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SUMMARY

Genetic studies in Drosophila have demonstrated
that generation of microbicidal reactive oxygen spe-
cies (ROS) through the NADPH dual oxidase (DUOX)
is a first line of defense in the gut epithelia. Bacterial
uracil acts as DUOX-activating ligand through poorly
understood mechanisms. Here, we show that the
Hedgehog (Hh) signaling pathway modulates uracil-
induced DUOX activation. Uracil-induced Hh sig-
naling is required for intestinal expression of the
calcium-dependent cell adhesionmoleculeCadherin
99C (Cad99C) and subsequent Cad99C-dependent
formation of endosomes. These endosomes play
essential roles in uracil-induced ROS production by
acting as signaling platforms for PLCb/PKC/Ca2+-
dependent DUOX activation. Animals with impaired
Hh signaling exhibit abolished Cad99C-dependent
endosome formation and reduced DUOX activity,
resulting in high mortality during enteric infection.
Importantly, endosome formation, DUOX activation,
and normal host survival are restored by genetic
reintroduction of Cad99C into enterocytes, demon-
strating the important role for Hh signaling in host
resistance to enteric infection.

INTRODUCTION

Metazoan gut epithelia are in constant contact with diverse mi-

croorganisms, ranging from resident symbiotic bacteria to life-

threatening pathogens (Lee and Brey, 2013; Ley et al., 2006;

McFall-Ngai et al., 2013; Shanahan, 2013). Recent evidence in-

dicates that homeostasis between metazoan gut and gut-asso-

ciated microbiota regulates a diverse ranges of host physiology,

such as immunity, development, andmetabolism, while the host,

in turn, shapes its microbiota community by modulating gut im-

munity (Brestoff and Artis, 2013; Hooper et al., 2012; Littman and
Cell Host &
Pamer, 2011; Ryu et al., 2008). Understanding gut-microbiota

interactions is an important undertaking, because the dysregu-

lation of gut-microbe interactions has been shown to lead to

severe diseases, including obesity, diabetes, and chronic inflam-

mation (Garrett et al., 2010; Lee and Hase, 2014; Shin et al.,

2011; Tremaroli and Bäckhed, 2012; Turnbaugh et al., 2006;

Vijay-Kumar et al., 2010; Wen et al., 2008).

Drosophila, with its versatile genetic model and simple

commensal community, has been shown to be an excellent

genetic model system for investigating these complex reciprocal

interactions (Buchon et al., 2013a; Charroux and Royet, 2012;

Ferrandon, 2013; Lee and Lee, 2014; Storelli et al., 2011).

Evidence shows that Drosophila is able to overcome the patho-

genic effects from opportunistic pathogens and pathobionts

(commensal bacteria that are potentially pathogenic under

certain circumstances), while protecting symbionts so as to elicit

maximum benefit from them, thereby achieving gut-microbiota

homeostasis (Guo et al., 2014; Lee et al., 2013; Lhocine et al.,

2008; Paredes et al., 2011; Ryu et al., 2008). Therefore, it is

now evident that the host innate immune system plays a critical

role in Drosophila gut-microbiota homeostasis. Two important

innate immune systems are operative in the Drosophila gut.

Dual oxidase (DUOX, a member of NADPH oxidase family) acts

as a first line of the defense system by generating microbicidal

reactive oxygen species (ROS) to combat opportunistic patho-

gens, such as E. carotovora (Bae et al., 2010; Ha et al., 2005,

2009b). The immune deficiency pathway (IMD pathway, a

Drosophila homolog of the mammalian NF-kB pathway) acts

as a second line of defense that is responsible for the produc-

tion of Relish/NF-kB-dependent antimicrobial peptides (AMPs)

(Kleino and Silverman, 2014; Lemaitre and Hoffmann, 2007).

AMPs are believed to act synergistically and/or complementarily

with DUOX-dependent ROS in the regulation of gut-associated

microbiota (Ryu et al., 2006). Although both systems are acti-

vated in response to bacterial contact, the modes of activation

are distinct. The IMD pathway is primarily activated by bacte-

rial-derived meso-diaminopimelic acid-type peptidoglycan (PG)

(Kleino and Silverman, 2014; Lemaitre and Hoffmann, 2007; Leu-

lier et al., 2003; Royet et al., 2011). In contrast to IMD pathway

activation, DUOX is specifically activated by opportunistic
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Figure 1. Analysis of mRNA-Sequencing Data Using Anterior Midgut Reveals Hedgehog Signaling as a Major Uracil-Modulated Signaling

Pathway

(A) Identification of up- and downregulated genes by uracil treatment. Hierarchical clustering of log2 fold changes of the uracil-modulated genes at 2 hr (Uracil 2 hr)

and 16 hr (Uracil 16 hr) shows five clusters (C1–C5) for upregulated (red) genes and three clusters (C6–C8) for downregulated (blue) genes. Color bar, gradient of

log2 fold changes at 2 or 16 hr.

(B) KEGG pathways represented by the up- and downregulated genes. Color bar, gradient of –log10(P) where P is the significance of each KEGG pathway being

enriched by the up- (upper panel) and downregulated (lower panel) genes.

(legend continued on next page)
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pathogens but not symbionts, suggesting a possible role of

DUOX in the pathogen-specific activity of the immune system

(Bae et al., 2010; Ha et al., 2009b; Lee et al., 2013). Recently, it

has been shown that bacterial uracil acts as a DUOX-activating

ligand in Drosophila gut immunity (Lee et al., 2013). It was further

demonstrated that uracil-based DUOX activation plays an

essential role in gut immunity and host protection against path-

ogen infection (Lee et al., 2013). However, despite the central

role of uracil as a bacterial-derived ligand in DUOX-dependent

gut immunity, the uracil-modulated host signaling pathways

remain to be elucidated.

The aim of the present study is to uncover the uracil-induced

intracellular signaling pathways and their relationship to DUOX

activation in Drosophila gut immunity. In this study, the Hedge-

hog (Hh) signaling pathway was shown to be involved in the

formation of cadherin 99C (Cad99C)-dependent signaling endo-

somes, which are essential for DUOX-dependent ROS genera-

tion and host resistance to gut infection.

