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ABSTRACT

Genetic variations of Atg16/1, Slit2 and Rab19 predispose to the
development of inflammatory bowel disease (IBD), but the relationship
between these mutations is unclear. Here we show that in Drosophila
guts lacking the WD40 domain of Atg16, pre-enteroendocrine (pre-EE)
cells accumulate that fail to differentiate into properly functioning
secretory EE cells. Mechanistically, loss of Atg16 or its binding partner
Rab19 impairs Slit production, which normally inhibits EE cell
generation by activating Robo signaling in stem cells. Importantly,
loss of Atg16 or decreased Slit/Robo signaling triggers an intestinal
inflammatory response. Surprisingly, analysis of Rab19 and domain-
specific Atg76 mutants indicates that their stem cell niche regulatory
function is independent of autophagy. Our study reveals how mutations
in these different genes may contribute to IBD.
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INTRODUCTION
Inflammatory bowel diseases (IBDs) are chronic inflammatory
disorders of the gastrointestinal tract. The most common IBD forms
are Crohn’s disease (CD) and ulcerative colitis. Lifestyle and
environment strongly influence disease progression, and several
genetic risk factors are known that predispose to IBD. Although
different genome-wide association studies identified multiple
susceptibility loci associated with increased risk for IBD
development (McGovern et al., 2015), the complex etiology of
this disease is still an enigma, as the underlying molecular
mechanisms and cell biological processes are poorly characterized.
The Thr300Ala (T300A) substitution in allelic variants of Atg16L1,
a core autophagy protein, is a major genetic risk factor for developing
CD (Hampe et al., 2007; Rioux et al., 2007). Autophagy is an
evolutionarily conserved lysosomal degradation pathway of eukaryotic
cells. During the main route, double-membrane autophagosomes form
and subsequently fuse with endo-lysosomal vesicles to degrade their
content. Atgl6 (Atgl6L1 in mammals) binds to a conjugate of Atg5
and Atgl2, and this complex promotes Atg8/LC3 lipidation and
subsequent autophagosome formation (Zavodszky et al., 2013).
Metazoan Atgl6 proteins contain an Atg5-binding motif
(Atg5BD) and a coiled-coil domain (CCD), which are often
collectively referred to as an autophagic domain (AutD), plus a WD-
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repeat (WD40) domain. Both the AtgSBD and CCD are required for
starvation-induced autophagy, whereas the WD40 domain mediates
protein-protein interactions (Noda and Inagaki, 2015). Importantly,
ubiquitin binding by the WD40 domain has been suggested to play a
crucial role in selective autophagy of bacteria (xenophagy), the
impairment of which is likely to be important for IBD development
(Boada-Romero et al., 2016; Fujita et al., 2013; Kuballa et al.,
2008).

The intestine of A7g/6/] mutant mice contains abnormal Paneth
cells, which would normally produce and secrete antimicrobial
peptides to control gut microbiota and inflammation, and this was
suggested to be a consequence of defective autophagic clearance of
mitochondria (Cadwell et al., 2008). Paneth cells in CD patients also
show elevated endoplasmic reticulum stress, which could also be due
to defective autophagy (Adolph et al., 2013; Deuring et al., 2014).

In humans, the IBD-predisposing ATG16L173%%4 mutant protein
is more sensitive to cleavage by caspase 3, possibly resulting in
elevated inflammatory cytokine production and decreased
antibacterial autophagy (Murthy et al., 2014). Interestingly, T300A
also alters the interactions of the WD40 domain without affecting
bulk autophagy (Boada-Romero et al., 2016). These data suggest that
Atgl6 might also have autophagy-independent functions.

The fruit fly is an excellent tool for functional analysis of genes
involved in cellular and developmental processes in a complete
animal. Drosophila intestinal homeostasis — similarly to mammals —
is maintained by tightly controlled intestinal stem cell (ISC)
proliferation and differentiation (Jiang and Edgar, 2012; Li and
Jasper, 2016). ISCs have the unique ability to self-renew and to
produce progenitor cells called enteroblasts (EBs). EBs, which are
committed to either enteroendocrine (EE) or enterocyte (EC) cell
fate, differentiate without further divisions into these two mature
cell types of the gut. Of note, Drosophila EE cells simultaneously
fulfill the function of human EE and Paneth cells.

Slit/Robo signaling was recently identified as a major regulator of
EE cell fate commitment in Drosophila under homeostatic
conditions. Fully differentiated EE cells secrete Slit, which acts
on its receptor Robo2 (also known as Leak in Drosophila) that is
expressed by both ISCs and differentiating precursor cells (Biteau
and Jasper, 2014; Zeng et al., 2015). Activation of Robo signaling
represses the homeodomain transcription factor Prospero, leading to
the differentiation of EBs into EC instead of EE cells. This negative-
feedback loop strictly controls the number of mature EE cells in the
intestine. Importantly, EE cells promote proper gut functioning and
intestinal homeostasis (Amcheslavsky et al., 2014).

Despite numerous studies on the role of Atg16 in gut homeostasis
and physiology, its function in stem cell fate and in the niche has
been poorly characterized. Here we analyze the effects of various
Atg16 mutations in the Drosophila intestine. We find that the WD40
domain of Atgl6 plays a crucial role in stress resistance and gut
homeostasis, and its loss leads to impaired Slit/Robo-dependent
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differentiation of pre-EE cells into mature secretory cells and
triggers inflammation.

