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Summary

The insulin/PI3K signaling pathway controls both tis-
sue growth and metabolism. Here, we identify Melted
as a new modulator of this pathway in Drosophila.
Melted interacts with both Tsc1 and FOXO and can
recruit these proteins to the cell membrane. We pro-
vide evidence that in the melted mutant, TOR activity
is reduced and FOXO is activated. The melted mutant
condition mimics the effects of nutrient deprivation in
a normal animal, producing an animal with 40% less
fat than normal.

Introduction

The insulin/PI3K signal-transduction pathway controls
tissue growth and metabolism in Drosophila and in
mammals. It acts via a series of protein relocalization
and phosphorylation events to relay information from
the cell’s environment—including growth-factor levels
and nutrient availability—into the cell where it controls
gene expression (via FOXO) and protein translation (via
TOR). Stimulation of the insulin receptor activates PI3K,
which increases the level of phosphoinositol (3, 4, 5)
triphosphate (PIP3) at the plasma membrane. PIP3
binding recruits the protein kinase Akt to the mem-
brane, where it is activated through phosphorylation by
PDK1. Insulin-regulated Akt acts through two effector
pathways: winged helix-Forkhead family transcription
factors and the protein kinase TOR. TOR regulates the
translational machinery of the cell via two well-charac-
terized effectors: S6K and 4E binding protein (4E-BP)
(Hay and Sonenberg, 2004). S6K controls ribosome bio-
genesis and, thus, the biosynthetic capacity of the cell.
4E-BP binds to the translation factor elF4E and pre-
vents assembly of a protein complex that facilitates re-
cruitment of the ribosome.

In addition to mediating insulin-responsiveness, the
TOR pathway also integrates information on cellular
nutritional status and stress from the heterodimeric
Tsc1/2 complex. Tsc2 serves as a GTPase-activating
protein that inactivates Rheb and, thereby, reduces
TOR activity (Saucedo et al., 2003; Stocker et al., 2003;
Zhang et al., 2003). Tsc1/2 mutations result in TOR hy-
peractivation and tissue overgrowth (Gao and Pan,
2001; Potter et al., 2001; Tapon et al., 2001). Mutants in
mouse Tsc1 or Tsc2 have benign overgrowths called
harmatomas and show increased susceptibility to tu-
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mor formation (Kwiatkowski, 2003). Cellular AMP levels
are sensed by AMP-activated protein kinase (AMPK)
which phosphorylates and activates Tsc2 to inhibit TOR
(Inoki et al., 2003). TOR activity is also regulated by oxy-
gen, through the hypoxia-induced transcription factor,
HIF. HIF controls expression of REDD1/Scylla/Charybdis,
which reduce Tsc1/2 activity (Brugarolas et al., 2004;
Reiling and Hafen, 2004).

Mutations in the core components of the pathway —
the insulin receptor (InR), phosphoinositide-3-kinase
(PI3K), PDK1, Akt/PKB, tuberous sclerosis complex
(Tsc1/Tsc2), Rheb, the target of rapamycin (TOR), and
ribosomal protein S6 kinase (S6K)—all cause tissue
growth abnormalities or lethality (Hafen, 2004). A con-
siderable body of evidence indicates that the PISK
pathway controls metabolism as well as tissue growth.
Flies and mice with reduced InR/IGF receptor and PI3K
activity are small and have elevated fat levels (Baker et
al., 1993; Bshni et al., 1999; Brogiolo et al., 2001; lkeya
et al., 2002; Withers et al., 1998). Mice mutant for Akt2
become insulin resistant and develop lipoatrophy as
they age (Cho et al., 2001). Humans mutant for Akt2
also have abnormal metabolism and are 35% leaner
than average (George et al., 2004). One output branch
of the core pathway is via Foxo transcription factors. In
response to insulin, Akt phosphorylates Foxo proteins,
which promotes their interaction with 14-3-3 proteins
and leads to cytoplasmic retention and inactivation
(Brunet et al., 1999; Junger et al., 2003; Kops et al.,
1999; Wolfrum et al., 2003). Foxo transcription factors
have been implicated in the control of fat metabolism
and lifespan in C. elegans, flies, and mice (Accili and
Arden, 2004). The TOR branch of the pathway is also
beginning to be implicated in fat metabolism. TOR
phosphorylates and regulates S6K and 4E-BP. S6K mu-
tant mice are resistant to diet induced obesity (Um et
al., 2004). 4E-BP1 mutant mice have a defect in fat me-
tabolism (Tsukiyama-Kohara et al., 2001). 4E-BP also
controls fat metabolism in the fly (Teleman et al., 2005;
Tettweiler et al., 2005). Recent studies have identified
the elF4E kinase LK6 as a modulator of growth and fat
metabolism (Arquier et al., 2005; Reiling et al., 2005).

Here, we report the identification of a novel modula-
tor of the insulin/PI3K pathway, Melted. The melted
gene encodes a PH domain protein that interacts with
both Tsc1 and FOXO. Melted protein can recruit the
Tsc1/2 complex to the cell membrane and thereby
modulate its output via the TOR pathway. Melted can
also recruit FOXO to the membrane in an insulin-regu-
lated manner and thereby influence expression of
FOXO targets. By reducing TOR activity and at the
same time increasing FOXO activity, the melted mutant
mimics the effects of nutrient deprivation in a normal
animal, producing a lean phenotype.

