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Forkhead box class O (FoxO) transcription factors are a family of conserved proteins that regulate the
cellular responses to various stimuli, such as energy deprivation, stress, and developmental cues. FoxO
proteins are important mediators of the insulin signaling pathway, adjusting growth and metabolism to
nutrient availability. Insulin signaling acts together with the glucagon-stimulated cAMP signaling pathway to
orchestrate the organism response to various nutritional conditions. In this study, we demonstrate that
Drosophila melanogaster FoxO (dFoxO) regulates cAMP signaling by directly inducing the expression of an
adenylate cyclase gene, ac76e. Interestingly, ac76e is expressed in a highly restricted pattern throughout fly
development, limited to the corpus allatum (CA), gastric cecum, and malpighian tubules. dFoxO activation of
AC76E in the CA increases starvation resistance and limits growth. Our results unravel a new role for dFoxO,
integrating cAMP and insulin signaling to adapt organism growth to the existing nutritional conditions.

Forkhead box class O (FoxO) proteins belong to the large
superfamily of forkhead box transcription factors. FoxO family
members include orthologs from diverse species, such as the
fruit fly, worm, and mammals, where they regulate conserved
cellular and physiological processes ranging from apoptosis to
stress resistance and growth (1). FoxO proteins are key players
in the well-conserved insulin signaling pathway that mediates
the responses of energy homeostasis depending on the avail-
ability of nutrients. In mammals, upon hypoglycemia and sub-
sequent attenuation of circulating insulin, FoxO1 is localized in
the hepatocyte nucleus, where it drives a pattern of gene ex-
pression devoted to activation of gluconeogenesis and lipid
catabolism (38). In contrast, in situations of abundant nutrient
availability, activated insulin signaling leads to Akt-mediated
FoxO phosphorylation, which leads to FoxO cytoplasmic local-
ization and inactivation (3, 5, 23, 32). FoxO is also involved in
the regulation of proliferation in peripheral tissues by activat-
ing genes such as p27kip1 and p21Cip1 (26, 30). Consequently,
FoxO is acting in a cell-autonomous and -nonautonomous
manner by adjusting metabolism and growth to the prevailing
nutritional conditions. The importance of FoxO in this setting
is further highlighted by the finding that in the model organism
Drosophila melanogaster, 28% of the nutrient-regulated genes
were found to also be regulated by Drosophila FoxO (dFoxO)
(12). This result suggests that the transcriptional mediators
responding to nutrient shortage might be well conserved be-
tween distant phyla.

The activity of hepatic FoxO1 is complemented by cyclic

AMP (cAMP) signaling, which is stimulated by glucagon. This
signaling pathway is regulated by protein kinase A and the
cAMP response element binding protein (CREB) (15). To-
gether, FoxO1 and CREB ensure mobilization of energy re-
serves and allow maintenance of correct blood glucose levels
under fasting conditions (11, 21). An analogous system has
recently been demonstrated to operate in the fruit fly, where
insulin-like peptides and a glucagon-like adipokinetic hormone
in concert regulate the expression of alpha-glucosidase enzyme
in adipose tissue (6). This finding emphasizes the conserved
mechanisms underlying nutrient-induced signaling in these dis-
tantly related species. Hence, Drosophila is a very good model
to use to study the systemic regulation of energy metabolism
and growth.

Adenylate cyclases (AC) are a group of conserved enzymes
catalyzing the conversion of ATP to cyclic AMP (cAMP) (16).
In mammals, nine AC genes exist. Their corresponding pro-
teins differ in their sensitivities to regulatory inputs such as
growth factors, Ca2�/calmodulin binding, and protein kinase C
phosphorylation (16). In Drosophila, there are 10 AC genes
(7). The best-characterized Drosophila AC gene is rutabaga
(rut), implicated in learning and memory (31) and in stress
resistance and life span determination (35). The expression of
rut is concentrated in brain (14), whereas the expression of
ac78c, for example, is restricted to embryogenesis (8). In spite
of the central importance of cAMP signaling in various key
cellular processes, relatively little is known about the biology of
Drosophila AC. In addition, it is unknown how the expression
of these enzymes is regulated in Drosophila. Given the evident
similarity in the diversity of the AC family with mammals (8),
Drosophila makes an ideal model to use to discern the func-
tional roles of differentially regulated AC proteins.

