punctate structures
had accumulated in the mutant brain, suggesting the formation
of protein aggregates in the central nervous system of Atg101%"
mutants (Fig. 3, C-D' and G—H’, quantified in F and J). Partial
co-localization between Ref(2)p and ubiquitin was also
observed in Atg101°" mutants (Fig. S3, A-B"). These protein
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aggregate defects were rescued by the overexpression of Atg101
(Fig. 3, E, E', I, and I', quantified in F and /). To further deter-
mine whether Ref(2)p accumulation occurs in neurons or glial
cells, we double-stained Atgl01 %" mutant adult brains with
anti-Ref(2)p and antibodies against Elav or Repo, which mark
neurons or glia, respectively. Colocalization of Ref(2)p-positive
cells with Elav and Repo in Atg101°” mutant brains showed
Ref(2)p accumulation in both neurons and glial cells (Fig. 3,
K-L'). Taken together, these data indicate that Atg101 function
is important for the elimination of protein aggregates and neu-
ron homeostasis in the adult brain.

Atg101 maintains midgut homeostasis

Defects in the maintenance of intestinal stem cell homeosta-
sis could result in a short lifespan in adult flies (36 —39). During
our study, we noticed that the Azgl01°" mutant abdomen was
enlarged as compared with the WT animals, which indicates a
possible defect in the midgut tissue (Fig. S4, A and B). This
defect was also rescued by overexpressing Atgl01 (Fig. S4C).
We therefore extended our phenotypical analysis to the adult
midgut tissue in A£g101°" mutants. Interestingly, the midgut in
Atgl01°" mutants was significantly shorter and thicker than
that in WT controls (Fig. 44, quantified in B). This defect was
suppressed in the rescued flies, confirming that the midgut phe-
notype was specifically caused by the loss of Atgl01 (Fig. 44,
quantified in B). To begin understanding the basis for these
defects, we then focused on the posterior midgut and stained
the tissue with phalloidin and DAPI to examine the posterior
midgut morphology. Our phalloidin staining revealed that the
regular organization of the visceral muscles was disrupted in
Atgl01°" mutant midguts, which suggests that the peristalsis
was less efficient in the mutants (Fig. 4, C—D"). Cells with dif-
ferent sized nuclei are present in the posterior midgut. The
number of polyploid enterocytes with large nuclei was reduced,
whereas the number of diploid cells with small nuclei increased
(Fig. 4, C-D", quantified in E). We also noticed that the nuclear
size of enterocyte cells was larger in the mutant midguts com-
pared with the control (Fig. 4, C’ and D', quantified in F). Con-
sistently, the enterocyte cell size was enlarged in Atgl01°"
mutant midguts (Fig. 4, G and H). In addition, the midgut epi-
thelium was thickened and the lumen size was increased in the
Atgl0I1 mutants (Fig. 4, I and J). Overexpression of Atgl01
largely rescued all of these posterior midgut defects (Fig. 4,
C-M). It is likely that food digestion and nutrient absorption
were less efficient in the mutant midgut because of the irreg-
ular organization of the visceral muscles and reduced num-
ber of polyploid enterocytes. Together, these data demon-
strate that AtglO1 is required for the maintenance of adult
midgut homeostasis.

Atg101 functions to promote intestinal stem cell
differentiation

To examine the posterior midgut defect in more detail, we
next performed immunofluorescence staining with antibodies
against various markers for different types of posterior midgut
cells. Escargot (esg)-GFP is specifically expressed in intestinal
stem cells (ISC) and enteroblasts (EB), referred to collectively as
midgut precursor cells (40). In Atg101°" mutant midguts, the
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Phalloidin was used to label F-actin. Scale bars: 50 um.