Results
Melted Modulates Tissue Growth

Melted was identified in a gain-of-function screen for
genes affecting tissue growth during Drosophila devel-
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Figure 1. The melted Gene Product Regulates Tissue Growth
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(A) Overexpression of melted in the posterior compartment (red wing; engrailed-gal4, EP31685). A normal wing is shown in green for compari-
son. Note that the anterior compartments are the same size (overlap) but the posterior (lower) is larger in the red wing.

(B) Schematic representation of the melted locus. melt*' is a 22-kb deletion, including the adjacent genes CG32390 and cornetto. melt*?
deleted 2.5 kb of DNA, including exon 1. The first exon of the predicted gene is noncoding, with the ATG for the open-reading frame located
in exon 2. RT-PCR of exons 5-7 showed that an alternate form of melt transcript was produced in the homozygous melt*? deletion flies,
suggesting that it is not a null allele.

(C) Average body weight of 3-day-old wild-type male flies, tubulin-GAL4 flies, and flies overexpressing EP31685. n = number of flies measured.
Error bars represent standard deviation.

(D) Average body weight of 3-day-old wild-type male flies, melt*’ homozygous deletion mutant flies, and melt*’ homozygous mutants ex-
pressing full-length Drosophila Melted (dmelt), dMelt lacking the PH domain (dMeltDPH), or the full-length human Melted (hMelt). In addition,
eggs laid by melt*’ homozygous females were 13% smaller than control eggs (t test = 10~7; rescued by expression of UAS-melt). Asterisk

indicates statistically significant difference from wild-type. Double asterisks indicates statistically significant difference from melt*’.

opment. EP31685 caused overgrowth when expressed
in the posterior half of the wing with en-GAL4 (Figure
1A, the red wing expressed EP31685). When expressed
ubiquitously with tubulin-GAL4, EP31685 caused a
small but statistically significant increase in total body
weight (Student’s t test < 0.005) (Figure 1C). EP31685
is located ~50 bp upstream of the annotated gene
melted (melt, CG8624) (Figure 1B). Using a UAS-melt
transgene, we verified that the melted transcription unit
is responsible for the tissue overgrowth phenotype
(not shown).

Deletions were prepared with P-element-mediated
male recombination (Preston and Engels, 1996) starting
from EP31685 (Figure 1B) to generate melted mutants.
melt*’ is a 22-kb deletion that removes the entire
melted gene and two adjacent genes. The second al-
lele, melt*? is a 2.5-kb deletion that removes the first
exon of CG8624. Flies homozygous mutant for melt*’
were semiviable (70% viable to adult) and fertile but
were ~10% smaller than control flies (Figure 1D).
Though small in magnitude, the reduction in body size
was statistically significant (t test < 0.005). Flies hetero-
zygous mutant for melt®'/melt*? were also significantly

smaller than control flies (not shown). Two additional
lines of evidence indicate that the growth defect was
due to loss of melted and not the other genes deleted
in melt*'. First, the growth defect of the homozygous
melt*" deletion flies was fully rescued by ubiquitous ex-
pression of the UAS-melt transgene (Figure 1D). Sec-
ond, flies expressing UAS-RNAi constructs directed
against two different regions of the melt transcript
caused tissue undergrowth, resembling the melt*’ phe-
notype (not shown).

The predicted Melted protein is conserved in C. ele-
gans (CE25943), mice (Muto et al., 2004), and humans
(HGNC, KIAA1692). Alignment of these sequences
showed a conserved region at the N terminus (76%
similar in fly and human) and a conserved Pleckstrin
Homology (PH) domain at the C terminus. Ubiquitous
expression of Melted lacking the PH domain did not
rescue the melt*' size defect (Figure 1D), indicating that
the PH domain is required for Melted function. The trun-
cated protein is likely to fold correctly because it was
used successfully as bait in a yeast two-hybrid screen
to detect proteins that also interact with full-length
Melted (see below). The human homolog of Melted also
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Figure 2. Reduced Fat Reserves in melted Mutants
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(A) Total body fat (normalized to total protein) in wild-type, melt*’, and melt*’ male flies rescued by expression of full-length Melted. Error

bars represent standard deviation (three replicates).
(B) Total body fat in male flies expressing UAS-melted-RNAi.

(C) Normalized total body fat of adult males of indicated genotypes.

rescued the size reduction of the melt*’ mutant (Figure
1D), indicating that the molecular function of Melted is
conserved.

melted Mutants Are Lean

We next asked whether Melted might also affect fat
metabolism. Drosophila stores fat mainly as triglycer-
ides. Total body triglyceride was measured for melt*!
mutant and control flies reared under identical con-
trolled conditions. When normalized to total protein to
take into account the 10% reduced body size of melted
mutants, melt mutant flies had only 60% as much tri-
glyceride as control flies. This reduction in fat content
was statistically significant (t test < 0.001) and was res-
cued by ubiquitous expression of a UAS-melt trans-
gene (Figure 2A). Further confirmation that the leanness
of the mutant was due to reduced melted expression
was obtained by ubiquitous expression of a melted
UAS-RNAI construct in flies (25% leaner) (Figure 2B).
Total body triglycerides of wandering third instar melt*’
mutant larvae were also 20% lower than controls, indi-
cating that Melted regulates fat levels throughout de-
velopment as well as in the adult (not shown).

