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The genetic control of growth ensures that animals grow to
reproducible sizes and that tumourous growth is rare. This
year, the regulation of organ growth has been studied
extensively in Drosophila imaginal discs, and a signalling
pathway that regulates organ growth and size has been
identified. Furthermore, the role of Drosophila homologues to
human tumour suppressor genes and oncogenes in imaginal
disc growth has been investigated.
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Abbreviations
DS6K Drosophila p70 S6 kinase
IGF insulin-like growth factor
INR insulin/IGF receptor
IRS insulin receptor substrate protein
PI3K phosphoinositide 3-kinase
Rb retinoblastoma protein

Introduction
Understanding how animal growth is controlled is a major
goal of biological research for two reasons. First, from a
medical perspective, it is important to understand what
goes wrong in the numerous diseases that involve the loss
of growth control. Second, from a wider biological view-
point, it is important to understand how genes control
animal size [1]. Natural selection has ensured that, for most
species, individual animals and their constituent organs
grow to highly reproducible and characteristic sizes. In
addition, the observation that size can vary considerably
between related species suggests that although size is very
consistent within a species, it is also sensitive to small
genetic differences between related species. At present,
little is known about how genes control growth during
development to generate animals of consistent sizes. Here,
we discuss recent studies in Drosophila imaginal discs,
which investigate how tumour suppressor genes and onco-
genes influence growth and which identify a signalling
pathway that regulates organ growth and size.

The Drosophila imaginal discs, which are larval epithelial
organs that are re-organised to form adult epidermal struc-
tures such as wings and eyes during metamorphosis,
provide an attractive system to study growth control for
several reasons. First, in the space of a few days prior to
metamorphosis, the discs undergo a dramatic increase in

mass and, like mammalian epithelial organs, become pat-
terned while they grow [2,3]. Second, also in common with
many mammalian organs, disc growth and size are gov-
erned not only by external signals, but also by intrinsic
mechanisms [4]. These mechanisms enable discs to grow
to their normal size even when growth is perturbed. For
example, organ size is unaffected by inducing apoptosis in
small regions, by delaying larval development or by trans-
planting discs into animals at different stages of the
life-cycle [5–8]. Third, many genes that have been impli-
cated in the control of normal and/or tumourous growth in
mammals have close homologues that can be studied in
Drosophila. Fourth and finally, various techniques can be
used to modulate gene activity during disc development
and to monitor the consequences: for example, mitotic
recombination can be used to generate clones of disc cells
lacking a particular gene (the equivalent of the somatic
loss-of-heterozygosity found in many tumours) [9]. In
addition, genes can be over-expressed in mitotic clones
[10], in specific regions of the disc [11] or throughout the
disc during its development. The impact of these inter-
ventions can be assessed in the adult, or during
development, by microscopic analysis of intact discs and
by flow cytometry of dissociated disc cells.

The role of the cell cycle
Animal and organ growth is generally accompanied by dra-
matic increases in cell number, not cell size. In addition,
animals differ in size largely because of the number of cells
that they contain, not the size of those cells [12]. Thus,
growth has often been discussed in terms of the regulation
of cell number — but unless cell division is accompanied
by biosynthesis, organ growth will not occur. Consistent
with this assertion, there is clear evidence that direct
manipulation of the cell cycle in Drosophila imaginal discs
does not alter organ growth [13–15]. In these experiments,
the cell cycle was deregulated in one compartment of the
wing imaginal disc by manipulating the activities of the
cyclin-dependent kinase, Cdc2, the cell cycle transcription
factors, E2F and DP, or the retinoblastoma protein, Rb.
When division was slowed, the resulting compartments
had fewer, bigger cells whereas when division was acceler-
ated, the resulting compartments had more, smaller cells.
In both cases, the compartments themselves were wild-
type in size. These results demonstrate that the control of
cell division is not the key mechanism through which
growth is regulated. In addition, they suggest that whatev-
er does control organ growth regulates and responds to
organ size, rather than to cell number or cell size.

The role of protein synthesis 
Although modulation of the cell cycle can affect the timing
of cell division, growth ultimately requires biosynthesis.
Thus, the regulation of biosynthesis could, in theory, be the
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mechanism through which organ size is regulated and
tumour growth is prevented. Studies in Drosophila [16] sug-
gest that although the level of general protein synthesis can
influence the rate at which an organ grows, it does not nec-
essarily affect final organ size. A class of mutations termed
Minutes has been defined in Drosophila and several Minute
genes have been cloned and shown to encode components
of the ribosomal machinery. Heterozygous Minute organisms
grow at a reduced rate. However, many of them achieve nor-
mal adult body sizes as a result of their developmental

period being extended, and achieve normal cell sizes, as a
result of their cell cycle time being increased [16,17]. In
addition, although clones of wild-type imaginal disc cells
induced in a heterozygous Minute organism outgrow their
heterozygous Minute neighbours, cell size and final organ
size are unaffected [17]. Similarly, mutation of the gene
encoding the general translation initiation factor, EiF4A,
delays larval development and slows disc growth, but does
not affect cell size [18••]. In contrast to the effect of inhibit-
ing global protein synthesis, recent results suggest that
inhibiting the translation of a subset of mRNAs, through
mutation of Drosophila p70 S6 kinase (DS6K), not only alters
growth rates but also cell and organ size ([19••], see below). 