A systems biology approach was recently applied to demon-
strate the key role of dFoxO in regulating gene expression
upon nutrient deprivation (12). Whereas the role of some of
the target genes is obvious, such as those encoding enzymes
devoted to energy metabolism and growth, a number of FoxO
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target genes have unknown functions. In this study, we have
identified a Drosophila AC gene, ac76e, as a direct transcrip-
tional target of dFoxO in vitro and in vivo. We show that
dFoxO activation of AC76E results in an increase of cAMP
levels that ultimately modulates developmental growth and
starvation resistance.

MATERIALS AND METHODS

Band shift analysis and chromatin immunoprecipitation (ChIP). For analysis
of the ac76e promoter, DNA fragments spanning �638 to �495 (probe 3), �531
to �389 (probe 2), and �422 to �281 (probe 1) from the transcription start site
were amplified by PCR. Recombinant, purified dFoxO (100 nM or 200 nM) (27)
was mixed with [32P]dCTP-labeled PCR products (80 nM) under reaction con-
ditions described by Coleman and Pugh (9). The DNA complexes were resolved
on native polyacrylamide (5.3%). In the cold competitor experiments, the con-
centrations of the unlabeled probe ranged between 1 and 8 �M. The primers for
the probes were the following: probe 1, CGATTGTATTTATTTTGACTTGAT
GCCATG and GGAAAAAGTAAATACTAAAAGGTAAACACAAAAAGG;
probe 2, CCTTTTTGTGTTTACCTTTTAGTATTTACTTTTTCC and CAAT
AAACTCAAATAAATATTACTGATCCGTC; probe 3, GACGGATCAGTA
ATATTTATTTGAGTTTATTGC and GATATCTATTATATGTCATAATAA
TTTGTTACCAGAAAGC; positive control (dInR), TAATACGACTCACTA
TAGG and CCCTTTAGTGAGGGTTAATT; negative control (pBs), GCAAA
TTCATCAATAGTTTTTGTTG and CACCGGTATCAGTGGCGGAATTG.

ChIP was performed as described by Puig et al. (27) by cross-linking S2 cells
expressing dFoxO-A3 or wild-type dFoxO (dFoxO-WT) with 0.1% formalde-
hyde. For immunoprecipitation, anti-dFoxO-specific antibodies were used (27).
Coimmunoprecipitated DNA was amplified by PCR, using the primers for probe
2 (see above) in the presence of [32P]dCTP. The PCR products were resolved by
polyacrylamide (6%) and visualized by using a phosphorimager (Fujifilm). The
band intensities were quantified by AIDA image analyzer software.

Constructs and Drosophila strains. pMT dFoxO-A3 and pMT dFoxO-WT
have been described (27). The ac76e promoter regions were generated by PCR,
and the products were cloned into the pGL3 basic vector (Promega). The ex-
pressed-sequence-tag clone GH26260 contains a partial ac76e sequence coding
for amino acids 433 to 1307. The N-terminal sequence was generated by PCR,
and the full-length sequence was cloned into the pMT vector (Invitrogen). The
integrity of the obtained full-length coding sequence was verified by sequencing.

Tubulin-Gal4 was obtained from Bloomington. The foxo null foxo25 strain and
its littermate control, EP-147, are described in reference 20 and DI-11-Gal4 in
reference 2. To produce UAS-AC76E transgenic flies, the coding region of ac76e
tagged with a three-hemagglutinin (HA)-tag sequence in its C terminus was
cloned into the p[UAS] vector. Transgenic flies were obtained by injecting the
p[UAS]-AC76E-3xHA constructs into w1118 Drosophila embryos. Two indepen-
dent transgenic lines harboring the insertion in the second and third chromo-
somes, respectively, were utilized in the experiments.

Cell culture, transfection, RNA interference (RNAi), and quantitative reverse
transcription-PCR (qPCR). Drosophila S2 cells were maintained, transfected,
and treated with double-stranded RNA in M3 medium (Sigma) supplemented
with insect medium supplement (Sigma), 2% fetal bovine serum, penicillin, and
streptomycin. The cells were transfected with the Effectene transfection reagent
(Qiagen) according to the manufacturer’s protocol. For cAMP measurements, a
competitive enzyme immunoassay was used (Assay Designs). Before lysis, the
cells were treated for 30 min with forskolin (Fluka) and 3-isobutyl-1-methylxan-
thine (Fluka) in concentrations of 50 �M and 100 �M, respectively. For lucif-
erase activity measurements (Promega), the cells were lysed in passive lysis buffer
(Promega) and luciferase values were normalized to the total protein content of
the lysates as measured by the Bradford reagent (Bio-Rad). The antibodies used
were anti-V5 (1:5,000; Invitrogen), anti-HA (1:3,000; Roche), anti-�-tubulin
(1:10,000; Sigma), anti-green fluorescent protein (GFP) (1:500; Santa Cruz Bio-
technology), and secondary rabbit anti-mouse immunoglobulin G antibody con-
jugated with horseradish peroxidase (1:5,000; Upstate Biotechnology) and Alexa
Fluor568-rabbit anti-mouse immunoglobulin G (1:1,000; Molecular Probes).

