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Deletion of Drosophila insulin-like peptides causes
growth defects and metabolic abnormalities
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Insulin/Insulin-like growth factor signaling regulates homeostasis
and growth in mammals, and is implicated in diseases from diabetes
to cancer. In Drosophila melanogaster, as in other invertebrates,
multiple Insulin-Like Peptides (DILPs) are encoded by a family of
related genes. To assess DILPs’ physiological roles, we generated
small deficiencies that uncover single or multiple dilps, generating
genetic loss-of-function mutations. Deletion of dilps7-5 generated
homozygotes that are small, severely growth-delayed, and poorly
viable and fertile. These animals display reduced metabolic activity,
decreased triglyceride levels and prematurely activate autophagy,
indicative of “starvation in the midst of plenty,” a hallmark of Type
| diabetes. Furthermore, circulating sugar levels are elevated in Df
[dilp1-5] homozygotes during eating and fasting. In contrast,
Df[dilp6] or Df[dilp7] animals showed no major metabolic defects.
We discuss physiological differences between mammals and insects
that may explain the unexpected survival of lean, ‘diabetic’ flies.
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rosophila melanogaster is an excellent model for studying the
molecular bases of human disease because of the high degree

of conservation of fundamental biological processes throughout the
animal kingdom. Abnormalities in Insulin/Insulin-like growth fac-
tor-1 Signaling (IIS) have been implicated in a broad range of
diseases from diabetes and obesity, to cancer (1-4). In Type 1
diabetes mellitus, autoimmune destruction of pancreatic B-cells
results in decreased insulin production. Circulating sugar levels then
rise due to failure of glucose uptake by insulin-dependent glucose
transport, exacerbated by increased gluconeogenesis in tissues
where low sugar levels trigger starvation responses and the break-
down of glycogen and fat to produce energy. Thus, this disease has
been referred to as “starvation in the midst of plenty,” as the body
fails to use energy from ingested food sources, and initiates com-
pensatory starvation responses [reviewed in (2)]. Much has been
learned about the molecular basis of IIS-associated disease from
mouse models [reviewed in (4-7)]. In keeping with clinical expec-
tations, loss-of-function mutations in murine insulin and insulin
receptor genes resulted in severe diabetes, with death of newborn
mice occurring within days of birth (8, 9). Similarly, the roles of
IGF-1 and IGF-1 receptor in promoting growth were supported by
the finding that loss-of-function mutants were severely growth-
impaired (10). These studies also revealed redundancy and
crosstalk in the system (3, 11, 12), which, together with epidemio-
logical and genome-wide association studies in humans, highlight
the fact that diabetes, obesity, and insulin resistance are complex,
multifactorial diseases [reviewed in (13, 14)]. These complexities
support the notion that simple model systems, such as Drosophila
will be useful for understanding the basis of IIS-associated diseases.
Drosophila harbor a single IIS-family receptor, the Drosophila
insulin receptor (DInR), identified in O. Rosen’s lab in the 1980s
(15, 16). Seven genes encoding candidate DInR ligands [Dro-
sophila insulin-like peptides (DILPs)] with sequence and motif
similarity to mammalian insulin were found in the Drosophila
genome (17) (for an excellent comprehensive review, see 18).
DILPs1-5 were predicted to be most closely related to mam-
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malian insulin, while DILP6 and DILP7 were predicted to be
more similar to IGF-1 and relaxin, respectively (17, 19). These
seven dilps are expressed in diverse spatiotemporal patterns
during development, suggesting differential functions (17).
Other invertebrates also express a large number of insulin-like
peptides (ILPs); for example, 38 putative ilp genes were found in
the genome of C. elegans. It was suggested that these ligands have
disparate functions by virtue of their differential spatiotemporal
expression patterns. In addition, while insulins are canonical
activators of Receptor Tyrosine Kinase (RTK) activity, some
ligands in C. elegans may act as antagonists of IIS [reviewed in
(20)]. For mosquitoes, eight ILPs have been identified (21) and
functional studies indicate roles for different ILPs in egg laying,
diapause, immunity, and metabolism (22-24). The ILPS are
thought to be secreted proteins (25, 26), as are mammalian
insulin and IGFs (2). In Drosophila, several lines of evidence
suggest that DILPs are indeed DInR ligands: conditioned me-
dium from cells expressing DILP2 or DILPS activated DInR
autophosphorylation (26) and overexpression of DILPs induced
overgrowth, with increase in cell size and cell number, similar to
overexpression of DInR (17, 27). Genetic interaction studies
showed that large deficiencies uncovering dilpsI-5 suppressed
DInR-mediated eye overgrowth phenotypes and, heterozygosity
for dinr partially suppressed DILP2-mediated overgrowth (17).
Four dilps (1,2,3,5) are expressed in clusters of median neuro-
secretory cells (mNSCs, also called Insulin Producing Cells,
IPCs) of the brain (25-27), where levels of dilp3 and dilp5 RNA
are nutrient-responsive (27). These cells appear to function like
pancreatic B-cells, as IPC ablation resulted in elevated circulat-
ing sugar levels (26). In addition, IPC ablation resulted in
increased longevity, developmental delay, and small animals (26,
28, 29), phenotypes similar to those seen for chico mutants and
dinr transheterozygotes (30-32). The remaining dilps are ex-
pressed in different spatiotemporal patterns: dilp4 is expressed
in the embryonic mesoderm and anterior midgut, dilp6 is
expressed in the larval gut, and dilp7 is expressed in specific cells
in the larval and adult central nervous system (17, 19, 33).
Here, we used a genetic approach to study individual and
redundant functions of the dilp gene family. We took advantage
of the fact that dilps1-5 are clustered on chromosome III to
generate a small deficiency that simultaneously deletes all five
genes. Animals lacking DILPs1-5 are homozygous viable and
will reproduce but are small, poorly fertile, developmentally
delayed, and display metabolic defects similar to those produced
by loss of insulin function in mammals, including elevated sugar
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levels and initiation of starvation responses in fat tissue. The
viability of these “diabetic”” Df{dilp1-5] animals provides an in
vivo system to investigate biochemical mechanisms underlying
I1S-related metabolic defects with a long-term goal of screening
for genetic and pharmacological inhibitors that ameliorate them.

