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INTRODUCTION
Despite considerable research in the area, the issue of how organ
size is regulated remains unanswered. A commonly used model
system to study this is the wing imaginal disc of Drosophila. This
is a larval structure that develops into the adult wing during
metamorphosis. The size of the wing imaginal disc largely
predetermines the size of the final wing (Day and Lawrence, 2000).
Disc size appears to be regulated autonomously, as transplants into
the female abdomen stop growing when they reach their normal
final size (Bryant and Levinson, 1985; Jursnich et al., 1990).

Size regulation is tightly coupled to pattern formation, as major
patterning genes are also involved in growth regulation. The most
important patterning genes in the wing primordium encode the
morphogens Decapentaplegic (Dpp) and Wingless (Wg) (Fig. 1B).
Dpp forms a gradient with highest concentrations along the
anteroposterior compartment boundary and lowest concentrations
in the lateral regions (Basler and Struhl, 1994; Entchev et al., 2000;
Posakony et al., 1990; Tabata and Kornberg, 1994; Teleman and
Cohen, 2000), whereas Wg forms a gradient perpendicular to the
Dpp gradient with the highest concentrations at the dorsoventral
compartment boundary (Neumann and Cohen, 1997; Strigini and
Cohen, 2000; Zecca et al., 1996) (Fig. 1B). Removing either of
these morphogens leads to a severe reduction of wing disc growth
(Couso et al., 1994; Neumann and Cohen, 1996a; Ng et al., 1996;
Spencer et al., 1982). Notch (N) and Vestigial (Vg) are two other
proteins that are involved in both patterning and growth. N is

activated at the dorsoventral boundary, where it has been shown to
induce growth directly (Baonza and Garcia-Bellido, 2000; Go et
al., 1998). Moreover, it promotes growth indirectly by inducing wg
and vg expression (Couso et al., 1995; Diaz-Benjumea and Cohen,
1995; Kim et al., 1995; Klein and Arias, 1998; Rulifson and Blair,
1995). vg is regulated by two enhancers, the boundary enhancer
(BE) and the quadrant enhancer (QE). BE is induced by N activity,
whereas QE is (indirectly) inhibited by the N and induced by the
Dpp and Wg signaling pathways (Certel et al., 2000; Kim et al.,
1996; Neumann and Cohen, 1996b; Williams et al., 1994; Zecca
and Struhl, 2007b) (Fig. 1A). Vg is crucial for the establishment of
wing identity and vg-null mutants show severely reduced wing disc
growth and do not form an adult wing blade (Williams et al., 1991).

Even though it is well established that patterning genes play an
important role in growth regulation, it is not known how this is
achieved and how growth termination is regulated. Several
mechanisms have been proposed in this context.

It has been proposed that a sufficiently steep morphogen
concentration gradient induces growth (Bohn, 1976; French et al.,
1976). For the wing disc, it has been proposed that the Dpp gradient
plays such a role (Day and Lawrence, 2000; Rogulja and Irvine,
2005), and is involved in size regulation (Day and Lawrence, 2000).
In the most basic model, it is assumed that the Dpp concentrations
are fixed at the anteroposterior boundary and at the most lateral edge
of the disc. During growth, the Dpp concentration gradient decreases.
Growth stops once the magnitude of the gradient drops below a
specific threshold value (Day and Lawrence, 2000). On a molecular
level, there is evidence suggesting that the Dpp gradient is converted
into opposing gradients of Four-jointed (Fj) and Dachsous (Ds)
(Rogulja et al., 2008). Concentration differences of Fj and Ds have,
in turn, been shown to control the growth regulating hippo pathway
by changing the intracellular localization of the atypical myosin
Dachs (D). This then leads to activation of the protein Yorkie (Yki),
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SUMMARY
The regulation of organ size constitutes a major unsolved question in developmental biology. The wing imaginal disc of Drosophila
serves as a widely used model system to study this question. Several mechanisms have been proposed to have an impact on final
size, but they are either contradicted by experimental data or they cannot explain a number of key experimental observations and
may thus be missing crucial elements. We have modeled a regulatory network that integrates the experimentally confirmed
molecular interactions underlying other available models. Furthermore, the network includes hypothetical interactions between
mechanical forces and specific growth regulators, leading to a size regulation mechanism that conceptually combines elements of
existing models, and can be understood in terms of a compression gradient model. According to this model, compression increases
in the center of the disc during growth. Growth stops once compression levels in the disc center reach a certain threshold and the
compression gradient drops below a certain level in the rest of the disc. Our model can account for growth termination as well as
for the paradoxical observation that growth occurs uniformly in the presence of a growth factor gradient and non-uniformly in the
presence of a uniform growth factor distribution. Furthermore, it can account for other experimental observations that argue either
in favor or against other models. The model also makes specific predictions about the distribution of cell shape and size in the
developing disc, which we were able to confirm experimentally.
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which results in the induction of growth (Rogulja et al., 2008;
Willecke et al., 2008). Even though there is strong evidence in favor
of aspects of this model, there are also data contradicting the
proposed essential roles of the Dpp concentration gradient in
establishing Fj and Ds gradients (Schwank et al., 2011) and in
growth regulation (Schwank et al., 2008).

It has also been proposed that a Vg feed-forward mechanism has
a large impact on final size. As described above, one of the vg
enhancers, QE, is activated by Wg and Dpp. It has been shown,
however, that these factors are not sufficient, but that QE is
activated when, in addition, vg is expressed in neighboring cells
(Zecca and Struhl, 2007b). As for the induction of growth by the
Dpp gradient, this mechanism has been shown to act via the Hippo
pathway (Zecca and Struhl, 2010). This Vg feed-forward
mechanism appears to have a large effect on the expansion of the
wing primordium (Zecca and Struhl, 2007a), but it has not yet been
included into a model for final size regulation.