RNA interference and qPCR were performed as described previously (25).
The primers used to synthesize AC76E double-stranded RNA were GGTCAT
GTCACACGCAATCGTCC and CACCCTGGCGATCCAGAGTGTG. The
primers used for the AC76E qPCR were CAGGATGAATGACGCCCTT
TCGG and ATGGACACAACACATGCCAGCAGC.

RNA in situ hybridization. Antisense and sense RNA probes were generated
by an in vitro transcription reaction using T7/T3-dependent RNA polymerase
(Promega) in the presence of digoxigenin-UTP (Roche). The probes were hy-

bridized to formaldehyde-fixed larval/adult tissue for 16 h at 55°C in hybridizing
solution containing 50% formamide, 5� SSC (1� SSC is 0.15 M NaCl plus 0.015
M sodium citrate), 50 �g/ml heparin, 0.1% Tween 20, and 100 �g/ml salmon
sperm DNA. After washing of excess probe, the hybridization was visualized by
using alkaline phosphatase-conjugated anti-digoxigenin antibody (1:3,000;
Roche). mRNA in situ hybridizations to embryos were performed as described
previously (19). The primers for the ac76e probe were T3 plus GCAACAGCG
AATCTGATTGTTAAGGC and T7 plus GGGCTCCGCTGTTGGAGATGC.
The primers for the dfoxo probe were T3 plus ATGATGGACGGCTACGC
GCAG and T7 plus TGCACCCAGGATGGTGGCG.

Body weight and starvation resistance measurement. For body weight and
starvation resistance measurements, flies were reared the following way: flies laid
eggs on apple juice plates supplemented with yeast paste for 8 h. Subsequently,
the yeast was removed from the plates and the eggs developed at 25°C. The next
day, hatched larvae were removed from the plate. After an additional 2 to 4 h,
first-instar larvae were collected and transferred to fresh yeast paste until they
reached the second-instar stage. At that time the balancer marker tubby is
distinguishable, and larvae with the correct genotype were collected. To prevent
crowding and to ensure equal growing conditions, 100 second-instar stage larvae
were collected per vial with standard fly food. The flies developed at 25°C, and
the emerging pupae were scored in 4- to 12-h intervals. The body weight of the
AC76E-overexpressing flies was measured at 330 h after egg laying (AEL) from
females and males kept in the same vial. The body weight of the homozygous
P-element insertion lines was measured 3 days after eclosing. Body weight was
measured in groups of 10 snap-frozen flies with a Mettler AE160 precision scale.
For the starvation resistance measurement, flies were collected 0 to 16 h from
eclosing, matured for 3 days in groups of 25 females and 25 males per vial, and
then pooled for the experiment. The flies were transferred to 0.5% agarose in
phosphate-buffered saline (PBS) for starvation, and dead flies were scored in 2-
to 8-h intervals. The final number of female and male files in each experiment
varied depending on how many flies were collected at eclosion, but this number
was enough to allow us to determine statistical significance. The starvation
resistance experiments were performed twice for both sexes with similar results.
We used the Kaplan-Meier log rank test to estimate statistical differences of
survival between treatments. To measure ac76e and 4ebp expression upon star-
vation, the flies were reared as described above. Three-day-old females were
transferred either to standard fly food supplemented with yeast paste or to 0.5%
agarose in PBS. After 24 h, total RNA was extracted from the flies and gene
expression was measured by qPCR.

JHIII measurement. The larvae were staged as described above. Approxi-
mately 200 larvae were picked at 96 h AEL, homogenized, and extracted for
JHIII by using iso-octane. Before extraction, the samples were measured for
their protein concentrations to ensure equal sample sizes. In addition, prior to
the extraction the samples were spiked with an internal methoprene acid control.
The JHIII titer was then measured by a liquid chromatography-tandem mass
spectrometry method. For the complete description of the method, see materials
and methods in the supplemental material.