Results

Small Deficiencies to Delete dilps. Our initial approach to study
DILP loss-of-function was to generate individual RNAI lines to
separately target each of the 7 dilps. None of these RNAI lines
affected body growth or tissue size using a number of different
GAL4 drivers. One interpretation of the absence of growth
defects is that there is functional redundancy among dilps. In
keeping with this, a recent paper reported that expression of
dilp2 RNAI resulted in a compensatory increase in dilp3 levels
(34). With 7 dilp genes, it is virtually impossible to assess
functional redundancy using combinations of individual RNAi
lines, which may vary in their effectiveness overall or in different
cell types. The likelihood that only partial knockdown will be
achieved further complicates interpretation of results obtained
with the RNAIi approach. We therefore decided to get a first
assessment of loss-of-function effects by generating small defi-
ciencies that uncover dilp genes. Using the FLP-FRT system (35),
we generated three deficiencies: Df/dilpI-5], Df [dilp6], and
Df[dilp7]. The sizes of the deletions are approximately 60.5, 15.7,
and 22.9 kb, respectively (Fig. S1). As dilp6 and dilp7 are both on
the X chromosome, recombination was used to generate
Df[dilp6, 7]. In addition to the dilps, several genes are also
completely or partially deleted in these deficiency lines. Of these
genes, the only one known to be required for viability is CG2864,
which is removed in Df/dilp7] and encodes Poly(ADP-
ribose)glycohydrolase (Parg, 36).

