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Summary

One model to explain the relationship between pat-
terning and growth during development posits that
growth is regulated by the slope of morphogen gradi-
ents. The Decapentaplegic (DPP) morphogen controls
growth in the Drosophila wing, but the slope of the
DPP activity gradient has not been shown to influ-
ence growth. By employing a method for spatial, tem-
poral, and quantitative control over gene expression,
we show that the juxtaposition of cells perceiving dif-
ferent levels of DPP signaling is essential for medial-
wing-cell proliferation and can be sufficient to pro-
mote the proliferation of cells throughout the wing.
Either activation or inhibition of the DPP pathway in
clones at levels distinct from those in surrounding
cells stimulates nonautonomous cell proliferation.
Conversely, uniform activation of the DPP pathway in-
hibits cell proliferation in medial wing cells. Our ob-
servations provide a direct demonstration that the
slope of a morphogen gradient regulates growth dur-
ing development.

Introduction

The regulation of growth is a fundamental aspect of ani-
mal development—most organisms grow to reproduc-
ible sizes. Moreover, the growth of each organ is
tightly regulated, such that appropriate proportions are
achieved both between and within individual organs. It
has long been hypothesized that reproducible regula-
tion of size and proportion requires links between organ
patterning and organ growth. The nature of these links,
however, has remained unclear.

The developing Drosophila wing has served as a
model for studies of organ growth and patterning. The
wing forms from a cluster of undifferentiated cells in
the larva, the wing imaginal disc. Over 4 days of larval
development, the disc grows from approximately 40
cells to approximately 50,000 cells, which form a mono-
layered epithelial sac. Growth and patterning of the disc
depend upon the determination of specialized cells
along the borders between different compartments (re-
viewed in Irvine and Rauskolb, 2001; Lawrence and
Struhl, 1996) (Figure 1A). Cells along the anterior-poste-
rior (A-P) compartment border express a member of the
BMP family of growth factors, Decapentaplegic (DPP)
(Figure 1B), which spreads from its site of synthesis,
forming a morphogen gradient (Entchev et al., 2000;
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Lecuit et al., 1996; Nellen et al., 1996; Teleman and Co-
hen, 2000). DPP signaling results in phosphorylation of
a transcription factor, MAD, which can serve as a read-
out of the DPP activity gradient (reviewed in Padgett,
1999) (Figure 1C). Phospho-MAD and associated fac-
tors regulate the expression of downstream genes in a
concentration-dependent manner to pattern the wing
along the medial-lateral axis. Much of the regulation of
downstream genes is effected through repression of a
transcriptional repressor, Brinker (Campbell and Tom-
linson, 1999; Jazwinska et al., 1999; Muller et al., 2003).

In addition to its role in wing patterning, DPP is a key
regulator of wing growth. The growth of wings (and
other imaginal discs) is severely impaired in dpp mu-
tants, and clones of cells that cannot respond to dpp
fail to proliferate and die (Burke and Basler, 1996; Lecuit
et al., 1996; Spencer et al., 1982). Moreover, expression
of DPP, or of an activated form of its receptor, Thick-
veins (TKV), can promote wing overgrowth (Burke and
Basler, 1996; Capdevila and Guerrero, 1994; Lecuit et
al., 1996; Nellen et al., 1996; Zecca et al., 1995). How-
ever, in the wild-type wing disc, growth is roughly even
across the disc (Figure 1D) (Garcia-Bellido and Mer-
riam, 1971; Milan et al., 1996; Resino et al., 2002), rais-
ing the fundamental question of how the gradient of
DPP is translated into even growth.

A number of potential answers to this question have
been considered. In threshold models, growth rate would
be constant provided that levels of DPP exceed a mini-
mum threshold. However, this could not explain how
overexpression of DPP or of activated TKV promotes
overgrowth. Inhibitor models postulate the existence of
a growth inhibitor in a distribution that parallels the
DPP activity gradient (Serrano and O’Farrell, 1997).
However, no candidate inhibitors have been identified.
It has also been suggested that patterning might be
regulated by a basal gradient of DPP and growth by an
apical, uniform distribution of DPP (Gibson et al., 2002).
However, this would require two distinct intracellular
transduction pathways for DPP signaling, for which
there is no evidence. Finally, it has been hypothesized
that growth might depend on the slope of the DPP gra-
dient rather than its absolute levels (Gelbart, 1989;
Lawrence and Struhl, 1996).

There is a long history of gradient models for growth
regulation (Bohn, 1974; Day and Lawrence, 2000; French
et al., 1976; Garcia-Bellido and Garcia-Bellido, 1998; Law-
rence, 1970). Indeed, they precede the identification of
actual morphogen gradients, as they were first con-
ceived to explain regeneration (Bohn, 1974; French et
al., 1976; Lawrence, 1970). When fragments correspond-
ing to nonadjacent regions of an insect or amphibian
limb are surgically juxtaposed, intercalary growth can
occur to replace the intervening tissue. This led to mod-
els that linked growth to patterning, which posit that
1) cells in an organ assume distinct positional values,
reflecting their location within a morphogen gradient
(Wolpert, 1969); 2) cells compare their positional values
with those of their neighbors; 3) significant discrepan-
cies in positional values between neighbors stimulate
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Figure 1. Organization of the Wing Imaginal Disc

(A) Schematic of the wing portion of a wing imaginal disc, with the
approximate location of DPP-expressing cells (yellow) and dorsal-
ventral boundary cells (green) indicated. The subdivision of the
wing into lateral (L), medial-lateral (M-L), and medial (M) regions
used for scoring clones is also indicated.

(B) Location of DPP-expressing cells, visualized by staining a dpp-
lacZ line.

(C) TKV activity gradient in the wing, visualized by staining for
phospho-MAD.

(D) Distribution of cell proliferation in the wing, visualized by label-
ing and staining for BrdU.

cell proliferation; and 4) daughter cells acquire posi-
tional values intermediate between their neighbors,
such that the discrepancies in positional values be-
come more shallow until proliferation ceases.

