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The regulation of organ size in Drosophila
Physiology, plasticity, patterning and physical force
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The correct regulation of organ size is a fundamental
developmental process, the failure of which can compromise
organ function and organismal integrity. Consequently, the
mechanisms that regulate organ size have been subject to
intense research. This research has highlighted four classes
of mechanism that are involved in organ size regulation:
physiology, plasticity, patterning and physical force.
Nevertheless, how these mechanisms are integrated and
converge on the cellular process that regulate organ growth
is unknown. One group of animals where this integration is
beginning to be achieved is in the insects. Here, | review the
different mechanisms that regulate organ size in insects, and
describe our current understanding of how these mechanisms
interact. The genes and hormones involved are remarkably
conserved in all animals, so these studies in insects provide
a precedent for future research on organ size regulation in
mammals.

Introduction

The regulation of final organ size is a fundamental and funda-
mentally important developmental process. To a great extent
organ size reflects organ function, and this function may be com-
promised if organ size is not regulated correctly. Myriad medi-
cal conditions result from the inappropriate over or undergrowth
of different organs and so the problem of size regulation is of
considerable biomedical interest. The problem is a complex one.
Over the last couple of decades, a number of different size regula-
tory mechanisms have been uncovered. Broadly speaking, these
mechanisms fall into four categories: (1) physiological mecha-
nisms that regulate the duration of organ growth; (2) plasticity
mechanisms that regulate organ size in response to changes in
environmental factors; (3) patterning mechanisms that regulate
organ size by controlling the growth and differentiation of tis-
sues within the organ; and (4) physical mechanisms that regulate
organ size in response to mechanical force. Research into each of
these four areas has been largely independent. However, all four
mechanisms must at some level be integrated and converge on the
cellular processes that regulate cell growth and division. A major
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challenge to understanding the mechanisms that regulate organ
size is elucidating how this integration is achieved.

One group of animals where an integrative understanding of
organ size regulation is beginning to be achieved is the insects,
in particular the fruit fly, Drosophila melanogaster. Here, I review
our current knowledge of organ size regulation in Drosophila.
I will explore the mechanisms by which physiology, plasticity,
pattern and physical force affect organ size, and, where possible,
describe our understanding of how these different mechanisms
interact. As will become clear, the genes and signaling pathways
involved are remarkably similar between Drosophila and mam-
mals. Thus a comprehensive understanding of how organ size is
regulated in insects is informative of how organ size is regulated
in animals in general.

Physiology

Hormones in Drosophila development. Organ growth is not
an autonomous process. It occurs within the context of a develop-
ing body. In particular, growth must be coordinated across the
whole organism so that each organ reaches its appropriate size
at the appropriate time. This coordination of growth, and the
cessation of growth, is achieved through hormonal mechanisms.
Among all animals, these mechanisms have perhaps been best
elucidated in holometabolous insects, such as Drosophila.

Drosophila are typical holometabolous insects: they begin life
as worm-like larvae, molting through three larval instars before
undergoing complete metamorphosis as a pupa and eventu-
ally eclosing into their adult form (Fig. 1).? Adult flies, like all
arthropods, have a stiff exoskeleton and so they can not grow.
Consequently, adult body size is entirely regulated by growth dur-
ing the premetamorphic larval stages. Further, in holometabolous
insects the adult organs are not visible until after metamorphosis.
Instead, they grow as imaginal discs within the developing larvae,
each disc corresponding to an adult structure (Fig. 1). During
metamorphosis these imaginal discs differentiate and evaginate
to form the adult organs. Just as adult body size is determined by
premetamorphic growth, so too is adult organ size determined by
growth of the imaginal discs during the larval stages.

The duration of each larval instar, and hence the duration of
larval growth, is regulated by the release of hormones that con-
trol molting: ecdysteroids, prothoracicotropic hormone (PTTH),
eclosion hormone (EH) and juvenile hormone (JH). The action
of these hormones has been best elucidated in large lepidopterans,
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Figure 1. The life cycle of Drosophila melanogaster. Larvae molt through
three larval instars before metamorphosing into their adult form.
Drosophila is a holometabolous insect and its adult organs develop as
imaginal discs within the larva. Inset shows approximate positions of
imaginal discs. Colors relate disc to corresponding adult organ.

like the tobacco hornworm (Manduca sexta)'? and the silk moth
(Bombyx mori),*> although the details are thought to be similar
in all holometabolous insects, including Drosophila. Molts are
initiated by the production of PTTH from neurosecretory glands
in the brain.® PTTH in turn stimulates the synthesis and release
of ecdysone from the prothoracic gland (PG).” It is the rise and
subsequent fall in ecdysteroids (the metabolic derivatives of ecdy-
sone) that initiates and coordinates the synthesis of new cuticle
with growth and development of internal organs, in preparation
for molting to the new instar.’ Molting itself is caused by EH,
which is produced by neurosecretory cells in the brain when
ecdysteroids titres fall to a low level.?

JH levels are maintained throughout larval development,
and its presence during the release of ecdysone ensures that
a larva molts to the next larval instar rather than undergoes
metamorphosis. During the final larval instar, however, JH lev-
els decline. In Manduca sexta, when the titre falls to essentially
undetectable levels, this de-represses the release of PTTH,"
which again stimulates the release of a small pulse of ecdysone
causing the larva to stop feeding and find a site for pupation.
This is followed by a more substantial release of ecdysone, ini-
tiating pupation itself, followed by an even greater release of
ecdysone that causes the imaginal discs to stop growing, dif-
ferentiate and evaginate (Fig. 2).

The release of ecdysone, JH, PTTH and EH regulates and
coordinates key developmental stages in holometabolous insects.
Importantly, final body and organ size is controlled by growth
within the periods delimitated by these hormonal cascades. Thus
the mechanisms that regulate the timing of hormone release
also regulate final body and organ size. Very little is known of
how the timing of larval-larval molts is regulated. Much more is
known, however, of the mechanisms that regulate the timing of
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metamorphosis, which defines the cessation of larva growth and
hence fixes maximum adult body and organ size.