RESULTS

ac76e is a direct target of dFoxO. We identified ac76e in a
microarray screening as one of the genes regulated by dFoxO
in S2 cells (27). Overexpression of dFoxO-A3, a constitutively
nuclear dFoxO protein insensitive to insulin (27), resulted in a
roughly 20-fold increase in ac76e expression as measured by
the microarray system (data not shown). We first confirmed
the microarray result by qPCR and found that upon overex-
pression of dFoxO-A3 in S2 cells, ac76e was upregulated �25-
fold compared to the negative control overexpressing dFoxO-
WT, which is inhibited by insulin (27) (Fig. 1A). We next
studied if dFoxO can activate gene expression from the ac76e
promoter. Several promoter fragments, ranging from 2.0 kb to
0.3 kb, containing the ac76e transcription start site, were
cloned into a luciferase reporter and were independently co-
transfected in S2 cells together with the dFoxO-A3 expression
plasmid. Luciferase activity was elevated four- to sixfold com-
pared to that of the empty vector control (Fig. 1B, bars 3 to 7).
This analysis revealed a �350-bp region (�281 to �638 rela-
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FIG. 1. dFoxO directly activates transcription of ac76e. (A) qPCR assay showed a 25-fold increase in ac76e mRNA upon dFoxO-A3 overexpression (bar
2) compared to the dFoxO-WT control level (bar 1) in S2 cells. (B) Luciferase assays showed activation of different ac76e promoter fragments upon
cotransfection with dFoxO-A3 compared to results for the empty vector control. Bars in lane 1, positive control with dinr promoter; bars in 2, negative control
with empty pGl vector. Bars in lanes 3 to 8, dFoxO-A3 cotransfections with different ac76e promoter fragments. (C) Schematic representation of the ac76e
promoter showing the putative FREs (striped boxes) in the region from �300 to �600 bp upstream of the transcription start site. The probes used in band shift
experiments (below) are indicated. Recombinant dFoxO binds to probes 2 (lanes 4 to 6) and 3 (lanes 7 to 9). Lanes 10 to 12 show the positive control dinr
promoter. Lanes 13 to 15 show the negative control pBS. (D) The specificity of the binding to these promoter regions was confirmed by competition experiments.
Cold competitors for probes 2 (lanes 1 to 6) and 3 (lanes 11 to 16) reversed the band shift, whereas the negative control, pBS, did not (lanes 7 to 10 for probe
2 and lanes 17 to 20 for probe 3). (E) dFoxO binds specifically to ac76e promoter in vivo. ChIP of cross-linked extracts of S2 cells expressing dFoxO-WT (lanes
1 to 3) or dFoxO-A3 (lanes 4 to 6) grown in the presence of insulin. Relative intensities of lanes 3 and 6 as quantified with a phosphorimager (bars 1 and 2,
respectively) are shown. The error bars represent standard deviations from three independent measurements. DNA fragments were detected by incorporating
[P32]dCTP in the PCR mix.

5359



tive to the start site) required for reporter induction (Fig. 1B,
compare bars 7 and 8). This region was found to contain two
putative FoxO recognition elements (FRE) (Fig. 1C). These
results suggest that dFoxO activates ac76e expression by di-
rectly binding its promoter and activating gene transcription.

We next asked if dFoxO can bind to this DNA fragment in
vitro. We divided the 350-bp DNA fragment into three smaller
fragments of �120 bp each and assessed whether dFoxO could
bind any of them by performing band shift experiments with
purified recombinant dFoxO. Interestingly, we found that two
of the fragments, containing the putative FREs, were effi-
ciently bound by dFoxO, whereas the negative control was not
(Fig. 1C). The specificity of the binding was confirmed by
competition assays where a cold competitor probe was added
to the in vitro binding reaction mixtures (Fig. 1D). Addition of
the cold competitor probe reversed the band shift of these two
fragments (Fig. 1D, lanes 1 to 6 and 11 to 16), whereas the
negative control did not (Fig. 1D, lanes 7 to 10 and 17 to 20).
These results show that dFoxO binds efficiently the ac76e pro-
moter in vitro.