Although the observations that DPP forms a morpho-
gen gradient and is required for growth are consistent
with the possibility that growth is actually stimulated by
a gradient of positional values specified downstream of
DPP, several observations have appeared to contradict
this hypothesis. First, the DPP gradient and its associ-
ated activity gradient decay exponentially rather than
linearly (Entchev et al., 2000; Teleman and Cohen,
2000); thus, it is not clear how mechanisms tied to the
slope of the gradient could generate even growth
across the disc. Second, uniform expression of DPP, or
of activated TKV, can promote wing overgrowth (Lecuit
et al., 1996; Martin-Castellanos and Edgar, 2002; Nellen
et al., 1996), implying that growth is affected by the
level of DPP and is not limited to situations where DPP
is graded. Moreover, expression of activated TKV in
clones has been reported to promote proliferation in
a strictly cell-autonomous manner, whereas gradient
models would predict that it should promote prolifera-
tion nonautonomously. Thus, despite the theoretical
appeal of gradient models and their ability to explain
regeneration, experiments with a key morphogen that
actually patterns the wing and regulates its growth
have appeared to contradict them.

In order to re-examine the relationship between DPP
pathway activity and wing growth, we created a method

for controlled gene expression that allows quantitative
and temporal control over gene expression in clones
of cells. Using this approach, we demonstrate that the
juxtaposition of cells perceiving different levels of DPP
signaling does in fact stimulate nonautonomous prolif-
eration. We further show that the responses to DPP dif-
fer in lateral versus medial regions of the disc and that
the nonautonomous proliferative response is transient,
suggesting explanations for why the nature of growth
regulation by DPP was missed in prior experiments. By
establishing the fundamental ability of the DPP gradient
to regulate growth, our results provide a molecular
basis for linking growth to patterning in developing
tissues.

Results

A Method for Conditional Gene Expression

in Genetic Mosaics

Studies of the influence of the DPP pathway on wing
growth and patterning have, for technical reasons, fo-
cused on long-term responses, typically involving at
least 2 days between pathway modulation and response
assessment. However, we reasoned that cells might
adapt to changes in DPP signaling, in which case short-
and long-term responses could differ. To evaluate this
possibility, we developed a system for temporal regula-
tion of gene expression in genetic mosaics.

This was achieved by combining the UAS-Gal4 (Brand
and Perrimon, 1993), Flp-out (Struhl and Basler, 1993),
and GeneSwitch Gal4 (Osterwalder et al., 2001; Roman
et al., 2001) methods for regulating gene expression.
A Gal4:Progesterone Receptor fusion gene (Gal4:PR)
(Osterwalder et al., 2001) was inserted into an actin pro-
moter Flp-out cassette (Struhl and Basler, 1993) to gen-
erate a transgene we refer to as AyGal4:PR (Figure 2A).
Based on prior studies of the component parts, we ex-
pected that, in transgenic flies, a pulse of expression
of the Flipase enzyme would catalyze excision of a DNA
cassette containing a transcriptional terminator, allow-
ing expression of Gal4:PR in clones of cells. In the ab-
sence of hormone, the PR domain would prevent Gal4
from activating transcription, but, in the presence of a
progesterone analog, RU486, this repression would be
relieved, resulting in expression of transgenes under
the control of UAS regulatory sequences (Figure 2). An
additional advantage of this system is that changes in
RU486 concentration can lead to quantitative changes
in target gene expression (Osterwalder et al., 2001).

Experimental analysis confirmed that the AyGal4:PR
system works as expected (Figure 2). RU486 was deliv-
ered by transferring larvae to RU486-containing food.
GFP expression is barely detectable in association with
AyGal4:PR clones in larvae containing a UAS-GFP trans-
gene but grown on normal food (Figure 2D). GFP-
expressing clones can, however, be readily visualized
within 4 to 5 hr after their transfer to RU486-containing
food (Figure 2E). Expression levels increase strongly up
to 10-15 hr after drug addition (Figure 2F), after which
they appear to plateau (data not shown).

Controlled Activation of TKV in Clones
In order to analyze the temporal response to mosaic
activation of the DPP pathway, Gal4:PR-expressing clones
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Figure 2. Regulation of Gene Expression by AyGal4:PR

(A) The AyGal4:PR transgene includes an actin promoter, two Flip
recombination target (FRT) sites flanking a wild-type copy of yellow
and a transcriptional terminator (T), followed by the Gal4 coding
region fused to the Progesterone Receptor ligand binding domain
(Gal4:PR). In flies containing AyGal4:PR, transcription terminates
before Gal4:PR.

(B) Expression of Flipase can catalyze recombination between the
FRT sites, resulting in excision of the yellow+ terminator cassette, to
generate an actin>Gal4:PR transgene. Without the addition of RU486,
however, the Gal4:PR protein is unable to activate transcription.

(C) Upon addition of RU486, the repression of transcription effected
by the PR ligand binding domain is relieved, allowing expression of
UAS transgenes.

(D-F) Wing imaginal discs from AyGal4:PR UAS-GFP animals at 0 (D),
5 (E), and 10 (F) hr after transfer to media containing 20 .g/ml RU486.
Expression of Gal4:PR was visualized by anti-Gal4 DNA binding do-
main sera (white), and expression of GFP appears green. These discs
are taken from animals cultured and stained in parallel, so the eleva-
tion in GFP fluorescence from (D) to (F) is reflective of its increased
expression. Gal4 staining declines upon drug addition, suggesting
that the epitopes recognized by the sera become less accessible.

were generated in flies carrying an activated form of
TKV under UAS control. We examined responses to two
different transgenes, one with an extracellular ligand
binding domain (TKV®253D) (Nellen et al., 1996) and one
without it (TKVPEQ199D) (Haerry et al., 1998). Both forms
are constitutively active as a consequence of phos-
phorylation-mimicking substitutions in the intracellular
domain, and we refer to them generically as TKV®-P,
Because expression of TKV@™P can induce some apo-
ptosis in wings (Adachi-Yamada et al., 1999; Adachi-
Yamada and O’Connor, 2002), in many experiments, we
also coexpressed the pancaspase inhibitor p35.