Critical size and the timing of metamorphosis. In Drosophila,
the timing of metamorphosis is regulated by a larva reaching a
size checkpoint called critical size (or critical weight) in the final
larval instar. Attainment of critical size is associated with ini-
tiation of the hormonal cascade that ends in metamorphosis
(Fig. 2A(i)). There is, however, temporal separation between the
attainment of critical size and the elevation in the ecdysteroid
titer that causes the larva to stop feeding and ends body growth.
This delay provides a final period of growth for the larvae, called
the terminal growth period (TGP), during which Drosophila lar-
vae can more than triple their mass.'"'? Body size in Drosophila is
therefore regulated by the critical size, plus the amount of growth
achieved during the TGP.'>*55 Organ size is also regulated by the
size of the organs at critical size plus the amount of growth they
achieve during their TGPs. However, because the organs stop
growing after the beginning of pupation, the TGPs of the organs
are longer than the TGP of the body" (Fig. 2A(v and vi)).

The central role that critical size plays in regulating body and
organ size has lead to it being intensely studied by a number of
researchers. Critical size was first described in Drosophila by
Beadle et al. in the 1930s,'® but the link between attainment of a
critical size and the hormonal cascade that ends in metamorpho-
sis was elucidated in Manduca sexta>'>" In this species, attain-
ment of a particular body size is associated with a decline in the
JH titre, de-repressing the release of PTTH and ecdysone, and
initiating metamorphosis. Initially, critical size was seen as being
a readout of body size.” More recently, researchers have begun
to use Drosophila to explore the details of how critical size is
assessed.

In Drosophila, the attainment of critical size can be delayed
by limiting larval growth through malnutrition or starvation.
Insulin/insulin-like growth factor signaling (IIS) is the major
signaling pathway regulating growth with respect to nutrition,
not just in Drosophila but in all animals (see below). We have
shown that, like starvation, a reduction in insulin/insulin-like
growth factor signaling (IIS) early in development is sufficient to
delay the attainment of critical size."* Conversely, increasing IIS
by upregulating the production of Drosophila insulin-like pep-
tides (dILPs) from insulin-producing cells (IPCs) in the brain
causes precocious metamorphosis.” Critical size may therefore be
monitored by an organ or organs, the growth of which is in turn
regulated by IIS. One prediction of this hypothesis is that stimu-
lating I1S in this organ alone should accelerate the organ’s growth
and cause it to initiate metamorphosis prematurely. If the rest of
the body were growing at a normal rate, this would result in an
apparent decrease in critical size, reducing final adult size.

Mirth et al.?* and Caldwell et al.” independently found that
stimulating the IIS-pathway in the prothoracic gland accelerates
its growth, reduces critical size and causes precocious metamor-
phosis, resulting in smaller adults. On the other hand, suppress-
ing the IIS in the PG has the opposite effect, extending the
duration of growth and resulting in body and organ overgorwth.
These effects appear to be a consequence of altering the synthe-
sis of ecysteroids in the PG. Larvae with IIS upregulated in the
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PG show an increase in transcription
of ecdysone synthesizing genes and in
ecdysone-regulated genes.?** Further,
feeding 20-hydroxyecdysone to larvae
in which IIS in the PG is suppressed res-
cues the overgrowth phenotype.?? This
is consistent with the hypothesis that
it is reduced ecdysteroid synthesis that
retards metamorphosis in these larvae.
Collectively, these data suggest that crit-
ical size is controlled by IIS-regulated
growth of the PG, which synthesizes
ecdysone only when it reaches a particu-
lar size.

IIS is not, however, the only activa-
tor of ecdysteroidgenesis in the PG.
PTTH also stimulates the synthesis
of ecdysteroids, and ablation of the
PTTH-producing neurosecretory cells
in the Drosophila brain decreases ecdys-
teroid titers, delays metamorphosis and
increases final body size.”® In Manduca
sexta, PTTH appears to act through
phospho-ERK  to activate ecdysone
synthesis.* Phospho-ERK is also a tar-
get of the Ras-RafFMAPK pathway,
which suggests that PTTH may acti-
vate ecdysteroidgenesis via activation of
this pathway.” Indeed, Caldwell et al.
found that increasing Ras-RaffMAPK
signaling in the PG, like increasing IIS,
also results in precocious metamorpho-
sis and a reduction in final body size.”!
However, in this case the effects are
seen without changing growth of the
PG. Interestingly, PTTH transcription
in wild-type flies shows a cyclic profile
during the third larval instar,” which
suggests that PTTH imposes circadian
thythm on the release of ecdysone and
the timing of the resulting developmen-
tal events. In Drosophila this periodic-
ity in PTTH expression may account
for separate peaks in ecdysteroids that
occur at the attainment of critical size,
the cessation of feeding and the initia-
tion of pupariation.?

Critical size therefore appears to be
regulated by at least two mechanisms in
Drosophila: (1) IIS-regulated growth of
the PG and (2) stimulation of the PG by
PTTH."?" Both of these mechanisms
communicate different types of infor-
mation to the PG: the IIS communi-
cates size information while the PTTH
communicates temporal information.”
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Figure 2. The physiological regulation of body and organ size in Drosophila. (A) Larvae grow until
they reach a critical size at the beginning of the third larval instar (i), which initiates a hormonal cas-
cade that ultimately causes the release of ecdysteroids (ii). When the ecdysteroids rise above a cer-
tain level (iii) it causes the larvae to stop feeding and begin wandering (iv) stopping body growth.
Subsequent peaks in the ecdysteroid titre (v) cause pupation and the cessation of organ growth
(vi). (B) A reduction in nutrition slows growth and delays attainment of critical size, extending total
developmental time. Attainment of critical size initiates the same hormonal cascade that brings
about the cessation of body and imaginal disc growth. The temporal dynamics of this cascade are
unaffected by nutrition. Slow growth of the body and imaginal discs now reduces the amount of
growth they can achieve during their TGPs, reducing final body and organ size. Hormones other
than ecdsyteroids may be involved in the cessation of disc growth. L1-L3, first to third larval instar;
TGP, terminal growth period. Adapted from ref. 11.
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Figure 3. A model of critical size regulation in Drosophila. Critical size
is regulated by larval and imaginal signals. The larvae signals comprise
a (i) nutritional/size signal from the IPCs, and (ii) a temporal signal from
the PTTH-producing neurons. The imaginal signal (iii) is inhibitory and
may affect the action of dILPs or PTTH on the PG, or inhibit ecdys-
teroidgenesis directly. It is the balance of these signals that ultimately
regulates the release of ecdysteroids (iv).