RESULTS

Identification of Hh Signaling as a Uracil-Modulated
Signaling Pathway
Recently, it was reported that bacterial-derived uracil acts as a

ligand for the DUOX activation in the Drosophila gut epithelia

that is essential for gut-microbe homeostasis (Lee et al., 2013).

To gain further insight into uracil-modulated gut immunity,

we performed high-resolution RNA-Seq analysis using the

Drosophila anterior midgut following uracil stimulation. The ante-

rior midgut is one of the intestinal regions most reactive to bac-

terial challenge and hence a region where DUOX-dependent

ROS generation is readily detectable upon microbial or uracil

challenge (Lee et al., 2013). A high-resolution transcriptome

analysis was undertaken using the Illumina paired-end Hiseq

2000 platform with a read length of 101 nucleotides. On average,

54.7 million sequenced reads were obtained in individual sam-

ples and aligned with the Drosophila genome (NCBI build 5.3),

resulting in 4.5 Giga bps of mapped sequences, representing a

124-fold coverage of the annotated Drosophila transcriptome

(see Table S1 available online).

The genes exhibiting uracil-induced differential expression at

both the early and late time periods following uracil treatment

(at 2 or 16 hr, respectively) were categorized into several clusters

of 1,810 upregulated genes (C1-C5) and 802 downregulated

genes (C6-C8) (Figure 1A; Table S2 and Table S3). For the ura-

cil-modulated genes, we performed functional enrichment anal-

ysis based on the Kyoto Encyclopedia of Genes and Genomes

(KEGG) pathways (Kanehisa and Goto, 2000). This analysis re-

vealed associations of the uracil-modulated genes with different

functional categories, mainly ‘‘Metabolism’’ (Figure 1B; Table

S4). Notably, genes involved in different forms of metabolism

were downregulated at the early but upregulated at the late

time point following uracil treatment (Figure 1B). As expected,
(C) mRNA-seq reads of genes involved in Hh signaling pathway. WntD, Rab23, a

treatment.

(D) Modulation of Hh signaling pathway components by uracil treatment. Among

are found to be inducible at different time points following uracil treatment (Figu

Table S5.

Cell Host &
RNA-Seq analysis showed that most of the Relish/NF-kB-

dependent AMP genes were unaffected at the transcript level

by uracil treatment (Table S2 and Table S3), confirming that

the uracil-induced signaling pathway and PG-induced IMD-

Relish signaling pathway leading to AMP induction are largely

independent of one another.

As the initial aim was to identify the uracil-induced signaling

pathways that mediate uracil-induced DUOX activation, we

focused on the functional category of ‘‘Signal Transduction.’’

Functional enrichment analysis revealed that the Hh signaling

pathway is a candidate for activation by uracil stimulation (Fig-

ures 1B and 1C; Table S4). Among 17 genes involved in the Hh

signaling pathway, real-time qPCR analysis found 14 genes

were inducible at different time points following uracil treatment

(Figures 1D and S1A). Because various uracil-related molecules

(other purine and pyrimidine nucleobases as well as eight

different pyrimidine analogs) did not induce Hh target gene

expression (Figure S1B), uracil seems to be a specific ligand

for Hh signaling activation. Taken together, the high-resolution

RNA-Seq analyses identified Hh signaling as a pathway signifi-

cantly modulated by uracil in the midgut epithelia.

Hh Signaling Is Required for Uracil-Induced DUOX
Activation in the Midgut
To investigate whether uracil indeed induces Hh signaling in the

gut, we examined the expression of Hh (the Hh signaling ligand)

by using Hh-Gal4 > UAS-GFP. In the absence of uracil stimula-

tion, we found a high basal level of Hh expression in specific

regions of the proventriculus and hindgut, with a low yet still

considerable basal Hh expression in the posterior midgut (Fig-

ure 2A). In contrast to other regions, a very low basal Hh expres-

sion was observed in the anterior midgut region (Figure 2A).

Importantly, uracil stimulation rapidly induced Hh expression,

predominantly in the anterior midgut and the posterior midgut

(Figure 2A).

Given that uracil-induced Hh expression and DUOX activation

was observed in the anterior midgut regions, we investigated the

relationship between Hh signaling and DUOX-dependent ROS

generation in this region. For this, we used flies carrying inactive

Hh signaling (HhInactive flies), including the RNAi-based knock-

down (KD) flies for Hh, Smoothened (Smo, a G protein-coupled

receptor involved in Hh signaling activation), and Cubitus inter-

ruptus (Ci, an Hh signaling-activated zinc finger-containing tran-

scription factor) (Lum and Beachy, 2004). The uracil-induced

DUOX activation in all of these HhInactive flies was determined

by detecting DUOX-dependent ROS generation using a specific

R19S dye (Chen et al., 2011). The result showed that uracil-

dependent ROS generation was almost completely abolished

in these HhInactive flies (Figures 2B and S2A). In contrast, when

we used flies carrying constitutively active Hh signaling (HhActive

flies), including RNAi-based KD flies for Costal-2 (Cos, a scaffold

protein that negatively regulates Hh signaling) (Figure S2A), we

found constitutive ROS generation even in the absence of uracil
nd Cad99C are shown at 16 hr in the absence (blue) or presence (red) of uracil

17 genes involved in Hh signaling pathway, 14 genes (indicated by orange box)

re S1A). See also Figure S1 and Table S1, Table S2, Table S3, Table S4, and
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ingestion under a conventional (CV) condition, i.e., in the pres-

ence of commensal and environmental bacteria (Figure 2C).

Interestingly, the constitutive ROS generation was not evident

in the 3-day-old HhActive flies, but it then became evident in 7-

day-old HhActive flies (Figure 2C), although the KD effect of Cos

was similar in the 3-day-old and 7-day-old flies (Figure S2A).