Gal4:PR-expressing clones were induced during the
first larval instar (24-48 hr after egg laying) and allowed
to grow for 10-55 hr in the absence of RU486. Larvae
were then transferred to RU486-containing food, initiat-
ing the expression of TKV®-P. Wing discs from these
larvae were analyzed at 2-3 hr intervals, over a period
of 5-50 hr on RU486, with the endpoint of all experi-
ments set at 96 = 12 hr after egg laying, which corre-
sponds to the middle of the third larval instar. The re-
sponses observed were similar throughout this age
range. To assay the influence of TKV®-P on proliferation,
discs were labeled with BrdU, a thymidine homolog that
is incorporated into replicating DNA and can be de-
tected by immunostaining. BrdU labeling is elevated by
a variety of manipulations that stimulate growth in Dro-
sophila, including activation of TKV (Martin-Castellanos
and Edgar, 2002). In wild-type discs, or in control discs
expressing GFP or p35 in clones, a 30 min pulse of
BrdU labeling results in staining that is locally inhomo-
geneous but distributed essentially evenly throughout
the disc (Figures 1 and 3J and data not shown) (Milan
et al., 1996). In the absence of RU486, AyGal4:PR UAS-
tkv@-P clones did not exhibit detectable effects on either
phospho-MAD staining or BrdU incorporation (data not
shown). Importantly then, clones of cells expressing
TKV®-P were associated with both an autonomous ele-
vation of BrdU labeling in lateral cells (Martin-Castellanos
and Edgar, 2002) and a strong nonautonomous eleva-
tion of BrdU labeling (Figure 3).

Autonomous Induction of Cell
Proliferation by TKV®-P
A strong elevation of BrdU labeling in response to
TKVAD occurs within clones in lateral regions of the
disc, where the endogenous levels of DPP signaling are
lowest. In these clones, BrdU staining is elevated both
in terms of the number of cells staining and in their
intensity of labeling, which indicates both that more
cells are in S phase and that they are replicating more
rapidly (Figure 3). The increase in BrdU labeling occurs
quickly, as in some cases it could be detected within 5
hr after transfer of larvae to RU486-containing food (17
of 51 lateral clones at 5 hr; Figure 3A). Elevated BrdU
labeling in lateral clones was detectable throughout the
time course of the experiment, consistent with studies
that have examined long-term responses to DPP path-
way activation (Figure 3; Table 1) (Lecuit et al., 1996;
Martin-Castellanos and Edgar, 2002; Nellen et al.,
1996).

In medial regions of the disc, autonomous stimulation
of BrdU labeling was relatively weak and uneven (Figure
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Figure 3. Clonal Induction of TKV®-P Expression Induces Autonomous and Nonautonomous Cell Proliferation

All panels show wing imaginal discs containing Gal4:PR-expressing clones marked by expression of GFP (green) and grown for the indicated
number of hours on media containing 20 pg/ml RU486 and labeled and stained for BrdU (red) or pH-H3 (magenta). Panels marked (') show
single channels of the stain to the left. For ease of comparison, the locations of selected clones are outlined by dashes. Because the nuclei
are not all in the same focal plane, in this and other figures, we combined staining in different focal planes by maximum projection through
confocal sections. In cases where the cells are not vertical, this can create an artifactual “spread” of the clone edges, in which case clone
borders were drawn with reference to single optical sections.

(A-G and K) Clones in animals with AyGal4:PR UAS-tkv®253P UAS-p35 UAS-GFP transgenes at the indicated times after transfer to RU486
media. In terms of the range of nonautonomous responses to TKV®P, the clone in (D) exemplifies the most extreme effects observed, the
right clone in (E) exemplifies a mild effect, and the left clone in (E) is without evident effect.

(H=J and L) Clones in animals with AyGal4:PR and UAS-tkv®253P UAS-GFP (H), UAS-tkvPEQ?990 JAS-GFP (I), or UAS-p35 UAS-GFP (J and L)
transgenes, grown for 18 or 15 hr after transfer to RU486 media.
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Table 1. Influence of AyGal4:PR Clones on BrdU Labeling

Autonomous Effect

Nonautonomous Effect

Complex/ Complex/

Enhance Repress None Unsure Enhance Repress None  Unsure
TKV®253D 4 n35 Clones at 12-14 hr Postinduction
Lateral (n = 34) 24 8 2 13 11 10
Medial-lateral® (n = 98) 43 37 16 62 30 6
Medial (n = 36) 6 1 19 10 24 10 2
p35 Clones at 12-14 hr Postinduction
Lateral (n = 16) 16 16
Medial-lateral (n = 46) 2 44 2 44
Medial (n = 17) 17 17
TKV@253D 4 135 Clones at 50 hr Postinduction
Lateral (n = 33) 14 17 2 4 1 26 2
Medial-lateral (n = 49) 5 3 27 14 8 1 36 4
Medial (n = 30) 5 23 2 2 24 4
p35 Clones at 50 hr Postinduction
Lateral (n = 21) 1 1 19 1 20
Medial-lateral (n = 20) 1 19 20
Medial (n = 13) 13 13

A set of micrographs including TKV®253P- and p35-expressing clones, induced with 20 wg/ml RU486 for the indicated number of hours, were
scored blind for effects on BrdU staining. Clones in different regions of the disc (Figure 1) were scored separately (n = number scored), and
each clone was scored for both effects on proliferation within the clone (autonomous effect) and effects on proliferation of neighboring cells
(nonautonomous effect). Effects were judged in comparison to regions of the same disc without clones. The complex/unsure class includes
clones that had substantially different effects in different regions (e.g., activation in one area but repression in another) or cases in which a
confident assignment could not be made because the effect was weak.
2This class includes both clones that lie entirely within this region and clones that span adjacent regions.

3; Table 1; Table S1). Indeed, some clones appear as a
“shadow” of cells that proliferate less than their wild-
type neighbors (Figures 3B and 3l). The relatively weaker
labeling of medial clones (Figure 3B; cf. Figure 3C) is
consistent with observations that TKV®P-expressing
clones proliferate less medially than they do laterally
(Lecuit et al., 1996; Martin-Castellanos and Edgar, 2002;
Nellen et al., 1996). In medial-lateral regions (see Figure
1), clones exhibited intermediate phenotypes in terms
of the autonomous elevation of BrdU labeling, generally
correlating with the relative location of the cells in the
clone along the medial-lateral axis (Figures 3D-3G).