A signalling pathway controlling growth?
An exciting advance in our understanding of growth regu-
lation has been the demonstration that several molecules
that are activated by insulin or insulin-like growth factors
(IGFs) in mammals regulate disc growth and alter organ
and organism size in Drosophila [20]. Biochemical analyses
of the mammalian proteins and genetic studies in
Caenorhabditis elegans suggest that these molecules form a
signalling pathway (Figure 1). In mammals, this pathway
has been implicated in the control of cell division and pro-
tein synthesis, as well as in the regulation of other
processes that influence growth, including cell survival and
glucose metabolism [21,22]. 

Initially, it was shown that flies with transheterozygous com-
binations of hypomorphic mutations in Inr (which encodes
an insulin/IGF receptor) are smaller than wild type [23] and
that over-expression of activated or dominant negative
Dp110, a Drosophila phosphoinositide 3-kinase (PI3K) and
target of insulin/IGF receptors, alters the size but not the
shape or pattern of adult wings [24]. More recently, small
flies containing small cells have been generated by null
mutations in chico, which encodes an insulin receptor sub-
strate protein (IRS) [25••], and in DS6K, a target of
insulin/IGF and PI3K signalling in mammals [19••].
Interestingly, whereas chico flies contain fewer cells than
wild-type flies, DS6K flies contain the wild-type number.
This difference might arise for a number of reasons [20], one
of which is that loss of DS6K can influence growth purely by
reducing cell size and not cell number. S6 kinases phospho-
rylate the ribosomal protein S6 and thereby upregulate the
translation of a subset of mRNAs containing 5′-terminal
oligopyrimidine tracts [26]. Thus, in contrast to the pre-
sumed downregulation of general protein synthesis by
mutation of the Minutes, altering the pattern of protein syn-
thesis does seem to alter organ and cell size. 

To establish whether this signalling pathway is required in
the imaginal disc cells themselves, or is needed elsewhere to
produce a systemic growth factor, mitotic clones lacking
each gene were generated. Adult eye cells without chico,
DS6K, or the genes encoding Dp110 or its adaptor p60 —
which is predicted to mediate interaction of Dp110 with
Chico and Inr [27,28] — are all smaller than the surrounding
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Figure 1

A signalling pathway controlling organ growth. Mutation of each of the
molecules shown affects organ growth in Drosophila. At present, the
evidence that these molecules form a signalling pathway comes almost
exclusively from biochemical studies of mammalian homologues and
genetic analyses of C. elegans homologues. In summary, activated Inr
is predicted to phosphorylate itself and Chico on YXXM motifs,
thereby generating docking sites for the SH2 domains of p60
[25••,27,28]. Thus, Dp110 is activated, phosphatidylinositol (3,4,5)
trisphosphate (PIP3) is generated, and the activities of the
serine/threonine kinases DS6K and DAkt1 are increased. Like
mammals and C. elegans, Drosophila possess a phosphoinositide-
dependent kinase 1 (PDK1) homologue that probably mediates the
activation of DS6K and DAkt1 by PIP3 [49]. It is also likely that many
of these molecules are activated by additional mechanisms and have
additional targets.
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wild-type or heterozygous cells [19••,25••,29••]. Thus, these
molecules function in the imaginal disc cells themselves,
though they may have additional functions in other tissues.
Similar results are seen in clones of cells lacking DAkt1, the
Drosophila homologue of the downstream kinase Akt
(J Verdu, MJ Birnbaum, personal communication), and flies
with hypomorphic mutations in DAkt1 are also small with
small cells (H Stocker, E Hafen, personal communication).
Importantly, as well as being required for normal growth,
activation of this pathway is sufficient to increase growth.
For example, when Dp110 is expressed in one compartment
of the wing imaginal disc, the size of that compartment and
the disc increases [29••]. This result is in direct contrast to
the inability of cell-cycle manipulation to alter compartment
and disc size (see above and [13,14]).