Fat levels can be controlled by humoral factors, in-
cluding adipokinetic hormone (AKH), which induces
mobilization of fat reserves (Lee and Park, 2004). Insu-
lin-like peptides (ILPs) also control fat metabolism in
the fly (Ikeya et al., 2002 Hwangbo et al., 2004). To de-
termine whether elevated AKH or ILP-2, -3, and -5 ex-
pression could explain the leanness of melted mutants,
we tested transcript levels by quantitative RT-PCR.
Transcript levels were not significantly elevated. Be-
cause altered expression of the known humoral regula-
tors did not provide an explanation for the mutant phe-
notype, we asked if there was a defect in adipose
tissue. The “fat body” is the main fat-storage organ of
the fly, containing over 80% of total body triglycerides.
We isolated melt®’ mutant and control fat body tissue
from larvae and found 25% lower triglyceride level in
the mutant tissue. The total body leanness of melt®’
mutants was rescued by expressing melted specifically
in the fat body with pp/-GAL4 (Figure 2C). In contrast,
expression of melted in the nervous system with elav-

GAL4 or in brain neurosecretory cells with dILP3-GAL4
did not rescue the mutant (not shown). This indicates
that Melted activity is required in adipose tissue.

Membrane Localization via the Melted PH Domain
Melted contains a C-terminal PH domain. We tested if
bacterially expressed Melted protein binds to immobi-
lized phosphoinositides. At higher concentration, Melted
bound many phosphoinositides but at lower concentra-
tions, showed preferential binding to PI(5)P (Figures 3A
and 3A’). The PH domain of Melted expressed as a GST
fusion exhibited a similar binding pattern, although with
reduced selectivity. Although Melted did not show
strong binding to PIP3 in vitro, we generated a GFP
fusion to the PH domain (MeltPH-GFP) and tested it in
S2 cells for insulin-induced relocalization. MeltPH-GFP
was detectable predominantly at the cell membrane
when cells were serum-starved to deprive them of insu-
lin and after insulin-stimulation without apparent differ-
ence (Figures 3B and 3B’). The MeltPH-GFP fusion was
also predominantly cortical in wing imaginal disc cells,
whereas a Melted-GFP fusion protein lacking the PH
domain was cytoplasmic (Figures 3C and 3D), suggest-
ing that the majority of Melted protein is localized to
the membrane under normal conditions. This was con-
firmed by subcellular fractionation of wing-disc cells.
The majority of the endogenous Melted protein was re-
covered in the membrane fraction, with a lesser amount
in the cytoplasm (Figure 3E). No signal was detected in
corresponding fractions prepared from melted mutant
tissue, confirming the specificity of the antibody. Con-
trol proteins fractionated predominantly as cytoplasmic
(Y14) or membrane-associated (PVR). These results
suggest that the endogenous Melted protein is mem-
brane localized via its PH domain and that its localiza-
tion is not regulated by insulin-dependent changes in
PIP3 levels. The PH domain is required for Melted func-
tion in vivo (Figure 1D).

Melted Protein Binds to Tsc1 and Modulates

TOR Activity

To study the function of the N-terminal domain, we per-
formed a yeast two-hybrid screen with MeltDPH as bait
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to screen 2.7 million clones from a larval cDNA library.
Six interacting genes were isolated: Tsc1 (four inde-
pendent clones), 14-3-3e (three independent clones),
CG16719, CG5171, CG6767, and CG8242 (one each).
When expressed in S2 cells by cotransfection, Melted
coimmunoprecipitated with Myc-tagged Tsc1. Interac-
tion of Melted and Tsc1 in S2 cells was also visualized
by immunofluorescence microscopy. Tsc1myc was uni-
formly distributed in the cytoplasm when expressed
alone (Figure 4A, row 1; S2 cells lack endogenous
Melted). Coexpression with Melted caused Tsc1-myc to
shift predominantly to the cell membrane (Figure 4A,
row 2). When expressed in S2 cells, Tsc2 was uniformly
distributed in the cytoplasm (Figure 4A, row 3). Coex-
pression of Tsc2 with Melted did not cause a relocaliza-
tion of Tsc2 to the membrane, suggesting that Melted
and Tsc2 do not interact directly (Figure 4A, row 4).
However, when coexpressed with Melted and Tsci,
Tsc2 also relocated (Figure 4A, row 6), indicating that
Melted can recruit the Tsc1/2 complex to the cell mem-
brane.

Does this interaction affect TOR pathway activity?
Previous reports have shown that increased PI3K or
TOR signaling in the adipose tissue increased fat accu-
mulation or reduced fat consumption (autophagy) (Brit-
ton et al., 2002; Rusten et al., 2004). The observation
that melted mutants are lean, could be explained if TOR
activity is reduced in the mutant. To test this more di-
rectly, we assayed the level of TOR-dependent phos-
phorylation of 4E-BP in control and melt*’ mutant fat
bodies (Figure 4B). Phosphorylation of Drosophila 4E-
BP at positions 36/47 depends on TOR activity and can
be visualized with an antibody specific to the corre-
sponding phosphorylated peptide from human 4E-BP
(Miron et al., 2001). Although the total level of 4E-BP
protein was higher in melt*’ mutant tissue, the level of
phosphorylation was not correspondingly elevated
(perhaps mildly reduced) (Figure 4B, left). The increase
in total 4E-BP level reflects a 2- to 3-fold increase in
transcript levels in the mutant fat body (Figure 4C). We
increased 4E-BP levels by a comparable amount in
wild-type fat body, as a control, with pp/-Gal4 UAS-4E-
BP and observed that the level of 4E-BP phosphoryla-

Figure 3. Membrane Localization of Melted, a PIP Binding Protein

(A and A’) Immunoblots showing binding of bacterially expressed
Melted protein to immobilized phosphoinositides (PIP Strip, Eche-
lon Biosciences) at Melted protein concentrations of roughly 100
ng/ml (A) or 10 ng/ml (A’). Ptdins, phosphatidylinositol; PE, phos-
phatidylethanolamine; PC, phosphatidylcholine; PS, phosphati-
dylserine; PA, phosphatidic acid. The binding pattern for a control
with the PIP3 binding domain of GRP1 was different.