number of esg-GFP-expressing cells was increased and cells
often clustered (Fig. 5, A-B’, quantified in C and D). The
increasing number of esg-GFP—positive cells could be a result of
overproliferation of intestinal stem cell, a blockage of stem cell
differentiation, or both. To further discriminate among these
possibilities, we used anti-phospho-Ser10-Histone H3 (PH3)
antibodies to label cells in mitosis. In Atg101°” mutant midguts,
the number of cells labeling for PH3 was comparable with the
controls, indicating that the expansion of esg-GFP—positive
cells was not likely to be attributable to the increase in ISC
proliferation (Fig. 5, E-F', quantified in G). We then considered
the possibility that cell differentiation was blocked in Atg101%"
mutants. To test this possibility, we used anti-Prospero and
anti-Pdm1 antibodies to stain for enteroendocrine (EE) and
enterocyte (EC) cells, respectively, and found a significant
reduction in the number of cells for EC cell types in Azgl01
mutant midguts but not for the EE cell types (Fig. 5, H-I' and
K-L', quantified in J and M) (40-42). Altogether, these analy-
ses reveals that AtglO01 is required for intestinal stem cell dif-
ferentiation, especially for the differentiation of EC cell lineage
in adult midguts.

5670 J. Biol. Chem. (2019) 294(14) 5666 -5676

Atg101 acts in ECs to limit cell growth

Having shown that the loss of Atg101 causes defects in adult
midgut homeostasis, including enlarged EC cell size and
reduced intestinal stem cell differentiation, we next sought to
identify the cell types in which AzgI01 might function. For this
purpose, we performed a rescue experiment with the UAS-
Atgl01 transgene using several cell type—specific Gal4 drivers
in adult midguts. First, esg-Gal4 combined with a temperature-
sensitive GAL80 was used to overexpress Atgl101 specifically in
the adult ISC and EB populations of Azg101°” mutant flies. To
activate transgene expression, adult flies were shifted to the
nonpermissive temperature. The results showed that there was
no rescue effect on the enterocyte size when expressing UAS-
Atgl01 by esg-Gal4 as compared with Atgl101°" mutant alone
(Fig. 6, A—C). We then used the EC-specific MyolA-Gal4 com-
bined with Gal80” to restrict the expression of UAS-Atgl0I to
ECs in the adult midgut. Interestingly, MyolA-Gal4—driven
Atgl01 expression in Atgl01°" mutant flies displayed a rescue
of the enlarged enterocyte size normally seen in Atgl0I%"
mutants (Fig. 6, D—F). Furthermore, no obvious rescue was

SASBMB



Atg101 regulates both neuron and midgut homeostasis

DAPI

.
-
|

Atg1075
E

B F 100 G 2509 " **L
3 80 T _ 2004
S S EE
Eg 150+
£4 g 80 gz
S Atg101 ol 58
93 # czug 40 %E 100+
R Rescue =5 <
32 3 20 N 504
a1 ol %“ 2]
0 ength  Width © _— o >
eng i W «0\ So\)e Wt ,\0\
G Qe Y ?3

Dig+DAPI

» 5
|
Atg1076 -

Phalloidin+DAPI

Atg101%"

M

Rescue

16h

Rescue

Figure 4. Loss of Atg101 results in adult midgut defects. A, Atg7107°" mutant adult midguts are shorter and thicker than the WT control. Shown are images
of midguts from adult flies with the indicated genotypes. B, quantification of the length of entire midguts and the width of posterior midguts from adult flies
with the indicated genotypes. Black lines indicate the location for measuring the width of posterior midguts. 10 midguts were used for each genotype. Data are
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fly posterior midguts stained for DNA (using DAPI) and actin (using phalloidin) as indicated. Top right boxed areas in C’, D', and E’ are higher magnifications of
the smaller boxed areas. Stars indicate the nuclei of EC cells. F, quantification of the number of cells with large nuclei. Cells in 18 defined regions from nine
WT midguts, 18 defined regions from ten Atg101%" mutant midguts, and ten defined regions from five rescue fly midguts were counted. Data are
presented as mean = S.E. An unpaired t test was used for statistical analysis. **, p < 0.01. G, quantification of the size of the large nuclei. Sizes of 60 nuclei
from six WT midguts, 90 nuclei from nine Atg107°" mutant midguts, and 90 nuclei from nine rescue fly midguts were measured. Data are presented as
mean = S.E. An unpaired t test was used for statistical analysis. **, p < 0.01. H-J, enlarged enterocytes in Atg1071°" mutant midguts. Single-plane confocal
images of WT, Atg1071°" mutant, and rescue fly posterior midguts stained for anti-Dlg, which labels the cell membrane. Scale bars: 10 um. K-M,