Conditional activation or inactivation of Hh signaling in entero-

cytes using NP1-GAL4ts (combining NP1-GAL4 and the temper-

ature-sensitive GAL4 inhibitor tub-GAL80ts) also gave similar

results (Figure 2D). These results suggest that an increased

and/or accumulated bacterial burden in 7-day-old flies may

have led to the constitutive ROS generation in the presence

of constitutive Hh signaling activation. In fact, we found that

this high constitutive ROS level was completely abolished in

the germ-free (GF) HhActive flies (Figure 2C), indicating that Hh

signaling activation alone is not sufficient, but requires bacte-

rial-derived ligands, to induce DUOX activation.

Bacterial-Derived Uracil Induces DUOX Activation
through Hh Signaling
As high constitutive ROS levels seen in HhActive animals were

completely abolished in the GF condition, we investigated

whether bacterial-derived uracil was responsible for DUOX acti-

vation. For this, DUOX-dependent ROS generation was exam-

ined in HhActive GF flies that were previously mono-associated

with bacteria possessing various levels of uracil production.

The results showed that uracil-producing bacteria induced

a high level of intestinal ROS generation, whereas bacteria

with reduced uracil-producing abilities showed a low basal level

of ROS (Figure 2E). Consistently, E. carotovora, but not its uracil

auxotrophic mutant, induced DUOX activation in a Hh signaling-

dependent manner (Figure 2F). Taken together, these results

indicate that bacterial-derived uracil is responsible for DUOX-

dependent ROS generation via Hh signaling activation.

Uracil Induces Intestinal Cad99C Expression in a Hh
Signaling-Dependent Manner
We next investigated the molecular mechanism by which Hh

signaling mediates uracil-induced DUOX activation. RNA-Seq

and real-time qPCR analyses showed that Cad99C was signif-

icantly induced among the uracil-induced Hh target genes

(Figures 1C and S1A). The cadherin family is comprised of cal-

cium-dependent cell adhesion molecules involved in various

biological processes, such as epithelial cell integrity and polar-

ity (Niessen et al., 2011). Cad99C, one of 17 cadherin-like pro-

tein members in the cadherin family, was shown to be involved
(C) Gain of function of Hh signaling induces constitutive ROSproduction.Cos-RNA

flies were used. The ages of flies were indicated: 3-day-old (3D) and 7-day-old (

(D) Hh signaling in enterocytes is involved in DUOX-dependent ROS generation

performed by using NP1-GAL4ts, and 7-day-old flies were used. Flies were kept a

allow expression of the transgenes. Percentage of ROS-positive intestines was s

(E and F) Bacterial-derived uracil is responsible for DUOX-dependent ROS genera

bacteria with uracil-producing ability (G.morbifer) or bacteria with reduced uracil-p

ROS production was examined by R19S dye (E). CV adult flies of different genotyp

E. carotovora or E. carotovora-pyrE::Tn5 for 90 min, and DUOX-dependent ROS

testines was shown. The ages of flies were indicated: 3-day-old (3D) and 7-day-

Data were analyzed using an ANOVA followed by Tukey post hoc test (B, C, E, an

0.005, ***p < 0.001) of at least three independent experiments. N.S. denotes not

See also Figure S2 and Table S6.

Cell Host &
in microvilli morphogenesis in Drosophila follicle cells (D’Alterio

et al., 2005; Schlichting et al., 2006). Previously, it was shown

that Cad99C expression is controlled by Ci in the Hh signaling

pathway in the wing imaginal disc (Schlichting et al., 2005).

When we examined Cad99C expression following uracil stimu-

lation, we found that uracil-induced Cad99C expression was

abolished in all HhInactive flies, whereas constitutive Cad99C

expression (in the absence of uracil stimulation) was observed

in HhActive flies (Figure 3A). As expected, similar Hh signaling-

dependent expression patterns were also observed in other

Hh target genes, such as WntD, Wnt6, and Dpp (Figure S2B).

Based on these observations, we conclude that uracil induces

intestinal Cad99C expression in a Hh signaling-dependent

manner.

Hh-Dependent Cad99C Expression Is Required for
DUOX Activation
We next investigated the molecular relationship between

Cad99C induction and DUOX-dependent ROS generation.

When we examined the intestinal ROS levels in flies having

Cad99C overexpression in their enterocytes, we found a high

basal level of ROS generation in 7-day-old but not 3-day-old flies

(Figure 3B), which is a similar situation to that observed in the

case of the 3-day-old versus 7-day-old HhActive flies (Figure 2C).

These results suggest that low levels of uracil are secreted by the

conventional microbiota community, which is sufficient in acti-

vating DUOX in a specific genetic condition (e.g., HhActive or

Cad99C-overepxressing animals), but not sufficient for DUOX

activation in a wild-type genetic background. Importantly, the

constitutive ROS generation observed in the 7-day-old HhActive

flies was completely abolished in the absence of Cad99C, indi-

cating that Hh-induced ROS generation requires Cad99C (Fig-

ure 3C). Consistent with this result, Cad99C mutant flies were

unable to induce uracil-dependent ROS generation, whereas

enterocyte-specific reintroduction ofCad99C in theCad99Cmu-

tants conferred the ability to produce uracil-induced ROS gener-

ation (Figure 3D). Taken together, these results demonstrate that

Cad99C acts as an essential downstream component of the Hh

signaling pathway in uracil-induced DUOX activation and ROS

generation in gut epithelia of Drosophila.

Cad99CClustering in EnterocyteMembrane Is Required
for DUOX Activation
To further investigate the molecular mechanism by which

Cad99C participates in uracil-induced DUOX activation, we first

examined the membrane localization of endogenous Cad99C in
i flies were used as HhActive flies. Germ-free (GF) and conventionally reared (CV)

7D). Percentage of ROS-positive intestines was shown.