Nonautonomous Induction of Cell Proliferation

by Activated TKV

The most striking aspect of the TKV®-P-clonal behavior
is the nonautonomous stimulation of BrdU labeling,
which has not been described previously. As for the
autonomous response, BrdU staining is elevated both
in terms of the number of cells staining and the inten-
sity of labeling. This nonautonomous stimulation can
occur adjacent to both medial and lateral clones. The
effect is most intense in cells immediately adjacent to
TKV®P clones but is often discernible a few cell diame-
ters away (Figure 3). Nonautonomous stimulation is oc-
casionally detectable as early as 5 hr after pathway ac-
tivation, but the initial effect is weak (Figure 3A). It
becomes stronger by 8-10 hr, appears to peak around
12-14 hr, and remains strong until 18-24 hr after in-
duction (Figures 3B-3E, 3H, and 3l). After 24 hr, cells
surrounding most medial clones no longer exhibit sub-
stantially elevated BrdU labeling (Figure 3F). The non-
autonomous effect appears to persist longer in lateral

regions but eventually declines there as well, such that,
by 50 hr, only the autonomous response to TKV activa-
tion is consistently observed (Figure 3G; Table 1).

There is some variability in BrdU staining in wild-type
wing discs. In addition, there is variability in the detec-
tion of BrdU labeling associated with TKV®-P-express-
ing clones. To ensure objective evaluation, a number of
clones at 12-15 hr and 50 hr time points were scored
blindly for effects on BrdU labeling. In this analysis,
66% of the TKV@P-expressing clones were scored as
causing some nonautonomous elevation in BrdU stain-
ing at 12-15 hr (as compared to regions of the disc that
lacked clones), while only 6% of control clones were
scored as having a nonautonomous effect (Table 1 and
Table S1). Although the reasons for the incomplete pen-
etrance of this effect (or our ability to detect it) are not
yet clear, the observation that BrdU labeling is stim-
ulated in wild-type cells when they neighbor cells in
which the DPP pathway is activated to high levels sug-
gests that proliferation can be stimulated in the de-
veloping wing by the juxtaposition of cells that have
acquired different positional values through the action
of the DPP pathway, as predicted by gradient models
of growth control.

While elevated BrdU incorporation normally corre-
lates with cell proliferation, it is formally only a marker
of DNA replication. To determine whether nonautono-
mous elevation of DNA replication is accompanied by
progression through the cell cycle, cells were stained
for anti-phosphohistone H3 (pH-H3), which labels cells
in M phase. Because wing-disc cells spend only a short
time in M phase, relatively few cells are labeled by anti-
pH-H3. Nonetheless, an increase in pH-H3 staining rel-
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ative to other regions of the disc was observed among
cells neighboring TKV®-P-expressing clones (Figures
3K and 3L; in blind scoring, 40 of 74 TKV®-P-expressing
clones at 15 hr, but only 1 of 50 control clones, were
associated with a nonautonomous increase in pH-H3
stained cells). As a third marker of cell proliferation, we
examined a PCNA-GFP fusion that is regulated by E2F
and reports patterns of cell proliferation in multiple Dro-
sophila tissues (Thacker et al., 2003). PCNA-GFP ex-
pression in the wing is heterogeneous but often ap-
peared to be higher than average among cells near
TKV@-P-expressing clones (Figure S1; in blind scoring,
29 of 48 TKV@P-expressing clones at 15 hr, but only 6
of 44 control clones, were associated with a local in-
crease in PCNA-GFP expression). Staining for total
DNA content, and for cell size using basolateral- and
apical-membrane markers, revealed that cells sur-
rounding TKV@™P clones exhibit normal DNA staining
and size distributions (Figure S1 and data not shown).
This indicates that the accelerated cell-cycle pro-
gression revealed by staining with molecular markers is
coupled to normal cellular growth and is reflective of
elevated cell proliferation.

Activated-TKV Does Not Exert Nonautonomous
Influences on the DPP Pathway

Even though prior studies have only reported autono-
mous effects of activated-TKV on the DPP pathway, a
nonautonomous effect on DPP signaling might be con-
sidered as a trivial explanation for the nonautonomous
stimulation of proliferation. For example, expression of
TKV@P distorts the endogenous DPP gradient because
receptor levels influence gradient formation and the
transcription of endogenous tkv is downregulated by
DPP signaling (Lecuit and Cohen, 1998). However, both
TKV®253D which includes the extracellular, ligand bind-
ing domain, and TKVPEQ199D \which does not, exert sim-
ilar effects on cell proliferation (Figure 3; Table 1; Table
S1; data not shown), whereas their effects on the en-
dogenous DPP gradient are expected to be opposite.
In a more direct test, we examined phosphorylation of
the MAD transcription factor. Elevation of phospho-
MAD staining associated with TKV®-P-expressing cells
is strictly cell autonomous (Figures 4A and 4B). Thus,
the nonautonomous effects of TKV®-P on cell prolifera-
tion do not result from influences on DPP signaling in
neighboring cells.

Nonautonomous Proliferation Is Not a Secondary
Consequence of Cell Death or Growth

Activation of apoptosis can stimulate the proliferation
of neighboring cells, a process referred to as compen-
satory proliferation (Huh et al., 2004; Perez-Garijo et al.,
2004; Ryoo et al., 2004), and expression of TKV@™P can
induce apoptosis (Adachi-Yamada et al., 1999; Adachi-
Yamada and O’Connor, 2002). However, while keeping
cells “undead” through p35 expression has been re-
ported to potentiate compensatory proliferation (Huh et
al., 2004; Perez-Garijo et al., 2004; Ryoo et al., 2004),
the presence or absence of p35 did not noticeably influ-
ence the nonautonomous effects of TKV®P (Figures
3B-3E; cf. Figures 3H and 3I; Table 1; Table S1). None-
theless, to directly address the possibility that activa-

20 pg/mL

1 pg/mL

Figure 4. Responses to AyGal4:PR Are Dependent upon the Dose
of RU486

All panels show discs containing Gal4:PR-expressing clones from
AyGal4:PR UAS-tkv253P UAS-p35 UAS-GFP animals, marked by
expression of GFP (green) and grown for 18 hr on media containing
RU486. In (A) and (B), discs were stained with antibodies against
phospho-MAD (magenta).

(A) At 20 pg/ml, p-MAD is induced (arrows) at levels above peak
endogenous levels (arrowhead).