RESULTS

Drosophila Atg16 structure and mutations

Drosophila Atgl6 is very similar to human ATG16L1 (38.2%
identical, 61.1% similar amino acids) and contains a threonine (T) in
the 295th position (Fig. S1), similar to human ATG16L1 T300 that
is commonly substituted to alanine (A) in IBD patients. Both
mammalian and fly Atgl6 contain three protein domains: Atg5BD,
CCD and WD40 (Fig. 1A). Atg5BD and CCD are both required for
autophagy as they mediate Atg5 binding and Atg16 oligomerization
(Jiang et al., 2013; Matsushita et al., 2007). The seven WD40
repeats located at the C-terminus facilitate various protein-protein
interactions. The WD40 domain is dispensable for bulk autophagy
in mouse embryonic fibroblasts (Fujita et al., 2009), whereas it is
needed for Atgl6 recruitment to bacterial phagosomes to promote
xenophagy (Boada-Romero et al., 2016).

We analyzed three A¢g]6 mutants: Atg 6% carries a large deletion
that completely eliminates Atgl6 protein expression; Atgl6??°
mutants lack the N-terminal Atg5BD and CCD that are required for
bulk autophagy (Varga et al., 2016); and A4¢g16™” contains a Minos
transposon inserted in the WD40-encoding sequence, resulting in
expression of a C-terminally truncated protein (Fig. 1A). Western
blots of gut protein extracts revealed that only the longest, ~70 kDa
isoform of Atgl6 is expressed in control flies (Fig. S2A). Atgl6 is
absent from Atg/69%” mutants, and expression of genomic promoter-
driven Atgl6-HA is seen in genetically rescued Atg/67%” mutants.
Atgl16?1%° or Atgl6™' mutants express truncated forms of Atgl6
lacking either the regions required for autophagy (AtgSBD and CCD)
or part of WD40, respectively (Fig. S2A).

Alterations in Atg16 WD40 mutant flies resemble IBD

The general tissue architecture based on anti-Armadillo
immunostaining and histology on transverse sections revealed no
severe abnormalities in A7g?/?? guts, whereas Atg167%7 and Atg16M!
intestines showed obvious morphological changes compared with

control (Fig. 1B). This morphology resembled the dysplastic guts of
old flies (Biteau et al., 2008), but we could not detect changes in
mitotic activity or apoptosis in 5-day-old animals (Fig. S2B,C).

Atg167°7 and Atg16™ posterior midguts were shorter and thicker
than in wild-type flies accompanied with thickening of the
epithelium, while gut diameter appeared to decrease in Argl67/%°
and Atg7%7 (lacking the enzyme necessary for Atg8a lipidation and
autophagosome formation) autophagy mutants (Fig. 1C, Fig. S2G-K).
No changes were detected in food intake, peritrophic membrane
thickness and cell adhesion in the various mutants tested (Fig. S2D-F),
suggesting that gut integrity was not compromised.

Next, we fed the animals with dextran sodium sulfate (DSS), which
is commonly used for the induction of gut inflammation in flies and
mice (Amcheslavsky et al., 2009; Saitoh et al., 2008). Atg/ 677 and
Atg16™" mutants were more sensitive to DSS treatment than Arg?/%’
mutant or control strains (Table 1). Interestingly, the burden of
pathogenic  bacteria [Pseudomonas aeruginosa (PA) and
Enterococcus faecalis (EF)] was substantially increased in Atg16%%7
and Atg16™ WD40 mutant guts following oral infection (Fig. S3A).
Accordingly, these flies were more sensitive to PA and EF (Table 1).

We also detected changes in the intestinal microbiota of these
mutant flies. The overall number of bacteria was highly elevated in the
autophagy-defective Atg167*” and Atg?’?° guts (Fig. S3B), suggesting
that autophagy is a major regulator of microbiota. Bacteria-specific
tests revealed dramatic accumulation of Enterobacteriaceae only in
Atg16%7 and Atgl6™! mutants (Fig. S3B), which is also frequently
observed in IBD patients (Swidsinski et al., 2002). These data suggest
that both autophagy and EE cells control microbes in the gut, and
Atgl6-dependent EE cell function might be more important for
regulating a subset of bacteria and infections.

The differentiation of WD40 mutant ISCs into EE cells is
impaired

Cell fate is already determined in EBs. Normally, ~90% of EBs are
committed to EC specification and only ~10% of ISC progeny will
become EE cells (Biteau and Jasper, 2014) (Fig. 2B). While all EBs
are positive for Escargot (Esg) similar to ISCs, pre-EE cells also
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Fig. 1. Atg16 WD40 domain controls gut morphology. (A) Atg16 contains an Atg5-binding motif (Atg5BD), coiled-coil domain (CCD) and WD40 domain. The
extent of deletions are indicated in the Atg767%” and Atg16972° Drosophila mutants. Atg16M carries a Minos element in the WD40 coding region (red arrowhead
marks the insertion site). (B) Posterior midgut tissue architecture is revealed by anti-Armadillo immunostaining of wild-type and Atg76 mutant posterior midgut
(top row), and in Toluidine Blue-stained histological transverse sections (bottom row). (C) Intestines of Atg1696” and Atg16™ mutants are shorter but thicker than in
control or in Atg16772° or Atg7 mutants. Posterior midguts are outlined in red. Numbers in the right-hand panel refer to gut diameter (relative to control set at 1)
measured at the yellow lines. See Fig. S2G-I for detailed quantification of gut physical parameters. Scale bars: 50 um (B, top row) and 20 ym (B, bottom row).
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Table 1. Atg16 WD40 domain controls stress resistance