. Conditional activation or inactivation of Hh signaling in the enterocytes was

t 18�C (permissive temperature), then shifted to 29�C during the adult stage to

hown.

tion via Hh signaling activation. GF Cos-RNAi flies were mono-associated with

roducing ability (A. pomorum orG.morbifer-carA::Tn5), and DUOX-dependent

es (Control, HhActive or HhInactive) were orally administered with�13 109 cells of

production was examined by R19S dye (F). Percentage of ROS-positive in-

old (7D).

d F) or by Tamhane’s T2 post hoc test (D); values represent mean ± SEM (**p <

significant.

Microbe 17, 191–204, February 11, 2015 ª2015 Elsevier Inc. 195



+ UracilNone
Cad99C
DAPI

A

UAS-Cad99C

CV

GF

Hh     Active

Cad99C Phalloidin Merge

+ Uracil

None

Cad99C
DAPI

B

C D

*

0
10
20
30
40
50
60
70
80

Control UAS-Cad99C

)
%(tug

eviti sop-
S91

R

N.S.

None
Uracil)

%(tug
eviti sop-

S91
R 0

10

20

30

40

50

60

70

Control Cad99C-/-  Cad99C
 +Cad99C

***
**

N.S.

C
ad

99
C

 m
R

N
A

 
(r

el
at

iv
e 

ex
pr

es
si

on
)

Control Hh-RNAi Smo-RNAi Ci-RNAi Cos-RNAi

Hh Inactive HhActive

None

Uracil

***

***

6

5

4

3

2

1

0

)
%(tug

eviti sop-
S91

R

Cos
-R

NAi

Con
tro

l

Cos
-R

NAi +

Cad
99

C  

***
***

-/-

60

50

40

30

20

10

0 -/-

3D 7D 3D 7D

E F

G

Figure 3. Hh-Dependent Cad99C Induction and Its Clustering Are Required for DUOX Activation

In the case of uracil stimulation, flies were subjected to uracil ingestion (20 nM) for 2 hr (A) and 90 min (D–F).

(A) Uracil inducesCad99C expression via Hh signaling activation. The expression levels ofCad99Cwere analyzed in anterior midguts obtained from different flies

(7-day-old) following uracil ingestion. Target gene expression in the untreated control flies was taken arbitrarily as 1, and the results were shown as relative levels

of expression. T bars, means ± SEM (***p < 0.001) of at least three independent experiments.

(B) Cad99C overexpression is sufficient to induce constitutive ROS generation. Percentage of ROS-positive intestines was shown. The ages of flies (3D or 7D)

were indicated.

(C) Constitutive ROS generation in HhActive flies was abolished in the absence of Cad99C. Percentage of ROS-positive intestines (7-day-old) was shown.

(legend continued on next page)
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the presence or absence of uracil stimulation by generating

an anti-Cad99C antibody. Immunostaining analysis revealed

that endogenous Cad99C is highly dispersed throughout the

membrane, which is difficult to observe in the absence of uracil

stimulation (Figure 3E). Importantly, Cad99C clustering rapidly

became evident throughout the enterocyte membrane following

uracil stimulation (Figure 3E). Under this condition, endogenous

Cad99C was colocalized with phalloidin, a marker of the brush

border membrane (Figure 3F). When we examined Cad99C

localization in 7-day-old HhActive flies or Cad99C-overexpressing

flies, we found constitutive Cad99C clustering under a CV

condition, which was completely abolished under a GF condition

(Figure 3G). These results indicate that either constitutive Hh

signaling activation or Cad99C overexpression is sufficient to

induce Cad99C clustering under a CV condition.

Cad99C-Dependent Endosome Formation Is Required
for DUOX Activation
When we overexpressed Cad99C using Cad99C-GFP trans-

genic flies under a CV condition, Cad99C-GFP was found to

be intensively clustered in the apical membrane, with multiple

foci in the enterocyte cytoplasm in the 7-day-old flies and, to a

lesser extent, the 3-day-old flies (Figure 4A). In the case of the

3-day-old flies, uracil stimulation further enhanced Cad99C-

GFP localization into multiple foci inside the cells (Figure 4B).

To see whether uracil-induced Cad99C foci formation is depen-

dent on endocytosis, flies were administered uracil together with

chlorpromazine (CPZ), an inhibitor of clathrin-mediated endocy-

tosis. In this case, the uracil-induced Cad99C foci formation was

completely abolished (Figure 4B). Similar results were observed

when endocytosis in the enterocyte was genetically blocked

by overexpressing a temperature-sensitive allele of shibire

(shibirets) (Figure 4B). Furthermore, endogenous Cad99C was

most intensively colocalized with the endocytosis marker Rab7

upon uracil stimulation (Figure 4C). Importantly, the uracil-

induced Rab7+ endosome formation was completely abolished

in Cad99C mutant flies (Figure 4D). Furthermore, we found that

7-day-old HhActive flies exhibited spontaneous Rab7+ endosome

formation under a CV condition, which was greatly attenuated

under a condition of Cad99C-KD (Figure 4E). These results

demonstrate that uracil induces endosome formation in a

Cad99C-dependent manner. Several lines of evidence have sug-

gested that the ligand-induced endosome acts as a platform to

facilitate the intracellular signaling relay (McShane and Zerial,

2008; Miaczynska et al., 2004). In support of this notion, blocking

endosome formation either by CPZ treatment or by overexpress-

ing shibirets is sufficient to abolish uracil-induced ROS genera-

tion (Figure 4F). As uracil-induced endosome formation is absent

in Cad99C mutant flies, we concluded that Cad99C is required
(D) Cad99C is required for uracil-induced ROS generation. Cad99C�/� flies (3-da

(Cad99C�/� + Cad99C). Percentage of ROS-positive intestines was shown.

(E) Uracil stimulation induces Cad99C clustering.

(F) Cad99C colocalized with phalloidin in response to uracil.

(G) Spontaneous Cad99C clustering was observed in animals carrying cons

(UAS-Cad99C) under the CV condition, but not the GF condition. Seven-day-old

Data were analyzed using an ANOVA followed by Tukey post hoc test (B and C) o

**p < 0.005, ***p < 0.001) of at least three independent experiments. N.S. denote

See also Table S5 and Table S6.
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for the uracil-induced endosome formation that is an essential

event in DUOX-dependent ROS generation.