(B) At 1 png/ml, p-MAD is induced (arrows) at levels comparable to
peak endogenous levels (arrowhead).

(C and D) Discs induced with 1 p.g/ml RU486 and then labeled and
stained for BrdU (red). Lateral clones have mild nonautonomous
effects, while medial clones have no evident effect.

tion of apoptosis contributes to the nonautonomous ef-
fects of TKV@ P, we stained with an antibody against an
activated form of the Drice caspase. Some apoptosis
is detected in our experiments, but not until 35 hr after
the induction of TKV®L expression, which is well after
the initiation of cell proliferation, and even then only a
fraction of clones (10 of 50) exhibited detectable levels
of apoptosis (Figure S2). Additionally, compensatory
proliferation is associated with induction of Wingless
(WG) and DPP expression, but dpp-lacZ is not induced
by TKV®-P clones, and WG is only induced in cells in a
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narrow region near the D-V boundary, which cannot ac-
count for the proliferative effects observed (Figure S2).

We also considered the possibility that nonautono-
mous proliferation might be a generic response to ex-
cessive proliferation within a local region. This seemed
unlikely because TKV®P clones do not stimulate much
autonomous proliferation in medial regions but do stim-
ulate medial nonautonomous proliferation. Nonethe-
less, as a more direct test, we coexpressed the growth-
promoting proteins cyclin D and Cdk4 in AyGal4:PR
clones. These clones ultimately overgrow, as in conven-
tional Flp-out clones (Datar et al., 2000), but no nonau-
tonomous stimulation of cell proliferation was detected
(Figure S2).

The results described above provide support for the
hypothesis that nonautonomous proliferation is in-
duced by juxtaposition of cells with different positional
values by ruling out alternative explanations. Below, we
describe three direct tests of this hypothesis.

Uniform Activation of TKV Induces Lateral
Proliferation but Inhibits Medial Proliferation

First, we examined the temporal response to uniform
TKV activation. This would be expected to stimulate
cell-autonomous responses to TKV but to inhibit re-
sponses that require the juxtaposition of cells with dif-
ferent positional values. Temporally controlled uniform
pathway activation was achieved using a derivative of
the AyGal4:PR transgene insertion, actin>Gal4:PR, from
which the transcriptional terminator cassette had been
permanently excised by Flp-out in germline cells (Fig-
ure 1B). Animals containing this transgene were crossed
to animals with UAS-GFP (control) or UAS-GFP and
UAS-tkv@P (experimental) transgenes. In the absence
of drug, there were no detectable effects on BrdU label-
ing in wing discs (Figure 5A). Animals were raised in
the absence of RU486 and then transferred to RU486-
containing food and analyzed as described above after
6, 12, 18, or 24 hr. Phospho-MAD staining confirmed
that strong uniform activation of the pathway occurred
within 18 hr (Figure 5F). At 6 hr, only subtle effects on
BrdU labeling could be detected (Figure 5B), but, by 12
hr, elevated staining in lateral cells, but not in medial
cells, was consistently observed (Figure 5C). By 18 hr,
this effect is even more pronounced: many lateral cells
have high levels of BrdU staining, medial-lateral cells have
moderate levels of BrdU staining, and medial cells are
virtually devoid of BrdU staining (Figure 5D; cf. Figure
5A). The induction of proliferation is not uniform
throughout lateral cells, however, as in general it ap-
pears greatest in cells closer to the D-V boundary (Fig-
ure 5D; cf. Figure 1A), which might explain some of the
variability observed in mosaic-expression experiments
(Figure 3; Table 1; Table S1). Uniform expression of
TKV@P also results in elevation of pH-H3 staining in
lateral regions and inhibition of pH-H3 staining in me-
dial regions (data not shown).

Thus, as in the autonomous response to clonal acti-
vation, upon uniform activation, lateral, but not medial,
cells exhibit a strong proliferative response to TKV.
Moreover, the absence of detectable proliferation in
medial regions upon uniform activation (Figure 5D) pro-
vides a critical contrast to the medial proliferation in-

20 pug/mL, 6 h

20 pg/mL, 12 h

20 ug/mL, 18 h

1 pg/mL, 18 h 20 yg/mL, 18 h

brk-lacZ # 20 pg/mL, 18h

H

omb-lacZB8 20 pg/mL. 18 h

Figure 5. Uniform Expression of TKV®-P

(A)-(F), (H), and (J) show discs from actin>Gal4:PR UAS-tkv?253P
UAS-GFP animals. (A) was grown on media without RU486. (B)-(F)
were grown for the number of hours indicated on media containing
RU486 and then labeled and stained for BrdU (red, [A-E]) or phos-
pho-MAD (magenta, [F]). (B)-(D) and (F) were grown on 20 pg/ml
RU486; (E) was grown on 1 pg/ml RU486. The slight variation in
intensity in (F) is reflective of focal plane and nuclear density.
(G)-(J) show discs from animals carrying a brk-lacZ reporter line
([G and H], stained in parallel) or an omb-lacZ reporter line ([l and
J], stained in parallel). (G) and (l) show wild-type controls; (H) and
(J) show discs 18 hr after induction of uniform TKV®-P expression.

duced both inside and outside of TKV®-P clones (Figure
3), as these experiments include insertion of the same
promoter at the same chromosomal location and iden-
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tical time points and drug doses. Thus, medial-cell pro-
liferation requires the juxtaposition of cells with dif-
ferent levels of TKV activity.