(B) Immunofluorescence showing membrane localization of Melted-
GFP in serum starved (~insulin) and insulin-treated S2 cells.

(C) Immunofluorescence showing membrane localization of MeltedPH-
GFP in wing-imaginal disc cells.

(D) Immunofluorescence showing cytoplasmic localization of
Melted-GFP lacking the PH domain (MeltDPH-GFP) in wing-imagi-
nal disc cells.

(E) Immunoblot showing the distribution of Melted protein in cyto-
solic (c) and membrane (m) fractions of wild-type and melt*? homo-
zygous mutant tissue. Controls are anti-Y14, a cytoplasmic protein
(Hachet and Ephrussi, 2001), and anti-PVR (PDGF/VEGF receptor
a transmembrane protein) (Duchek et al., 2001).
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(A) Immunofluorescence showing S2 cells transfected to express Tsc1, Tsc2, and Melted, as indicated. Tsc1 was epitope tagged with myc
(green), and Tsc2 was tagged with V5 (red). Melted was detected with anti-Melted antibody (blue). Nuclei were visualized with DAPI (white).
(B) Left, immunoblot of fat-body tissue from wild-type and melt mutant larvae. Right, immunoblot of fat-body tissue from wild-type and larvae
expressing 4E-BP under ppl-Gal4 control. Upper panels, probed with anti-4E-BP to visualize total 4E-BP protein. Middle panels, probed with
phosphospecific antibody to visualize 4E-BP protein phosphorylated on Thr36/47. Lower panels, loading controls.

(C) Quantitative RT-PCR comparing 4E-BP transcript levels in wild-type and melt mutant fat-body tissue. Error bars represent standard devi-

ation.

tion was correspondingly elevated (Figure 4B, right).
This indicates that TOR activity is not limiting in wild-
type fat body. Thus, the observation that 4E-BP phos-
phorylation did not increase, despite increased total
4E-BP, provides evidence that TOR activity is reduced
in the melted mutant adipose tissue.

Melted Binds to FOXO and Modulates FOXO Activity
As a second means to identify possible functions of
Melted, we used the Eukaryotic Linear Motif server
(http://elm.eu.org/) to look for functional motifs con-
served between fly and human Melted. The only con-
served motifs found in the N-terminal region of these
proteins were two Forkhead-associated domain ligand
domains (LIG_FHA_1). Forkhead transcription factors
FoxA2, FoxA3, FoxC2, and FoxO1 are involved in glu-
cose and fat metabolism. Insulin signaling activates
Akt, which phosphorylates FOXO and leads to its reten-
tion in the cytoplasm. We therefore asked if Melted af-
fects the subcellular localization of a FOXO-GFP fusion
protein. FOXO-GFP was predominantly nuclear in the
absence of insulin stimulation in serum-starved S2 cells
and increased in the cytoplasm after insulin stimulation
(Figure 5A, rows 1 and 2). In serum-starved cells co-
transfected to express Melted, FOXO-GFP was still pri-
marily nuclear (Figure 5A, row 3), but much of the non-
nuclear protein appeared at the membrane colocalized
with Melted. Upon insulin stimulation, we observed a

robust increase in the level of FOXO-GFP at the cell
membrane (Figure 5A, row 4). The interaction was con-
firmed by coimmunoprecipitation of Melted with FOXO
in insulin-stimulated S2 cells (Figure 5B).

The observation that insulin stimulation induced a
shift toward membrane localization of FOXO in the
presence of Melted in S2 cells raised the possibility that
melted regulates FOXO activity in vivo. To address this,
we examined expression of the FOXO target 4E-BP
(Junger et al., 2003) in wild-type and melted mutant ani-
mals. Under fed conditions, insulin signaling is active
and 4E-BP transcript levels are relatively low (Figure
5C). In wild-type flies that were starved for 24 hr to re-
duce insulin levels and thereby activate FOXO, 4E-BP
transcript increased ~4-fold (Figure 5C). In starved
flies lacking Melted, 4E-BP transcript increased over
25-fold. This increase in 4EBP transcription was absent
in the starved melted/FOXO double mutant, confirming
that it is FOXO dependent. Thus, in the absence of
Melted, FOXO activity is higher than normal, suggesting
that Melted limits FOXO activity in vivo.

Melted Acts via TOR and FOXO

To determine whether the elevated FOXO activity ob-
served in melted mutants contributes to the lean phe-
notype of these animals, we compared the normalized
triglyceride levels of melted mutant and melted foxo
double-mutant flies. Reducing FOXO activity suppressed
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Figure 5. Melted Binds FOXO and Regulates Expression of the
FOXO Target 4E-BP

(A) Immunofluorescence showing S2 cells transfected to express
FOXO-GFP and Melted, as indicated. FOXO-GFP was visualized
with anti-GFP (green). Melted was detected with anti-Melted anti-
body (red). Nuclei were visualized with DAPI (blue). Cells were
treated with insulin (+) or serum starved (-) as indicated.