Df{dilp1-5] Homozygotes Are Viable and Fertile, but Growth Impaired.
All deficiency lines were isolated and maintained over balancer
chromosomes. In the stock of Dffdilpl-5]/TM6bTb, a small
number of non-Tb larvae were observed. These animals were
transferred to fresh vials, and were found to eclose to adults and
breed. These Df{dilpl-5] homozygotes competed poorly with
wild-type or heterozygous flies, but, with careful attention, could
be maintained as a viable and fertile stock on standard medium
and at varying temperatures. To confirm that these animals were
indeed Df[dilpI-5] homozygotes, and not a result of a rare
recombination, PCR was used to verify the absence of the coding
regions for dilps1,2,3,4, and 5 and to confirm the expected
deletion junctions (Figs. S1 and S2).

Df{dilp1-5] homozygous adults were small (Fig. 14) with
decreased body mass (Fig. 1B) and were developmentally de-
layed. The developmental time to reach the wandering third-
instar stage was lengthened to more than 9 days, compared to 5
days for controls, and the time to reach pupation was also
extended, but the time from pupation to eclosion was not greatly
affected. These small size and developmental delay phenotypes
resemble those seen for surviving dinr transheterozygotes (30,
31). None of these phenotypic defects were observed in
Df[dilpl1-5] heterozygotes. The phenotypes observed in
Df{dilpI-5] homozygotes are not likely due to the absence of
additional genes removed in the deficiency: CG8177 and
CG33205 are disrupted in the parental lines used to generate
Df{dilpI-5] and these do not show growth defects. For CG14168
and CG32052, P-element insertion lines were obtained and
homozygotes were similar in size to wild-type controls. Finally,
expression of DILP2 in these animals, using hsGAL4>UASdilp2,
was sufficient to rescue growth defects: the size of Dffdilp1-5]
homozygotes expressing DILP2 was comparable to wild-type
(Fig. 1 D and E). Developmental delay was largely rescued as
well, with homozygotes reaching the wandering third-instar
larval stage after 6 days.
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Fig.1. Deletion of dilps1-5impairs organismal growth. (4) Df[dilp1-5] adult
homozygotes are viable but small. Photos of adults 1 day after eclosion: (left)
w'18; (right) Df[dilp 1-5]/Df[dilp1-5]. (B and C) Body weight of virgin females
(B) or unmated males (C) of control and dilp deficiencies, as indicated. Data
represents mean = standard error. The body size and weight of Df[dilp1-5]
was reduced. (D and E) Df[dilp1-5] larvae and pupae are small. Photos of
third-instar larvae (D) or pupae (E) are shown; (left), parental control line
d02657; (middle), Df[dilp1-5] homozygotes; (right), ‘rescued’ Df[dilp1-5] ho-
mozygotes (hsGAL4>UASdilp2; Df[dilp1-5]/Df[dilp1-5]). Growth defects in
Df[dilp1-5] homozygotes were fully rescued by low level ubiquitous expres-
sion of DILP2 at 25 °C.

To determine the basis of the small size of Dffdilp1-5]
homozygotes, wings were dissected and cell size and cell number
were determined, as described (17). Examination of wings
revealed smaller overall size and area (Fig. 24-C). This decrease
reflected a decrease in cell number (Fig. 2D), as well as cell size
(Fig. 2E). These phenotypes are similar to those seen in chico
mutants (32). Effects on cell size were further examined in the
fat body, the major locus of fat storage in flies. Fat body cell size
of Df{dilpI-5] homozygotes (Fig. 2 G and J) was 79% of the
parental control line d02657 (Fig. 2 F and I) used to generate
Df{dilp1-5]. This decrease in cell size was rescued by ubiquitous
expression of DILP2 (Fig. 2 H-L). In sum, the reduced body size
and developmental delay seen in the DffdilpI-5] animals are
consistent with roles for DILPs1,2,3,4, and/or 5 in the promotion
and coordination of whole animal growth.