DSS treatment Enterococcus faecalis Pseudomonas aeruginosa

Genotype P N % dead flies at day 15 P N % dead flies at day 5 P N % dead flies at day 5
Control 0.819 219 29.03 0.092 221 12.39 0.018 219 11.82
Atg16967 <0.001 339 43.39 <0.001 225 41.74 <0.001 229 41.53
Atg169729 0.977 255 315 0.262 222 18.97 0.194 207 17.35
Atg16M 0.002 366 39.83 <0.001 225 40.91 <0.001 238 37.61

Atg169%7 and Atg16M are more sensitive to DSS treatment and oral bacterial infection than control and Atg76972° flies. Based on Cox regression analysis. N,

number of flies.

express Prospero (Pros) and Delta. Differentiated EE cells
downregulate Esg and Delta but retain Pros expression. Pros*
mature EE greatly outnumber pre-EE cells in control posterior
midguts (Fig. 2C,G). The ratio of esgGFP" Pros” pre-EE versus
esgGFP~ Pros™ mature EE cells dramatically increased in Atgl6M
and Atg167°7 guts, whereas it did not change significantly in
Atg169?° mutants (Fig. 2D-G). This was also supported by Pros
and Delta double labeling experiments (Fig. S4A).

We analyzed regulatory peptide expression to further explore the
EE cell differentiation status in Atg/69°” and Atgl6™’ mutants.
Allatostatin C (AstC) and Diuretic hormone 31 (DH31) are highly
expressed in non-overlapping subsets of mature EE cells (Beehler-
Evans and Micchelli, 2015; Chen et al., 2016). There was a striking
decrease in the ratio of Pros® cells expressing these regulatory
peptides in A7g/6 WD40 mutant animals, and also in mutant clones
(Fig. S4B-D). Timecourse analysis revealed that Azg/6™" and
Atg16%7 mutants display delayed pre-EE maturation (Fig. S4E).

Importantly, the total number of Pros™ cells also increased in
Atg16M" and Atg167°7 guts (Fig. S5A), in parallel with the altered
pre-EE/EE ratio (see Fig. 2C-G), which was also seen in mutant
clones (Fig. S5B,C). Of note, weaker effects were seen in mutant
clones compared with mutant guts, suggesting that Atgl6 plays a
more global rather than local role in regulating EE cell generation.

To confirm the importance of the Atgl6 WD40 domain for EE
maturation, we carried out genetic rescue experiments by
overexpressing UAS-driven transgenes (Fig. 2A) in Esg® stem
and progenitor cells of the mutants. Overexpression of WD40
domain-containing rescue transgenes (Atgl6" 'engh - gt ] AP
and Atgl 62D Linkery restored EE differentiation in Atgl6™ and
Atg16%7 (Fig. 2G, Fig. S6E-G,I-K), whereas it had no significant
effect on differentiation in the Atg/69/?° mutant (Fig. 2G, Fig. S6A-
C). Overexpression of Atg16*VP40 (which lacks the WD40 domain
of Atgl6) had no effect on EE differentiation in these backgrounds
(Fig. 2G, Fig. S6D,H,L).

ISC niche signaling is altered in Atg16 WD40 mutants
Transcriptome mapping has revealed that Atg16 is highly expressed
in EE cells of the posterior midgut (Buchon et al., 2013; Dutta et al.,
2015). We utilized our recently published transgenic flies
expressing HA-tagged Atgl6 under the control of its own
genomic promoter (Varga et al., 2016) to monitor the level of
Atgl6 protein in different cell types of the gut. In line with the
RNAseq data, we detected high Atg16 expression in Pros* and Slit"
EE cells (Fig. 3A-C). Slit/Robo signaling was recently identified as
a negative regulator of EE fate commitment (Biteau and Jasper,
2014; Zeng et al., 2015). Atgl6 expression was lower in stem cells
positive for Robo2 and Delta (Fig. 3D,E). Importantly, elevated
Atgl6-HA expression was already observed in Pros™ Delta™ and
esgGFP" Pros” pre-EE cells (Fig. 3F,G).

Accumulation of pre-EE cells in A47g/6 WD40 mutant guts raised
the possibility that loss of Atgl6 might affect Slit/Robo signaling.
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Robo2 protein expression was detected in all esgGFP* cells in all
genotypes (Fig. 3H-K). By contrast, Slit expression strongly
decreased and showed a dramatic decline in binding to esgGFP*
stem cells (that is, to its receptor Robo2) in A7g/6 WD40 mutants
(Fig. 3L-O, Fig. S7TA-C). qPCR experiments detected a decrease in
slit mRNA expression in Atgl6™’ and Atgl167%” guts (Fig. S7D),
which is likely to be a consequence of impaired pre-EE cell
maturation.

We carried out genetic rescue experiments to confirm the
role of Atgl6 and its WD40 domain in Slit/Robo signaling.
Overexpression of the WD40-containing Atgl 6! lens? A1g ] 6344
and Atg] 6P Linker transgenes indeed restored Slit expression and
localization in Atg16™" and Atg167°” WD40 mutant guts, whereas
Atg1647P#0 did not (Fig. STE-K). Moreover, overexpression of either
Slit or Robo2 in esgGFP" stem and progenitor cells restored EE
differentiation in WD40 mutant flies: the ratio of pre-EE to mature EE
cells was similar to that in control guts (Fig. 4A-D,I). Surprisingly,
the altered localization and expression pattern of Slit observed in the
absence of the Atg16 WD40 domain were rescued not only by Slit
but also by Robo2 overexpression (Fig. 4E-H). It was previously
shown that although impaired Slit/Robo signaling leads to increased
generation of pre-EE cells, its overexpression does not suppress EE
lineage commitment or differentiation on an otherwise wild-type
background. It is possible that proper levels of Slit/Robo signaling
also promote the differentiation of already committed pre-EE into
mature EE cells (that is, more pre-EE cells form that do not properly
differentiate into EE cells if Slit/Robo signaling decreases). This is
supported by the expression of endogenous Robo2 protein in all
esgGFP" cells (Biteau and Jasper, 2014). It is plausible that Robo2
overexpression might promote EE differentiation in Azg/6 mutants,
and differentiated EE cells will produce Slit, unlike pre-EE cells that
accumulate in Atg/6 WD40 mutant guts.