cross-section of midgut epithelium from WT, AtglOIﬁ" mutant, and rescue
the white lines indicate the intestinal wall. Scale bars: 50 um.

observed when an EE-specific pros-Gal4 was used to drive
Atgl01 expression in Atgl01°" mutant midguts (Fig. 6, G-I).
Thus, we concluded that Atg101 has a cell autonomous effect in
ECs to limit cell growth.

Discussion

Here we generated and characterized an At#gl01 loss-of-
function mutant in Drosophila. The Atgl0I mutant showed
reduced viability in the embryonic, larval, and pupal stages.
Most mutant animals can survive to adult stages but have a
short lifespan. Our study also provides genetic evidence that
Atgl01 has a key role in maintaining neuron and midgut
homeostasis.

Atgl01 is a core subunit of the Atgl complex, which is essen-
tial for autophagosome formation (13, 23). Studies in mamma-
lian cells have identified the role of Atgl01 in autophagy initi-
ation (14, 15). Knockdown of Azgl10I by RNAIi in Drosophila
also leads to autophagy defects (17). Consistent with this, the
lack of Atgl01 function causes defects in both starvation-in-
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adult flies. The white double-headed arrows indicate the intestinal lumen, and

duced and developmental autophagy in Drosophila third instar
larval fat body tissues. In addition, we observed a variety of
phenotypes in adult flies, such as reduced lifespan, impaired
locomotion, accumulation of ubiquitinated proteins, and
blockage of intestinal stem cell differentiation.