Df/dilp1-5] homozygotes displayed reduced fertility (Fig. S3).
Although their egg laying displayed a similar time course to
control females (Fig. S34 shows one sample experiment), their
total lifetime egg production, and mean and maximal number of
eggs laid per day were dramatically decreased (approximately
10% of the level of control animals; Fig. S3 B and C). Viability
was also decreased; DffdilpI-5] development to the pupal stage
was decreased to approximately 45% of that of control animals
and development to adult stages decreased to approximately
41% of that of control animals (Fig. S3D). Thus, it appears that
both fertility and viability require DILP function but develop-
ment from pupae to adults is less severely impacted by loss of
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Fig.2. Smallsize of Df[dilp1-5] homozygotes is due to reduced cell size and
cell number. (A-E) Cell number and cell size in dissected wings. (A and B)
Photos of dissected wings from (A) adult female, w'?’8 control or (B) Df[dilp1-
5] homozygote. (C) The overall wing area is smaller in Df[dilp1-5] homozy-
gotes than in w78 controls. (D and E) Measurements of cell number and cell
size in w'"78 or Df[dilp1-5] homozygotes. Both decreased in Df[dilp1-5] mu-
tants. n = 5 for C-E. (F-K) Fat body cell size is reduced in Df[dilp1-5] animals.
Photos of larval fat bodies from wandering third-instar larvae stained with
phalloidin (red) and DAPI (blue) to reveal nuclei. [X20 (F, G, and H); x40 (/, J,
and K).] Genotypes: (F and /) Control parental line d02657, (G and J) Df[dilp1-
5]IDf[dilp1-5], (H,K) hsGAL4>UASdilp2; Df[dilp 1-5]/Df[dilp1-5]. (L) Quantita-
tion of fat body cell size was carried out with ImageJ software. The cell size of
Df[dilp1-5] homozygotes was approximately 80% of the parental control.
Error bars indicate standard error.

DILP1-5 function than is fertility and development of eggs to
pupal stages.

Allometry Is Disrupted in Df[dilp1-5] Homozygotes. It was reported
that IIS plays a role in allometry, the relative proportioning of
body parts (37, 38). Shingleton et al. (2005) showed that while
most body organs scale down proportionately with small whole
body size in dinr transheterozygotes, the male genitals do not
scale proportionately. Similar effects were observed in chico
mutant clones (37, 38). To test the role of DILPs in allometry,
we compared the scaling of wings and male genital arches in
Df[dilp1-5] homozygotes and d02657 parental controls. In
Df[dilpI-5] homozygotes, male genital arch posterior lobes
failed to scale proportionately with the smaller body and smaller
wing size (Fig. 3). Wing size of Df/dilpI-5] homozygotes was
reduced approximately 29% compared to parental controls. In
contrast, genital arch posterior lobes, although still smaller than
controls, were proportionately larger, reduced only approxi-
mately 15% compared to controls, a number very similar to the
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Fig. 3. Loss of DILPs1-5 disproportionately affects body organ size. Mean

area of (A) wings and (B) genital arch posterior lobes from adult males of the
control parental line d02657 or Df[dilp1-5] homozygotes. Photos of (C and D)
wings and (E and F) genital arch posterior lobes. Scale bars in panels (Cand E)
highlight the differences in organ size. Wing size in Df[dilp1-5] homozygotes
is approximately 70% that of controls, while genital arches are smaller, but do
not scale down proportionately. Data represents mean = standard error.

16% reduction reported for dinr and chico (37). These results
suggest that DILPs1,2,3,4, and/or 5 lie upstream of DInR and
Chico to regulate cell growth and provide additional support for
the hypothesis that different body organs respond differentially
to IIS in Drosophila.