Mechanical forces have also been proposed to play a role in
growth regulation (Shraiman, 2005) and wing disc size regulation
(Aegerter-Wilmsen et al., 2007; Hufnagel et al., 2007). In these
models, it is proposed that compression inhibits growth, and
increases in the center of the wing disc during growth. Growth is
terminated once the stimulatory effect of growth factors in the
center of the disc can no longer overcome the inhibitory effect of
mechanical compression. The role of mechanical forces in growth
regulation has not yet been tested directly; however, there is some
indirect evidence in favor of this hypothesis (Aegerter-Wilmsen et
al., 2010; Nienhaus et al., 2009). Even though, to our knowledge,
the mechanical force models have not been contradicted by data,
alone they cannot explain several observations that are used to
support the other proposed mechanisms and thus the models may
be missing crucial elements for final size determination.

Here, we formulate a regulatory network of experimentally
confirmed interactions, including the main components underlying
the Vg feed-forward mechanism and the Dpp gradient model. In
addition, we have added hypothetical interactions of specific
network components with mechanical forces. We show that, as an
emergent behavior of the regulatory network, different aspects of
growth dynamics are reproduced. Furthermore, the network can
reproduce a set of key experimental results that have been used to
support or refute other existing models. Our model makes specific
predictions about the distribution of cell shape and size in the
developing disc. In order to test our predictions, we have developed
a technique for analyzing cell geometry on the curved surface of
the wing disc. We find that our data are in agreement with the
predictions of the model.

MATERIALS AND METHODS
Modeling
The modeling program consists of two parts that interact with each other.
One part governs interactions within the regulatory network, the other
governs changes in polygonal cell shapes.

The regulatory network (Fig. 1A) has two different types of inputs:
protein activity profiles of a selection of patterning genes (Fig. 1B;
supplementary material Table S1) and mechanical compression. A measure
for compression is calculated based on a weighted average of the area of a
cell and its surroundings (supplementary material Table S1). Equations
governing the protein activities in the network in the wild-type situation
and in the different simulated mutants can be found in supplementary
material Tables S2 and S3, respectively.

The network has two outputs that are relevant for the cell shape
calculation part. The most important output concerns the growth rate, the
rate at which a cell progresses through its cell cycle. Once a cell reaches
the end of the cycle, it divides. The growth rate (% cell cycle
progression/hour) for the th cell is calculated as follows:

G  (cg1 + cg2*[Yki] + cg3*[Vg] +cg4*[N] – cg5*[Brk])*cg6 , (1)

where cg1–12%/hour, cg28%/hour, cg36%/hour, cg42%/hour,
cg57%/hour, cg60.048 and [Protein]concentration of active protein
normalized for maximum N, and where it is assumed that the effect of Vg
on growth is satisfied for normalized levels higher than 1. We have set t
to be equal to the time that is required to go through mitosis (~20 minutes),
so that the simulation should show the same percentage of mitotic cells as
a still image of a growing disc. BrdU staining was simulated by marking
cells as soon as they completed 70% of the cell cycle. This marking was
retained for three consecutive time steps (corresponding to about 1 hour
simulated time). The growth constant cg6 was fitted in such a way that the
minimum cell cycle time corresponds to roughly 6 hours. It is assumed that
progression through the cell cycle does not affect cell shape directly, as no
correlation has been found between cell volume and apical cell areas
(Aegerter-Wilmsen et al., 2010), which is modeled here. Therefore, the
relevant output of the regulatory network is in fact the identity of cells
which divide at a certain time point.

The second output of the network concerns the asymmetric D
localization, which is used as a factor that induces a bias in the direction
of the cell division plane. If [D] is larger than 0.1, the bias is implemented
and the angle of the division plane is equal to the mean of a randomly
chosen angle and the angle of a vertex perpendicular to the direction of the
Ds/Fj gradient ([Xgradw,Ygradw] (supplementary material Table S2).

Cell division brings the tissue out of mechanical equilibrium. New apical
cell shapes are found by using a vertex model, which assumes cell shapes
to be polygonal (Farhadifar et al., 2007; Hufnagel et al., 2007). It defines
the shape of a cell by the positions of its vertices, i.e. the positions where
three cell sides (edges) meet. Cell shapes are calculated by minimizing the
following energy function using a conjugate gradient method:

The meanings of the terms and parameters are as previously described
(Farhadifar et al., 2007). In contrast to earlier implementations (Aegerter-
Wilmsen et al., 2010; Farhadifar et al., 2007), we do not use periodic
boundary conditions, thus not imposing any limitations on the development
of overall disc shape. For non-boundary cells, we use parameter values that
correspond to case I of Farhadifar et al. (Farhadifar et al., 2007), where
cells are identical and �/(KA(0))0.04 (–) and �/(KA(0)3/2)0.12 (–).
For boundary cells, � was set to 0.09 (–). In order to prevent some
artifacts arising from an irregular boundary, it was smoothened by
multiplying the growth rates of its cells by 0.7. Upon energy minimization,
new cell areas serve as input for the regulatory network. The simulated disc
generally contains 36 hexagons initially and is allowed to grow until 100
hours have been simulated.

Experiments
Phenotypic wild-type discs were dissected from larvae with genotypes y, w,
hs-flp; wg-lacZ/CyO or y. w, hs-flp; Sp/CyO;vg-QE-lacZ. Wing discs were
fixed and prepared for immunocytochemistry using standard procedures.
Primary antibodies used were chicken anti--galactosidase (ICL, Portland,
OR, USA, 1:1000) and mouse anti-Dlg (Developmental Studies Hybridoma
Bank, Iowa City, IA, USA, 1:200). Secondary antibodies were Alexa 594
goat-anti-chicken IgG and Alexa 488 goat-anti-mouse IgG (Molecular
Probes, Grand Island, NY, USA, 1:400 and 1:200, respectively).

Cell shape analysis
Cell shapes were extracted from the curved pouch using MorphoGraphX
(Kierzkowski et al., 2012) (supplementary material Fig. S1) and analyzed
with respect to their relative distance from the center. In order to
compensate for curvature, we used polygonal fitting in combination with
line integration. Elongation was calculated according to Asipauskas et al.
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(Asipauskas et al., 2003). Curvature was compensated for in such a way
that elongation along the z-axis was integrated into radial elongation.
Mitotic cells were selected based on their size.