PKC Is Required for Cad99C-Dependent Endosome
Formation and Subsequent DUOX Activation
We next examined the molecular mechanism by which Cad99C

mediates uracil-induced endosome formation. The Cad99C

protein is composed of a long extracellular region, a transmem-

brane region, and a short cytoplasmic region (D’Alterio et al.,

2005). When the mutant form of Cad99C lacking the cyto-

plasmic region (Cad99CDcyto-GFP) was overexpressed, we

found that Cad99C-dependent endosome formation was com-

pletely abolished (Figure 5A). Structure analysis showed that

the cytoplasmic region of Cad99C has a binding motif for PSD-

95/Discs-large/ZO-1 (PDZ) domain, referred to as PDZ-binding

motif. The PDZ-binding motif allows an association with PDZ

domain of a scaffold protein in order to form a protein complex

(Demontis et al., 2006). Previously, we reported that phospholi-

pase Cb (PLCb) is the key component in the DUOX-activity

pathway (Ha et al., 2009a). Given that PLCb is known to act as

an upstream activator of protein kinase C (PKC) (Rhee, 2001),

and that both proteins contain PDZ-binding motif(s), we investi-

gated the possible involvement of PKC in Cad99C-dependent

endosome formation. Real-time qPCR analyses revealed that

PKC1 and PKC2 are inducible in response to uracil stimulation

(Figure 5B). To observe the PKC activation in vivo, we generated

transgenic flies that expressed PKC2 fused to red fluorescence

protein (RFP), because activated PKC is known to be localized

in the membrane region of the cells (Rosse et al., 2010). Using

these flies, we observed that uracil stimulation activates PKC2

in the enterocytes (Figure 5C). We further found that PKC2

is rapidly localized with the Cad99C-dependent Rab7+ endo-

somes following uracil stimulation (Figure 5D). Importantly, ura-

cil-induced Cad99C clustering and Cad99C-dependent Rab7+

endosome formation were abolished in the PKC1/2-KD flies

(Figure 5E), indicating that PKC is required for uracil-induced

Cad99C activation and subsequent endosome formation.

Furthermore, uracil-induced ROS generation was abolished in

PKC1/2-KD flies (Figure 5F). These results indicate that both

PKC and Cad99C are required for uracil-induced endosome

formation and subsequent DUOX activation.

Reciprocal Activation of PLCb and Cad99C in
Endosomes Is Required for DUOX Activation
Given that PLCb is the key component of the DUOX-activity

pathway (Ha et al., 2009a) and is known to act as an upstream

activator of PKC (Rhee, 2001), we investigated the involvement

of PLCb onCad99C activation. Upon uracil stimulation, we found

that PLCb is rapidly localized with the Cad99C-dependent
y-old) were genetically rescued by enterocyte-specific expression of Cad99C

titutive Hh signaling (HhActive) or animals carrying Cad99C overexpression

flies were used.

r by Tamhane’s T2 post hoc test (D); values represent mean ± SEM (*p < 0.05,

s not significant.
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Figure 4. Cad99C-Dependent Endosome

Formation Is Required for Uracil-Induced

ROS Generation

In the case of uracil stimulation, flies were sub-

jected to uracil ingestion (20 nM) for 90 min.

(A) Cad99C overexpression leads to Cad99C-

positive foci formation in the cytoplasmic region of

enterocytes in the absence of uracil stimulation.

NP1-GAL4>UAS-Cad99C-GFP flies in different

ages (3D or 7D) were used.

(B) Endocytosis is required for uracil-induced

Cad99C-positive foci formation. Flies (3-day-old)

were used and endocytosis was blocked chemi-

cally (by preingestion of 10 mM of chlorpromazine

[CPZ] for 30 min before uracil ingestion) or genet-

ically (by overexpressing shibirets, a temperature-

sensitive allele of shibire). Flies were kept at 18�C
(permissive temperature), then shifted to 29�C for

1 hr before uracil ingestion.

(C) Cad99C-positive foci were largely colocalized

with Rab7-positive endosomes. YFP was visual-

ized by antibody staining using Rab7-YFP flies.

(D) Cad99C is required for uracil-induced Rab7-

positive endosome formation.

(E) Constitutive endosome formation in HhActive

flies was abolished in the presence of Cad99C-

RNAi. HhActive flies (HS-GAL4>UAS-Hh) in

different ages (3D or 7D) were used. Adult flies

were maintained at 29�C to induce constitutive Hh

induction.

(F) Endosome formation is required for uracil-

induced ROS generation. Endocytosis was

blocked chemically or genetically as described in

(B). Percentage of ROS-positive intestines was

shown. Data were analyzed using an ANOVA fol-

lowed by Tamhane’s T2 post hoc test; values

represent mean ± SEM (*p < 0.05, ***p < 0.001) of

at least three independent experiments.

See also Table S6.
Rab7+ endosomes (Figure 5G). Furthermore, we also found

that uracil-induced Cad99C clustering and Cad99C-dependent

Rab7+ endosome formation were abolished in PLCb mutant

flies (Figure 5H), indicating that PLCb activity is required for

uracil-induced Cad99C activation and subsequent endosome

formation. Previously, we showed that PLCb-dependent Ca2+

mobilization is essential for DUOX activation (Ha et al., 2009a).

Cad99C overexpression induced PLCb-dependent Ca2+ mobili-

zation under a CV condition (Figure 5I). Furthermore, uracil-

induced and PLCb-dependent Ca2+ mobilization was abolished

in Cad99C mutant flies (Figure 5J). Therefore, it is likely that

reciprocal activation takes place between PLCb and Cad99C

(Figures 5H and 5J), an event which is required for uracil-induced

endosome formation and subsequent DUOX activation.