DILPs 6 and 7 Are Not Required for Viability. In contrast to Df/dilp1-
5], Df[dilp6] homozygotes were readily recovered (Figs. S1 and
S2). These animals appeared fully viable and fertile. Dfdilp6]
homozygotes did not display alterations in developmental rate,
and body size was only mildly reduced (=6% reduction com-
pared to controls) (Fig. 1B). Other than this, no defects were
apparent in Df/dilp6] homozygotes, which can be perpetuated as
a healthy, true-breeding stock. Df/dilp7] homozygotes survived
through larval stages but died after pupation. Occasionally, some
Df{dilp7]/Y hemizygous male adult escapers were present. These
escapers showed no discernible changes in body mass or size
(Fig. 1C). The lethality associated with Df/dilp7] was rescued by
ubiquitous expression of a Poly(ADP-ribose) glycohydrolase
(Parg) transgene (armGAL4>UAS-Parg) (36), demonstrating
that lethality was not caused by the absence of dilp7, but rather
was due to the absence of the neighboring Parg gene that is
removed along with dilp7 in the deficiency (Fig. S1). However,
the Parg-rescued Df[dilp7] animals (Df/dilp7];arm-GAL4;UAS-
Parg) were poorly fertile and it was not possible to generate a
true-breeding stock for Df/dilp7]. This may be explained by the
recent report that DILP7 is required for egg-laying (19). As dilp6
and 7 are both on the X chromosome, recombination was used
to generate Df [dilp6,7]. Df[dilp6,7] animals showed the same
phenotypes as Df/dilp7].

Df[dilp1-5] Homozygotes Exhibit Starvation Responses. The storage
of fat in insects is primarily in the form of triglycerides (39).
Compared with wild-type controls, Dffdilpl-5] homozygotes
showed a decrease in normalized whole body triglyceride levels
(Fig. 4A4), while Df/dilp6] homozygotes did not show any signif-
icant change.

In human Type I diabetics, the absence of insulin compromises
the body’s ability to use glucose and the body exhibits starvation
responses, resulting in the breakdown of fat to provide energy.
The Drosophila larva provides an excellent system to ask whether
similar responses also occur in flies when insulin-like peptides
are absent. Early third-instar larvae spend virtually all of their
time eating, storing energy for impending metamorphosis. Fol-
lowing this eating period, larvae crawl out of the food, fasting for
several hours before initiating pupation. At this time, autophagy
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Fig.4. Df[dilp1-5] homozygotes induce starvation responses. (A) Total body
triglyceride level and total body protein from w’'’8 or Df[dilp1-5] adult male
flies were measured; data shows the triglyceride levels normalized to the total
protein level. Levels in Df[dilp1-5] animals were lower than the control.
Normalized levels: w78, 0.204 + 0.022, n = 3; Df[dilp1-5], 0.090 = 0.014, n =
3.Error barsindicate standard error. (B-E) Df[dilp1-5] homozygotes induce fat
body autophagy, while actively eating. Lysotracker staining (red) of dissected
fat bodies from third-instar larvae. Hoechst 33342 (blue) reveals nuclei. For (B,
C, and E), larvae were actively eating, burrowed in the food and had full guts.
Genotypes: (B) Control parental line d02657; (C) Df[dilp1-5]/Df[dilp1-5]; (D)
Control parental line d02657; burrowed third-instar larva removed from food
and starved for 3 h in the presence of water (E) hsGAL4>UASdilp2; Df[dilp1-
5]/Df[dilp1-5]. Feeding Df[dilp1-5] homozygotes (C) resembled starved con-
trol animals (D).

(destruction of cellular components to garner nutrients) is
activated in the fat body (40, 41).

To test whether Df/dilpI-5] animals display starvation re-
sponses while actively eating, lysotracker was used to monitor
activation of autophagy. In control feeding larvae, only basal
levels of lysotracker staining were evident (Fig. 4B), but high
levels of lysotracker positive staining were apparent in actively
feeding Df{dilp1-5] larvae (Fig. 4C). This pattern of lysotracker
staining resembled that seen in control animals that had been
starved (Fig. 4D). Expression of DILP2 in Df]dilp1-5] larvae
partially rescued this starvation response (Fig. 4E), implicating
DILPs in the repression of autophagy, but also suggesting some
DILPs may be more effective than others in signaling the fed
state. Thus, Df/dilp1-5] homozygotes have decreased steady-
state levels of stored triglycerides as adults and exhibit inappro-
priate breakdown of fat during larval feeding stages, reminiscent
of responses normally associated with starvation.