(B) Coimmunprecipitation of Melted with HIS-tagged FOXO. S2
cells were transfected to express FOXO-HIS and/or Melted as indi-
cated. Lysates were immunoprecipitated with anti-HIS and blots
probed with anti-Melted. Melted expression in the total lysates is
shown below.

(C) Quantitative PCR comparing 4E-BP transcript levels in wild-
type, melt, foxo, and melt/foxo double-mutant flies. Fed flies have
normal levels of circulating insulin and, therefore, low FOXO activ-
ity. 4E-BP gene expression increased after starvation for 24 hr to
reduce insulin levels and showed a further FOXO-dependent in-
crease in the melt mutant. Error bars represent standard deviation.

the leanness of the melted mutant to a considerable
degree, reaching near normal fat levels (Figure 6A). The
rescue was highly statistically significant (t test = 10-5).

foxo mutants did not show higher-than-normal fat
levels compared to wild-type (not shown). These obser-
vations suggest that Melted acts by regulating FOXO
activity to control expression of genes important in fat
metabolism.

melted mutants also exhibit reduced TOR activity. To
determine whether TOR activity affects fat accumula-
tion, we tested the effects of increasing TOR activity in
wild-type and melted mutant adipose tissue. We made
use of a UAS-TOR transgene that can provide TOR ac-
tivity in vivo when expressed at appropriate levels (Hen-
nig and Neufeld, 2002). We first confirmed that expres-
sion of UAS-TOR under ppl-Gal4 control in adipose
tissue led to increased total body fat (Figure 6B) (t test =
0.03), as did increasing PI3K activity (not shown) (see
also Britton et al., 2002). In contrast, a comparable ele-
vation of TOR expression in melted mutant flies had no
effect on fat levels (Figure 6C). Both this result and the
significant rescue caused by removal of FOXO indicate
that in the melted mutant, the FOXO branch of the path-
way becomes limiting for fat accumulation. In view of
this finding, we next asked whether elevated TOR path-
way activity could increase fat levels in the melted mu-
tant if FOXO activity was simultaneously reduced. To
do so, we made use of the catalytic subunit of PI3K
(Dp110) to inactivate FOXO and simultaneously acti-
vate TOR. The fat body driver Isp2-Gal4 or the UAS-
Dp110 transgenes had little effect on their own in the
melted mutant background, but when combined, the
elevated PI3K activity in the fat body increased fat
levels of the melted mutant (Figure 6D). The effect was
stronger than that of removing FOXO only, increasing
fat levels to above normal (compare Figures 6A and
6D). Taken together, these observations suggest that
the TOR branch of the pathway contributes to the con-
trol of fat levels under conditions in which FOXO activ-
ity levels are low. This is normally the case in feeding
animals in which insulin levels are relatively high (FOXO
activity is elevated under starvation conditions: com-
pare 4E-BP levels in fed versus starved wild-type and
foxo mutant flies) (Figure 5C). Under conditions in
which insulin levels are low or in the melted mutant, in
which FOXO activity is elevated, the effects of FOXO
appear to dominate.

Transcriptional Profiling of melted Mutant

Adipose Tissue

To better understand the metabolic impact of the loss
of Melted function in the adipose tissue, we performed
microarray expression profiling of melted mutant ver-
sus control fat body. We used microarrays containing
11,445 cDNA clones (DGC1 and DGC2 collection) and
analyzed the data with Statistical Analysis of Microar-
rays (SAM) in the MeV module of the TIGR TM4 micro-
array software suite (http://www.tigr.org/software/tm4/
mev.html) (Tusher et al., 2001). Allowing for a 1% false-
positive rate (q value < 0.01), we identified 315 genes
that were upregulated and 405 genes that were down-
regulated in the melted mutant (Table S1 available with
this article online). This represents 6% of all genes sam-
pled and reflects substantial reprogramming of the
transcriptional profile of the adipose tissue. Within this
set, we considered genes altered by at least 1.5-fold
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Figure 6. Melted Acts via FOXO and TOR

(A) Total body triglyceride (normalized to total protein) in wild-type, melt*’, and melt*’ foxo double-mutant 3-day-old male flies. melt*’ and
melt*! foxo double-mutant larvae were hand selected and grown without competition from heterozygous siblings. Error bars represent
standard deviation (5-9 replicates each).

(B) Normalized total body triglyceride in 3-day-old male flies containing the UAS-TOR or ppl-Gal4 transgenes or both combined to express
UASTOR under ppl-G4 control. Error bars represent standard deviation. One representative example is shown. The experiment was repeated
five times, yielding a t test = 0.03.

(C) Normalized total body triglyceride in 3-day-old male wild-type, melt*’, and melt*’ mutant flies carrying the ppl-gal4 driver, UAS-TOR
transgene, or expressing UAS-TOR under ppl-Gal4 control.

(D) Normalized total body triglyceride in newly enclosed wild-type, melt*’, and melt*’ mutant flies carrying the fat-body-specific gal4 driver

Isp2, the UAS-Dp110 transgene (the catalytic subunit of PI3K), or expressing UAS-Dp110 under Isp2-Gal4 control.