Finally, esg-specific overexpression of Robo2, Slit or the Atgl6
WD40 domain in A¢g167°” and Atgl 6™ guts restored normal tolerance
to oral bacterial infection, whereas Argl64"P# did not (Fig. S8).
These results indicate that impaired stem cell niche signaling leads to
an EE differentiation defect in 4zg/6 WD40 mutant guts.

Loss of Atg16 and Slit/Robo signaling induces inflammatory
responses

We analyzed inflammatory responses to explore the impact of
defective EE differentiation/maturation on tissue homeostasis in
Atg16 WD40 mutant intestines (Neyen et al., 2014). Upregulation of
the pro-inflammatory cytokine reporter Unpaired-lacZ was obvious
in both Atg6%7 and Atgl 6™ mutants, whereas it remained low in
control and autophagy-defective Argl/69/?? animals (Fig. SA).
Additionally, genes encoding the antimicrobial peptides Diptericin
[induced by immune deficiency (IMD) pathway activation] and
Drosomycin (a readout of Toll signaling) were transcriptionally
upregulated in Azgl6 WD40 mutant guts (Fig. 5B). To a lesser
extent, Drosomycin and Diptericin expression also increased in the
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Fig. 2. EE cell differentiation requires an intact Atg16 WD40 domain. (A) Structure of the rescue transgenes/proteins used. (B) Intestinal stem cell (ISC)
lineages in the adult midgut. (C-F) Esg-GFP and Pros double-positive pre-EE cells (arrowheads) accumulate in Atg71696” and Atg16™' guts. Esg-specific
overexpression of WD40 domain-containing transgenes (Atg16™/ length - Atg1644YD and Atg16AutD+Linken) rescues the abnormal accumulation of pre-EE cells
observed in Atg16967 and Atg16M, whereas the WD40-deleted Atg164WP40 does not. (G) Quantification of pre-EE versus mature EE cells. N=6-12. ***P<0.001

based on Kruskal-Wallis tests. Scale bar: 10 ym in C for C-F.

Atg167?° autophagy mutant, suggesting that both autophagy and
the Atgl6 WD40 domain affect immune activity. Strikingly, these
inflammatory signatures were also evident in both r0b02*? and
slif heterozygotes (Fig. 5C,D). Knockdown of sit in the Pros* EE
lineage was sufficient to induce an inflammatory response based on
elevated Drosomycin and Diptericin expression (Fig. SE), pointing
to the importance of EE cell-derived Slit in regulating inflammation.

Autophagy status does not affect Slit/Robo signaling

Recent studies of murine IBD models suggested that impaired
autophagy caused by Atgl6 loss-of-function contributes to
abnormalities leading to disease progression (Adolph et al., 2013;

Lassen et al., 2014). We tested whether Slit/Robo signaling defects
correlate with autophagy status in our various 47g/6 mutant flies. The
punctate distribution of a genomic promoter-driven mCherry-Atg8a
autophagy marker (Hegedus et al., 2016) was similar in control and
Atgl16M mutant posterior midgut cells, whereas autophagy was
clearly suppressed in Atg167%” and Atgl6%/?° mutants (Fig. 6A-D,I).
Analysis of acidic lysosomes by Lysotracker staining revealed a
decrease in A1g16%” and Atg167'?° autophagy mutants (Fig. SOA).
Ref(2)P (also known as p62) is a selective autophagy cargo, and
its levels inversely correlate with autophagic degradation in
Drosophila (Nagy et al., 2015; Nezis et al., 2008; Pircs et al.,
2012). Atg169%7 and Atgl67'?° mutant cells accumulated Ref(2)P
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Fig. 3. ISC niche signaling is altered in Atg16 WD40 mutants. (A-E) High expression of genomic promoter-driven Atg16-HA is obvious in EE cells (asterisks)
marked by Pros (A,B) and Slit (B,C), unlike in stem cells (white arrowheads) that highly express Robo2 (D) and Delta (E). Yellow arrowheads (B) point to
cytoplasmic Slit expression in an EE cell with a Pros™ nucleus. Intensity correlation between Slit and Atg16 in the co-expressing cell (asterisk) is indicated in
C. Boxed regions are enlarged in insets. (F,G) Atg16-HA is highly expressed in Pros™ cells that are positive/negative for Delta (F) or positive/negative for esgGFP
(G). Arrowheads mark pre-EE cells and asterisks mark EE cells. (H-K) Robo2 is co-expressed with esgGFP in control and Atg16 mutant intestines. (L-O) Slit
expression declines and its localization to esgGFP* stem cells observed in Atg16972° and control guts (arrowheads) is lost in Atg76%%” and Atg16™ mutants.
Asterisks mark Slit-producing EE cells. See Fig. S7A-C for quantification of Slit expression. Scale bars: 10 pm in A,C-E,H-O; 2 um in B,G; 5 ymin F.