Df[dilp1-5] Homozygotes Display Reduced Metabolic Activity. Al-
though Df[dilp1-5] homozygotes survived, they were less active
than wild-type animals, and the mouth hook contraction rate
appeared lower than that of controls. To assess whether this
perceived sluggishness reflected a reduction in metabolic activ-
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Fig. 5. Diabetic-like manifestations of Df[dilp1-5] homozygotes. (A)
Df[dilp1-5] homozygotes show decreased metabolic rates. The overall meta-
bolic rates of w’'’8, Df[dilp1-5] or Df[dilp6] third-instar larvae, as indicated,
were measured as the resting heat production normalized to body dry mass.
Heat production rates were: w'’8, 44.89 + 2.02, n = 18; Df[dilp1-5], 35.61 +
2.14, n = 16; Df[dilp6], 46.46 * 2.08, n = 17. Data represents mean = standard
error. (B and C) Circulating sugar levels are elevated in Df[dilp1-5] homozy-
gotes. Sugar levels (trehalose + glucose) were determined in hemolymph
extracted from (B) adult males, 3-5 days after eclosion, (n = 3) or (C) early or
late third-instar larvae, as indicated. Levels are indicated for negative controls:
w''78 and parental line d02657; for experimental samples: Df[dilp1-5]/
Df[dilp1-5], and hsGAL4>UASdilp2; Df[dilp1-5]/Df[dilp1-5]; (Rescue) and for
the positive control: dilp2-GAL4>UAS-rpr (IPC ablation). Larval hemolymph
was collected from 10-15 animals and pooled for each genotype (SI Experi-
mental Procedures); a minimum of five replicates was used for each bar shown
in the graph. The circulating sugar levels of Df[dilp1-5] homozygotes were
higher than controls in early and late third-instar larvae. Levels were lowered
by ubiquitous expression of DILP2. Sugar levels were highest in animals in
which IPCs had been ablated (dilp2GAL4>UASrpr). Error bars indicate stan-
dard error.

ity, the metabolic rates of wild-type larvae and larvae carrying
dilp deficiencies were determined. The overall metabolic rate of
Df[dilp1-5] homozygotes was reduced (Fig. 54), consistent with
these DILPs functioning in global homeostasis. In contrast, no
significant difference in metabolic rate was observed between
wild-type and Df{dilp6] larvae, demonstrating that dilp6 is not
required for global metabolic regulation in Drosophila larvae.
The overall decrease in metabolic rate and lethargic behavior of
Df[dilp1-5] homozygotes may reflect an inability of Dffdilp1-5]
homozygotes to use nutrients.

Circulating Sugar Levels Are Elevated in Df[dilp1-5] Homozygotes. To
test whether DILPs have an insulin-like function in regulating
circulating sugar, we compared circulating sugar levels in the
hemolymph of control and DffdilpI-5] homozygous adults and
larvae. In insects, the predominant circulating sugar is trehalose.
Consistent with this, glucose comprised only approximately 2%
of the total hemolymph sugar in our assays. In adult male
Df[dilpI-5] homozygotes, hemolymph sugar levels were in-
creased compared to control w///8 animals, suggesting that DILP
function is required to regulate sugar homeostasis (Fig. 5B). To
further investigate this, circulating sugar levels were measured in
larvae of different genotypes (Fig. 5C). As Df/dilpI-5] homozy-
gotes are developmentally delayed, it is important to control for
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developmental stage. In fact, tests with wild-type animals re-
vealed that circulating sugar levels were generally lower in early
third-instar larvae than in late third-instar larvae. Thus, exam-
ining third-instar larvae without careful staging, or based solely
upon timing, can obscure differences in sugar levels if one
genotype or experimental group tends to develop more slowly
than another. Based on this, circulating sugar levels in control
and Df[dilp1-5] homozygous larvae were compared at two
developmental stages: early third-instar larvae, when larval guts
are full, and late third-instar larvae, when the guts have been
cleared in preparation for pupation. At both developmental
stages, circulating sugar levels were elevated in Dffdilpl-5]
homozygotes (Fig. 5C, gray bar). This effect was rescued by
expression of DILP2, which lowered circulating sugar to or even
below wild-type levels (Fig. 5C, horizontally lined bar). In
contrast to this, Df[dilp6] larvae showed no abnormalities in
levels of circulating sugar. Interestingly, IPC ablated animals had
even higher circulating sugar levels than Df/dilpI-5] homozy-
gotes, suggesting that additional signals may be affected when
these neurosecretory cells are ablated (Fig. 5C, hatched bar). In
sum, Df{dilpI-5] homozygotes display elevated levels of circu-
lating sugar, while actively eating and also during a period of
developmentally-programmed fasting.