To examine the influence on known downstream tar-
gets, discs were stained for expression of a gene re-
pressed by DPP signaling, brinker (brk), and two genes
activated downstream of DPP signaling, optomotor blind
(omb) and spalt. brk expression was substantially re-
pressed within 18 hr (Figure 5H). The lateral prolifera-
tion induced by TKV®P is likely effected through the
decrease in brinker levels, as loss of brinker results in
an autonomous elevation of proliferation in lateral cells
(Campbell and Tomlinson, 1999; Jazwinska et al., 1999;
Martin et al., 2004). Interestingly, however, omb (Figure
5J) and spalt (data not shown) were only weakly in-
duced within lateral cells at 18 hr, even though TKV®-P
has dramatic affects on proliferation by this time (Figure
5D). Thus, omb and spalt are unlikely to participate in
the proliferation induced by TKVA™P,

Nonautonomous Proliferation Depends on
Quantitative Differences in TKV Activation

Another prediction of gradient models for growth regu-
lation is that the induction of cell proliferation should
depend on the difference in levels of pathway activation
between neighboring cells. In the experiments described
above (Figure 3), a high drug dose (20 p.g/ml) was used,
resulting in levels of pathway activation above the nor-
mal peak levels of activation in the middle of the disc
(Figure 4A). By feeding larvae different concentrations
of RU486, however, the level of pathway activation in
clones can be varied. Under lower-drug-dose condi-
tions (1 pg/ml), the level of pathway activation, as moni-
tored by phospho-MAD staining, is comparable to the
normal levels of activation in the medial part of the disc
(Figure 4B). While in lateral and medial-lateral regions
both nonautonomous and autonomous induction of
proliferation is still induced by this lower level of TKV®-P
expression, the effect is weaker, and in medial regions
induction of proliferation is almost never observed (Fig-
ures 4C and 4D). Thus, nonautonomous stimulation of
proliferation is dependent upon the difference in the
levels of TKV activation between neighboring cells. Ad-
ditionally, the ability to stimulate proliferation noticeably
above wild-type rates apparently requires differences
in juxtaposed cell fates that are greater than those that
already exist within the endogenous TKV activity gra-
dient.

We also examined the consequences of lower-level
activation under uniform expression conditions (actin>
Gal4:PR). This was associated with milder effects than
high-level uniform activation, in terms of both the stim-
ulation of BrdU labeling in lateral regions and the inhibi-
tion of BrdU labeling in medial regions (Figure 5E; cf.
Figure 5D). As this low-level uniform expression is ex-
pected not to eliminate the TKV activity gradient but
to decrease its slope, the moderate inhibition of BrdU
labeling in the medial wing further supports the infer-
ence that the rate of proliferation here is proportional
to the steepness of the TKV activity gradient.

Nonautonomous Induction of Cell Proliferation

by Inhibition of DPP Signaling

If proliferation is stimulated simply by the juxtaposition
of cells that perceive different levels of DPP signaling,

rather than by the activation of the pathway per se, it
should be possible to stimulate proliferation not only
by making clones of cells in which the pathway is au-
tonomously activated but also by making clones of
cells in which the pathway is autonomously inhibited.
To examine this, we made clones of cells that expressed
either daughters against dpp (dad) or brk. dad encodes
an inhibitor of the DPP pathway that is induced by DPP
signaling and acts by competitively interfering with
MAD (Tsuneizumi et al., 1997). brk encodes a transcrip-
tional repressor that is repressed by DPP signaling
(Campbell and Tomlinson, 1999; Jazwinska et al., 1999)
(Figures 5G and 5H). Repression of brk accounts for
most of the effects of DPP in imaginal discs (Martin et
al., 2004; Muller et al., 2003). Overexpression of either
gene thus functionally mimics loss of function of DPP
signaling.

Both DAD- and BRK-expressing AyGal4:PR clones
exerted similar effects on BrdU labeling patterns in
wing imaginal discs, although the effects of the UAS-
brk transgene were reproducibly stronger (Figure 6).
BrdU labeling within clones is reduced within 5 hr after
induction, consistent with studies that have identified
essential autonomous requirements for DPP signaling
in wing-cell proliferation (Burke and Basler, 1996; Lecuit
et al., 1996). Importantly, however, an increase in BrdU
labeling is observed adjacent to medial clones. This
nonautonomous stimulation of BrdU labeling can be
detected as early as 5 hr after induction and was readily
observable at 14 and 20 hr time points (Figure 6 and
data not shown). The elevated BrdU labeling is greatest
along the most medial edges of clones (Figure 6), con-
sistent with the hypothesis that the degree of stimula-
tion is dependent upon the degree of difference in posi-
tional values between neighboring cells. Lower-level
expression of BRK resulted in weaker, but qualitatively
similar, effects on BrdU labeling (Figure 6E). Although
induction of BRK expression in conventional Flp-out
clones has been associated with cell competition and
apoptosis (Moreno et al., 2002), no apoptosis occurred
within the first 26 hr after its induction in AyGal4:PR
clones, presumably because large groups of cells are
protected from cell competition. At 48 hr, a few apop-
totic cells were detected along the edges of BRK-
expressing clones (data not shown), but this is too late
to account for the nonautonomous stimulation of prolif-
eration observed.

Discussion

Juxtaposing Cells that Perceive Different Levels

of DPP Signaling Stimulates Proliferation

A class of models for growth control have posited that
growth is promoted by the juxtaposition of cells with
different positional values. While the elegance of such
models has been widely appreciated, until now, they
have suffered from a lack of experimental support, as
studies of morphogens that actually regulate growth in
developing tissues have appeared to argue against
them. However, by exercising spatial, temporal, and
quantitative control over expression of components of
the DPP pathway, we have obtained compelling evi-
dence in support of the hypothesis that wing growth is
influenced by a gradient of positional values estab-
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UAS-brk 20pg/mL, S h

20ug/mL, 14 h

Figure 6. Clonal Induction of BRK or DAD Induces Nonautonomous
Cell Proliferation

All panels show discs containing Gal4:PR-expressing clones from
animals with AyGal4:PR UAS-p35 UAS-GFP and either UAS-brk or
UAS-dad transgenes, marked by expression of GFP (green) and
grown for the indicated number of hours on media containing
RU486 at 20 pg/ml (A-D) or 1 pg/ml (E) and then labeled and
stained for BrdU (red). (A)-(C) and (E) show BRK-expressing clones;
(D) shows a DAD-expressing clone.

lished downstream of DPP. Juxtaposing cells with dif-
ferent levels of DPP pathway activity stimulates cell
proliferation, as revealed by molecular markers of cell-
cycle progression. This stimulation can be achieved by
either elevating or lowering the level of pathway activity
relative to that in neighboring cells, and the effect is
proportional to the difference in pathway activity. Con-

versely, activating TKV uniformly inhibits cell prolifera-
tion in medial wing cells, where the endogenous gradient
is normally steep. Together, these observations indicate
that a difference in levels of DPP signaling between adja-
cent cells is both necessary and sufficient for the prolifer-
ation of medial wing cells and thereby implicate the slope
of the DPP morphogen gradient as the driving force
behind medial-wing-cell proliferation during normal de-
velopment.