Autophagy has been implicated in the process of aging (43).
Suppression of autophagy disrupts age-dependent tissue
homeostasis in various organs (43). In flies, the loss of Azg7,
Atg8a, or Atgl7 in the entire organism leads to a reduced lifes-
pan as well as the accumulation of ubiquitinated protein
aggregates in the brains (29, 31-33). It has been proposed
that the basal level of autophagy in the nervous system is
required for the clearance of toxic proteins or damaged
organelles (43, 44). Similar to other Atg mutants, Azgl01
mutant flies also have a shorter lifespan. Protein aggregates
were evident in AtgI0I mutant fly brains. The decline of
locomotion ability in Atgl0I mutants during aging further
demonstrates a neurondegeneration defect in the absence of
autophagy function.
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Figure 5. Atg101 is required for the differentiation of the intestinal stem
cell. A-B’, Z-projection confocal images of the posterior midgut of WT and
Atg101°" mutant flies expressing esg-GFP, which labels both ISC and EB cells.
C, quantification of esg-GFP-positive cells. For quantification, Z-projection
confocal images of the posterior midgut were acquired, and then the number of
esg-GFP-positive cells and all other cells were counted in a defined region. For
each defined region, at least 100 cells were present. Cells in eight defined regions
from seven WT midguts and 15 defined regions from nine Atg107°" mutant
midguts were counted. Data are presented as mean = S.E. An unpaired t test was
used for statistical analysis. **, p < 0.01. D, quantification of esg-GFP-positive cell
clusters. Quantification was performed as described in C. Cell clusters (at least
three cells) in 21 defined regions from WT midguts and 27 defined regions from
Atg101°" mutant midguts were counted. Data are presented as mean *+ S.E. An
unpaired t test was used for statistical analysis. **, p < 0.01. E-F’, Z-projection
confocal images of the posterior midgut of WT and Atg107%" mutant flies stained
for anti-PH3, which labels mitotic ISCs. G, quantification of PH3-positive cells
within the entire gut. 20 WT and 24 Atg107°" mutant midguts were used for the
quantification. Data are presented as mean = S.E. An unpaired t test was used for
statistical analysis. N.S., not significant. DAPI was used to visualize DNA. Scale bars:
50 wm. H-I', Z-projection confocal images of WT and Atg107°" mutant posterior
midguts stained for anti-Prospero (Pros), which labels EB cells. J, quantification of
Pros-positive cells. Quantification was performed as described in C. Cells in 27
defined regions from 25 WT midguts and 23 defined regions from 14 Atg101°"
mutant midguts were counted. Data are presented as mean = S.E. An unpaired t
test was used for statistical analysis. K-L', Z-projection confocal images of WT and
Atg107°" mutant posterior midguts stained for anti-Pdm1, which labels EC cells.
M, quantification of Pdm1-positive cells. Quantification was performed as
described in C.Cells in ten defined regions from ten WT midguts and nine defined
regions from nine Atg107°" mutant midguts were counted. Data are presented as
mean = S.E. An unpaired t test was used for statistical analysis. **, p < 0.01.
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the enlarged enterocyte size defects in Atg107 mutants. Shown are confocal
images of the esg-Gal4 control, Atg101°" mutant, and rescued fly posterior
midguts stained for DNA and Dlg as indicated. For conditional induction of
Atg101, esg-Gal4 UAS-GFP; Gal80™ was used in the rescue experiment. D-F,
Myo1A-Gal4-driven Atg107 expression in EC cells was able to rescue the
enlarged enterocyte size defects in Atg707 mutants. Shown are confocal
images of the Myo1A-Gal4 control, Atg101%" mutant and rescued fly posterior
midguts stained for DNA and Dlg as indicated. For conditional induction of
Atg101, Myo1A-Gal4 UAS-GFP; Gal80" was used in the rescue experiment. G-/,
pros-Gal4-driven Atg107 expression in EE cells failed to rescue the enlarged
enterocyte size defects in Atg7107 mutants. Shown are confocal images of the
pros-Gal4 control, Atg101°" mutant, and rescued fly posterior midguts stained
for DNA and Dlg as indicated. pros-Gal4 was used in the rescue experiment.
Scale bars: 20 pm.

Recently, several reports indicate that autophagy-related
genes also regulate intestine homeostasis. A core autophagy
gene, Atgl6L1, has been shown to be associated with Crohn
disease (45). Later studies performed in mice show that Paneth
cells are abnormal in A#gI6L1 or Atg5 knockout mutant ani-
mals (46). In flies, Atg9 has been shown to be required for Jun
N-terminal kinase (JNK)-mediated intestinal stem cell prolifer-
ation (47). Interestingly, the induction of autophagy can block
stress-induced ISC proliferation (47). In addition, Atg9 is also
required for midgut homeostasis under normal physiological
condition, and it specifically acts in enterocytes to control cell
growth by limiting TOR signaling (48). Analysis of various Atg
genes in the Drosophila midgut has demonstrated that the Atgl
complex components, including Atgl, Atgl3, and Atgl7, play
crucial roles in controlling enterocytes cell growth (48). Fur-
thermore, it appears that the Atgl complex and Atg9 regulate
TOR signaling via different mechanisms during enterocyte cell
growth (48). Interestingly, other core autophagy-related genes,
such as Atg7, Atgl2, Atgl6, Atgl8, and Vps32, are not required
for enterocyte cell growth in Drosophila adult midguts, indicat-
ing that the role of the Atgl complex and Atg9 in maintaining
midgut homeostasis might be specific (48). Consistent with the
reported phenotype, upon knocking down Atgl, Atgl3, and
Atgl7, we found that loss of AtgI01 caused defects in adult
midgut homeostasis and resulted in abnormal midgut mor-
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phology with enlarged enterocytes. Interestingly, the number of
intestinal progenitor cells was increased in Afgl0I mutant
midguts. However, the number of dividing intestinal stem cells
when stained with anti-PH3 remained the same as in the con-
trol. In contrast, we observed reduced numbers of differentiat-
ing enterocyte cells. These data strongly indicate that Atgl01
plays an important role in intestinal stem cell differentiation
but not proliferation. In addition, our cell type—specific rescue
experiments revealed that Atg101 functions in ECs to limit cell
growth autonomously. It has been reported that apoptotic
enterocytes promote intestinal stem cell division nonautono-
mously (49). It remains unclear whether the overgrowth of ECs
has an effect on intestinal stem cell function. In summary, these
findings indicate that Atgl01 plays essential roles in maintain-
ing neuron and midgut homeostasis, both of which may affect
the aging process. A recent study also reveals that the activation
of autophagy in the adult brain by expression of either AMPK or
Atgl induces autophagy in the intestine and leads to an
increased lifespan (50). Further studies on the connection
between the brain and midgut homeostasis in Drosophila
Atgl01 mutant animals will likely provide novel insights into
the cross-talk between the brain and the midgut.