Hh Signaling Activation and Cad99C-Dependent
Endosome Formation Are Required for Host Resistance
to Gut Infection
Genetic analyses revealed that two DUOX-regulatory pathways

function in efficient pathogen-induced ROS production via the
198 Cell Host & Microbe 17, 191–204, February 11, 2015 ª2015 Else
‘‘DUOX-activity pathway,’’ involving Gaq-PLCb-Ca2+-mediated

signaling that modulates DUOX enzymatic activity, and the

‘‘DUOX-expression pathway,’’ that modulates DUOX gene in-

duction through the sequential activation of MEKK1-MKK3-

p38 MAPK (Ha et al., 2009a, 2009b). When we examined all

of these DUOX-activating signaling events in HhInactive flies, we

found that these HhInactive flies were unable to mount Cad99C

clustering (Figure 6A), Cad99C-dependent Rab7+ endosome

formation (Figure 6B), PLCb-dependent Ca2+ mobilization

(Figure 6C), and p38 MAPK activation (Figure 6D) in response

to uracil stimulation. Such signaling defects found in HhInactive

flies resulted in the inability of uracil-induced ROS production

(Figure 6E), leading to an elevated rate of mortality following

gut infection (Figure 6F). Given that Hh controls uracil-induced

Cad99C expression and that Cad99C is an essential element

for PLCb activation, we tested whether the ectopic expression

of Cad99C expression in the HhInactive flies would restore ura-

cil-induced DUOX activation. The result showed that gut-spe-

cific reintroduction of Cad99C expression into HhInactive flies is

sufficient to restore all of the signaling events necessary for
vier Inc.



DUOX activation (Figures 6A–6E). Consistently, the low level of

uracil-induced p38 MAPK activation observed in Smo mutant

clones was completely restored to the normal level by ectopic

expression of Cad99C (Figure S3), indicating that Hh signaling

is operating in a cell-autonomous manner to maintain proper

Cad99C expression for DUOX-activating signaling. Furthermore,

the high infection-induced lethality found in all HhInactive flies

was rescued by the enterocyte-specific overexpression of

Cad99C (Figure 6F). These results demonstrated that the

lethality of HhInactive flies is due to a reduced level of Cad99C

expression, and that normal Cad99C expression regulated by

the Hh pathway and Cad99C-dependent signaling endosome

formation are all essential events for the DUOX-dependent gut

immunity that is required for resisting pathogen infection.

DISCUSSION

Hh signaling is an evolutionarily conserved signaling pathway

that is well-known to be involved in embryonic patterning and

organogenesis (Lum and Beachy, 2004; Varjosalo and Taipale,

2008). Hh signaling also plays an important role in development

and homeostasis of adult organs such as the gastrointestinal (GI)

tract in Drosophila and mammals (Huangfu and Anderson, 2006;

Singh et al., 2011; Takashima et al., 2008). In theDrosophila adult

GI tract, Hh was recently shown to be required for the differenti-

ation of stem cells in the hindgut and proventriculus (Singh et al.,

2011; Takashima et al., 2008). In addition to developmental pro-

cess, previous microarray analysis showed that the Hh ligand in

the adult gut is induced following bacterial infection (Buchon

et al., 2009), although the exact role of Hh signaling during infec-

tion remains to be determined.

In this study, an unexpected role for Hh signaling inDrosophila

gut innate immunity was found. Our analysis showed that bacte-

rial-derived uracil induces Hh expression and that this Hh

signaling in turn induces enterocyte Cad99C expression. Given

that uracil-induced DUOX activation was abolished in HhInactive

flies, and that overexpression of Cad99C in the HhInactive flies

restored uracil-induced DUOX activation, an appropriate level

of Cad99C induced by Hh signaling is of central importance

for DUOX activation. Interestingly, HhActive animals exhibited

spontaneous DUOX activation under a CV condition. However,

overactivation of Hh signaling is not sufficient to induce ROS

generation, because flies expressing excessive amounts of Hh

target genes (such as HhActive flies, Cad99C-overexpressing

flies, or both) were unable to induce DUOX activation under a

GF condition (Figure S4A). Uracil stimulation rapidly induced

DUOX activation of these GF animals (Figure S4A), indicating

that uracil recognition (presumably by GPCR that acts with

Cad99C) acts as a downstream event of Hh signaling. Further in-

vestigations on the identification of uracil receptor(s) will clarify

how uracil induces Hh signaling activation and Cad99C-medi-

ated DUOX activation.

How is Cad99C involved in DUOX activation? An interesting

aspect of the membrane dynamics upon uracil stimulation is

the formation of signaling endosomes. As Cad99C colocalizes

with uracil-induced Rab7+ endosomes, it is likely that Cad99C

is internalized by endocytosis to form endosomes. It is important

to note that uracil-induced endosome formation is abolished in

the absence of Cad99C, indicating that Cad99C is required for
Cell Host &
signal-induced endosome formation. Signaling-induced endo-

somes, so-called ‘‘signaling endosomes,’’ have been shown to

play an active role in signal propagation and amplification by

providing a physical platform to which intracellular signalingmol-

ecules are recruited (McShane and Zerial, 2008; Miaczynska

et al., 2004). Our results showed that an inhibition of endosome

formation using an endocytosis inhibitor abolished uracil-in-

duced DUOX activation, indicating that Cad99C-mediated en-

dosome formation is required for the signaling activation that in

turn results in DUOX activation. In this regard, it is interesting

to note that Cad99C and PLCb/PKC exhibited reciprocal activa-

tion (Figure 5), and overexpression of one of these components

induced spontaneous ROS generation under a condition of

increased intestinal bacterial burden, i.e., intestines of 7-day-

old flies (Figures S4A and S4B). Furthermore, Cad99C colocal-

ized with PLCb upon uracil stimulation (Figure S4C). Cad99C,

PKC, and PLCb are known to contain PDZ-binding motif(s).

It is well-known that the PDZ-binding motif of different proteins

can directly bind to the PDZ domain of a scaffold protein.

One such example is the inaD protein that contains multiple

PDZ domains; this protein acts as a scaffold that recruits

different signaling molecules, each of which has a PDZ-binding

motif(s) (van Huizen et al., 1998). Therefore, it may be possible

that Cad99C, PKC, and PLCb bind to a scaffold protein contain-

ing multiple PDZ domains. However, identification of such scaf-

fold protein remains to be elucidated to definitely prove this

mechanism.