RESULTS
Assumptions
The assumptions underlying the model are depicted in (Fig. 1). The
model is formulated for the wing pouch, which eventually develops
into the wing blade. The regulatory network contains the major
growth regulators that closely interact with patterning. This is
because we aimed to reproduce the principle underlying size
regulation and considered it to be likely that such components are
essential for this principle, in contrast to factors that modulate
growth rates in all cells to a similar extent.

Protein activity levels in the model result from the interactions
within the network (Fig. 1A), except for those of N, Dpp and Wg,
which are implemented directly (Fig. 1B). The Dpp gradient is
assumed to adjust to the dimensions of the disc, whereas the Wg
gradient is assumed to be fixed, in agreement with experimental
observations (Teleman and Cohen, 2000). These assumptions about
scaling, however, are not relevant for the principle behind growth
termination in the model.

All regulatory interactions in the signaling network have been
confirmed experimentally (Baonza and Garcia-Bellido, 2000;
Campbell and Tomlinson, 1999; Go et al., 1998; Goulev et al.,
2008; Halder et al., 1998; Huang et al., 2005; Jazwinska et al.,
1999; Kim et al., 1997; Kim et al., 1996; Kirkpatrick et al., 2001;
Mao et al., 2006; Martín et al., 2004; Minami et al., 1999;
Neumann and Cohen, 1996b; Rogulja et al., 2008; Willecke et al.,
2008; Williams et al., 1991; Williams et al., 1994; Zecca and
Struhl, 2007a; Zecca and Struhl, 2007b; Zecca and Struhl, 2010),
except for those concerning mechanical forces (drawn in orange in
Fig. 1A). The first hypothetical interaction concerns the regulation
of Armadillo (Arm) by compression. Arm has been shown to be
activated by compression in the Drosophila embryo (Desprat et al.,
2008; Farge, 2003), but this has not been tested for the wing disc.

The second hypothetical interaction concerns the regulation of
Yki activity by mechanical forces. Very recently, this interaction
has been shown to occur in mammalian cells (Dupont et al., 2011;
Wada et al., 2011). There are some indirect indications that this
regulation might also occur in the wing imaginal disc. First, it has
been found that modulating F-actin organization, which may affect
the mechanical forces exerted by cells, leads to changes in Yki
activity (Fernández et al., 2011; Sansores-Garcia et al., 2011).
Second, Zyxin has been identified as an upstream regulator of Yki
in the wing disc (Rauskolb et al., 2011), and this protein has
previously been shown to change its intracellular localization upon
exposure to mechanical tension in mammalian cells (Lele et al.,
2006; Yoshigi et al., 2005). There is also some evidence suggesting
that Zyxin reacts to forces in the Drosophila embryo (Colombelli
et al., 2009).

The third hypothetical interaction concerns the inhibition of ds
expression by mechanical forces. Such a link has not yet been
shown to our knowledge. We note that this hypothesis is not
essential for the principle behind growth termination in the model,
but it improves the results. For example, the expression patterns of
vg and ds are not completely complementary in the wing disc
(Rodríguez, 2004), but they would be in our model if ds is only
regulated by Vg. It would in principle also be conceivable that ds
is regulated, for example, by a protein that is active in a ring
surrounding the pouch.

In the regulatory network, differences in Ds and Fj
concentrations between neighboring cells are assumed to activate
Yki via D, as has been shown experimentally (Rogulja et al., 2008;
Willecke et al., 2008; Zecca and Struhl, 2010). Large differences
in Ds and Fj concentrations appear to be detected over several cell
diameters (Willecke et al., 2008). Therefore, a weighted average of
the gradient sensed by a cell and its neighbors was used in the
model.

In addition to the signaling network, the model also makes
assumptions with respect to the mechanical properties of cells.
It assumes that apical cell shapes can be well described by
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Fig. 1. Main assumptions underlying the model. The regulatory network (A) represents protein activities and interactions that regulate these
activities. The model does not distinguish between interactions at the transcriptional and protein activity level, but considers effects on net activities.
All protein activities emerge from the network, except for those of Dpp, Wg and N, which are implemented in the model as depicted in B. In the
regulatory network, differences in Ds and Fj concentrations between neighboring cells lead to activation of D by changing its intracellular
localization. For simplicity, the resulting asymmetric localization is not depicted. In addition to the assumptions shown, it is assumed that apical cell
shapes can be found by minimizing Eqn 2, that a weighted average of the area of a cell and its neighbors is a good readout for mechanical stress,
that cells do not rearrange when exposed to mechanical tension, and that the planar polarization of D imposes a bias on the direction of the
division plane. The interactions shown in orange are hypothetical and form the main untested assumptions underlying the model. The regulation of
ds by mechanical compression is dotted, as this regulation is not essential for the principle behind size regulation in the model, but improves the fit
of simulation results with experimental data. AP, anteroposterior boundary; DV, dorsoventral boundary. All discs in this paper have the same
orientation as in B.
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minimizing an energy function that was developed by Farhadifar
et al. (Farhadifar et al., 2007) and that was fitted to different
experimental data on the wing disc. This implies constant and
identical mechanical properties across cells. Furthermore, it
assumes that the cell area is a good readout for mechanical stress
in such a model. Moreover, it assumes that the average
mechanical stress present in a region also influences individual
cells. This is because it has been shown that several components
of the contracting actin-myosin network are recruited by
mechanical stress (Kasza and Zallen, 2011). In addition, it
assumes that cells do not rearrange, i.e. that they do not change
neighbor contacts in response to tension. This assumption is
supported by the general observation of contiguous cell lineage
clones (Resino et al., 2002), the absence of large-scale sorting
and rearrangements upon visual inspection of movies of growing
wing discs, and the maintenance of neighbor connections during
mitosis, despite the associated profound changes in apical cell
shape (Gibson et al., 2006). Last, it is assumed that the direction
of the division plane is influenced by the asymmetric
intracellular localization of D, as has been shown experimentally
(Mao et al., 2011).

For simplicity, the wing pouch is modeled as a flat tissue, even
though it becomes folded towards the end of growth. The model
fully integrates the Vg feed-forward mechanism, even though it
does not explicitly include Vg autoregulation or the protein Fat
(Ft), an upstream regulator of the Hippo pathway, which has been
shown to be essential for sending the feed-forward signal. These
components have been left out of the model for simplicity, but can
be added without any quantitative consequences.