(249 genes) and grouped them according to their func-
tional annotation (http://www.flybase.org/). 46% of the
regulated genes are involved in metabolism (Figure 7A).
Interestingly, many of these are involved in lipid metab-
olism (Table S1). Ten are cytochrome P450 enzymes in-
volved in the oxidation of lipophilic molecules. We con-
firmed the transcriptional regulation of some of these
genes by semiquantitative RT-PCR (Table S1, second
column). In addition to the genes involved in fat metab-
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olism, a significant proportion of the misregulated met-
abolic genes are involved in protein degradation.
Several of the downregulated genes are involved in
the accumulation of triglycerides. One of the most
highly downregulated genes in the melt®’ mutant adi-
pose tissue is the transcription factor sugarbabe (2.4-
fold). sugarbabe was previously identified as a gene
controlling the conversion of sugars to fats (Zinke et al.,
2002). It is the second most highly upregulated gene
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Figure 7. Transcriptional Changes in melt*’ Mutant Fat Body and Resulting Metabolic Effects

(A) Pie chart showing the distribution of genes misregulated >1.5-fold in the melt mutant fat body.
(B) Total circulating diacylglycide levels in hemolymph from wild-type and melt*” mutant larvae. The reduction in circulating DAG is statistically

significant (t test = 0.02).

(C) Total circulating sugar levels in hemolymph from wild-type and melt*’ mutant larvae.
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when flies were fed sugar but deprived of lipids, and
it becomes expressed in the adipose tissue, gut, and
malphighian tubules. Acetyl-CoA sythase (AcCoAS)
was also identified in the same screen as a gene upreg-
ulated on a sugar diet (7.3-fold), whereas in the melt*’
mutant adipose tissue it was downregulated (1.8-fold).
The downregulation of both sugarbabe and AcCoAS
suggests that melt®’ mutant adipose tissue might not
be able to accumulate enough lipid. This is corrobo-
rated by the finding that glycerol kinase (Gyk) and
PEPCK are among the genes most downregulated in
melted mutant adipose tissue (Table S1). In order to
generate triglycerides, both free fatty acids and 3-phos-
phoglycerol are required by the cell. In vertebrate
brown adipose tissue, 3-phosphoglycerol is made by
Gyk, whereas in white adipose tissue, it is made by
PEPCK (Hanson and Reshef, 2003). PEPCK is rate limit-
ing in that loss of function in the mouse leads to lipo-
dystrophy, whereas overexpression in mouse adipose
tissue leads to obesity. Therefore, the finding that both
Gyk and PEPCK are downregulated in the melt®’ mu-
tant fat body suggests that these animals are lean
because they do not accumulate enough lipid in the
adipose tissue. Consistent with what is known in verte-
brates, we detected increased PEPCK levels by quanti-
tative RT-PCR in other nonadipose tissues under star-
vation conditions and in the melted mutant; thus, the
transcriptional changes in adipose and nonadipose tis-
sues do not always correlate. Recently, adipose triglyc-
eride lipase has been reported to catalyze the initial
step in triglyceride hydrolysis in mice and inhibition of
this enzyme markedly decreases total adipose acyl-
hydrolase activity (Zimmermann et al., 2004). BLAST
searches identify two Drosophila homologs of adipose
triglyceride lipase: CG5295 and CG5560. Interestingly,
CG5295 expression was markedly reduced in the
melt*" mutant fat body. This suggests that lipid hydro-
lysis might be downregulated in the mutant adipose
tissue.

To test experimentally these predictions from expres-
sion data, we measured circulating lipids, which, in the
fly, are mobilized from the fat body and delivered to
peripheral tissues as diacylglycerides (DAG) in the
hemolymph (Canavoso et al., 2001). Hemolymph DAG
was low in melt*’ mutant larvae compared to controls
(Figure 7B) (t test = 0.02). Thus, it is not likely that the
reduced triglycerides in the adipose tissue can be ex-
plained by increased mobilization of fat in the form of
circulating DAG. We also measured the level of circulat-
ing blood sugar (trehalose + glucose) and found that it
was not elevated in the melt*’” mutant (Figure 7C).
These experiments, together with the expression data,
suggest that the leanness observed in the mutant is
likely due to reduced triglyceride accumulation in adi-
pose tissue.

Discussion

Melted Functions at the Plasma Membrane

Melted contains two functional domains, identified as
regions of high conservation between the fly and hu-
man proteins—an N-terminal protein interaction do-
main and a C-terminal PH domain. The PH domain tar-

gets Melted to the cell membrane. PH-GFP fusion
proteins show sharp membrane localization, and frac-
tionation assays showed that in steady state, the ma-
jority of endogenous Melted protein is membrane asso-
ciated. Rescue assays show that unlike the full-length
protein, Melted protein missing the PH domain cannot
rescue the melt*’ mutant phenotypes. Thus, Melted
protein requires its PH domain, and presumably its
membrane localization, to have biological activity in vivo.