The prior failure to discern the importance of the DPP
gradient in growth regulation can be accounted for by
two aspects of the proliferative response. First, the
transience of the nonautonomous response under ex-
perimental conditions precluded its observation using
the protocols traditionally employed for examining
TKV@-P-expressing clones, which allow clones to grow
for two or more days. Even when we examined such
clones after only 1 day (data not shown), their small
size made their ability to stimulate proliferation nonau-
tonomously less obvious than with the larger TKV@P
clones generated by the AyGal4:PR method. Second,
the overgrowth of lateral regions had obscured, until
direct observations of proliferation were conducted
(Figure 5) (Martin et al., 2004), the inhibition of medial-
cell proliferation associated with uniform TKV acti-
vation.

Modeling Growth Control by a Morphogen Gradient
We outline here a mechanism by which the TKV activity
gradient could regulate proliferation (Figure 7A). Al-
though we expect the actual mechanism to be more
complex, the model proposed serves to illustrate some
basic principles. The ability to compare TKV activity
levels between adjacent cells likely requires the partici-
pation of a cell-surface molecule, which we will call X,
regulated downstream of TKV. We assume that expres-
sion of X is positively regulated downstream of TKYV,
presumably via repression of brk. In the simplest case,
a comparison between expression levels on adjacent
cells could be made by homophilic binding. In this
case, the number of bound molecules on the surfaces
of adjacent cells would be equal and hence convey no
information as to the relative levels between them.
However, the fraction of molecules unbound would be
proportional to the elevated levels of X in one cell as
compared to its neighbor, and, thus, unbound X could
stimulate proliferation (Figure 7A).

Our observations indicate that the stimulation of pro-
liferation is bidirectional (i.e., it can occur on the high
or the low side of differences in TKV activity; Figure 3
and Figure 6) and that it can spread over a few cells.
Although this might suggest the participation of a dif-
fusible molecule downstream of X, it could also occur
if X can be asymmetrically localized within a cell, X ac-
tivity influences X localization, and asymmetric X local-
ization can be propagated from cell to cell. Exactly this
sort of process occurs during the establishment of tis-
sue polarity (reviewed in Eaton, 2003), and it has been
suggested to involve a local feedback loop between
adjacent cells amplifying an initial asymmetry (Amon-
lirdviman et al., 2005). It is intriguing in this regard that
two of the most upstream regulators of tissue polarity,
Fat and Dachsous, are transmembrane proteins that
also exert substantial effects on imaginal-disc growth,
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Figure 7. Modeling Growth Regulation by a
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and it is conceivable that they act as critical mediators
between morphogen gradients and tissue growth (Ca-
sal et al., 2002; Lawrence, 2004). We suggest that both
activation and inhibition of the DPP pathway result in

nonautonomous stimulation of proliferation because
both result in a self-reinforcing, asymmetric distribution
of X, allowing a proliferative signal to be generated in
cells on either side of an expression boundary (Figure
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7A). One attraction of this mechanism is that, as hy-
pothesized for tissue polarity (Ma et al., 2003), a self-
reinforcing asymmetry mechanism would allow for some
buffering against local variations in the morphogen gra-
dient and thus further contribute to the even distribu-
tion of growth.

In our experimental situations, we suggest that uni-
form activation of TKV in medial cells blocks prolifera-
tion by swamping out the endogenous gradient of X.
TKV®P clones, by contrast, create a sharp juxtaposi-
tion in cell fates, leading to propagation of X asymmetry
from the clone edges. Within these clones, the high,
uniform activation of TKV would inhibit X activation and
counteract the ability to establish an asymmetry of X,
thereby decreasing proliferation relative to that induced
outside of the clones—although we emphasize that
proliferation within these clones (Figure 3) is greater
than occurs under uniform TKV activation (Figure 5),
suggesting that some X asymmetry does propagate
into the clones. When X levels are decreased in clones,
as by expression of BRK, X asymmetry can propagate
well outside the clones, but, inside the clones, low
levels of X limit both proliferation and the propagation
of X asymmetry. This type of model thus provides an
explanation for the seemingly paradoxical observation
that proliferation is preferentially stimulated on the out-
side of both TKV®-P- and BRK-expressing clones.

Another intriguing feature of TKV®P clones is the
transience of the response. This suggests that, like
most signaling pathways, X signaling is subject to
negative feedback that can dampen the response. This
might function during normal development to limit tis-
sue growth. The differences between cells are more ex-
treme in our experiments than those that normally oc-
cur during disc development. Because of this, the
negative feedback might be more robust than normal,
resulting in a more transient effect. Our experimental
paradigm also introduces an artificial stability to the dif-
ferences in TKV activity between neighboring cells,
whereas, in a normal developing disc, the DPP gradient
and cell locations within it are dynamic. This could also
influence the efficiency of the hypothesized negative
feedback. The transience and short range of the non-
autonomous proliferative response associated with
TKVA™P clones are likely factors in the apparent ab-
sence of extensive nonautonomous overgrowth associ-
ated with TKV®P clones in adult flies.

Distinct Strategies for Growth Regulation across the
DPP Morphogen Gradient

Our results indicate that there are two distinct mecha-
nisms by which the DPP pathway regulates growth, one
that depends on the gradient of DPP and another that
depends on the level of DPP. Notably, these distinct
mechanisms correlate with different aspects of the DPP
gradient. That is, while juxtaposition of cells that per-
ceive different levels of TKV activity can promote prolif-
eration throughout the wing, during normal develop-
ment, this effect is likely only significant in medial
regions, as the TKV activity gradient is steep medially
but shallow laterally (Tanimoto et al., 2000; Teleman and
Cohen, 2000). Conversely, TKV activity also promotes
proliferation cell autonomously, presumably via repres-

sion of brinker, but this response is restricted to lateral
regions (Figure 5) (Martin et al., 2004), where endoge-
nous levels of DPP are normally low and the gradient
is shallow.