Size regulation mechanism
The hypothetical interactions in Fig. 1A were not only added based
on analogies in other tissues, but also in order to create a network
that can account for growth termination. The envisioned size
regulatory mechanism conceptually combines elements from
existing models (Aegerter-Wilmsen et al., 2007; Day and
Lawrence, 2000; Hufnagel et al., 2007) and can be understood in
terms of a compression gradient model. Compression builds up in
the center, where growth ceases once the compression level reaches
a certain threshold. In the rest of the disc, growth ceases when the
compression gradient drops below a certain threshold level (Fig.
2A).

On a molecular level, the following is proposed to occur in the
center of the disc (Fig. 2B). Initially, the combined activity of
growth factors is highest in this region. The negative regulator
Brinker (Brk) is absent and the positive regulators Vg and N are
present. Furthermore, no compression has built up yet, so that the
activity of the positive growth regulator Yki is relatively high. As
the combined growth factor concentration is highest in the center,
this region will initially grow faster than the surrounding regions.
As long as the disc stays flat, this will lead to a build up of
compression in the center, which causes a decrease in Yki activity.
When Yki levels become too low, the combined activity of Vg and
N is no longer sufficient to induce growth.

Because of the initial build up of compression in the center of
the disc, the regions adjacent to the center become exposed to a
steep compression gradient. This is proposed to induce growth via
the following mechanism (Fig. 2C): vg is assumed to be induced
by a compression-dependent mechanism, whereas ds is assumed to
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be inhibited by compression. Therefore, a steep compression
gradient will result in a steep Vg gradient and an opposing steep
Ds gradient. As Vg induces fj and inhibits ds, the steep Vg gradient
then leads to a steep Fj gradient and it further increases the slope
of the Ds gradient. The opposing Fj and Ds gradients cause an
asymmetric intracellular localization of D, which induces growth
via the activation of Yki. Growth ceases when the compression
gradient is too shallow to activate sufficient Yki for growth
induction.

The above explanation involves only part of the network and the
size-regulating mechanism in the model is more complicated. For
example, the Vg-QE activation pattern is not only influenced by
the distribution of mechanical stress, but also by the presence of
Vg in the dorsoventral boundary and the distribution of Wg and
Dpp. The precise effects of the different growth regulatory
mechanisms are position and time dependent, and are also
somewhat influenced by the exact parameter values used.

Comparison of modeling results with available
data
We aimed to reproduce the most important dynamics of the system
as well as a number of key experimental results that are used to
argue for and against existing models. In the following section, we
focus on these features.

Growth dynamics
The model was developed in order to explain wing disc size
regulation. The most important feature it should therefore be able to
reproduce is the large increase in cell cycle time, which has been

observed experimentally (Bryant and Levinson, 1985). In the wing
disc, growth first occurs roughly exponentially and then slows down
(Bittig et al., 2009). The model generates the growth curve as shown
in Fig. 3A. Indeed, an exponential growth phase is followed by a
large decrease in growth rates. The cell number doubling time
increases from about 6 to about 150 hours, and the mitotic index
decreases from about 6 to about 0.5%, in agreement with the
experimental data (Bryant and Levinson, 1985; Wartlick et al., 2011).
The decrease in growth rates in the model is predominantly caused
by decreased Yki activity, as a result of increasing absolute
compression levels and a decreasing compression gradient.

It has been observed that growth occurs roughly uniformly
throughout the disc, even though Dpp, one of the main growth
factors, is present in a gradient (Milán et al., 1996; Schwank et al.,
2011). Our model seems to yield roughly uniform growth in the
presence of the Dpp gradient (Fig. 3C; supplementary material
Movie 1). We also quantified medial and lateral growth using an
approach similar to that employed by Schwank et al. (Schwank et
al., 2008), and found that there is no significant difference in
growth rates between these regions (P0.2; Fig. 3B). There are
several feedback mechanisms responsible for the roughly uniform
growth: increased growth leads to increased compression, which
decreases growth, and it leads to a compression gradient that
induces growth in regions with lower growth rates.

Growth in a disc with experimentally induced uniform Dpp shows
a non-uniform growth pattern, with high rates laterally and low rates
medially (Rogulja and Irvine, 2005; Schwank et al., 2008). Our
model reproduces this pattern (Fig. 3D; supplementary material
Movie 2). Quantification shows that the growth rates are indeed
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significantly different (P<0.005; Fig. 3C), as has been found
experimentally (Schwank et al., 2008). Similar results are obtained
here for a brk-null mutant and for a dpp, brk double mutant (data not
shown), also in agreement with existing data (Schwank et al., 2008).

It has been shown experimentally that medial growth rates
decrease when uniform Dpp signaling is induced (Rogulja and
Irvine, 2005; Schwank et al., 2008). However, medial growth levels
are higher in the simulated disc with uniform Dpp signaling than
in the simulated wild-type disc in Fig. 3B. This is partly because
discs with different simulated ages are used, as discs with uniform
Dpp signaling grow much faster than wild-type discs. In order to
test whether uniform Dpp signaling decreases medial growth, we
induced Dpp signaling during growth and compared growth levels
before and after induction. In this case, medial growth levels did
not change significantly (1.4% cell cycle progression/hour before
versus 1.5%/hour after induction; P0.1). Lateral growth levels still
increased (from 1.7 to 13.2%/hour; P<0.005). A possible
explanation for this discrepancy will be discussed below (see
Discussion).

The shapes of clones also give some information about growth
dynamics. In the wild-type wing disc, clones are elongated along
the proximodistal axis (Baena-López et al., 2005; Mao et al., 2011).
A similar orientation is seen in our simulations (supplementary
material Fig. S2).