In mammals and C. elegans, PI3K signalling is antagonised
directly by a lipid phosphatase encoded by the tumour
suppressor gene, PTEN [30]. Consistent with these obser-
vations, mutation of Drosophila PTEN results in overgrown
organs containing enlarged cells (D Goberdhan, C Wilson,
personal communication). Thus, a pathway involving Inr,
Chico, p60, Dp110, DAkt and DS6K, which is antagonised
by PTEN, is likely to regulate disc growth and final organ
size in Drosophila. 

The molecules depicted in Figure 1 must also be regulat-
ed by other cellular components, forming a signalling
network that regulates growth. One possibility is that, like

mammalian Ras [31], Drosophila Ras interacts directly with
PI3K, thereby enhancing its activation. Indeed, experi-
ments in the wing disc have shown that over-expressing
activated Ras increases clonal growth and cell size where-
as over-expressing dominant negative Ras reduces clonal
growth and cell size (D Prober, BA Edgar, personal com-
munication). Another molecule that might interact with
this pathway is the Drosophila homologue of the mam-
malian transcription factor and oncoprotein, Myc. It has
recently been shown that Drosophila Myc (dMyc) also pro-
motes clonal growth and increases imaginal disc cell size
[32••]. Furthermore, pitchoune, a transcriptional target of
dMyc also promotes growth. pitchoune encodes a protein
homologous to RNA helicases, which are implicated in
translation initiation and ribosomal RNA processing [33]. 

In Table 1, we have summarised the effects that some of
the genes discussed here have on growth in the Drosophila
imaginal disc.

The Drosophila tumour suppressor genes
Drosophila possess >50 tumour suppressor genes. The
homozygous mutation of these genes induces over-growth
in different tissues [34]. Several of the tumour suppressors
that function in discs encode membrane-associated pro-
teins and their mutation is postulated to induce
over-growth by disrupting cell–cell contacts in the disc
epithelia. In contrast, two recently identified Drosophila
tumour suppressors that promote over-growth seem to
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Table 1

Control of organ growth.

Types of genes Specific example Effect on Effect on Effect on Effect on References
manipulated cell number cell size clone/comp size final disc/organ size

Cell-cycle regulators ↓ Cdc2 activity ↓ (comp) ↑ (comp) = (comp)* = (disc)† [13]
↑ dE2F+dDP1activity ↑ (comp) ↓ (comp) = (comp) = (disc) [14]

Protein synthesis Heterozygous null ↓ (clones) = (clones) ↓ (clones) = (disc, organ, fly#) [14,16,39••]
regulators mutation of Minutes‡

Insulin/IGF/PI3K Homozygous null ↓ (clones) ↓ (clones) ↓ (clones) ↓ (disc, organ, fly§) [19••]
pathway mutation in DS6K

Homozygous null ↓ (clones) ↓ (clones) ↓ (clones) ↓ (disc, organ, fly**) [25••]
mutation in chico
↓ Dp110 activity ↓ (clones) ↓ (clones) ↓ (clones, comp) ↓ (disc, organ) [24,29••]

↑ Dp110 activity = (clones)†† ↑ (clones) ↑ (clones, comp) ↑ (disc, organ) [24,29••]

Others Partial loss of function ↓ ( clones) ↓ ( clones) ↓ ( clones) ↓ ( organ, fly) [32••]
mutation in dmyc
↑ dMyc activity = (clones) ↑ (clones, comp) ↑ (clones), = (comp)‡‡ = (disc) [32••]

A summary of the ways in which organ growth is affected by mutation
or over-expression of some of the molecules discussed in this review.
=, no change; comp, observations were made when activity was
manipulated in one disc compartment; clones, observations were
made when activity was manipulated in disc clones. For more details,
refer to the original papers. *Although compartment size was
sometimes reduced in these experiments, discs were observed in
which cell size was increased, cell number was reduced and
compartment size was maintained. †Although disc area was sometimes
reduced in these experiments, discs were observed in which where

cell size was increased, cell number was reduced and disc size was
maintained. ‡Extrapolated from the phenotype of wild-type cells in a
heterozygous Minute background. #Some heterozygous Minutes do
have a reduced body size. §These adults contain small cells but the
wild type number of cells. **These adults have cells that are reduced
in size and number compared to wild type. ††Slight increases in cell
number observed in adult wing after expression of Dp110 throughout
wing development. ‡‡Although over-expression of dMyc in the
posterior compartment increases cell size, posterior compartment size
was not significantly altered, presumably because of compensatory
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influence the cell cycle directly. Lats, also known as Warts,
is a putative protein kinase that was first identified
because of the dramatically enlarged outgrowths that form
throughout the fly when both copies of lats are mutated
[35,36]. The human and mouse homologues of lats have
been cloned recently and there is evidence that their func-
tion is conserved — lats homozygous mice are highly
susceptible to soft-tissue sarcomas that are often large and
metastatic [37••]. Biochemical studies have shown that
human LATS associates with and inhibits the activity of
Cdc2 during early M phase [38••]. Thus, the mutation of
lats is predicted to increase Cdc2 activity and to accelerate
cell division. Consistent with this hypothesis, over-growth
induced by mutation of lats in Drosophila is suppressed by
loss of one copy of cdc2 [38••]. At this stage, it is unclear
how modulating the activity of Lats, in contrast to modu-
lation of the cell cycle regulators discussed above, induces
biosynthesis as well as proliferation, and hence results in
dramatic over-growth. 