Under this model, reduced nutrition slows I1S-regulated growth
of the PG. Metamorphosis is delayed because the periodic peaks
of PTTH are insufficient to initiate ecdysteroidgenesis without
the action of IIS. Only when the PG has grown to a particular
size, or ‘accumulated’ a particular level of IIS, is ecdysone syn-
thesis initiated and critical size attained. Similarly, ablation of
PTTH-producing cells may delay critical size until IIS in the PG
is sufficient to initiate the production of ecdysone alone, without
the action of PTTH.

Critical size and organ growth. While IIS-regulated growth
of the PG and periodic signaling via PTTH are both involved
in the attainment of critical size, we might also expect the ima-
ginal discs to be involved. After all, attainment of critical size
is not just fundamental to the cessation of growth of the body
as a whole, but also the organs within it. Indeed, earlier studies
in Drosophila have shown that damage to individual developing
imaginal discs causes a delay in metamorphosis.?** This is appar-
ently to allow repair of the damaged discs, with disc cells adjust-
ing their proliferation rates to regenerate to their normal size and

30,31

shape.?3! The extent of developmental retardation is affected not
only by the extent of tissue damage, but also when the damage
occurs.”” Damage before the beginning of the third-larval instar
retards metamorphosis, while the effect is reduced or eliminated
for older larvae.” These data hint that critical size may also be
regulated by the developing imaginal discs.

If imaginal discs were used in size assessment, then slow-
ing their growth alone should cause larvae to miscalculate their

body size resulting in an increase in critical size. To test this we
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measured critical size in flies in which the growth of the imagi-
nal discs was retarded while the growth of the body as a whole
was ostensibly unaffected.’? We used two methods to slow organ
growth without affecting body growth.

First, we slowed the growth of the imaginal discs using
X-rays. X-irradiation induces DNA damage, causing cell death
and reducing the subsequent rate of cell division. In holometab-
olous insects, only imaginal tissue grows through cell division.
Larval tissue, such as the PG, grow through endoreplication.
Consequently, X-rays only affect growth in the imaginal discs.

Second, we slowed growth of the wing imaginal discs alone
using targeted RNAI against ribosomal protein S3 (RpS3). RpS3
is a member of the Minute class of genes, which reduce the rate
of cell division and cause developmental delay but do not affect
final body and organ size. Due to the apparently cell-autono-
mous effects of Minute genes on cell proliferation, they have been
commonly used to explore growth regulation in the imaginal
discs.**?* For RpS3 at least, the severity of the Minute phenotype
depends on the extent to which a mutant allele decreases RpS3
mRNA abundance.”” Reducing RpS3 mRNA using RNAI in the
wings therefore produces larvae with slow-growing Minute wings
in an otherwise wild-type body.

In both experiments, damage to, or slow growth of, the ima-
ginal discs caused an increase in critical size and a delay in the
timing of metamorphosis. Thus we concluded that critical size
is regulated by a signal from the growing imaginal discs. Unlike
the signal from the PG, the imaginal signal is not contingent on
IIS-regulated growth, since altering IIS in the wing imaginal-
discs alone does not affect critical size. Further, unlike the signal
from the PTTH-producing cells, complete removal of the imagi-
nal signal (by removing all the imaginal tissue with high doses of
X-rays) neither increases critical size nor final body size.

Attainment of critical size appears, therefore, to be contingent
on two types of signals, one from the larval tissue and one from
the imaginal tissue (Fig. 3). The larval signal is a positive one and
not contingent on cell division. This signal likely involves IIS-
regulated growth of the PG and the periodic release of PTTH
from neurosecretory cells in the brain. In contrast the imaginal
signal is contingent on cell division, and may be initiated when
the imaginal discs reach a particular size or pattern. This sig-
nal cannot be a positive one, since critical size is unaffected by
complete removal of the discs. Rather, the discs may either stop
releasing an inhibitory signal, or stop attenuating a positive signal
when they reach a particular target size.

Where the imaginal signal impinges on the larval signal is
unclear. It is likely that the imaginal signal acts upstream of the
PG, since driving IIS in the PG initiates premature pupariation
in larvae with presumably underdeveloped organs. The imaginal
discs produce their own insulin-like peptides (dILPs) albeit at a
low level*® Thus slow growing imaginal discs may inhibit IIS-
growth of the PG by affecting circulatory dILP levels.” However,
ablation of the discs will also eliminate their dILP production,
inconsistent with the observation that disc-less larvae have the
same critical size as wild-type larvae, and reach it at the same
time. Alternatively, the imaginal discs may influence the release

of PTTH from the brain.
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Critical size and target organ size. The finding that organ
growth affects developmental timing suggests that the imaginal
discs “know” what size they are and communicate this to the
body as a whole. There are a couple of possible mechanisms by
which this could be achieved.

One possibility is that the imaginal discs have a ‘target state’
which they must achieve before they de-inhibit the critical-size
signal from the larval tissue (Fig. 3). This target state may repre-
sent a particular organ size or tissue pattern.®® There is consider-
able evidence that imaginal discs do have a target size, at least
as far as final disc size is concerned. When imaginal discs are
excised and cultured in a growth-permissive environment they
autonomously stop cell division at approximately the same size as
that of non-excised discs at metamorphosis.®” A series of elegant
experiments by Martin and Morata®* demonstrated that when
growth is retarded in the anterior part of the wing imaginal disc
relative to the posterior part, the fast-growing posterior compart-
ment slows then stops cell proliferation autonomously and allows
the slow-growing compartment to catch up. By pupariation, both
compartments are the correct size, and the wing disc is its ‘nor-
mal’ shape. Thus wing imaginal discs appear to sense how big
they need to be at pupariation and do not grow past this size.
Interestingly, mammalian organs also appear to have a target
size. Infant rat hearts and kidneys transplanted into adult rats
continue to grow at the same rate and to the same size as hearts
and kidneys in situ in infant rats. !

While there is good evidence that imaginal discs have a target
final size, there is no comparable evidence that have a target state
for critical size, which occurs well before the imaginal discs have
stopped growing. Further, damage to the discs after attainment
of critical size does not delay metamorphosis,”” indicating that
attainment of target final size does not regulate the physiological
mechanisms that control pupation.