Experiments related to the Dpp gradient model
A key experiment that has been used to argue in favor of the Dpp
gradient model concerns the non-autonomous growth induction by
clones in which Dpp signaling is increased (Rogulja and Irvine,
2005). As can be seen in Fig. 4A, the model reproduces this
observation. Contrary to expectation of the Dpp gradient model, it
has also been shown that this growth-inducing effect is transient
(Rogulja and Irvine, 2005). In our model, the growth-inducing
effect is transient (compare Fig. 4A with 4A�). Non-autonomous
growth induction in the model is the consequence of a boundary
effect caused by increased Vg activity within the clones. This effect
is transient due to negative effects of increased compression
resulting from additional growth.
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In favor of the gradient model, it has also been shown that
disc size is decreased when the gradient of vg, which is a target
of Dpp, is decreased by either overexpressing (saturation of
response) or deleting vg (Baena-Lopez and García-Bellido,
2006; Williams et al., 1991). In agreement with the
experimental data, growth does not occur in a vg-null mutant in
our model and is decreased in discs with uniform vg
overexpression (Fig. 4B).

As further support for the Dpp gradient model, it has been
shown that boundaries of Ds and Fj activity lead to growth
induction (Rogulja et al., 2008; Willecke et al., 2008). As can
be expected from the assumptions underlying our model,
induction of either ds or fj in clones also leads to growth
induction at the clone boundaries (supplementary material Fig.
S3).

As mentioned above, uniform Dpp signaling leads to
increased lateral growth (Rogulja and Irvine, 2005; Schwank et
al., 2008), which contradicts an essential role for a Dpp signaling
gradient in these lateral regions. In order to study the role of a
Dpp signaling gradient in the medial part of the disc, an
activated form of the Dpp receptor Thickveins, TkvQD, was
expressed under the spalt enhancer, which is activated by high
levels of Dpp pathway activity (Schwank et al., 2008). Such
TkvQD expression leads to the complete repression of brk in the
medial region and thus to a flat Brk profile (Schwank et al.,
2008). As it has been shown that Dpp regulates growth
exclusively via Brk (Schwank et al., 2008), it would be predicted
that growth is eliminated in the medial part of the disc if Dpp
signaling differences are required for growth induction.
However, growth was found to occur in this region, showing that
a gradient of Dpp signaling is also not essential for medial
growth induction (Schwank et al., 2008). This experimental
outcome is reproduced by our model (Fig. 4C).

It has been proposed that graded Dpp activity induces growth by
influencing asymmetric subcellular D localization (Rogulja et al.,
2008). However, this polarization is not strongly altered in mutants
with uniform Dpp signaling, which would have been expected
based on this hypothesis (Schwank et al., 2011). Our model
reproduces the observed proximodistal polarization of D, as well
as the somewhat shifted polarization pattern in discs with uniform
Dpp signaling (Mao et al., 2006; Rogulja et al., 2008; Schwank et
al., 2011). It also reproduces the absence of clear polarization in the
centers of these discs (Fig. 4D,E).

Experiments related to the Vg feed-forward mechanism
The ability of Vg to induce its expression in neighboring cells has
been shown most clearly by the following set of experiments
(Zecca and Struhl, 2007b): first, vg-QE activity was measured in
discs that are mutant for apterous (ap). In these mutants, the
dorsoventral boundary is not formed and N is not activated (Couso
et al., 1995; Diaz-Benjumea and Cohen, 1995; Williams et al.,
1993). Consequently, vg-BE is not induced and wg expression is
largely reduced. Furthermore, vg-QE is not activated and the pouch
does not grow (Zecca and Struhl, 2007b). When uniform wg
expression is induced, Vg is still absent, showing that Wg (and Dpp
present in these discs) are not sufficient to induce vg-QE. However,
when a clone is induced to express vg, vg-QE is activated
autonomously, as well as non-autonomously, in a position-
dependent manner and the pouch is partially restored (Zecca and
Struhl, 2007b). Our model reproduces these results (Fig. 5).

Experiments related to the mechanical force models
In support of mechanical force models, it has recently been shown
with birefringence measurements that compression in the center of
the disc correlates with disc size (Nienhaus et al., 2009). In discs
with uniform Dpp signaling, compression also becomes high in the
center, but more ridge shaped (Nienhaus et al., 2009). The model
reproduces these results (supplementary material Fig. S4A; see also
Fig. 6A,B,C).

Apical cell shapes in the wing disc epithelium resemble
polygons with different numbers of neighbors. The polygon
distribution was measured for the entire cell population as well as
for mitotic cells only (Aegerter-Wilmsen et al., 2010; Farhadifar et
al., 2007; Gibson et al., 2006). These data had been reproduced
only using models that contain a growth regulatory role for
mechanical forces, which argued in favor of such a role (Aegerter-
Wilmsen et al., 2010). When evaluating the polygon distributions
yielded by our model, we found them in agreement with the data
(supplementary material Fig. S4B).

Parameter analysis
In order to assess the effect of the 33 model parameters, we
doubled and halved the values of each of them, respectively, and
simulated the wild type as well as the different experimental
situations (supplementary material Tables S4-S7). This analysis
reveals that most experimental results are reproduced by most
parameter combinations, but that only a few combinations
reproduce all of the results.

Experimental test of a model prediction
Our model predicts the formation of cell shape patterns over time.
Akin to the compression gradient, it predicts the absence of a cell
area gradient at the beginning of growth, followed by the formation
of a cell area gradient with small cells in the center of the disc.
Subsequently, this cell area gradient is predicted to become
shallower.

In order to test this prediction experimentally, we had to take into
account the three-dimensional shape of the wing pouch, as the
pouch becomes curved as it grows. The analysis is complicated
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A                       C

B

ap0                               ap0 + uniform Wg; vg↑-clone

ap0 
+ uniform Wg

vg-QE

Fig. 5. Simulation results of experiments related to the Vg feed-
forward mechanism. (A)For the simulation of the ap mutant, N is
removed and Wg levels are assumed to be constant at a low level.
Because of the absence of N, no Vg is produced via the BE either.
(B)Uniform high levels of Wg were added. In this case, all previously
known regulators of vg-QE are present, except for vg expression in
neighboring cells. (C)A clone with intermediate Vg levels is added that
does not produce additional Wg.
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further by the presence of the peripodial membrane, a thin
epithelial layer that lies on top of the wing pouch. We therefore
further developed open source software in order to facilitate this
analysis (supplementary material Fig. S1).