Another tumour suppressor gene that influences the cell
cycle and can also induce over-growth when mutated in
Drosophila and mammals is gigas. Clones that are mutant
for gigas contain enlarged cells that go through repeated
rounds of endoreplication, and often cause enlargement
of the discs [39••]. Gigas encodes a homologue of the
tumour suppressor gene TSC2, and is one of two genes
that result in tuberous sclerosis when one copy is mutat-
ed [40]. Patients with tuberous sclerosis suffer from
benign tumours that arise from somatic loss of heterozy-
gosity at either the TSC1 or TSC2 locus. Although the
phenotype of gigas clones suggests that deregulation of
the cell cycle can contribute to over-growth, it is likely
that Gigas, which is predicted to encode an exchange
factor for the small GTPase, Rap1, also affects other cel-
lular processes.

The next steps
The experiments described in this review identify a sig-
nalling pathway that regulates organ growth, and provide
new insights into how tumour formation is suppressed in
Drosophila. One possibility that has yet to be addressed
is whether signalling via the molecules shown in
Figure 1 is enhanced when organ over-growth is induced
through the mutation of lats, gigas and other tumour sup-
pressors. Is the insulin/IGF/PI3K pathway activated
during over-growth and is its activation necessary for
over-growth? In addition, it will be interesting to deter-
mine whether signalling through this pathway
participates in the intrinsic mechanisms that maintain
organ size. For example, is the pathway upregulated
when the growing organ is damaged and compensatory
growth is induced? 

Although a signalling pathway that can modify organ
growth and size has been identified, we know little
about the upstream regulators and downstream targets of
this pathway. What controls the level and duration of sig-

nalling via this pathway during development, what are
its targets, and how do they influence growth? Clearly,
the regulation of protein synthesis is a probable target.
However, DAkt1 homologues in mammals phosphory-
late many substrates and influence various cellular
processes [21], raising the possibility that this pathway
has multiple effectors that enable it to influence
organ growth. 

Another important issue is how growth and pattern formation
are coordinated during development. Perturbation of sig-
nalling via the insulin/IGF/PI3K pathway affects organ size
without altering organ shape or pattern. In contrast, both
imaginal disc growth and patterning are affected by modu-
lating the activity of the ligands Notch, Wingless or
Depentaplegic (a TGF-β homologue) [41–43]. It will be
interesting to investigate whether insulin/IGF/PI3K sig-
nalling is required for Wingless, Decapentaplegic and Notch
to direct growth as well as pattern formation. One possibility
is that Wingless, Decapentaplegic and Notch synergise with
insulin/IGF homologues during disc development [43].
Synergy between insulin and TGF-β signalling has been
observed in mammalian cells [44] and in C. elegans, insulin
and TGF-β signalling act together to control the decision to
form dauer larvae [45]. In addition, a family of secreted fac-
tors termed ‘imaginal disc growth factors’, which synergise
with insulin to stimulate the proliferation of cultured imagi-
nal disc cells has recently been identified [46••]. Thus, disc
growth and patterning might be coordinated through the
synergistic activation of the insulin/IGF/PI3K pathway by a
number of secreted molecules. 

In addition, it is important that the hypotheses arising
from these studies in Drosophila are tested in other ani-
mals. Mutation of a mouse homologue of DS6K [47] and
of other molecules on the insulin/IGF/PI3K has been
reported to reduce body size in mice [48]. As has been the
case in Drosophila, the use of techniques to modulate
gene activity in particular groups of cells during organo-
genesis should provide insights into the control of organ
growth in mammals. 

Conclusions
Studies in Drosophila have demonstrated that organ size is
not controlled solely by regulating the cell cycle or by reg-
ulating general protein synthesis. However, a signalling
pathway that can control organ growth and size, and that
can alter both cell size and cell number, has been identi-
fied. This pathway may also participate in intrinsic
mechanisms that normally maintain organ size and that
prevent tumour formation.

Note added in proof
The works referred to as J Verdu, MJ Birnbaum, personal
communication, and D Goberdhan, C Wilson, personal
communication, have now been published as [50,51],
respectively. (Furthermore, another paper on Drosophila
PTEN has been published [52].)
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