On this basis, we propose that Melted may function
as an adaptor, facilitating association of the TSC com-
plex and FOXO with their upstream-signaling inputs.
FOXO and Tsc2 are phosphorylated in vivo by Akt/PKB,
which becomes activated at the cell membrane when it
binds PIP3 and is phosphorylated by PDK1. Although
the phosphorylation of Tsc2 by PKB is not strictly nec-
essary for viability (Dong and Pan, 2004), it is possible
this phosphorylation is modulatory in function. Tsc2 is
also regulated via phosphorylation by AMPK. AMPK is
membrane associated through its myristoylated 8 sub-
unit. Therefore, it is plausible that recruiting the Tsc
complex and FOXO to the cell membrane might alter
their state of activation. We consider it unlikely that
Melted could sequester the TSC complex and FOXO
proteins at the membrane. Instead, an intriguing possi-
bility is that by transiently binding these proteins,
Melted could facilitate their phosphorylation.

Reduced FOXO phosphorylation is expected to in-
crease FOXO activity, and indeed we found (1) upregu-
lation of the FOXO target 4E-BP (Junger et al., 2003;
Puig et al., 2003) in the melted mutant and (2) that re-
duced FOXO levels could suppress the fat-accumula-
tion defect in the melted mutant. These observations
indicate that FOXO activity is increased in the melted
mutant. Similarly, reduced Tsc2 phosphorylation is ex-
pected to lead to increased Tsc2 activity and, thus, re-
duced TOR activity. Indeed, we found that TOR activity
becomes limiting for 4E-BP phosphorylation in the
melted mutant.

FOXO, TOR, and Metabolism

melt*’ mutant animals are lean because of lower lipid
levels in adipose tissue. This phenotype is autonomous
to the fat body because it can be rescued by tissue-
specific expression of Melted. We have presented evi-
dence that elevated FOXO activity in the mutant is
important in this context. Adipose tissue undergoes a
dramatic transcriptional change upon loss of melted
function. At the 99% confidence level, 249 genes were
misregulated by more than 1.5-fold in the fat body. 63%
of the misregulated genes for which a function is anno-
tated are metabolism related. Although many of these
are involved in lipid or carbohydrate metabolism, we
were surprised to find a significant number of genes
involved in proteolysis and amino acid metabolism. Re-
cently, FOXO has been shown to promote protein turn-
over during fasting (Sandri et al., 2004).

Members of the TOR signaling pathway have been
implicated in the control of fat metabolism in flies and
mice. Both S6K and 4E-BP mutant mice are either lean
or resistant to diet-induced obesity (Um et al., 2004,
Tsukiyama-Kohara et al., 2001). Likewise, 4E-BP mu-
tant flies show increased sensitivity to nutrient depriva-
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tion, leading to abnormal fat loss (Teleman et al., 2005).
In the fly, we find that activation of the TOR pathway in
the fat body promotes fat accumulation. Because TOR
activity is reduced in the melted mutant fat body, we
believe this contributes to the observed leanness. This
is supported by the fact that inactivating FOXO in the
melted mutant leads to a 90% rescue, whereas simulta-
neously inactivating FOXO and restoring TOR function
(via PIBK) has a more pronounced effect, elevating fat
levels to above normal. When the animal is under con-
ditions of limited nutrition, in which FOXO activity is
high, the effects of FOXO-dependent transcription ap-
pear to dominate and shift the animal to a mode of net
fat consumption. When the animal is under normal fed
conditions, the ability of TOR to serve as a sensor of
cellular nutritional status may be important in con-
trolling fat accumulation.

The effect of Melted on both tissue growth and me-
tabolism is modulatory. In the absence of Melted pro-
tein, both tissue growth and lipid metabolism function,
although with modified characteristics. The magnitude
of the effect caused by Melted overexpression is
smaller than that caused by Tsc1/2 loss of function.
This phenotype is similar to those of other components
of the PIBK/TOR pathways that have recently been
studied in flies. For instance, FOXO mutant flies have
no detectable growth abnormalities and are impaired in
their response to oxidative stress (Junger et al., 2003).
We tested whether melt*’ mutant flies are also sensi-
tive to oxidative stress by feeding them food with H,0,,
and indeed they are. Scylla and Charybdis are two
genes upstream of the Tsc1/2 complex that regulate
S6K activity. Scylla and Charybdis double-mutant flies
show very mild growth defects but are impaired in their
response to hypoxia and have abnormal lipid levels
(Reiling and Hafen, 2004). Lk6 kinase, like 4E-BP, regu-
lates elF4E activity. Lk6 mutant flies are 20% smaller
than controls and contain elevated lipid levels (Arquier
et al., 2005; Reiling et al., 2005). Thus, the TOR pathway
appears to be closely regulated by several modulators,
Melted being a new member of this group.

Melted is highly conserved between flies and mam-
mals, and human Melted expression rescues the mu-
tant fly phenotype. In view of the overall similarity in
the biochemistry and biological functions of the insulin/
PI3K pathway in flies and mammals, the possibility that
Melted might have a comparable role in mammalian
metabolism merits consideration.