In order to assess whether there is initially no cell area gradient
present, we analyzed discs in which the ring of wg expression has
not yet formed. These discs show, on average, a shallow cell area
gradient, but there is considerable variation (Fig. 6D). Two out of
three discs do not show a significant positive correlation between
relative distance from the center of the pouch and cell area (P0.9
and P1.0, respectively, Spearman’s rank), whereas one disc does
show a significant correlation (P<0.001). One of the former discs
even shows a negative correlation (P<0.05). At the mid-third instar
stage, the discs show a much steeper gradient (Fig. 6E) and there is
indeed a highly significant correlation between relative distance from
the center and cell area (P<10–5 for each disc). At the late third instar
stage, the gradient is less steep (Fig. 6F), but the correlations are still
highly significant (P<10–5 for each disc) and the variation among
discs is smallest at this stage. Thus, the observed changes of the area
gradient are similar to the ones predicted.

In addition to the formation of a cell area gradient, the model
also predicts a concurrent tangential elongation of peripheral cells.
As shown in supplementary material Fig. S5, the elongation
direction of cells in young discs is almost random, whereas
peripheral cells in later discs are preferentially elongated in the
tangential direction. Even though the experimentally observed
pattern seems to be more complex owing to the presence of
compartment boundaries, the general trend in observed elongation
directions is similar to that predicted.

DISCUSSION
We present a new model for the regulation of wing disc size. The
model contains a rather complex regulatory network, which
consists of a considerable number of interactions, receives non-
uniform input of protein activities, and interacts with a mechanical
stress pattern that emerges over time and space. Nevertheless, a
qualitative understanding can be gained by considering it in terms
of a compression gradient model. During growth, compression
increases in the center of the disc. Growth ceases when
compression in the center reaches a certain threshold and the
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gradient of the compression gradient drops below a certain
threshold in the rest of the disc. Read-out of the compression
gradient is accomplished by a mechanism that involves Vg and the
Hippo pathway. We have used numerical simulations to show that
the model can account for growth termination and that it
reproduces a large range of additional data on growth regulation,
including some emergent properties of the system.

Based upon the principle underlying the model, predictions
can be made with respect to cell shape patterns. In order to take
into account the curved surface of the wing pouch, we further
developed an open source image analysis program. Our results
showed that the general dynamics of the formation of cell shape
patterns is indeed similar to the one predicted by the model. This
analysis is, however, based on images from different discs and,
especially during the early stages, there is variation among discs.
It would therefore be interesting to assess whether the predicted
dynamics is also present in the temporal evolution of single
discs. However, this first requires the development of
experimental methods with which single discs can be followed
over time.

Even though the development of cell shape patterns
constitutes a fundamental prediction of the model, it would be
an interesting future experimental challenge to test the model’s
basic assumptions directly, i.e. the regulation of Yki, Arm and
ds by mechanical forces. The regulation of Yki by mechanical
compression is most relevant for the model’s behavior and
appears necessary to obtain growth termination in combination
with roughly uniform growth. The regulation of Arm by
compression seems to be involved in stabilizing the Vg gradient,
which could be relatively unstable if it would be regulated by Vg
autoregulation alone. In addition, this interaction smoothens the
compression gradient, which might have implications for the 3D
structure of the wing disc. Last, the regulation of ds by
mechanical forces is not essential for the principle behind size
regulation, but improves the modeling results and also
contributes to smoothening of the compression gradient.

While developing the model, we focused on its ability to
reproduce specific features of growth dynamics, as well as a
number of key experiments that are used to argue in favor and
against current models. One of the latter results, the decrease of
medial growth upon induction of uniform Dpp signaling, could not
be reproduced (Rogulja and Irvine, 2005; Schwank et al., 2008). In
the simulations, these discs grow very fast. It is conceivable that
such growth rates cannot be sustained in vivo because of a limited
availability of nutrients and oxygen. When imposing a maximum
total growth rate on disc growth, it is indeed possible to obtain
growth rates in the medial part that are lower than those in wild-
type discs, whereas lateral growth rates are higher, in agreement
with experiments (data not shown). Thus, with this additional
assumption, the model can reproduce the results it was aimed to
reproduce.

There are currently no experimental data available on the
parameters underlying the model and therefore they were fitted
manually. As has become clear from the parameter analysis, there
are only a few parameter combinations that can reproduce all
results. However, it is not known whether this set is reproduced
robustly in vivo and there is no natural selection on reproducing
experimental manipulations robustly. Nevertheless, it is entirely
possible that a larger set of parameter values should reproduce the
results. In addition, even though the model can reproduce the
selected set of experimentally observed features, there are related
observations it cannot reproduce. For example, the final size

reached in the model is too small, the experimentally observed non-
autonomous growth induction by clones overexpressing brk
(Rogulja and Irvine, 2005) is nearly absent in our model, and
growth induction along the boundary of ds overexpressing clones
extends further inside the clone than measured experimentally. It
would be interesting to study whether there are factors missing in
the model, which would make the parameter space less strict. For
example, the parameter space was strongly restricted by the
stipulation to reproduce the absence of Vg-BE activity in ap0

mutants upon ectopic wg expression. If it could be assumed that
smaller discs have a different geometry in vivo than larger ones,
the number of possible parameter combinations would increase. It
will be interesting to assess the geometrical properties of discs in
young larvae and evaluate whether the model should be adjusted
in this respect.

Very recently, another model has been formulated for growth
regulation that assumes that growth is regulated by increases of
Dpp signaling levels over time (Wartlick et al., 2011). However,
growth is increased in wing discs in which Brk and Dpp signaling
are removed (Schwank et al., 2012). This either contradicts this
model or the current understanding of Dpp signaling needs to be
revised. Our model reproduces increased growth in such mutants,
including its non-uniformity.