Experimental procedures
Drosophila stocks

We used the following fly stocks: w'?*8, Daughterless-Gal4,
esg-GFP"?1%%%/Cyo, Cg-Gal4 UAS-GFP-RFP-Atg8a/Cyo, Esg-
Gal4 UAS-GFP/Cyo; Gal80”/TM6B, MyolA-Gal4; Gal80%,
pros-Gal4. For experiments using Gal80", crosses were set up
and cultured at 18 °C to limit Gal4 activities. To inactivate
Gal80®, 2—4-day-old F1 adult flies were shifted to 29 °C for 7
days before dissection.

Generation of Atg101 mutant and transgenic fly lines

CRISPR-mediated mutagenesis was performed according to
a previous report (51). Briefly, the Atgl01 target sequence and
PAM site were determined using http://tools.flycrispr.molbio.
wisc.edu/targetFinder/ (52).> After identifying the target
region, two primers (TAATACGACTCACTATAGGAGGTG-
TGGACGGTGCACCGTTTTAGAGCTAGAAATAGC and
AAAAAAAGCACCGACTCGGTGCCAC) were used to
amplify the DNA fragment from the pMD19-T gRNA scaffold
vector. The PCR products were used for gRNA in vitro tran-
scription with the RiboMAX Large Scale RNA Production Sys-
tems T7 kit. To synthesize Cas9 mRNA, the pSP6 —2sNLS-sp-
Cas9 plasmid was first cut by Xbal and then purified.
Transcription was performed using the Sp6 mMESSAGE
mMACHINE kit (Ambion). The poly(A) tails were added to the
3’-end of Cas9 mRNAs using Escherichia coli poly(A) polymer-
ase kit (New England Biolabs). Cas9 mRNAs and Atg101 gRNA
were then mixed and injected into w''*® fly embryos. Genomic
DNA from dead embryos were used for PCR amplification and
sequencing to determine the efficiency and usefulness of gRNA.
The primers used for amplifying the target region were 5'-
TTTCACACCGTCCTCTTCCAC-3' and 5'-ATGATGGGA-

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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GGATTTGCGTTC-3'. The detection of a string of “double
peaks” in the sequencing chromatogram indicates the mis-
matched region and the usefulness of gRNA. Single flies were
selected and balanced over FM6B. Exact deletions were deter-
mined by PCR screening and sequencing for individual flies.
Atgl01°" mutants have a 13-bp deletion (from ChX 18792261
to ChX 18792273).

For the generation of UAS-Atgl01-HA transgenic flies, an
Atgl01 cDNA fragment was amplified using the primers 5'-
CGGCGGCCGCATGAACGCGCGTTCGCAGGT-3' and 5'-
CGCTCGAGCATTGCGAGCGTTTCCTTGA-3" and cloned
into a modified pUAST vector with a 3HA tag at the C-termi-
nal. The pUAST-Atgl01-HA construct was then injected into
the ZF-25C landing site on chromosome II using standard
methods.