aggregates, whereas its level was comparably low in control
and Atgl6M mutant intestines (Fig. 6E-I). Similarly, Ref(2)P
accumulation was obvious in western blots of posterior midguts
isolated from Atgl69%” and Atgl6%?° mutants, and rescued by
genomic promoter-driven expression of Atgl6-HA (Fig. 6J). Ref(2)P
mediates capture of ubiquitylated cargo into autophagosomes for
selective degradation (Nezis et al., 2008; Pankiv et al., 2007). As
expected, the overall level of ubiquitylated proteins was clearly
increased in A7g169°” and Atg167?° autophagy mutants, whereas it
was similar to that of the control in the Atg/6™ WD40 domain
mutant and in genetically rescued Atg167%” animals (Fig. 6J). These
results indicate that the autophagic function of Atg16 is independent
of'its role in Slit/Robo signaling.
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We also examined EE fate and stem cell niche signaling in 47g8a
and Atg5 null autophagy mutant flies. No alterations in Esg" and/or
Pros* cell numbers were seen in A7g8a and Atg5 mutant posterior
midguts (Fig. 6K,L, Fig. S9B,C,F). Furthermore, Slit expression
and its localization were not perturbed in these mutants (Fig. 6M,N,
Fig. S9D,E). These findings further suggest that the Atgl6 WD40
domain functions in EE differentiation independently of autophagy.

Rab19 cooperates with Atg16 to promote EE differentiation

Rab19 is a Golgi-localized Rab family protein (Sinka et al., 2008).
A human RABI9 intronic single-nucleotide polymorphism was
identified as a marker of ulcerative colitis in genome-wide
association studies. This allelic variant is predicted to cause copy
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Fig. 4. Increased Slit/Robo signaling rescues the EE differentiation defect in Atg76 mutants. Esg-specific overexpression of Slit (A,C,E,G) or Robo2 (B,D,F,
H) rescues the esgGFP* Pros™ pre-EE cell accumulation and esgGFP~ Pros* mature EE cell decline phenotype (A-D) and restores Slit expression (E-H) in
Atg16%7 and Atg16M guts. Arrowheads indicate esgGFP* progenitors, and asterisks mark Slit-producing EE cells. (I) Quantification of rescue data. N=8-12.

***P<0.001, Kruskal-Wallis tests. Scale bar: 10 um in A for A-H.

number changes in RAB19, alternative splicing and loss of the start
codon (Anderson et al., 2011; Coe et al., 2014), possibly resulting in
RAB19 loss-of-function. This prompted us to investigate the role of
Rabl19 in the context of stem cell differentiation and Slit/Robo
signaling in the fly intestine.

Importantly, a physical interaction between Atgl6 and Rabl9
was recently identified in a large-scale pull-down study (Gillingham
et al., 2014). In yeast two-hybrid experiments, Drosophila Atgl6
directly bound the active, GTP-locked form of Rab19, but did not
bind GDP-locked Rab19 or the known autophagy regulators Rab2
or Rab7 (Fig. 7A) (Hegedds et al., 2016; Lorincz et al., 2017).

Next, we analyzed the impact of Rab19 loss on gut homeostasis
and cellular composition. Rab/9 mutant flies carrying a Piggybac
transposon insertion in the protein coding sequence were more
sensitive to oral bacterial infection, while no autophagy defect was
seen based on normal Ref(2)P and ubiquitin levels (Fig. 7B,C).
Moreover, Rab19 mutant flies contained an excess of Pros cells in
the posterior midgut (Fig. 7D). This was accompanied by decreased
Slit protein and mRNA expression in Rab/9 mutant guts (Fig. 7E,
Fig. S7D). These phenotypes resemble those seen in Azgl6 WD40
mutants. The impact of Atgl6 and Rab19 on Slit expression was
validated in a cell type-specific manner: RNAi silencing of either of

these genes in Pros™ cells dramatically decreased Slit expression and
increased cell size (Fig. 7F-J).

Rab19-containing structures often overlapped with Atgl6-HA
and Slit (Fig. 7K,L), so we analyzed the relationship of Rab19 with
these gene products. The subcellular distribution of Atgl6-HA
changed from uniform cytoplasmic to peripheral and its
colocalization with Slit strongly decreased in Rabl/9 mutants,
further suggesting that Atg16 cooperates with Rab19 to promote EE
cell generation and Slit production (Fig. 7M). This model is strongly
supported by a genetic interaction between Azgl/6 and Rabl9:
heterozygosity for Rabl9 together with Atg169%7 or Atgl6™”, but
not Arg16%?°, led to a statistically significant increase in the total
number of Pros™ cells (Fig. 7N).

To confirm the role of Slit in pre-EE differentiation to EE cells,
we carried out genetic epistasis analyses using Pros-Gal4.
Knockdown of Atgl6 or Rabl9 in these cells impaired EE
differentiation based on the decreased number of DH31" or AstC"
EE cells, which was rescued by overexpression of Slit in Pros™ cells
(Fig. S10). Similarly, RNAi silencing of A¢g/6 or Rabl9 in the
Pros™ EE lineage strongly increased the number of pre-EE cells co-
expressing Pros and Delta, which was again rescued by
overexpression of Slit (Fig. S11).
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DISCUSSION