The adult wing is covered by bristles, which point towards the
distal part of the wing. This orientation is regulated by planar
polarity genes (McNeill, 2010). Regulation of planar polarity seems
to be related to growth regulation. For example, Ds and Fj are not
only important for growth regulation, but are also required for the
development of a proximodistal polarity pattern (Adler et al., 1998;
Zeidler et al., 2000). It is currently not clear whether Ds and Fj are
directly involved in regulating planar polarity (Ma et al., 2003;
Simon, 2004; Yang et al., 2002). If this were the case, then our
model would suggest that planar polarity may, at least in part, arise
from an interplay between morphogens and mechanical forces.

The model presented here was developed for the wing imaginal
disc of Drosophila. It would be interesting to see whether a similar
model could also reproduce size regulation and additional
experimental results in other systems. For other imaginal discs, it
has been shown that their centers are also compressed at the end of
growth (Nienhaus et al., 2009). The precise regulatory networks
involved in growth and size regulation are different for the different
discs, but it would be interesting to see whether certain principles
are conserved. In mammals, mechanical forces regulate growth in
many tissues (Mammoto and Ingber, 2009). However, the situation
is often very different from that in the wing disc in that most
mammalian tissues reach their final size while they perform a
biological function. Thus, it would be interesting to study whether
principles similar to those described here apply for mammalian
organs early during development.
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Table S1. Inputs for the gene regulatory network

Protein activity profiles
[Dpp]α =-0.5*tanh(cdpp1/cw*|Xcα|-cdpp1*cdpp2)+0.5
[Wg] α=-0.5*cwg4*tanh(cwg1/cwg3*|Ycα|-cwg1*cwg2)+0.5*cwg4
[N] α=1 if |Ycα| < 1.5, else [N] α=0

Variables
Xc: X position of the center of mass of a cell
Yc: Y position of the center of mass of a cell
cw: compartment width (maximum Xc for cells where Xc>0; - minimum Xc if Xc <0)

Values of constants
cdpp1=5 cwg1=2 cwg3=50
cdpp2=0.7 cwg2=0.5 cwg4=1.14

Mechanical compression
compα=-Awα + 0.5
Awα = (A0α + 2*A1α + 2*A2α)/5

Variables
A0: area of the αth cell
A1: average area of the first neighbors of the αth cell
A2: average area of the second neighbors of the αth cell



Table S2. Calculation of protein activities within the network

[Brk] α=1-[Dpp] α

[Arm] α=carm1*[Wg] α*(compα+carm2);  [Arm]≥0
[VgBE] α=cvgbe*[N] α

[Fj] α= [Vg] α

[Ds] α=cds1-cds2*compα-cds3*Vgα; [Ds]≥0
[D] α=Dassymα*(cd1*[Ds]α-cd2*[Fj]α); 0≤[D] α≤cd3
    Dassymα=(Xgradwα

2+Ygradwα
2)0.5 – cd4 ; Dassymα≥0

    Xgradwα=(Xgrad0α + 3*Xgrad1α + 2.5*Xgrad2α + 2*Xgrad3α + 1*Xgrad4α)/9.5
    Ygradwα=(Ygrad0α + 3*Ygrad1α + 2.5*Ygrad2α + 2*Ygrad3α + 1*Ygrad4α)/9.5
    Xgradα = ∑(Xcβ – Xcα)/Δβ  * (GradInputβ-GradInputα)
                   β

    Ygradα = ∑(Ycβ – Ycα)/Δβ * (GradInputβ-GradInputα)
                   β

    Δβ=((Xcβ-Xcα)
2+(Xcβ-Ycα)

2)0.5

    GradInputα=cd5*[Fj]α-cd6*[Ds]α
[Yki] α=cyki1+cyki2*[D] α-ckyi3*compα; [Yki]≥0
δ[VgQE] α/ δt = VgQEind–cvgqe1*VgQE (if [N] α=0)
    VgQEind = cvgqe2+(cvgqe3+cvgqe4*[Dpp] α-cvgqe5*[Brk] α )*[Arm] α

     *(1+cvgqe6*[Yki’] α) (VgQEind≥0)
VgQEα = 0 (if [N] α=1)
    Yki’α=Ykiα-cvgq7; Yki’α≥0
[Vg] α=[VgQE] α+[VgBE] α

Values of constants
carm1=5 cds3=0.3 cd5=0.3 cvgqe1=0.28 cvgqe6=1.2
carm2=0.2 cd1=1 cd6=2 cvgqe2=-1.2 cvgqe7=1
cvgbe=1 cd2=0.1 cyki1=1 cvgqe3=0.6
cds1=1.3 cd3=2 cyki2=0.7 cvgqe4=0.4
cds2=4 cd4=0.17 cyki3=3 cvgqe5=0.4



Table S3. Simulation of the different mutants

Uniform Dpp signaling [Dpp]α=1
Brk0 [Brk] α=0
Brk0/Dpp0 [Dpp] α=0; [Brkα=0]
Induction of uniform Dpp [Dpp] α=1 if t>60 hrs
Induction of TkvQD clones [Dpp]clone=3 if t>60 hrs
Vg0 [Vg] α=0
Vg overexpression [Vg] α=[VgBE] α+[VgQE] α+8
Induction of Ds↑-clones [Ds]clone=5 if t>60 hrs
Induction of Fj ↑-clones [Fj]clone=4 if t>60 hrs
TkvQD under Spalt enhancer Dpp profile: cdpp1=50; cdpp2=0.6
Ap0 [N] α=0; [Wg] α=0.1
Ap0 + Nrt-Wg [N] α=0; [Wg] α=1
Ap0 + Nrt-Wg + Vg↑-clone [N] α=0; [Wg] α=1;

[Vg]clone=[VgBE]+[VgQE]+1
Vg0 / uniform Dpp signaling [Vg] α=0; [Dpp] α=1
D0 [D] α=0;



Table S4. Sensitivity analysis of final size and features related to growth dynamics
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Table S5. Sensitivity analysis of experimental features related to the Dpp gradient model
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2*cd2 + - + +/- + + + + +
0.5*cd2 + + + + + + + + +
2*cd3 + + + + + + + + +
0.5*cd3 + - + +/- + + + + +
2*cd4 + - + + + + + + +
0.5*cd4 + + + + + + + + +
2*cd5 + + + + + + + + +
0.5*cd5 + - + - + + + + +
2*cd6 + + + + + +/- + +/- +
0.5*cd6 + - + +/- - + + + +