Finally, we performed a ChIP experiment to investigate
whether dFoxO binds to the ac76e promoter in vivo. S2 cells
overexpressing either dFoxO-A3 or dFoxO-WT were grown in
the presence of insulin (which inhibits dFoxO-WT but not
dFoxO-A3), cross-linked with formaldehyde, and immunopre-
cipitated with anti-dFoxO. After reversal of the cross-links,
DNA was recovered and PCR was performed with primers
specific for the FRE-containing region (probe 2 in Fig. 1C).
Figure 1E shows that dFoxO-A3 can bind specifically to the
ac76e promoter in vivo (compare lanes 3 and 6; quantification
is shown at the right).

The results presented above demonstrate that dFoxO is able
to activate transcription from the ac76e promoter by specifi-
cally binding to the promoter in a region from �340 bp to
�450 bp upstream of the transcription start site. We therefore
conclude that ac76e is a direct transcriptional target of dFoxO.

AC76E is a mediator of dFoxO-induced cAMP elevation.
According to the Drosophila gene annotation database Fly-
base, the ac76e gene region spans approximately 40 kb in
chromosome 3L, contains 20 exons, and encodes a protein of
1,307 amino acids. Sequence analysis of the AC76E protein
reveals that it contains the characteristic domains of a typical
transmembrane adenylate cyclase: two predicted membrane-
spanning regions, each having six transmembrane helices, fol-
lowed by AC catalytic domains (16) (see Fig. S1 in the supple-
mental material). Alignment of the AC76E protein sequence
with human AC2 reveals conservation in the catalytic domains
between these enzymes from distantly related species (see Fig.
S1 in the supplemental material).

We cloned the full-length AC76E open reading frame into
an expression vector, overexpressed the protein in S2 cells, and
measured the cAMP concentration from the cell extract in the
presence of a diterpene forskolin, a known AC activator (29).
We used forskolin to get better sensitivity in our assays, but it
is not required for cAMP activation by AC76E through FOXO
(Fig. 2C). We found that upon AC76E overexpression, the
cAMP concentration was elevated twofold compared to that of
the empty vector control, indicating that AC76E possesses
enzymatic activity in vivo (Fig. 2A, lanes/bars 1 and 2). Simi-
larly, overexpression of dFoxO-A3 alone was able to increase

the cellular cAMP level (Fig. 2B, lanes/bars 1 and 2). Simul-
taneous treatment of the cells overexpressing dFoxO-A3 with
AC76E double-stranded RNA was able to attenuate the in-
duction of cAMP driven by dFoxO-A3, indicating that at least
part of this effect is mediated through AC76E (Fig. 2C, bars 2
and 3). Interestingly, the effect of the AC76E RNAi was de-
tected only without forskolin, suggesting that under our exper-
imental conditions the addition of forskolin stimulated other
adenylate cyclases to an extent great enough to compensate for
the AC76E knockdown.

ac76e expression during development. We surveyed the rel-
ative temporal expression of ac76e during fly development by
qPCR analysis. The expression is highest during the larval
growth period in the first- and second-instar stages, followed by
attenuation of the expression at the third-instar stage and by
another expression peak during pupal stages (Fig. 3A, bars 1 to
6). Interestingly, ac76e is expressed in a sex-dependent manner
in adult flies, with males having a threefold-higher level of
expression than females (Fig. 3A, bars 7 and 8). There are
some discrepancies between our data and ac76e expression as
defined in the fly atlas. However, the data in the fly atlas must
be interpreted with caution, since it was obtained by microar-
ray analysis (10). The spatial ac76e gene expression was mon-
itored by using RNA in situ hybridizations during embryogen-
esis, in third-instar larvae, and in adult tissue. During
embryogenesis, the ac76e mRNA in situ signal was detectable
from stage 16. Four tubule-like structures and a spot in the
hindgut region were stained (Fig. 3B). At third instar, distinct
tissue-specific expression was detected in the gastric cecum, in
the corpus allatum (CA) of the ring gland, and in the lower
ureter of the malpighian tubules (Fig. 3C; see also Fig. S2 in
the supplemental material). In addition, weak ubiquitous ex-
pression was observed in imaginal discs and salivary glands
(data not shown). In adult flies, ac76e staining revealed a
continuity of the CA expression and a male-specific expression
in reproductive tissues (see Fig. S2 in the supplemental mate-
rial). The latter could explain the difference between male and
female adult ac76e expression observed by qPCR analysis
(Fig. 3A).