IBD development depends on both environmental and genetic risk
factors. The T300A substitution in human ATG16L1 was identified
as a major genetic risk factor for IBD (Hampe et al., 2007; Rioux
et al., 2007). In this work, we show that A7g/6 loss-of-function
mutations affecting the WD40 domain of the protein strongly
increase the production of the pro-inflammatory cytokine Unpaired
in the midgut, and the sensitivity to the colitis-inducing drug DSS.
This is similar to the increased DSS sensitivity and high IL1B
inflammatory cytokine production observed in A#g/6/] mutant mice
(Saitoh et al., 2008). Interestingly, Drosophila Atg16 WD40 domain
mutants are especially sensitive to infection by PA and EF, while all
three alleles of Afgl6 (autophagy-specific Atgl97/?°, WDA40-
specific Atgl6™ and the null Atgl69°7) lead to increased
antimicrobial peptide production, with the null allele producing
the strongest phenotypes. Given that the T300A polymorphism
causes increased cleavage by caspase 3 and downregulation of
ATGI16L1 expression in human and mouse cells (Murthy et al.,
2014), we think that among our mutants, Atg/6%7 is the best to
model the disease in flies. Alterations in gut flora are also detected in
all Atgl6 mutant flies, similar to the perturbed commensal
microbiota in IBDs (Huttenhower et al., 2014; Sartor, 2008).
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Atg16%7

Fig. 5. Inflammatory signatures in Atg16
homozygous mutant, slit and robo2 heterozygous
and EE-specific slit RNAi midguts. (A) Unpaired-
lacZ expression is highly upregulated in Atg7697 and
Atg16M compared with controls, whereas Atg16972°
mutants only display weak induction compared with
controls. (B) Expression of both Diptericin and
Drosomycin increase in Atg16%” and Atg16M' guts,
and to a smaller extent in Atg716972° mutants relative to
control intestines. (C) Transcriptional upregulation of
Diptericin and Drosomycin is also seen in robo2/°a-2
and slit? heterozygotes. (D) Heterozygosity for
robo2'¢a-2 and slit? leads to Unpaired-/acZ induction in
mutant guts. (E) Knockdown of sit in Pros™ cells leads
to transcriptional upregulation of Diptericin and
Drosomycin. (B,C) ANOVA, ***P<0.001; (E) two-tailed
two-sample t-test. Scale bars: 20 um in A; 50 um in D.
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Thus, Atg16 mutant flies recapitulate several symptoms observed in
IBD patients and mouse models.

Proper homeostasis of the intestinal tract enables gut epithelia to
absorb nutrients and to defend against pathogens by maintaining the
immunological barrier (Li and Jasper, 2016). This balance depends
on the tightly regulated proliferation and differentiation of stem cells
and progenitors. The mammalian gut is composed of three types of
secretory cells: the hormone-producing EE cells, mucus-producing
goblet cells and the antimicrobial peptide-producing Paneth cells.
The epithelium of the Drosophila posterior midgut contains only
one type of secretory (EE) cell, which fulfills the function of both of
the mammalian EE and Paneth cells. In mammals, Paneth cells also
provide a niche and signals for Lgr5™ stem cells in intestinal crypts
(Sato et al., 2011), similarly to fly EE cells that may produce Slit to
control lineage specification of progenitors (Biteau and Jasper,
2014; Zeng et al., 2015). Our work revealed that pre-EE cells
accumulate as a consequence of A7g/6 WD40 domain and Rab19
mutations. These atypical cells fail to produce enough Slit (an
inhibitor of EE cell fate) as inferred from its decreased mRNA and
protein levels (Fig. S7C,D), which may lead to an accumulation of
more pre-EE cells. It is possible that Atgl6 and Rab19 also play a
more direct role in Slit trafficking or stability based on the
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Fig. 6. Autophagy status does not influence Slit/Robo signaling. (A-1) The number of mCherry-Atg8a* autophagic vesicles in Atg76™' guts is similar to that in
controls, whereas a strong reduction in its punctate localization is observed in Atg16972° and Atg169%” mutants (A-D). Accumulation of the autophagic

cargo Ref(2)P is striking in Atg76972° and Atg169%” midguts compared with control and Atg76™ animals (E-H). (I) Quantification of the Atg8a and Ref(2)P data.
N=10-13. ***P<0.001 based on ANOVA (Atg8a) and Kruskal-Wallis [Ref(2)P] analyses. (J) Western blot reveals that Ref(2)P and ubiquitylated proteins
accumulate in Atg76972% and Atg 16967 midguts relative to control and Atg16™ mutants. Autophagic cargo clearance is rescued in Atg169%” mutants by expression
of genomic promoter-driven Atg16-HA. The asterisk marks a non-specific band. (K-N) Atg8a and Atg5 mutant midguts do not show abnormal esgGFP* Pros*
pre-EE cell accumulation (K,L) and Slit expression/localization defects (M,N). Arrowheads and asterisks mark ISCs and EE cells, respectively. See Fig. S9B-F for
genotype controls and quantification of pre-EE cells. Scale bars: 50 um in A-D; 20 ym in E-H; 10 ym in K-N.

overlapping distribution of these proteins, and the requirement of
Rab19 for the colocalization of Atgl16 and Slit.

A recent paper challenged the model of EE cell density regulation
by locally produced Slit, because knockdown of s/it in randomly
generated midgut cell clones did not affect EE cell numbers (Sallé
etal., 2017). Possibly, Slit is highly diffusible and its overall level in
the midgut controls EE cell generation, since it was confirmed that
Pros” cell numbers increase upon slit knockdown by EE lineage-
specific drivers (Biteau and Jasper, 2014; Sallé et al., 2017). In line
with this, we observed stronger phenotypes in guts of animals
lacking the Atgl6 WD40 domain or in EE-specific Azgl6
knockdown experiments as compared with 47g/6 mutant clones.