An alternative hypothesis is that slowing the growth of imagi-
nal discs, either using X-rays, or through the expression of RpS3.
RNAi, causes damage to the disc, and that while a disc “per-
ceives” itself as damaged it inhibits the attainment of critical size.
Under this hypothesis, it is the maintenance of an abnormal state
that retards development, rather than a delay in achievement of
a target state. An abnormal state may be sensed through elevated
levels of cell death or through disruption in the sequence of mor-
phogen expression that patterns the developing imaginal disc.

Whatever method the discs use to communicate their devel-
opmental delay to the mechanisms that regulate critical size, they
must also communicate their retarded state to the other discs in
the body. This is because, despite the extended developmental
period available to these other discs, they do not overgrow. These
other organs may autonomously stop development at their tar-
get final size to prevent overgrowth. Alternatively, the growth of
these other discs may be slowed, so that growth among discs is
coordinated throughout development.

Coordinating the cessation of growth among organs.
Collectively, current data paint an increasingly complex picture
of the physiological mechanisms that regulate the cessation
of body and organ growth in Drosophila. On the one hand,
the cessation of growth in the imaginal discs is regulated by
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circulating hormones that coordinate differentiation across the
whole organism.> At the same time, however, discs also have
an autonomous sense of how big they need to be, and do not
overgrow even when provided with a growth-permissive envi-
ronment.”® This apparent paradox is somewhat resolved by
evidence that imaginal discs are able to influence the extrinsic
hormonal mechanisms that regulate organismal growth. This
requires a shift in how we view the physiological mechanisms
that regulate and coordinate growth. There has been a tendency
to view these physiological mechanisms as unidirectional hor-
monal cascades, with hormone release from “regulatory centers”
such as the PG and brain regulating the duration (and rate)
of organ growth. However, such uni-directionality means that
coordinated growth can easily be disrupted through perturba-
tion in the development of individual organs. The robustness of
animal development has long been recognized, and is implicit to
the regulatory feedback seen in developmental gene networks.
The data described above indicate that these feedback mecha-
nisms extend to developmental physiological pathways, such
that organ growth regulates hormone release and vice versa.
The physiological control of growth duration is therefore less of
a hormone cascade and more of a hormone network.

Plasticity

Body and organ size in flies is affected by nutrition, temperature,
the density of animals in their environment, oxygen levels, and
genotype. With the exception of genotype, these are all examples
of phenotypic plasticity, where variation is a consequence of vari-
ation in environmental factors.

Nutrition and size. In all animals, variation in develop-
mental nutrition causes variation in final body and organ size.
In Drosophila, the growth response to nutrition is mediated
through at least two inter-connected hormonal systems. The first
is through the release of dILPs from the IPCs in the brain.?*** The
second is through the release of adipokinetic hormone (AKH)
from the corpora cardiaca cells in the Drosophila ring gland.**

The Drosophila genome encodes seven insulin-like peptides:
dILPs 3 and 5 are produced by the IPCs in the brain, dILP 2 by
the IPCs and the imaginal discs, dILPs 4 and 6 are expressed in
the gut, dILP 7 is expressed in the ventral nerve cord, and dILP
1 has apparently no detectable expression.’® In Drosophila the
expression of only two of the three neurosecretory dILPs (dILPS
3 and 5) has been shown to be nutritionally regulated.” How the
neurosecretory cells respond to nutrient availability is unclear,
but the response appears to involve regulation by the Drosophila
short neuropeptide F (sNPF).% In mammals, the expression of
the homolog of sSNPF (mammalian neuropeptide Y) is down-
regulated by starvation.”” Thus dietary restriction in Drosophila
may lower the level of circulating dILPs by reducing the expres-
sion of sSNPFs.

Dietary restriction also induces the release of AKH.* AKH
regulates haemolymph sugar homeostasis and larval lipolysis and
so may influence organ growth directly by affecting the level of
circulating nutrients available to dividing cells. There is also some
evidence that AKH inhibits the release of dILPs from the IPC:
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Figure 4. The IS and TOR-signaling pathway in Drosophila. The IIS
pathway is shown in cyan, the TOR-signaling pathway is shown in ma-
genta, and the AMPK signaling pathway is shown in green. Variation in
nutrition influences the release of dILPs, possibly by the action of sNPFs
and AKH. dILPs bind to Inr which initiates a signal transduction cascade
involving the phosphorylation of multiple intermediate proteins.
Downstream growth affectors include dFOXO, which is deactivated

by IIS via phosphorylation by AKT, and S6K, which is activated by IIS

via PDK1. S6K is also a target of TOR, which also restricts the effects of
dFOXO by inhibiting one of dFOXO'’s transcriptional targets, 4EBP. TOR is
also regulated indirectly by IIS via the action of AKT on TSC1/2. TOR also
responds to amino acids, by an unkown mehchanism, and glucose, via
the AMPK pathway. Both FOXO and TOR regulate the activity of multiple
growth inhibitors and promoters, respectively. Data from references 37,
43 and 50. Dotted lines are putative relationships.

dILP production is negatively regulated by the protein kinase A
pathway,”” which is itself positively regulated by AKH.*

It is the IIS system that regulates cell growth and division in
response to both dILPs and circulating nutrients. The IIS system
comprise three pathways (Fig. 4): (1) the IIS pathway; (2) the
Target of Ramapmycin (TOR) signaling pathway, and; (3) the
AMP-dependent kinase (AMPK) pathway. These pathways are
extremely conserved among all animals, and are essentially iden-
tical in Drosophila and vertebrates. However, in Drosophila the
metabolic and mitogenic roles of IIS, which in vertebrates is sepa-
rated into insulin-signaling and insulin-like growth-factor signal-
ing respectively, are combined into a single pathway with a single
insulin-receptor (Inr)."®**** Manipulation of different components
of the IIS system have profound effects on body and organ size in
Drosophila. A reduction in dILP production through ablation of the
IPCs causes a reduction in body and organ size,*® while increasing
the expression of dILPs in the IPCs causes an increase in body and
organ size.””* Similarly, hypomorphic mutations of /7, its substrate
chico, TOR and other positively nutritionally-regulated components
of the IIS system also decrease body and organ size, while increas-
ing the expression (and presumably activity) of these components
has the reverse effect.’*>'** Importantly, these size effects are also
seen organ autonomously. For example, it is possible to upregulate

www.landesbioscience.com

Inr expression in the developing eyes alone, using the GAL4-UAS
method,” resulting in an increase in relative and absolute eye size.*®