dFoxO regulates transcription of ac76e in flies. We wanted
to explore the dependency of ac76e expression on dFoxO. The
expression patterns of dfoxo and ac76e in third-instar larvae
reveal a colocalization of these two genes in the gastric cecum
and CA (Fig. 3, compare panels C and F). Parallel ac76e in situ
stainings in the homozygous foxo25 null mutant and its litter-
mate control strain, EP-147 (20), demonstrated a clear reduc-
tion in the ac76e in situ signal in the foxo null flies both in
gastric ceca and in the CA (Fig. 3, compare panels C and D).
These results show that ac76e expression is regulated by
dFoxO in these tissues. Further evidence supporting the role of
dFoxO as a mediator of cAMP signaling came from measure-
ments of cAMP levels in vivo. Homozygous foxo25 tissue ex-
hibited reduced levels of cAMP compared to control heterozy-
gous foxo25/� animals. This observation was especially evident
for the ring gland (Fig. 3H), whereas only a minor decrease was
observed in the gastric cecum (Fig. 3I). To reveal the physio-
logical condition whereupon ac76e expression is regulated by
dFoxO, we starved the homozygous foxo25 and control het-
erozygous foxo25/� animals and measured the ac76e expression
by qPCR. As a control, we measured the expression of the 4ebp
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gene, a known dFoxO target (20, 27). Upon starvation, the
level of ac76e mRNA is elevated, similar to results for the 4ebp
control, and this is compromised in the homozygous foxo25 flies
(Fig. 3J). Taken together, these results demonstrate that ac76e
is a target of dFoxO in vivo and that this regulation is induced
in response to nutrient shortage.

ac76e expression in CA regulates pupa formation, size, and
starvation resistance. Insulin signaling has been shown to
modulate Drosophila size, life span, and reproduction (4, 33).
These phenotypes are at least partly regulated through the CA,
which is an endocrine tissue known to regulate dipteran devel-
opment (2, 18). Since the ac76e gene is expressed in this tissue
under dFoxO regulation (Fig. 3C and D), we investigated the
possibility that modulating its expression affects organism de-
velopment. We employed a highly specific CA Gal4 line, DI-
11, to drive AC76E overexpression (2) (Fig. 4A; see also Fig.
S2 in the supplemental material). To avoid nonspecific side
effects of P-element insertions, we overexpressed AC76E from

two independent P-element insertion lines by using the UAS-
Gal4 system. The AC76E proteins were tagged with HA sequence
at their carboxy-terminal ends (Fig. 4B). Overexpression of
AC76E in the CA delayed pupa formation (Fig. 4C). Whereas the
control flies pupariated at approximately 125 h AEL, the average
pupa forming time for flies overexpressing AC76E was 142 h
AEL (Fig. 4C). Interestingly, a significant fraction (�35%) of the
individuals were still larvae as late as 165 h AEL, and some of
them continued to wander up to 215 h AEL. These larvae were
reduced in size compared to the control wandering larvae and,
correspondingly, yielded smaller adults (Fig. 4D and E). The
average adult weight was measured at 330 h AEL and was found
to be significantly reduced in both sexes (Fig. 4F). Additional
control experiments ruled out the possibility that the size pheno-
type was produced by the P-element insertion itself (see Fig. S3 in
the supplemental material).

We next asked if overexpression of AC76E could affect the
fly response to nutritional deprivation. Adult flies of genotypes

FIG. 2. AC76E is a functional adenylate cyclase and mediates dFoxO-regulated cAMP levels in S2 cells. (A) Overexpression of AC76E in S2
cells (bar/lane 2) increases the cAMP concentration compared to results for the empty vector control (bar/lane 1). Forskolin was added to both
samples. (B) Overexpression of dFoxO-A3 alone was sufficient to increase the cAMP concentration in S2 cells compared to results for the empty
vector control (lanes/bars 1 and 2). Forskolin was added to both samples. (C) The increase in the cAMP concentration upon dFoxO-A3
overexpression was attenuated by RNAi against AC76E (upper histogram, bars 2 and 3). No forskolin was added. The efficiency of the knockdown
was measured by qPCR for AC76E mRNA (lower histogram, bars 1 and 2). The error bars in each histogram represent standard deviations from
at least two independent measurements.
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w1118; �/DI-11-Gal4 and w1118; UAS-AC76E/DI-11-Gal4 were
subjected to starvation by incubating them in 0.5% agarose in
PBS. Overexpressing AC76E in the CA results in a small but
significant increase in starvation resistance in females but not

in males, as determined by the Kaplan-Meier log rank test
(Fig. 5). This result has been confirmed in two independent
experiments. Altogether, our results demonstrate that AC76E
has an important function in the regulation of organism size