Discussion

Control of Growth and Metabolism by IIS Is Evolutionarily Conserved.
IIS is highly conserved throughout the animal kingdom and is
important for regulation of growth and metabolism in a range of
organisms. In most cases, IIS receptors, IIS ligands, or both are
represented by multigene families. In mice, where this has been
examined in most detail, family members have both distinct and
overlapping roles in regulating animal physiology [reviewed in
(7, 42)]. Insulin-like activities were identified in invertebrates,
including Drosophila, many years ago (43). Based upn genomic
sequence and similarity to mammalian insulin, Drosophila have
at least seven candidate IIS ligands. Evidence from RNAI
experiments in our lab and published by others, while our work
was in progress (34), indicate a high degree of redundancy
among DILPs, including compensatory upregulation of expres-
sion of dilp gene(s), when others are experimentally downregu-
lated. Thus, multiple approaches will be required to assess the
functions of this complex multigene family. As a step toward
defining DILP wild-type functions, we have taken a loss-of-
function genetic approach that makes use of FRT sites in the
Drosophila genome to generate small deficiencies that uncover
genes of interest (35), followed by “adding back™ a dilp gene to
test for functional rescue. Many of the effects found to be
associated with loss-of-DILP-function are reminiscent of defects
in mammalian IIS [reviewed in (7, 13, 44)]. Df/dilp1-5] homozy-
gotes exhibit growth defects (Figs. 1, 2, and 3), with decreases in
overall body size due to decreases in cell size and cell number;
developmental delay; and poor fertility and viability (Fig. S3). In
keeping with DILPs functioning as DInR ligands, tissue-specific
overexpression of DInR promotes growth (17) and some com-
binations of dinr alleles support survival but transheterozygotes
are small and growth delayed (30, 31), similar to DffdilpI-5]
animals and chico mutants (32). Similar growth defects are
observed in IGF-1 and IGF-1R null mice, which are develop-
mentally delayed but viable [reviewed in (3)]. Interestingly,
mouse IR and Ins null mutants are also small at birth, although
larger than IGF-1/IGF-1R mutants. Similarly, several human
syndromes point to a role for IR in growth regulation in humans:
for example, Leprechaunism is associated with severe growth
retardation and results from mutations in IR (45).

Metabolic control by IIS also shows many similarities between
the Drosophila and mammalian systems. In mice, knock-out of
the insulin receptor or the insulin genes resulted in diabetes,
accompanied by hyperglycemia and ketoacidosis, resulting in
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perinatal lethality (3). These features phenocopy human Type I
diabetes in which insulin production gradually fails. The
Df[dilp1-5] homozygotes examined here show many defects
similar to those in mammals: leanness, inappropriate breakdown
of fat tissue, and high levels of circulating sugar (Figs. 4 and 5).
These results demonstrate parallels in metabolic regulation
between Drosophila and mammals. Furthermore, the counter-
regulatory hormone to insulin, glucagon, appears to be func-
tionally conserved in insects. Insect adipokinetic hormone
(AKH) appears to act like mammalian glucagon by stimulating
gluconeogenesis, as ablation of the corpora cardiaca cells that
produce AKH caused decreased levels of sugar without affecting
growth or developmental time (46).