2*cyki1 +  -1  +1 *  +1  -1  +1 *  -1

0.5*cyki1 + + + - - + +/- +/- -
2*cyki2 + + + + + +/- + + +
0.5*cyki2 + - + +/- + + + + +
2*cyki3 + - + + + +/- + + +/-
0.5*cyki3 + + + - + + + + +

2*cvqe1 + - + +/- - + + + +
0.5*cvgqe1 + + + - + + + + +
2*cvqe2 + - + + - + +/- + -
0.5*cvgqe2 + + + - + - + - +/-
2*cvgqe3 + + + - + - + - +/-
0.5*cvgqe3 + - + + + + + + -
2*cvqe4 + +  +1 - + + + +/- +
0.5*cvgqe4 + - + + + + + + +/-
2*cvqe5 + +/- + + + + + + +
0.5*cvgqe5 + +/- + +/- + + + + +
2*cvqe6 + +/- + +/- + + + + +
0.5*cvgqe6 + +/- + +/- + + + + +



Table S6. Sensitivity analysis of experimental features related to the Vg feed-forward
mechanism
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Original + + + + + +

2*cg1 + + + + - -
0.5*cg1 + + + -  +1  +1

2*cg2 + + + - + +
0.5*cg2 + + + + - -
2*cg3 + + + +  +1  +1

0.5*cg3 + + + + - -
2*cg4 + + + + + +
0.5*cg4 + + + + + +
2*cg5 + + + + + +
0.5*cg5 + + + + + +

2*cdpp1 + + + + + +
0.5*cdpp1 + + + + - -
2*cdpp2 + + + + + +
0.5*cdpp2 + + + + - -

2*cwg1 + + + + + +
0.5*cwg1 + + + + + +
2*cwg2 + + + + + +
0.5*cwg2 + + + + + +
2*cwg3 + + + + + +
0.5*cwg3 + + + + + +
2*cwg4 + + + + + +
0.5*cwg4 + - + + + +

2*carm1 + + + - + +
0.5*carm1 + - + + - -
2*carm2 + + + - + +
0.5*carm2 + + + + - -

2*cvgbe + + + + + +
0.5*cvgbe + + + + + +



2*cfj + + + + + +
0.5*cfj + + + + + +

2*cds1 + + + + - +
0.5*cds1 + + + + + -
2*cds2 + + + - + +
0.5*cds2 + + + + + +
2*cds3 + + + + + +
0.5*cds3 + + + + + +

2*cd1 + + + + - +
0.5*cd1 + + + + - -
2*cd2 + + + + + +
0.5*cd2 + + + + + +
2*cd3 + + + + + +
0.5*cd3 + + + + + +
2*cd4 + + + + + +
0.5*cd4 + + + + + +
2*cd5 + + + + + +
0.5*cd5 + + + + + +
2*cd6 + + + - + +
0.5*cd6 + + + + + -

2*cyki1 + + + -  +1  +1

0.5*cyki1 + + + + - -
2*cyki2 + + + + + +
0.5*cyki2 + + + + + -
2*cyki3 + + + + + -
0.5*cyki3 + + + + + +

2*cvqe1 + + + + + +
0.5*cvgqe1 + + + + + +
2*cvqe2 + - + + - -
0.5*cvgqe2 + + + - + +
2*cvgqe3 + + + - + +
0.5*cvgqe3 + + + + - -
2*cvqe4 + + + - + +
0.5*cvgqe4 + + + + + +
2*cvqe5 + + + + + +
0.5*cvgqe5 + + + + + +
2*cvqe6 + + + - + +
0.5*cvgqe6 + + + + + -



Table S7. Sensitivity analysis of experimental features related to the mechanical force
models
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Original + + + +

2*cg1 - - - -
0.5*cg1  +/-1  +1  +1  -1

2*cg2  +1  +/-1  +1  +1

0.5*cg2 + +/- + -
2*cg3 + + + -
0.5*cg3 + + + +
2*cg4 + + + +
0.5*cg4 + + + +
2*cg5 + + + +
0.5*cg5 + + + +

2*cdpp1 + + + +
0.5*cdpp1 + + + +
2*cdpp2 - + + -
0.5*cdpp2 + + - -

2*cwg1 + +/- + +
0.5*cwg1 + + + +
2*cwg2 - +/- + +
0.5*cwg2 + + + +
2*cwg3 + + + +
0.5*cwg3 + + + +
2*cwg4 +/-  +/-1  +1  +1

0.5*cwg4 + + + -

2*carm1 +/-  +/-1  +1  +1

0.5*carm1 + + + -
2*carm2 +/-  +/-1  +1  +1

0.5*carm2 + + + -

2*cvgbe + + + +
0.5*cvgbe + + + -



2*cfj + + + +
0.5*cfj + + + +

2*cds1 +/-  +/-1  +1  -1

0.5*cds1 + + + +
2*cds2 - +/- + +
0.5*cds2 + +/- + +
2*cds3 + + + +
0.5*cds3 +/- + + -

2*cd1 + + + +
0.5*cd1 + + + -
2*cd2 + + + +
0.5*cd2 + + + +
2*cd3 + + + +
0.5*cd3 + + + -
2*cd4 + + + -
0.5*cd4 + + + +
2*cd5 + + + +
0.5*cd5 + + + -
2*cd6 - + + +
0.5*cd6 + + + +

2*cyki1 +  +1  +1  -1

0.5*cyki1 + +/- - -
2*cyki2 + + + +
0.5*cyki2 + + + +
2*cyki3 +/- + + +
0.5*cyki3 + + + -

2*cvqe1 + + + +
0.5*cvgqe1 + + + +
2*cvqe2 + + + +
0.5*cvgqe2 -  +/-1 + +
2*cvgqe3 -  +/-1 + +
0.5*cvgqe3 + + + -
2*cvqe4 +/- +/- + +
0.5*cvgqe4 + + + -
2*cvqe5 + + + +
0.5*cvgqe5 + + + +
2*cvqe6 + + + +
0.5*cvgqe6 + + + +
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