Interestingly, the uracil auxotrophic mutant of E. carotovora

can induce Hh ligand expression in the midgut (Figure S4D);

however, this bacterial strain is incapable of generating DUOX-

dependent ROS (Figure 2F). Consistently, PG ingestion effec-

tively activated Hh signaling (Figures S4E and S4F). These

results indicate that two important bacterial ligands, uracil and

PG, independently induce Hh signaling. Previous reports have

shown that, unlike uracil, PG alone does not induce DUOX acti-

vation (Ha et al., 2009a, 2009b). Consistent with this observation,

we found that PG alone did not induce Cad99C clustering and

Cad99C-dependent endosome formation (Figures S4G and

S4H). This is probably due to the fact that, unlike uracil, PG alone

does not induce PLCb-dependent Ca2+mobilization (Figure S4I),

which is necessary for Cad99C clustering and signaling endo-

some formation. At present, it is unclear how PG and uracil

induce Hh expression. Previously, it has been shown that both

ligands independently induce MEKK1 activation leading to

ATF2-dependent DUOX gene expression (Ha et al., 2009b).

Therefore, it is tempting to speculate that the same pathway

may be also involved in both uracil- and PG-induced Hh ligand

expression. Further studies will be needed to understand the

exact role of ATF2 in intestinal Hh expression.

As PLCb/PKC activity is essential for activating the DUOX-ac-

tivity pathway and DUOX-expression pathway, it is likely that

Cad99C-containing endosomes recruit PLCb and PKC for the

signaling that results in Ca2+-dependent DUOX activity (Fig-

ure 7). Once activated, DUOX-dependent gut immunity needs

to be negatively regulated, because excess ROS production is

deleterious to the host via oxidative damage. Rab7+ late phase

endosomes are known to fuse with lysosomes and become

degraded (Luzio et al., 2007), suggesting that Cad99C+ Rab7+

endosomes are rapidly fused to lysosomes for their degradation
Microbe 17, 191–204, February 11, 2015 ª2015 Elsevier Inc. 199
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Figure 5. PKC and PLCb Are Required for Cad99C-Dependent Endosome Formation and Subsequent DUOX Activation

In the case of uracil stimulation, flies were subjected to uracil ingestion (20 nM) for 90 min (A and C–H), 2 hr (B), or 45 min (J).

(A) Cytoplasmic domain of Cad99C is required for uracil-induced endosome formation. Cad99C-GFP and Cad99CDcyto-GFP flies were used.

(B) PKC genes are induced following uracil stimulation. Quantitative RT-PCR of PKC1 and PKC2was performed with midgut epithelia following uracil stimulation.

Target gene expression in the absence of uracil treatment was taken arbitrarily as 1, and the results were shown as relative levels of expression. T-bars,

means ± SEM (**p < 0.005, ***p < 0.001) of at least three independent experiments.

(C) Activation of PKC2 can be observed in the gut following uracil stimulation. Transgenic flies carrying PKC2-RFPwere used to monitor the membrane-targeted

activated-form of PKC2.

(D) PKC2 was colocalized with Rab7-positive endosomes following uracil stimulation.

(legend continued on next page)
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to downregulate DUOX-dependent ROS generation (Figure 7).

Consistent with this notion, inhibition of lysosome function by

feeding animals with chloroquine is sufficient to induce sponta-

neous Cad99C+ endosome formations and constitutive ROS

production even in the absence of uracil ingestion under a CV

condition (Figure S5), which is similar to that observed in CV

HhActive flies. Therefore, the signaling endosome formation/

degradation process likely determines the duration and intensity

of DUOX activation for the purpose of maintaining the homeosta-

sis of gut immunity.

Drosophila Cad99C is most closely related to vertebrate pro-

tocadherin 15 (PCDH15) protein (D’Alterio et al., 2005). Because

our preliminary data showed that PCDH15 is required for

uracil-induced ROS generation in human intestinal cell lines

(Figure S6), the role of Cad99C in DUOX activation is appar-

ently conserved from Drosophila to mammals. However, further

studies are necessary to see whether Hh signaling pathway me-

diates PCDH15 expression.

Recently, a commensal strain, Lactobacillus plantarum, has

been reported to induce NOX-dependent ROS generation in

murine and Drosophila intestines (Jones et al., 2013), which is

important for the proliferation of intestinal stem cells. These

data, together with those of the present study, indicate that

different bacterial strains activate a distinct member of the

NADPH oxidase family in the gut to control a diverse range

of host physiologies. Future elucidation of the molecular

mechanisms of intestinal ROS generation by different bacterial

strains will provide insights into redox-modulated gut-microbe

homeostasis.

EXPERIMENTAL PROCEDURES

In Vivo ROS Measurement

To measure DUOX-dependent ROS generation in vivo, HOCl-specific rhoda-

mine-based R19S dye was used exactly as described previously (Chen

et al., 2011).

Immunostaining

Adult flies of different genotypes were orally administered 5% sucrose solu-

tion containing uracil (20 nM) for 1.5 hr. The anterior midguts were dissected

in PBS and then fixed for 15 min with 4% paraformaldehyde. Samples were

washed three times for 5 min with 0.1% Triton X-100 in PBS and incubated

with the same solution supplemented with 5% bovine serum albumin for

20 min. Anti-Cad99C polyclonal rabbit antibody was generated by using a

synthetic peptide corresponding to amino acid residues 1,691–1,706 of

Cad99C as described previously (Schlichting et al., 2005). The samples

were incubated with anti-Cad99C antibody (1:500 dilution), anti-Rab7 anti-

body (1:500 dilution; Abcam), the phospho-specific anti-p38 antibody

(1:500 dilution; Millipore, Milford, MA, USA), anti-PLCb antibody (1:100 dilu-

tion; BD Biosciences), anti-GFP antibody (1:1,000 dilution; Life Technolo-

gies), or anti-Alexa Fluor 568 phalloidin (1:1,000 dilution; Life Technologies)
(E and F) Uracil-induced Cad99C clustering, Rab7-positive endosome formatio

localization (E) and percentage of ROS-positive intestines (F) were shown.