Physiological Differences Between Insects and Mammals May Explain
Survival of ‘Diabetic’ Flies. Unlike mammals with defective insulin or
insulin genes, Df/dilp1-5] homozygotes survive and are fertile. At
this point, we cannot rule out the possibility that compensatory
action of DILP6 and/or DILP7 explains the survival of Dffdilp1-5]
homozygotes, although neither dilp6 nor dilp7 mutant larvae
showed metabolic defects. However, irrespective of this, it is clear
that Df{dilp1-5] homozygotes do indeed display diabetic-like ab-
normalities, and it is thus surprising that they are not more severely
affected. For example, even though these animals are breaking
down fat, as evidenced by lower whole body triglycerides and
activation of fat body autophagy, they do not appear to be suffering
from acute effects of ketoacidosis that are toxic in mammals.
Similarly, these animals appear relatively resistant to negative
impacts of persistent hyperglycemia. This differential tolerance to
long-term and endemic diabetic manifestations may reflect physi-
ological differences between mammals and insects. First, the pri-
mary circulating sugar in insects is trehalose (47), a nonreducing
disaccharide that will not generate glycation products, which are the
cause of many of the long-term complications seen in human
diabetes. Second, insects have endogenous mechanisms to raise
sugar levels, and, in contrast to the situation for mammals where this
increase is highly deleterious, this actually promotes the survival of
insects under harsh conditions. For example, one of the mecha-
nisms used by many insects to tolerate cold temperatures is the
induction of high levels of polyols such as glycerol, or sugars,
including trehalose, sorbitol, and others, that act as cryoprotectants
[reviewed in (48, 49)]. The levels of these polyols and sugars vary
over seasons, with levels increasing in the autumn as temperatures
get colder. Levels then decline in the spring, once the animal has
survived cold conditions over winter. In keeping with this, a recent
study showed that injection of trehalose enhanced resistance to heat
and cold stress and dehydration in the Antarctic midge (50). This
physiological rise in levels of these cryoprotectants in winter is
associated with induction of diapause, another mechanism specific
to invertebrates that allows animals to survive harsh conditions. It
is of interest in this context to note that inhibition of IIS pathways
induced diapause in mosquitoes (24). Future studies will be nec-
essary to determine the long-term effects of elevated circulating
sugar levels on fly physiology and to determine whether conserved
molecular and biochemical pathways, shared by insects and mam-
mals, account for the abnormalities in sugar and fat homeostasis
seen in dilp mutants.

Experimental Procedures

Generation of dilp Deletions. dilp1-dilp5, dilp6, and dilp7 deletion lines were
generated according to Parks et al. (35). Exelixis stock pairs were chosen with
the deletion hunter tool (DrosDel Consortium). Parental lines were: d02657
and 05433 for Df[dilp1-5]; d01857 and f01395 for Df[dilp6]; and d00591 and
00251 for Df[dilp7]. For detailed crossing schemes, see SI Experimental Pro-
cedures.

Morphometry. The protocol of Brogiolo et al. (17) was used to quantify wing
size, cell size, and cell number. For allometry experiments, wings were dis-
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sected in 70% ethanol and mounted in 4:5 lactic acid:ethanol. Genital arch
posterior lobes were dissected in 70% ethanol, dehydrated in a series of 90%
ethanol and 100% ethanol, and mounted in euparol. Slides were placed at
approximately 55 °C to allow the euparol to harden. Wings were photo-
graphed using a 5X objective; genital arches using a 40X objective. Tissue
areas were measured after outlining in ImageJ (National Institutes of Health).

Metabolic Assays. Phalloidin staining of fat body tissue was carried out ac-
cording to manufacturers’ protocols and (51). For lysotracker staining of live
fat body tissue, 0.1 uM lysotracker Red DND-99 (Invitrogen) containing 10
pg/mL Hoechst 33342 (Invitrogen) was used (40). Metabolic rate was measured
as the rate of heat production using a multicell differential scanning calorim-
eter (S/ Experimental Procedures). Sugar levels in larval hemolymph were
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