Dysregulated niche signaling during IBD is supported by
decreased frequency of organoid formation of wild-type Lgr5*
murine stem cells co-cultured with Paneth cells carrying
Atg16L 113904 or another Atgl6L1 mutation (Lassen et al., 2014).
In addition, aberrant niche signaling was observed in human IBD
patients (Kini et al., 2015), in line with the Paneth cell abnormalities
observed in hypomorphic A7g/6/] mutant mice and in human
patients carrying the ATG16L1 risk allele (Cadwell et al., 2008).

Humans harboring genetic variations of ATGI16L1 (Hampe et al.,
2007; Rioux et al., 2007), SLIT2 (Azuara et al., 2013; Lobaton et al.,
2014) and RABI9 (Anderson et al., 2011; Coe et al., 2014) have an
increased risk of developing IBD, but the possible interaction between
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these factors is unknown. Slit levels dramatically decrease in the
midgut of Azgl6 WD40 and Rabl9 mutant flies, similar to IBD
patients with decreased Slit expression due to promoter
hypermethylation (Lobaton et al., 2014). Interestingly, Slit promoter
hypermethylation in IBD patients is associated with an increased risk
of cancer (Carmona et al., 2013). Notably, Atgl6 WD40 mutations
also lead to an early dysplasia-like gut phenotype in adult flies.

Dysplasia might potentiate the development of pre-cancerous
intestinal lesions in mammals (Li and Jasper, 2016). This is
consistent with the elevated risk of IBD patients to develop
colorectal cancer (Ekbom et al., 1990). Human patient data also
suggest that bulk autophagy is not perturbed in colorectal cancer
cells carrying the ATG16L1 T300A variant, while the level of type I
interferon is highly elevated and improves survival (Grimm et al.,
2016). These findings support a proposal that the differentiation and
proper functioning of Arg/6 mutant EE/Paneth cells does not
depend on bulk autophagy.

Taken together, we show that Atgl6 and Rab19 cooperatively
promote secretory cell differentiation and Slit production, a
determinant of EE fate specification. Importantly, loss of Atgl6
and decreased Slit/Robo signaling lead to an inflammatory response
characterized by increased inflammatory cytokine expression and
activation of IMD and Toll immune pathways (Fig. 8). Thus,
impairment of stem cell niche signaling might also contribute to
IBD development in human patients.
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MATERIALS AND METHODS
Fly husbandry
Drosophila stocks and crosses were maintained on standard cornmeal/sugar/
agar medium at 22°C. Gene/RNAI expression was induced by shifting vials
containing adult flies to 29°C. Stocks used were: gen-Atgl6-HA, Atg] 677,
Atg16712°, UAS-Atg 16" 8™ (Varga et al., 2016), Atg16M100187 447477414
(Juhasz et al, 2007), esgGFP™ [esg-Gal4, UAS-GFP, Tub-Gal80“],
slitEY199%5  robo2/Lea 707! UAS-slit RNA#T"1?%?, slif?, robo2'*? (Biteau
and Jasper, 2014), Atg8aX%°73%? | Atg5°““ (Kim et al., 2016), gen-mCherry-
Atg8a (Hegedlis et al., 2016), UAS-Atg16°44P, UAS-Atg 1624w P+Linker 1748
Atgl62"P#  (all three generated in this study), UAS-Atgl6 RNAi
[HMS01347], UAS-Rab19 RNAi [HMS00592], Rabl9/EYFP], Df(3L)
BSCS815, Rab19-+994%° (Schuldiner et al., 2008), prosperoGFP™ (Tub-
Gal80, UAS-GFP; pros"'-Gal4), unpaired-lacZ (Jiang et al., 2009).
Culture medium was supplemented with 5% Bromophenol Blue for gut
leakage analysis. Gut clearance and food uptake assays were carried out as
described (Amcheslavsky et al., 2014). Mutant clones were generated by
somatic recombination using the MARCM stock hsFlp,; Tub-Gal4, UAS-
GFP; FRT82B Tub-Gal80. Virgins were crossed with FRT82B Atgl6
mutant lines. 3- to 5-day-old mated female flies were heat shocked for
40 min at 37°C. Flies were transferred to 25°C and clones were analyzed
11 days after heat shock-induced somatic recombination.

Survival analyses

During these experiments, flies were kept at 25°C. For DSS treatment, 3 h-
starved 5-day-old flies were transferred to sterile vials containing
2.5%3.5 cm pieces of Whatman paper and 900 pl 3% DSS in 5% sucrose
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or, in control groups, 5% sucrose solution. After 3 days of treatment, flies
were transferred to standard agar/cornmeal medium and the number of dead
animals was monitored daily.

Isogenic strains of Enterococcus faecalis (EF) and Pseudomonas
aeruginosa (PA14) were used to infect flies. PA14 was cultured in Luria-
Bertani (LB) medium and EF in brain heart infusion (BHI) medium at 37°C.
Infection procedures were adapted from a previously published fly-feeding
assay (Chugani et al., 2001). Experiments were carried out using 20 male
and 20 female flies per vial. After 3 h starvation, 5-day-old flies were
transferred to sterile vials containing 2.5x3.5 cm pieces of Whatman paper
and 900 ul LB or BHI medium in the presence or absence of bacterial
strains. Both cultures were grown overnight at 37°C, and 5% sucrose was
added. Flies were transferred to fresh medium twice a week and the number
of dead animals counted each day. At the end of lifespan experiments, the
cumulative survival ratio was calculated for each group, and the survival
probability of flies exposed to DSS or bacterial infection and their
counterparts maintained on sucrose solution was analyzed.