Nutrition influences signaling through the IIS system indi-
rectly, by dILP binding to InR, and directly, through the cell
autonomous response of TOR to cellular levels of amino acids
and glucose, the latter via the AMPK pathway. There is also con-
siderable crosstalk among the components of the IIS system (Fig.
4). For example, AKT, which is part of the IIS pathway, regu-
lates the import of glucose into the cell,’® which in turn regu-
lates TOR via AMPK.”” AKT also negatively regulates TSC1 and
2,755 which are negative regulators of TOR.®® The system also
contains several negative feedback loops. For example FOXO,
a transcription factor whose activity is negatively regulated by
AKT,*662 regulates transcription of /n7,% while S6K, a target of
TOR,* negatively regulates expression of the Inr substrate /RS/
chico, in mammals and likely Drosophila.® These negative feed-
back loops probably serve as a homeostatic mechanism, dampen-
ing the cells response to changes in dILPs and nutrition when
signaling is either very low or very high. Collectively, the compo-
nents of the IIS system serve to regulate growth rate by affecting
translational initiation (via 4EBP and S6K), ribosome biogenesis
(via TIF-IA), transcription, autophagy and endocytosis, as well as
the transcription of other growth suppressors and stress response
proteins (via FOXO).¢¢7

Coordinating nutritional-regulated growth across the body.
The IIS system ultimately regulates the rate of cell growth and
proliferation in growing organs. However, to understand how
nutritional changes in growth rate affect final size we must fit chis
within the context of Drosophila developmental physiology (Fig.
1). As discussed above, final body and organ size in Drosophila
is controlled by the size of the body and imaginal discs at attain-
ment of critical size, plus the amount of growth achieved dur-
ing their subsequent TGDPs, which is in turn determined by the
duration of the TGP and the rate of growth during the TGP.
Since the IIS primarily regulates growth rate, changes in nutri-
tion and IIS should only affect final body and organ size during
the body and organs” TGDPs. This is indeed the case: early studies
in Drosophila found that final body size is only reduced in flies
that are transiently starved after, but not before, critical size.'®
Further, we have shown that changes in signaling through the IIS
system only affect final body and organ size during their TGPs.'®
Thus TGPs represent insulin-sensitive periods, during which
changes in IIS affect final size through their effect on growth rate
(Fig. 1B). This does not mean that changes in nutrition and IIS
have no effect before attainment of critical size: as noted above,
reduced nutrition and IIS early in development slows growth to,
and delays attainment of, critical size and retards development.’®

Because all growing organs are exposed to the same level
of circulating dILPs and nutrients, the IIS system coordinates
growth rate and hence final size across the organism as a whole.
Thus a reduction in developmental nutrition causes a sys-
temic reduction in IIS signaling, slowing growth of the body
and the organs within it and resulting in a global reduction in
size. However, not all organs share the same growth response
to changes in nutrition. Some organs, for example the mam-
68-70 do not

malian brain or the male genitalia of Drosophila,”
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become substantially smaller in response to dietary restriction,
that is they are nutritionally insensitive. This nutritional insen-
sitivity may be viewed as a mechanism to protect the growth of
key organs from dietary stress. In Drosophila, the nutritional
insensitivity of the male genitalia reflects their reduced insulin-
sensitivity: changes in IIS have much less of an effect on final
genital size than on the size of other organs.” This is due to the
limited effect that a reduction in IIS has on the rate of cell pro-
liferation in the developing genital imaginal disc (Shingleton
AW, unpublished data, 2009). The genetic basis for the regula-
tion of insulin-sensitivity is, however, unknown. Nevertheless,
due to the evolutionary conservation of the IIS pathway and its
importance in regulating body and organ size, it is possible that
these mechanisms are generally utilized to regulate the sensitiv-
ity of animal organs to changes in nutrition.

The differential sensitivity of organ growth to changes
in developmental nutrition and IIS is central to ensuring that
correct scaling is maintained across a range of body sizes. In
humans, smaller individuals have proportionally (but not abso-
lutely) larger brains,”* and this is in part a consequence of the fact
that the brain is less nutritionally sensitive than other organs in
the body. Similarly, in Drosophila, male genitalia size is approxi-
mately constant across a range of body sizes,” again because of
their relative nutritional- and insulin-sensitivity. More generally,
theoretical studies reveal that it is the relationship between an
organ’s insulin-sensitivity and the duration of its insulin-sensi-
tive period (TGP) that influences the extent to which changes in
nutrition affect final organ size."! This in turn affects how final
organ size scales with final body size when both respond to varia-
tion in developmental nutrition.

Oxygen and size. Body and organ size vary in response to
changes in oxygen concentration, with hypoxia reducing size. As
with nutrition, changes in oxygen concentration only affect final
body size late in development, although it is unclear whether this
switch also occurs at critical size.”? Interestingly, hypoxia contin-
ues to affect adult body size throughout pupation, and only stops
having an effect once an adult has eclosed.”” This suggests that
final body size is not necessarily a direct read-out of larval size at
the cessation of feeding and that flies do not use all their stored
nutrients during metamorphosis.

Considerable research has been directed at the molecular and
physiological response to hypoxia in mammals, although only
recently has this been extended to Drosophila.” In mammals, the
transcriptional response to hypoxia is mediated by the hypoxia-
inducible factors and (HIF1" and HIFI).”” The Drosophila
homologues of these factors are Similar (Sima) and Tango (Tgo)
respectively.”®
and causes an autonomous reduction in cell size.”” This appears

Overexpression of Sima protein genocopies hypoxia

to act in part through the IIS system: hypoxia has been shown
to reduce TOR-pathway activity through the transcription of
Scylla by HIF, which in turn activates TSC1/2, a suppressor of
TOR signaling.”® Interestingly, HIF1/Sima is also activated by
PI3K-AKT,”® which imposes another negative-feedback loop in
the IIS system. In mammals, HIF1 activates FOXO3a,” and the
same may be true for dFOXO in Drosophila. Thus the mecha-
nisms that regulate body and organ size in response to oxygen
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concentration appear to converge on the mechanisms that regu-
late size in response to nutrition.