Experimental Procedures

Plasmids

A full-length Melted cDNA was cloned into pUAST as an EcoRI-Notl
(pAT159). This clone differs from the annotated CG8624 because of
splicing differences. Human Melted was cloned by RT-PCR from
HelLa cell cDNA and cloned into pUAST (pAT206). The dMeltPH-
GFP fusion was constructed by amplifying the PH domain ccc
cctcgagGCTTTCTCAATGGCAGCAAT, cgcggatcctaCGTGGGATTA
TCTCGGGCCTG for cloning into a metallothionine promoter vector
containing GFP (pAT195). The GFP fusion was then cloned into pU-
AST (pAT202) for transformation of Drosophila. His-tagged Melted
was made by inserting the dMelt ORF into pET23a (plasmid
pAT160). For the yeast two-hybrid screen, a bait plasmid containing
dMelt without the PH domain was made by inserting a 1695-bp
EcoRI-Xhol fragment from pAT159 into the EcoRI-Sall sites of

pGBDU (pAT165). Myc-tagged Tsc1 and of V5/His-tagged Tsc2
plasmids were a kind gift of Duojia Pan. FOXO-GFP was con-
structed as a C-terminal GFP fusion in pUAST. Two UAS-melted-
RNAi transgenes were prepared by PCR (tctagaCTCGCACGCG
GACTATGTGAA and tctagaCTTGGCATGGGGTGGCTCTTC; tctag
aCGCCCACACGTTGCAGCATTG and tctagaGGACTCCCGCGTGC
TAAG) and cloned into pWIZ (Lee and Carthew, 2003).

Strains and Transgenic Lines

engrailed-Gal4 and tubulin-Gal4 are described in http://fly.bio.
indiana.edu/gal4.htm. pumpless-(ppl)-GAL4 is described in Zinke
et al. (1999). Lsp2-Gal4 was provided by B. Hassan.

PIP Binding Assay

Bacteria expressing HIS-tagged Melted were lysed by a freeze/
thaw cycle, subsequent addition of 0.2 mg/ml lysozyme and 0.2
mg/ml DNase, incubation on ice for 30 min, and vigorous vortexing.
No detergent was used because it inhibits binding to phosphoino-
sitides. The lysate was cleared by centrifugation, diluted 1:1000 or
1:10,000 in TBST (10 mM Tris/HCI [pH 8.0], 150 mM NaCl, 0.1%
Tween 20) + 3% BSA (fatty-acid free) + protease inhibitors, and
incubated for 1 hr with PIP membranes (Echelon Biosciences) pre-
blocked with 3% fatty-acid-free BSA in TBST. Strips were washed
twice with TBST for 30 min, incubated for 1 hr room temperature
with anti-HIS in TBST + 3% BSA followed by HRP-conjugated 2°
antibody.

Y2H

A Drosophila larval-cDNA library in pGAD-C was kindly provided
by Grace Gill. The yeast two-hybrid screen was carried out in the
strain PJ69-4a, containing reporters for lacZ expression and for
growth on adenine and histidine. PJ69-4 a(ura3-, leu2-) was trans-
formed with pAT165. Melt expression was verified by immunoblot-
ting. This was transformed with library plasmid DNA and plated on
ura~leu—ade~ dropout synthetic medium to select for presence of
the bait plasmid (URAS3), the library plasmid (LEU2), and for activa-
tion of the adenine reporter. Colonies were retested for growth on
ura~leu~ade~his~ medium for activation of the histidine reporter and
on X-gal plates. Plasmids were isolated from clones that satisfied
all these reporter-construct requirements. Sequences also iden-
tified in a second independent screen were considered nonspecific
and discarded.

Antibodies

Anti-dMelt was raised in rats against the full-length protein ex-
pressed in E. coli. Rats were injected with 50 ng dMelt protein in
RIBI adjuvent. For immunoprecipitation, cells were lysed for 5-10
min on ice in 50 mM Tris (pH 7.5), 150 mM NaCl, 1% Triton X-100
(with protease and phosphatase inhibitors). Lysates were cleared
by centrifugation at 4°C at maximum speed for 15 min and incu-
bated with antibody for 2 hr at 4°C. 50 pl of 50% agarose-protein
A bead slurry was washed twice in lysis buffer and added to the
antibody/cell-lysate mixture for 30 min. After three washes with
cold lysis buffer, proteins were recovered with 2x protein-gel load-
ing buffer and heating for 5 min at 95°C.

Fly Measurement and Metabolic Characterization

Metabolic measurements were done on test and control flies grown
under identical conditions. 50 newly hatched first instar larvae were
seeded per vial and adults hatching on the same day were aged
for 2 or 3 days before testing. Male flies were weighed in batches
of 50. Total body triglycerides were measured by homogenizing
flies in 0.05% Tween 20 with protease inhibitors. After heating at
70°C for 5 min, lysates were cleared by centrifugation and triglycer-
ides measured with Infinity Triglyerides Reagent (Thermoelectron).
Total protein was measured on the same samples by Biorad protein
assay. 1 pl of hemolymph was put into 9 pl of buffer (5 mM Tris [pH
6.6], 137 mM NaCl, 2.7 mM KCI), heated for 5 min at 70°C, incu-
bated with 1 pl of porcine trehalase (Sigma T-8778) at 37°C for 12
hr, and measured with Sigma glucose (G) assay kit (GAGO-20) to
measure sugars.
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Microarray Analysis

Fat bodies from ten male, wandering third instar larvae of each
genotype were dissected, and RNA extracted by a standard TRIzol
(Invitrogen) procedure. RNA was reverse transcribed and linearly
amplified by the SMART protocol (BD Biosciences). cDNA was di-
rectly labeled with the BioPrime array CGH labeling system (Invitro-
gen) and hybridized to microarrays containing the DGC1 and DGC2
collections. Two technical replicates were performed, and the
whole experiment repeated twice on two biological replicates.

Supplemental Data

Supplemental Data include one table and can be found with this
article online at http://www.developmentalcell.com/cgi/content/
full/9/2/271/C1/.
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