FIG. 3. Expression of ac76e during fly development. (A) The temporal expression level of ac76e was measured by qPCR analysis in different
stages of fly development: E, embryo; L1, first instar; L2, second instar; L3, third instar; P1, pupa 1; P2, pupa 2; female, adult female; male, adult
male. (B to G) dFoxO regulates ac76e expression in third-instar gastric cecum and CA: mRNA in situ staining of stage 16 embryo (B), third-instar
gastric cecum, and ring gland (C to G). ac76e in situ with antisense (B to D) or sense (E) probe or dfoxo in situ with anti-sense (F) or sense
(G) probe is shown. Fly strains used were EP-147/EP-147 (�/�) and the homozygous mutant dFoxO (dfoxo25/dfoxo25). (H to I) cAMP levels
measured from third-instar ring gland (H) or gastric cecum (I) from dfoxo25/dfoxo25 and dfoxo25/� animals. (J) Expression analysis of ac76e and
4ebp from fed and starved dfoxo25/dfoxo25 and dfoxo25/� animals. The P values are derived from a one-tailed Student t test. The error bars represent
standard deviations from at least three independent measurements. *, P � 0.05 (Student’s t test).
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and stress resistance, which is consistent with the role of
dFoxO as a key regulator of these processes.

DISCUSSION

In this study, we showed that dFoxO activates transcription
of the ac76e gene by binding directly to its promoter. As a
result, dFoxO regulates cellular cAMP levels, which has a
critical effect in reducing organism size and increasing starva-
tion resistance through its action in the CA, a central regulator
of size and development (2, 18).

It has been previously shown that dFoxO has a critical role
in systemic regulation of growth. This regulation occurs
through inhibition of expression of Drosophila insulin-like pep-

tide 2 (dilp2) in the insulin-producing cells in the fly brain (13,
17, 37). Under suboptimal growing conditions, i.e., lack of
nutrients or elevated stress, low insulin signaling results in
dFoxO activation in insulin-producing cells, which leads to
direct inhibition of DILP2 synthesis. Reduced DILP2 synthesis
causes a reduction in systemic insulin signaling, resulting in
dFoxO activation in peripheral tissues. This causes subsequent
growth inhibition and increased stress resistance through acti-
vation of dFoxO downstream targets like 4EBP and MnSOD
(20, 22, 27, 34).

Here we have identified an additional mechanism by which
Drosophila regulates its size and stress resistance upon dFoxO
activation: modulation of cAMP levels in the CA by direct

FIG. 4. Overexpression of AC76E in the CA delays pupa formation and reduces adult body weight. (A) DI-11-Gal4 drives expression
specifically in the CA as shown by GFP activity in a DI-11-Gal4/UAS-GFP third-instar ring gland. (B) Western blot from whole adult fly extracts
showing the expression of the UAS-AC76E-HA P-element insertions driven by tubulin-Gal4. (C) Pupa formation in flies of genotypes w1118;
�/DI-11-Gal4, w1118; UAS-AC76E3rd/DI-11-Gal4, and w1118; �/UAS-AC76E2nd; �/DI-11-Gal4. (D) Left: a 165-h-AEL larva of genotype w1118;
�/UAS-AC76E2nd; �/DI-11-Gal4; right: a 120-h-AEL larva of genotype w1118; DI-11-Gal4/�. (E) Adult flies of genotypes w1118; DI-11-Gal4/�
(right) and w1118; �/UAS-AC76E2nd; �/DI-11-Gal4 (left). The AC76E-overexpressing flies on the left originate from larvae still wandering at 165 h
AEL. (F) Average body weight measured from females (bars 1 to 3) or males (bars 4 to 6) of w1118; DI-11-Gal4/� and w1118; DI-11-Gal4/UAS-
AC76E flies at 330 AEL. The error bars represent standard deviations from at least three independent measurements. ***, P � 0.001 (Student’s
t test).
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activation of ac76e. Importantly, we have shown that activation
of AC76E by dFoxO not only inhibits fly size but also delays
development. We hypothesize that in this way the organism
coordinates growth and development to better adapt to the
prevailing environmental conditions. It is therefore tempting
to speculate that during periods of nutritional deprivation or
elevated stress, the developing larvae retard their growth par-
tially through an ac76e-dependent mechanism by eliciting a
systemic signal from the CA. A strong candidate for such a
signal is juvenile hormone (JH). JH synthesis has been shown
to be inhibited in cultured Drosophila corpus allata by in-
creased levels of cAMP and Ca2� (28). On the other hand,
Tatar and collaborators (33) demonstrated that inr mutant flies
are dwarfs and defective in JH synthesis. The dwarf flies were
long lived, and the addition of synthetic JH to food was able to
reverse this phenotype. Interestingly, Belgacem and Martin (2)
showed that defective insulin signaling in the CA recapitulates
the dwarf fly phenotype, highlighting the critical role that this
endocrine tissue has in growth control. Thus, we hypothesized
that under low insulin signaling, activation of AC76E in the CA
by dFoxO would increase cAMP levels and result in inhibition
of JH production. To our surprise, we observed that the total
JHIII titer was in fact slightly increased in the AC76E-overex-
pressing larvae (data not shown). Even though we were not
able to measure all the JH forms, this result suggests that it is
not the lack of JH which is causing the observed small-fly
phenotype. Hence, an additional mechanism, independent of
JH, might exist to control this phenotype. Whatever the mech-
anism is, our results show that in addition to its known role as
a cell-autonomous growth inhibitor, dFoxO has a critical role
in adjusting developmental growth for the environmental con-
ditions.