Temperature and size. Variation in developmental tem-
perature also affects body and organ size in Drosophila, with a
decrease in size in flies reared at higher temperatures.”" As with
nutrition the effects of temperature on final body and organ size
vary during development.®® Temperature shifts affect final body
size when applied before the middle of the third larval instar,
but continue to affect final wing size almost until adult eclosion.
Changes in wing size are largely through changes in cell area,
although temperature also affects wing cell number before the
beginning of pupariation, presumably when the wing imaginal
cells are still undergoing cell division. The mechanisms by which
temperature affects body and organ size are unknown, although
in most ectothermic animals growth rate is extremely susceptible
to changes in temperature. Canonically, this is thought to be a
consequence of biochemical kinetics.®! Davidowitz and Nijhout®
have shown that in Manduca sexta the positive effect of increased
rearing temperature on growth rate is insufficient to compensate
for the dramatic shortening of the body’s TGP at higher tempera-
tures, resulting in an overall decrease in body size. Thus the effect
of temperature on body size may be a consequence of the effects
of temperature on the rate of cell division and on the hormonal
cascade that defines the TGP. Nevertheless, there must be addi-
tional mechanisms by which temperature affects final organ size,
for two reasons. First, temperature affects Drosophila wing size
after the cessation of cell division, by effecting cell size.®° Second,
different organs show different sensitivities to changes in temper-
ature.”! For example, the size of the male genitalia in Drosophila
is relatively insensitive to changes in temperature compared to
other organs. Since the TGP of the genital imaginal discs is regu-
lated by the same hormonal events that regulate the TGP of other
discs, either the rate of genital cell division is thermally insensi-
tive, or genital cell size is not affected by temperature. Whatever
the reason, Drosophila appear to be able to regulate the thermal
response of individual tissues in their bodies. Elucidating the
molecular mechanisms by which this regulation is achieved is an
exciting area of future research.

Pattern

Perhaps one of the most remarkable, and overlooked, aspects of
size regulation is how body and organ shape is maintained across
a range of sizes. In humans, people with smaller hands do not
have fewer fingers and toes. Hand shape is approximately con-
stant irrespective of hand size. Similarly, in Drosophila the pat-
tern of veins in the wing is more or less the same in small and
large wings. Conceptually, organ size and shape are inter-related
phenomena. Changes in organ shape reflects a change in the rela-
tive size of structures or dimensions in the organ, just as changes
in body shape reflect a change in the relative size of organs within
the body. Consequently, the mechanisms that regulate organ
shape also have the capacity to regulate organ size.*

Organ shape in Drosophila and all animals is regulated by
patterning genes: genes that regulate the ordered spatial arrange-
ment of differentiated tissues.” Patterning genes include short
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Figure 5. The autonomous regulation of organ size. (A) Day and Law-
rence Model.”’ The expression of a morphogen (e.g., Dpp) along the axis
of an organ (e.g., the wing) establishes a morphogen gradient perpen-
dicular to the axis (left). Growth stops when the morphogen gradient
becomes sufficiently flat (right). (B) Shraiman model.'°*'% A growth
factor at the center of an organ promotes growth. Growth at the center
stops when the positive effects of the growth factors are matched by
the negative effects of compression (gray arrows), and at the periphery
when the tissue grows beyond the range of the growth factor.

(C) Aegerter-Wilmsen Model:'” A growth factor at the center of the
organ promotes growth, which causes stretch at the periphery (black
arrows), which in turn promotes growth at the periphery. Peripheral
growth does not completely remove stretch, causing compression at
the center of the organ. Growth stops when compression at the center
overcomes the effects of the growth factor, eliminating additional
stretch at the periphery (gray arrows) and stopping growth there also.
Magenta area indicates morphogen. Adapted from ref. 92.

range paracrine signals (morphogens), and the signaling pathways
that produce and respond to them. The signaling pathways that
regulate pattern in the developing imaginal discs of Drosophila
have been extensively studied and are well understood.** These
pathways define compartments within the disc, with all the cells
within a compartment sharing a distinct cell lineage and affin-
ity. For example, the wing imaginal discs is divided into dorsal
and ventral compartments, and anterior and posterior compart-
ments. In both cases, there is a stripe of cells at the compartment
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boundaries that secrete a morphogen: Decepentaplagic (Dpp)
secreted by cells at the anterior-posterior (A-P) boundary® and
Wingless (Wg) secreted by the cells at the dorsal-ventral (D-V)
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boundary.*® These morphogens diffuse from the site of their pro-
duction and produce a morphogen gradient that defines the area
that will become the wing blade. Crucially, these morphogens
also regulate cell proliferation.

The importance of morphogen gradients in regulating organ
size has recently been demonstrated in experiments that modify
the diffusion of Dpp in the developing wing and haltere. Unlike
almost all other insects, flies only have one pair of wings, the
second pair of wings having been modified into small clublike
balancing appendages, called halteres. Halteres are much smaller
than wings, containing ~fivefold fewer cells,*” and are defined
during development by expression of the Hox gene Ultrabithorax
(Ubx) in all of the cells of their imaginal disc.®® In contrast, there
is no Ubx expression in the wing imaginal disc. Loss of Ubx
expression in the haltere transforms the latter into a second pair
of wings, producing the now famous four-winged bithorax fly
created by Ed Lewis.% Ubx restricts the growth of the haltere by
downregulating transcription of Dpp and limiting its mobility
by upregulating expression of the Dpp receptor, thickvein (thv).°
Dpp-signaling regulates cell growth and cell cycle progression.
Consequently limiting the diffusion of Dpp by Ubx limits its
mitogenic effects and reduces haltere size.

These and similar experiments (reviewed in ref. 91) have
lead to the hypothesis that wing dimension is regulated by
morphogen gradients, and that target final disc size is achieved
when the discs have attained a particular pattern of morphogen
expression or distribution. Nevertheless, the precise mechanism
by which the morphogen gradient regulates disc size is still a
matter of much discussion.”” One hypothesis proposed by Day
and Lawrence,” is that as the disc grows the morphogen gradi-
ent becomes flatter, with cells ceasing proliferation when the
organ reaches a particular size and the gradient becomes suf-
ficiently flat (Fig. 5A).