One complication with gradient models for growth
control is that morphogen gradients tend to decay ex-
ponentially rather than linearly (Entchev et al., 2000; Te-
leman and Cohen, 2000). Importantly then, the exis-
tence of these two distinct mechanisms for growth
regulation by DPP signaling suggests an explanation
for how a relatively even distribution of cell proliferation
could be achieved across a morphogen gradient. To il-
lustrate this, we sketch the expected contributions of
the gradient and autonomous-proliferation mecha-
nisms across the medial-lateral aspect of a wing disc
(Figure 7B). Applying the same approach to our experi-
mental situations, one can visualize that the lack of pro-
liferation in medial cells upon uniform TKV activation
would be a consequence of the relative smoothing of
the activity gradient and that overproliferation in lateral
cells is expected to be driven entirely by the autono-
mous mechanism. Conversely, the overproliferation in
medial cells associated with clonal activation of TKV
is expected to result from the gradient mechanism.
Moreover, given that the endogenous rate of medial-
cell proliferation is predicted to reflect the response to
the endogenous gradient, significantly elevated rates of
proliferation in experimental situations are expected to
require a significantly steeper than normal juxtaposition
in cell fates.

Experimental Procedures

Construction of pAyGal4:PR

pAyGal4:PR was constructed by cloning a 2 kb Nhel-BamH]I frag-
ment containing the GeneSwitch Gal4 cDNA from the pP(GS-GAL4)
vector (Osterwalder et al., 2001) into Nhel/BamHI-digested pWA-
GAL4-Nhe (Ito et al., 1997), replacing the wild-type Gal4, to gener-
ate a plasmid we refer to as pWAGal4:PR-Nhe. We then cloned a
9.7 kb Nhel fragment containing an FRT/y+/FRT cassette from
plasmid pJ35 (Struhl and Basler, 1993) into the Nhel site of pWA-
GAL4:PR-Nhe, which placed the FRT/y+/FRT cassette between the
actin promoter and the Gal4:PR coding sequence. The resulting
plasmid, pAyGal4:PR, was injected into Drosophila, and insertions
on the X (AyGal4:PR[X]) and third (AyGal4:PR[3]) chromosomes
were isolated. Results shown were generated with AyGal4:PR[3].

Clone Generation and Transgene Induction

For generation of Flp-out clones, flies of the genotypes y w hs-
Flp[122];UAS-tkv253P/TM6b, y w hs-Flp[122];UAS-tkvPEQ199P[6A3],
y w hs-Flp[122];UAS-p35[2-Y];UAS-tkv@253P/TM6b, y w hs-Fip[122];
UAS-p35[2-Y];UAS-tkvPEQ199P[6A3], y w  hs-FIp[122];UAS-cycD
UAS-cdk4/L14, y w hs-Fip[122];UAS-p35[2-Y];UAS-brk[S7.1], y w
hs-Flp[122];UAS-dad;UAS-p35[3-W], y w hs-FIp[122];UAS-p35[2-Y],
y w hs-FIp[122], and y w hs-Fip[122];dpp-lacZ[10638]/CyO-GFP;
UAS-tkv@2530/TM6b were crossed to UAS-GFP;AyGal4:PR([3]/TM6b
flies. Flp-out clones were then generated by heat shock for 7 min
at 36°C. PCNA-GFP;AyGal4:PR[3] flies were crossed to y w hs-Fip
[122];UAS-p35[2-Y];UAS-tkv@253P/TM6b (experimental) or y w hs-
Fip[122];UAS-p35[2-Y] (control).

For ubiquitous transgene expression, flies in which the FRT/y+/
Terminator cassette had been excised were selected from a y w
hs-Flp[122];AyGal4:PR[3]/TM6b stock by the loss of the y+ marker
to isolate the actin>Gal4:PR[3] transgene insertion. y w hs-Flp
[122];UAS-GFP; actin>Gal4:PR[3]/TM6b flies were then crossed to
y w hs-Flp[122];UAS-tkv@253P/TM6b, y w hs-FIp[122] omb-lacZ;
UAS-tkv2530/TM6b, y w hs-Flp[122] omb-lacZ, brk-lacZ;UAS-
tkv@253D/TM6b, brk-lacZ, or y w hs-Flp[122];UAS-GFP flies.
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Gal4:PR was activated by transfer of larvae to instant food (In-
stant Drosophila Medium, Connecticut Valley Biological) containing
RU486 (mifepristone, Sigma). Two grams of instant food was mixed
with 7 ml RU486 in water, resulting in a final medium volume of
approximately 8.5 ml. The RU486 solutions were 24 p.g/ml for high-
dose experiments and 1.2 pg/ml for low-dose experiments, result-
ing in final effective concentrations of 20 pg/ml and 1 pg/ml.

Tissue Staining and BrdU Labeling

For BrdU labeling, larvae were dissected in Ringers solution and
then incubated in M3 complete medium containing 0.1 mg/ml BrdU
(BD Pharmingen) for 30 min at room temperature. After three rinses
with cold PTW (PBS, 0.1% Tween 20), larvae were fixed for 20 min
in 4% paraformaldehyde plus 0.1% Tween 20. Larvae were then
washed four times for 20 min in PTW and then treated with 5 units
DNase | (Promega) in 100 pl DNase buffer + PBS for 1.5 hr at 37°C.
After three washes in PTW, larvae were incubated with anti-BrdU.

Blind scoring of BrdU, pH-H3, or PCNA-GFP staining was ac-
complished by having D.R. take confocal micrographs of all clones
in a set of experimental and control stains, having a third party
assign them random numbers, and then having K.D.I. score clones
for effects on staining.

Primary antibodies used were mouse anti-BrdU (BD Pharmin-
gen), rabbit anti-activated Drice (B. Hay), rabbit anti-phosophory-
lated MAD (T. Tabata and E. Laufer), rabbit anti-pH-H3 (Upstate),
rabbit anti-Gal4 DBD (Santa Cruz), goat anti-B-Gal (Biogenesis),
mouse anti-WG (4D4, DSHB), rat anti-Spalt (S. Cohen), and guinea
pig anti-Coracle (R. Fehon). Secondary antibodies were from Jack-
son ImmunoResearch. DNA was stained by mounting discs in
DAPI-containing media (Vector). B-galactosidase activity was de-
tected by a standard X-gal staining protocol overnight at room tem-
perature.

Supplemental Data
Supplemental Data include one table and two figures and can be
found with this article online at http://www.cell.com/cgi/content/
full/123/3/449/DC1/.
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