In Drosophila, several studies implicated independently
FoxO and cAMP signaling in the regulation of stress resistance
and life span. Tong and collaborators (35) reported that core
components of the cAMP signaling pathway, adenylate cyclase
Rutabaga, cAMP phosphodiesterase Dunce, and protein ki-

nase A, mediate the neurofibromatosis-1-dependent resistance
to reactive oxygen species and life span extension. Further, it
was demonstrated that feeding flies with the cAMP analogs
dibutyryl-cAMP and 8-bromo-cAMP increases life span (35).
In addition, Wang and collaborators (36) showed that the
Drosophila CREB coactivator TORC promotes resistance to
reactive oxygen species. Finally, overexpression and loss of
function of dfoxo result in increase in life span and reduced
stress resistance, respectively (13, 17, 20, 24). Taken together,
these findings suggest a connection between FoxO and cAMP
signaling in maintaining cellular homeostasis upon stress. We
have confirmed this link by showing that dFoxO directly acti-
vates AC76E expression and regulates cAMP levels. We also
found that female flies overexpressing ac76e in the CA display
elevated starvation resistance. There are two possible mecha-
nisms to explain the increased resistance to a complete lack of
nutrients: (i) during development and/or adult life, flies have
accumulated more energy reserves, or (ii) during starvation,
flies consume less energy per time unit for somatic mainte-
nance than controls. Since flies overexpressing ac76e in the CA
were found to be reduced in size, the latter is a more likely
explanation. The mechanism behind the observed sexual di-
morphism in starvation resistance is not known. Interestingly,
Belgacem and Martin (2) showed that differential insulin sig-
naling in the CA regulates sexual dimorphism in locomotor
activity. Males have an overall higher expression of ac76e (Fig.
3A), which could be related to a higher expression of ac76e in
male genitalia (see Fig. S2E to H in the supplemental mate-
rial). However, in situ staining for ac76e in the CA does not
show any differences in expression between males and females,
so we attribute the sex-specific starvation resistance to differ-
ences in how cAMP signaling in the CA is relayed in both sexes
(2). Further investigation will be needed to address the sexual
differences in starvation resistance.

In conclusion, we have demonstrated that dFoxO is a key
player in modulating cAMP signaling by regulating the expres-
sion of the ac76e gene. We also showed that this regulation,

FIG. 5. Overexpression of AC76E in the CA increases starvation resistance in females. Survival of 3-day-old adult males and females of
genotype w1118; �/DI-11-Gal4, w1118; UAS-AC76E3rd/DI-11-Gal4, or w1118; �/UAS-AC76E2nd; �/DI-11-Gal4 in 0.5% agarose in PBS was
measured. ***, P � 0.001 (Kaplan-Meier log rank test). A representative experiment is shown.
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which takes place in the CA, has a critical role in determining
organism size, developmental growth, and starvation resis-
tance.

ACKNOWLEDGMENTS

We thank Terhi Vihervaara for her help in band shifts and ChIP
experiments. We thank Osamu Shimmi and Ville Hietakangas for
comments on the manuscript. We are grateful to Jean-René Martin for
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