Quantification and statistical analysis

Images were analyzed with ImageJ (NIH). We counted the number of Pros™,
Esg*, AstC*, DH31" or double-positive cells in the posterior midgut using
473x473 pixel sampling quadrats in images taken with a 40x objective.
Images from at least ten flies per group were quantified. To randomize our
sampling method, we selected the position for the upper left corner of
quadrats by generating random x and y coordinates with uniform distribution
using Microsoft Excel. We used only the coordinates that specified quadrats
containing gut tissue only. We counted all of the cells positive for the
markers in the quadrat even if the quadrat did not contain the whole cell.
Percentage of EBs was calculated using the formula: [(number of Esg" Pros*
double-labeled cells)/(number of Pros™ cells)]x100. The number of
phospho-histone H3™ cells was counted in each image showing regions of
posterior midgut taken with a 10 objective. Slit intensity was analyzed and
surface plots were generated using Imagel.

Statistical analysis was performed in SPSS 21 (IBM) using the indicated
tests based on first checking for normality of data distribution. Box plots,
which were also generated using this software, show the data lying between
the upper and lower quartiles, with the median indicated as a horizontal line

within the box; whiskers plot the smallest and largest data observed, and
dots indicate outliers. P<0.05 was considered significant. Two-tailed, two-
sample -tests were used for pairwise comparison in the case of two samples,
and Kruskal-Wallis and ANOVA tests were used to calculate P-values for
multiple comparisons; Hochberg and Bonferroni post-hoc tests were carried
out for multiple comparisons to reduce type II errors in ANOVA and
Kruskal-Wallis analyses, respectively.

Western blot

Western blotting was carried out as described (Nagy et al., 2013). Briefly, 20
guts were isolated and homogenized in Laemmli sample buffer (Sigma)
containing aprotinin, leupeptin and PMSF to avoid protein degradation.
Primary antibodies were rat anti-Atg16/1 (1:5000) (Varga et al., 2016),
rabbit anti-p62 (1:5000) (Pircs et al., 2012), rabbit anti-ubiquitin (1:500;
DAKO, Z0458) and mouse anti-o-tubulin (1:1000, DSHB, AA4.3-s).
Secondary antibodies were alkaline phosphatase-conjugated goat anti-rat,
anti-rabbit and anti-mouse (1:5000; Millipore).

Immunostaining and microscopy

Tissue isolation, fixation, preparation, labeling and fluorescent and electron
microscopy were carried out as described (Nagy et al., 2013, 2016). Primary
antibodies used were rabbit anti-p62 (1:2000) (Pircs et al., 2012), chicken
anti-GFP (1:1500; Invitrogen, A-10262), mouse anti-Delta (1:100; DSHB,
C594.9B), mouse anti-Slit (1:100; DSHB, C555.6D), rabbit anti-phospho-
histone H3 (1:300; Millipore, 06-570), mouse anti-Armadillo (1:50; DSHB,
N2 7A1), mouse anti-Prospero (1:100; DSHB, MR1A), rat anti-mCherry
(1:300) (Takats et al., 2013), rabbit anti-HA (1:50; Sigma-Aldrich, H6908),
mouse anti-B-galactosidase (1:100; DSHB, 40-1a), rabbit anti-Allatostatin C
and rabbit anti-DH31 [both 1:200; kindly provided by Jan Veenstra
(Veenstra et al., 2008)]; and secondary antibodies (all 1:1500; Invitrogen)
were Alexa Fluor 488 anti-chicken (A11039), Alexa Fluor 586 anti-rabbit
(A11036), Alexa Fluor 568 anti-mouse (A11031), Alexa Fluor 647 anti-
rabbit (A21245) and Alexa Fluor 568 anti-rat (A11077).

Yeast two-hybrid assay
Atgl6 (IP15590) EST was amplified using primers (5'-3"): ATGTCTACG-
GAGGAGCATGTGTGG and CTATGACTCCGAGTAGATGGTGCAG-
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CG. Constitutively active and dominant-negative Rab19 were amplified using
genomic DNA template from transgenic fly stocks with primers:
ATGACCGCCCGCAATCCT and CTAGGTGAGATTGCATGAGCTGC.
The fragments were cloned into pGADT7 AD (Gal4 DNA-activation domain)
and pGBKT?7 BD (Gal4 DNA-binding domain) vectors (Clontech) and then
transformed into the yeast strain PJ69-4A using the Frozen-EZ Yeast
Transformation II Kit (Zymo). The GTP-locked and GDP-locked versions of
Rab2 and Rab7 were as described (Lorincz et al., 2017). Transformed cells
were selected based on growth in minimal medium (Trp~, Leu™) and reporter
gene activation was assessed by growth on Trp~, Leu™, Ade™ plates, with
empty vectors as negative controls. At least three colonies were checked for
interaction in each transformation (Hegedds et al., 2016).

Quantitative PCR (qPCR) analyses

RNA was extracted from 15 midguts per genotype using the Direct-zol RNA
MiniPrep Kit (Zymo), which was followed by ¢cDNA synthesis using the
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). A
Rotor-Gene Q instrument (Qiagen) was used to perform qPCR reactions
using the Rotor-Gene SYBR Green Kit (Qiagen) with the following primers:
AAATTCAAATGCTCCTGGGAT and GTTGAGCAAAAGCTCAGTTGT-
GT for slit; CAATCGCTTCTACTTTGGCTTATC and ATATCCTCCATT-
CAGTCCAATCTC for Diptericin, AGTACTTGTTCGCCCTCTTCG and
CTTCGCACCAGCACTTCAGACT for Drosomycin, AAAAGCTTACAA-
AATGTGTGACGA and CAATCGATGGGAAGACGG for Actin 5C. PCR
assays were performed in triplicate. Relative expression data were normalized to
Actin 5C.
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