(G) PLCb was colocalized with Rab7-positive endosomes following uracil stimula

(H) PLCb is required for uracil-induced Cad99C clustering and Rab7-positive en

(I and J) FRET analysis. Cad99C overexpression leads to the enhanced PLCb

Cad99C) were used. Cad99C is required for PLCb activation (J). PLCb activity wa

expressing cameleon calcium sensor. FRET efficiency (E%) was expressed as th

Data were analyzed using an ANOVA followed by Tukey post hoc test (F and J) or b

0.005, ***p < 0.001) of at least three independent experiments. N.S. denotes not

See also Figure S4, Table S5, and Table S6.
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for 16 hr at 4�C. The samples were then washed five times for 5 min with

0.1% Triton X-100 in PBS, and Alexa Fluor 568 goat anti-rabbit IgG or Alexa

Fluor 488 goat anti-rabbit or anti-mouse IgG (Invitrogen) was used as the

secondary antibody. Following three washes with PBS for 5 min each, the

samples were mounted in mounting buffer (Vectorshield, Vector Laboratories

Inc., Burlingame, CA, USA). In all cases, upper region of the copper cells,

equivalent to R2b and R2c subdomains (Buchon et al., 2013b), was analyzed

by confocal microscopy LSM 700 (Carl Zeiss, Oberkochen, Germany). Nu-

clear staining was performed with DAPI.

Real-Time qPCR Analysis

Fluorescence real-time PCR was performed to quantify gene expression, us-

ing the double-stranded DNA dye, SYBR Green (Perkin Elmer, Waltham, MA,

USA). Primer pairs were used to detect different target gene transcripts (Table

S5). SYBR Green analysis was performed using an ABI PRISM 7700 system

(PE Applied Biosystems, Foster City, CA, USA) according to the manufac-

turer’s instructions. All samples were analyzed in triplicate, and the levels of

detected mRNA were normalized to those of the control. The normalized

data were then used to quantify the relative levels of a given mRNA according

to the cycling threshold analysis. Target gene expression is presented as rela-

tive expression level.

FRET Analysis

The dissected guts of flies expressing cameleon calcium sensor were fixed

and plated onto coverslips for FRET analysis using a LSM700 Confocal Micro-

scope (Carl Zeiss, Germany). FRET analysis by the acceptor bleachingmethod

was exactly performed as described previously (Ha et al., 2009a).

Gut Infection and Survival Experiment

E. carotovora were harvested during the late exponential phase by centrifu-

gation, and the bacterial pellets were washed with PBS and suspended

in 5% sucrose solution. Adult male flies (5- to 6-day-old) were transferred,

without starvation, to a vial containing filter paper hydrated with 5%

sucrose solution containing bacterial cells (�1010 cells for E. carotovora)

for continuous bacterial feeding during infection time. Filter paper was

changed every day.

Statistical Analysis

Comparisons of two samples were made by Student’s t test. Comparisons

of multiple samples were made by one-way analysis of variance (ANOVA).

The log rank test of the Kaplan-Meier was used for the statistical analysis

of fly survival experiments. p values of less than 0.05 were considered

statistically significant. SPSS software (Chicago, IL, USA) was used for all

analyses.
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n, and ROS production were abolished in PKC1/2-RNAi flies. Cad99C/Rab7

tion.

dosome formation.

activation (I). Seven-day-old control and Cad99C-overexpressing flies (UAS-

s examined by performing FRET analysis for the Ca2+ measurement using flies

e mean ± SD from at least 30 flies.

y Tamhane’s T2 post hoc test (I); values represent mean ± SEM (*p < 0.05, **p <

significant.
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Figure 6. Hh Signaling Activation and

Cad99C-Dependent Endosome Formation

Are Required for Host Survival against Gut

Infection

In the case of uracil stimulation, flies were sub-

jected to uracil ingestion (20 nM) for 90 min (A, B,

D, and E) or 45 min (C).

Cad99C clustering (A), Cad99C-dependent Rab7+

endosome formation (B), PLCb-dependent Ca2+

mobilization (C), p38 MAPK activation (D), and

DUOX-dependent ROS production (E) were

examined. Host survival rate following gut infection

with E. carotovora (F) was also examined. Enter-

ocyte-specific NP1-GAL4 driver was used in all

HhInactive flies.

Data were analyzed using an ANOVA followed by

Tukey post hoc test (C and E); values represent

mean ± SEM (**p < 0.005, ***p < 0.001) of at least

three independent experiments. N.S. denotes not

significant. For the survival assay (F), a log rank

analysis (Kaplan-Meier method) showed a signifi-

cant difference in survival (p < 0.001) between

HhInactive flies and genetically rescued HhInactive

flies expressing Cad99C.

See also Figure S3 and Table S6.

202 Cell Host & Microbe 17, 191–204, February 11, 2015 ª2015 Elsevier Inc.



Figure 7. A Model for Hh Signaling and Cad99C-Dependent

Signaling Endosome Formation in Drosophila DUOX-Dependent

Gut Immunity

Uracil or peptidoglycan (PG) released from the pathogens induces the Hh

signaling pathway through an unknown mechanism in order to maintain high

Cad99C level in the apical membrane. PGmolecules from commensal bacteria

may also play a role inmaintaining the appropriate basal level of Hh-dependent

Cad99C under a conventional condition before pathogen infection. When

uracil is recognized by a presently unknown G protein coupled receptor

(GPCR), Cad99C/PLCb/PKC-dependent signaling endosomes facilitate the

signal amplification by inducing PLCb-dependent Ca2+ mobilization so as to

induce DUOX-dependent ROS generation. Signaling endosomes are then

subjected to degradation, possibly the endolysosomal pathway, in order to

avoid excess ROS generation. See the Discussion section for more detail. See

also Figures S4 and S5.
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