Quantitative PCR and RT-PCR

Total RNA was extracted using the TRIzol reagent (Ambion,
15596-026). cDNA was synthesized with PrimeScript RTase
(TaKaRa, PrimeScriptTM II 1st Strand cDNA synthesis kit, code
621A). Quantitative PCR was performed on the ABI 7900HT
Fast Real-Time PCR system using the following primers: S6KL,
5'-GTCAGATGCTGACGCAG-3' and 5'-GCCATCACACT-
GCGGATAC-3'; and rp49, 5'-GCTAAGCTGTCGCAC-
AAA-3" and 5'-TCCGGTGGGCAGCATGTG-3".

RT-PCR was performed using the following primers: Rp49,
5'-GCTAAGCTGTCGCACAAA-3" and 5'-TCCGGTGGGC-
AGCATGTG-3'; Atgl0l, 5'-GAGGTGTGGACGGTGCACC-
3" and 5'-GATGTGTCGAAGATCAG-3'; Atgl, 5'-GGAT-
TTTGGGTTTGCGCGAT-3" and 5'-CAGAGATCCGC-
CTTGGAGTC-3'; Atg3, 5'-CGCCCGTTTTGAAGGAATCG-
3" and 5'-TGTCTTGGTCTCATCGCCAG-3'; Atgda, 5'-
TAGTGCGCTTCGATGACTGG-3" and 5'-TATGAGCAGC-
AGTGGCTTCC-3'; Atg7, 5'-GATGTTACGGCCCCTGG-
AAA-3" and 5-GCCAGCTCCTTACGAGGATG-3'; and
Atg8a, 5'-TCATTCGCAAGCGCATCCA-3" and 5'-AGTCC-
TCCTCGTGATGTTCC-3'".

Western blotting

Adult fly heads were collected and lysed in modified radio-
immune precipitation assay lysis buffer (50 mm Tris-HCI, pH
8.0, 150 mm NaCl, 1% (v/v) IGEPAL CA-630, and 0.5% (w/v)
sodium deoxycholate) with protease inhibitor mixture (Roche,
catalog No. 04693132001) and PhosStop phosphatase inhibitor
mixture (Roche, catalog No. 4906845001). Samples were then
subjected to SDS-PAGE and transferred to polyvinylidene fluo-
ride membrane. Membranes were immunoblotted with
mouse anti-ubiquitin (1:1000, P4D1, Cell Signaling Technol-
ogy catalog No. 3936S), rabbit anti-Ref(2)p (1:500, Abcam,
ab178440), mouse anti-GAPDH (1:1000, Goodhere Biotech-
nology Co., AB-M-MO001), and mouse anti-tubulin (1:1000,
Beyotime Biotech, AT819-1). Detection of proteins was per-
formed using the ChemiLucent™ ECL detection reagents
(Millipore, WBKLS0500). Images were taken using the
chemiluminescence imaging system (Clinx Science Instru-
ments, Shanghai).
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Immunostaining and microscopy