There is some evidence that cells are able to detect and show
a proliferation response to a gradient of Dpp.”” This response
appears to be mediated by the Fat/Hippo signaling pathway, a
recent addition to the signaling pathways involved in size regula-
tion.”*” Fatencodes an atypical cadherin that acts as a transmem-
brane receptor for the signaling pathway. Fat ultimately regulates
growth by activating Warts, which is a negative regulator of the
growth-promoting transcription factor Yorkie (Yk) (Fig. 6).
Fat does this either by (1) interacting with the adapter protein
Expanded, an upstream regulator of Hippo, which is in turn a
positive regulator of Warts, or; (2) by inhibiting Dachs, a nega-
tive regulator of Warts.”® The ligand of Fat is Dachsous (Ds).””
Interestingly, Ds is expressed as a gradient in the wing imaginal
disc, while uniform expression of Ds inhibits cell proliferation.’®
This suggests that it is difference in Ds levels between adjacent
cells that inactivates Fat to promote growth. Further, this discon-
tinuity is evident as polarized localization of Ds within cells along
the A-P axis of the wing disc. This polarization is regulated by
Dpp signaling.” Thus a steep Dpp gradient may promote growth
by maintaining the discontinuity of Ds levels.”” As the disc grows
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Figure 6. A model of the Fat/Hippo regulation of growth. Dpp

Fat{Dachsous|<----- [Decapentaplagic]

signaling may affect signaling through the pathway via its
effects on Dachsous and Fat. Wingless signaling may affect the
activity of Yorkie through Vestigial’s interaction with Scal-
loped, a Yorkie co-factor. How Vestigial affects the interaction
between Yorkie and Scalloped is, however, unclear. Mechani-

- A-P Patterning
Eganded],

cal forces may affect the activity of Hippo through their effect
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on Merlin and Expanded. Solid lines indicate protein-protein
binding, solid arrows indicate biochemical interactions, dot-
ted arrows indicate genetic interactions, gray arrow indicates
hypothetical interaction. Data from references 96, 99 and 103.
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and the gradient flattens, polarized localization of Ds may be lost,
activating Fat and causing the cessation of growth. However, the
regulatory details of the Fat/Hippo signaling pathway have yet
to be fully elucidated, so this mechanism remains hypothetical.
Further, studies in the developing Drosophila wing show that
morphogen gradients do not flatten with increasing disc size,'*
while homogenous expression of Dpp across the disc does not
halt cell division, as the model predicts.”"

Nevertheless, the Fat/Hippo signaling pathway does appear
to be an important component of the mechanism linking pat-
terning genes with growth regulators. For example, Yorkie also
interacts with the protein Scalloped (Sd), which is a downstream
effector of the wingless signaling pathway and helps organize
the D-V axis of the Drosophila wing.'®> Sd forms a complex
with Vestigal (Vg), and early evidence suggests that Yorkie
works with the Sd-Vg complex to promote wing-tissue forma-
tion.'” Thus Yorkie may lie at the nexus of signaling pathways
that regulate the growth of the A-P and D-V compartments.

There are also links between patterning signaling pathways
and the IIS system. First, the mammalian homolog of Hippo,
mammalian sterile twenty kinase 1 (MST1), can activate FOXO
transcription factors.!” Second, there are cross-regulatory inter-
actions between the wingless-signaling pathway and the IIS sys-
tem at the level of Shaggy (Sgg), the Drosophila equivalent of
glycogen synthase kinase 3,'” and at 3-Catenin, an effector at
wingless signaling.'® Finally, proliferation induced by activation
of the Dpp signaling pathway is contingent on IIS.*> While it
must be true that the mechanisms that regulate organ-size plas-
ticity interact at some level with those that regulate organ pat
tern, we are only starting to elucidate how these interactions are
mediated at a molecular level.

Physical Force

Recently a third class of factors that regulate organ size in
Drosophila has been proposed: physical forces. Several authors,
dissatisfied with models of organ growth that utilize morphogen
gradients, have argued that the effect of compression and ten-
sion on cells within growing imaginal discs regulate their prolif-
eration.!?®1971% Ag an organ grows, cells located in its center will
push against surrounding cells as a consequence of cell growth
and division. In principle, these surrounding cells can inhibit
cell growth and division as they push back against the cells at
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the center—think of a melon growing in a rigid box being con-
strained and shaped by the walls of that box. Thus cells may be
negative regulators of tissue growth through mechanical com-
pression. This model assumes that imaginal disc cells are not free
to move around the disc, and that the disc acts as an elastic solid
rather than a liquid. This is in contrast to models that explain the
liquid-like tissue-spreading and cell segregation phenomenon in
mammalian embryos.'”

Two related but independently produced models of the effect
of physical force on disc growth have been proposed. The first,
by Shraiman,'%®

becomes compressed, inhibiting growth. When combined with
100

suggests that as an organ grows its central region
a morphogen gradient,'® organ growth stops when the positive
growth-effects of the morphogen at the center of the organ are
countered by the negative growth-effects of compression. At
the same time, cells at the periphery of the organ stop division
because they have grown beyond the edges of the morphogen
gradient (Fig. 5B). This model is based on the observation that
the Dpp mrophogen gradient does not change with an increase
in disc size'™ (reviewed in ref. 110). The model predicts that an
increase in the range of the Dpp gradient will increase the size of
the disc, which is indeed the case. As discussed above, altering
the mobility of Dpp by changing the expression of kv affects
wing and haltere size,”® as does altering its mobility by changing
the expression of the components of the proteoglycan matrix on
the disc surface."! Further, the model can also accommodate the
growth effects of homogenous expression of Dpp across the wing
blade.**

The second model, proposed by Aegeter-Wilmsen et al.'?’
also argues that growth at the center of an organ is promoted
by morphogens and inhibited by compression. However, in this
model growth at the periphery of the organ is not dependent
on exposure to the edges of a morphogen gradient. Rather it is
induced by stretch, imposed on the cells by growth at the center
of the organ. Cell proliferation at the center stops when compres-
sion overcomes the growth effects of morphogens. This in turn
reduces the stretch at the organ periphery, stopping growth there
as well (Fig. 5C).