Drosophila adult midguts were dissected in SD medium and
fixed with 4% paraformaldehyde in PBS for 40 min with rocking
at room temperature. Midguts were washed three times in
PBST (0.1% Triton X-100 in PBS) before blocking for 1 h in
PBST plus 3% BSA buffer at room temperature. Next, midguts
were incubated with the primary antibodies overnight at 4 °C.
After four washes in PBST, the midguts were incubated with
secondary antibodies for 2 h at room temperature with rocking.
DAPI was added for the last 20 min. After four further washes
with PBST, the midguts were mounted in Vectashield mount-
ing medium. 7-day-old adult males were used in all analyses.
The posterior region of the midgut was chosen for imaging.
Drosophila adult brains and larval NMJs were dissected in SD
medium. Samples were then fixed with 4% paraformaldehyde in
PBS for 20 min and stained as described above. The following
primary antibodies were used: chicken anti-GFP (1:2000;
ab13970, Abcam), mouse anti-CSP (1:50; 6D6, DSHB), mouse
anti-ubiquitin (1:400; P4D1, Cell Signaling Technology, catalog
No. 3936S), rabbit anti-Ref(2)p (1:500; ab178440, Abcam), rat
anti-Elav (1:50; 7E8 A10, DSHB), mouse anti-Repo (1:50; 8D12,
DSHB), rabbit anti-PH3 (1:500, Millipore), mouse anti-Pros-
pero (1:100), rabbit anti-Pdm1 (1:500), and mouse anti-Dlg
(1:500; DHSB, 4F3). Fluorescent secondary antibodies (Alexa
Fluor 488 — or Alexa Fluor 555—conjugated anti-rabbit, anti-
mouse, and anti-chicken) were obtained from Molecular
Probes (1:500). Phalloidin (phalloidin 568, Invitrogen A12380,
1033926) was used in a 1:1000 dilution. DNA was labeled with
DAPI (1 ug/ml, Sigma). To induce starvation, middle L3 stage
larvae were collected and transferred to a 20% sucrose solution
for 4 h. For live imaging, larval fat body tissues were dissected in
SD medium. Imaging was performed on an Olympus FV1000
confocal microscope, and images were processed using Image]J
and Adobe Photoshop.

Quantification and statistical analysis

In Fig. 1, D, E, H, and I, the number of RFP-Atg8a spots was
counted manually, and the size of the RFP-Atg8a spots was
measured with NIS-Elements. In Fig. 3, F and J, the number of
ubiquitin-positive spots and the area of the Ref(2)p-positive
spots were measured with Image]. In Fig. 4B, midgut length and
width were measured with NIS-Elements from images of whole
midguts acquired with a Nikon Eclipse 80i microscope. In Fig.
4, Fand G, the number of nuclei was counted manually, and the
size of the nuclei was measured with NIS-Elements. Posterior
midgut regions R4a and R4b were chosen. In Fig. 5, C, J, and M,
the number of esg-positive, pros-positive, and pdm1-positive
cells were counted manually. Posterior midgut regions R4a
and R4b were chosen. In Fig. 5D, the number of esg-positive
cell clusters was counted manually for the entire frame. In
Fig. 5G, the number of PH3-positive cells was counted man-
ually for each midgut. In Fig. S2B, the gastric caeca size was
measured with NIS-Elements. The sample size for the quan-
tification analysis is indicated in the legends for Figs. 1, 3, 4,
5, S1 and S2. Statistical analysis was performed using
GraphPad Prism 5.
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Hatching rate, pupation rate, and eclosion rate

3—4-day-old flies were collected and put in cages. Embryos
were collected every 2 h. To measure the hatching rate, 200
embryos were transferred to a fresh plate, and the number of
hatched first instar larvae were counted. To monitor the rate
and timing of pupation and eclosion, 50 first instar larvae were
collected and cultured in a vial. The number of pupae and adults
were counted every 12 h. The pupation rate was calculated as
the percentage of the number of pupae versus the number of
first instar larvae contained in each vial. The eclosion rate was
calculated as the percentage of the number of eclosed adults
versus the total number of pupae contained in each vial.

Climbing assay

For negative geotaxis assay, aged flies were separated by gen-
der and grouped in cohorts of 20 animals. Before testing, the
flies were transferred to a tube made by two vertically joined
empty vials and allowed to rest for 1 h before the assay. After
tapping the flies down to the bottom of the vial, we measured
the number of flies that could climb above the 15-cm mark
within 15 s. A climbing index was calculated as the percentage
of the number of flies above the mark versus the total number of
flies in the tube. Six replicate sets of experiments were per-
formed for each genotype.

Lifespan assay

For the lifespan analysis, groups of 20 newly eclosed males or
females were collected and transferred to vials with fresh food
every 2—3 days. The number of dead flies was counted. Survival
rates were calculated as the percentage of the number of sur-
viving flies versus the total number of flies. Three replicate sets
of experiments were performed for each genotype.
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