These models of a target disc size regulated by mechanical
feedback are purely theoretical. They have yet to be tested empir-
ically in vivo. Nevertheless there is ample evidence that mechani-
cal force can affect cell division in vitro, in mammalian systems.
For example, mechanical stretch has been shown to stimulate
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lung and skin cell proliferation, while shear stress has been

shown to regulate antiapoptosis, cell cycle arrest and morphologi-

14 and human

cal remodeling in bovine vascular endothelial cells
colon cancer cells.'® An essential component of the models is that
cells adhere tightly to each other and that cellular mixing is lim-
ited. For cells adhering to an extracellular matrix or to each other,
cellular force is transmitted through sites of adhesion.""® Adhesion
is achieved through transmembrane cell adhesion proteins, for
example cadherins and integrins. The extracellular domains of
these proteins bind to ligands either on the surface of neighbor-
ing cells or in the extracellular matrix, while the intracellular
domains bind to the cell’s cytoskeleton. It is therefore possible to
alter the forces experienced by a cell by altering the expression or
activity of these adhesion proteins.!”

Importantly, cell adhesion proteins play not only a structural
role but also a signaling role. There is a direct link between the
binding of adhesion proteins and regulators of cell proliferation.
For example, cadherin molecules bind to cadherins on adjacent
cells, a process that also requires their binding to 3-Catenin at
their intracellular domain. B-Catenin, however, is also a key
component of the wingless-signaling pathway."'® Thus binding
of B-Catenins to cadherins sequesters the former from its role as
a positive regulator of cell division through wingless signaling,
potentially reducing growth. Intriguingly, work on Drosophila
has shown that mechanical compression of the embryo affects the
expression of twist, a gene involved in dorsal-ventral patterning,
and that changes in twist expression are dependent on B-catenin
activity in the nucleus.">"? B-catenin may therefore be an impor-
tant component of the mechanisms integrating mechanical force
with gene expression.

There is also increasing evidence that the Fat/Hippos signal-
ing pathway is involved in the contact-regulation of cell prolif-
eration. Two cytoskeleton proteins, Merlin and Expanded, are
involved in cell adhesion and structure and also control the acti-
vation of Hippo (Fig. 6). Merlin has been reported as binding to
a number of factors, including 3-Catenin, cytoskeletal actin, and
phophatidylinositol (4,5)-bisphosphate (PIP,), the latter being a
component of the IIS pathway.'?*'*! Further, mammalian cells
lacking Merlin are resistant to contact inhibition of proliferation
when grown in culture.'”? Thus the Fat/Hippo signaling path-
ways may be important in transmitting physical forces experi-
enced by cells through cell-cell interactions to the mechanisms
that regulate cell growth and proliferation.

Conclusion: Integrating Regulators of Size

Final organ size is controlled by a combination of mechanisms:
those involved in regulating physiology, plasticity, pattern and the
response to physical force. Extensive research in Drosophila has
led to the identification of key signaling pathways that transmit
information about developmental time, environmental condi-
tions, morphogen gradients and physical forces to growth regula-
tors. However, it is very unclear how the mechanisms by which
these different pieces of information are integrated to generate a
functioning adult organ of a particular size. On the one hand,
final organ size is regulated by the distribution of morphogens
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and/or physical forces across the developing organ, which is sup-
ported by evidence that organs have an autonomous target size.
On the other hand, final organ size is plastic and depends on
nutritional, thermal and oxic conditions. Thus, if organs do have
a target size, this must be regulated by environmental factors.
Consequently, there should be considerable crosstalk between the
different growth regulatory pathways. At the same time, all of
these processes must fit within the hormonal milieu that regu-
lates the duration of organ growth.

In pulling together the different strands of size regulation, it is
clear that a complete understanding of the mechanisms that reg-
ulate organ and body size, and the relationship between the two,
will only come with an integrative approach. Future research must
be directed at a deeper understanding of how different regulators
of size interact. The probable result is that we will not see organ
size regulation as a consequence of signaling through discrete
pathways, but rather through regulatory networks. This is not
surprising: organ size and shape is a complex phenotype and is
likely controlled by an equally complex regulatory mechanism.

Regardless of the complexity of the task, there are some
areas of size regulation that should be targeted for immediate
research.

* The environmental regulation of patterning genes.
Despite varying by as much as 50% in size, the wings of mal-
nourished and well-fed flies are essentially the same shape. The
same is true for other organs. How pattern is maintained across
a range of organ sizes is an unknown and understudied phe-
nomenon, but an essential component of size regulation. Simply
looking at the expression of patterning gene in different environ-
mental contexts would be enormously useful. How does the Dpp
morphogen gradient differ in wings from small and large flies?
How does patterning gene expression changes with changes in
nutrition and temperature? More generally, how are autonomous
regulators of organ growth integrated with non-autonomous reg-
ulators of organ growth?

* The mechanical regulation of organ growth. Several
authors have recently proposed models of organ size regulation
that incorporate physical forces. These models remain purely
theoretical. There has been some progress in elucidating the role
that tissue deformation plays in regulating gene expression in
Drosophila embryos. These studies should be extended to look
at tissue deformation and gene expression in the imaginal discs.
How does stretch affect cell division in imaginal discs in vitro?
By which pathways is mechanical information transmitted to
more proximate regulators of cell growth and division?

* The hormonal mechanisms by which organs communi-
cate their growth to the body as a whole. There is considerable
evidence that slow growing or damaged organs communicate
their condition to other tissues around the body. How this is
achieved is unknown, but may represent a novel size regulator
mechanism. What aspects of organ growth must be disrupted
in order for them to recognize themselves as damaged? What
hormones do imaginal discs release that may communicate this
information?

* The developmental regulation of scaling relationships.
A truism of animal growth is that larger adults have larger body
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parts, creating tightly correlated scaling relationships between
final body size and organ size. Our theoretical work has indicated
that nutrition-dependent IIS-regulated growth during the body
and organs’ TGPs is sufficient to create such scaling relation-
ships. Importantly, the different sensitivities of different organs
to changes in circulating dILPs and nutrients is central to their

organisms.

maintaining correct scaling. How do organs regulate their spe-

cific response to changes in developmental nutrition? Are these

mechanisms more generally utilized to regulate the extent of an
organ’s size response to environmental plasticity?
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