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Fig. 3. Growth is essential for
wing fate specification. (A-
H) Late third instar wing discs
and adult wing or nota of the
following genotypes: sd-Gal4,
UAS-DI™, UAS-CycE (A,B), sd-
Gald, UAS-Ser™, UAS-CycE
(C,D), sd-Gal4, UAS-notum,
UAS-CycE (E,F) and sd-Gal4,
UAS-hippo (G,H). Wing discs
were labelled to visualize
Nubbin (Nub, red) and
Homothorax (Hth, blue) protein
expression. The penetrance of
the phenotype was 100% in A-
F. Number of scored wing discs
ranged between 7 and 11.
Wing territory (w), endogenous
nota (nt) and duplicated nota
territories (nt’) are marked in
A,C,E. Blue arrows point to
duplicated nota in F-H.
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raised under the same conditions. The average wing disc sizes and standard deviations were 1+0.3 (wild type), 0.67+0.14 (sd>Ser™) and
1.13£0.36 (sd>Ser™, CycE). sd>Ser™ wing discs were significantly smaller than wild-type discs (P<107%) and expression of CycE was able to rescue
wing disc size when compared with sd>Ser™ wing discs (P<1078). Number of scored discs: wild type, 22; sd>Ser™, 40; sd>Ser™, CycE, 21.

(J) Histogram showing the percentage of duplicated (Dp, blue) and non-duplicated (NDp, yellow) hemi-nota in sd-Gal4; UAS-Ser™ adult flies
expressing UAS-GFP (n=236), UAS-CycE (n=36), UAS-Stg (n=136), UAS-CycD,UAS-Cdk4 (n=64), UAS-dMyc (n=94) or UAS-PTEN (n=40).

antagonizes wing development and specifies body wall fate. An
alternative mechanism by which Notch might affect Wg activity
would be by interfering with the ability of Wg to repress Vn
expression. Indeed, we noted that reducing the amount of Vn
protein, in a va heterozygous background, decreased the frequency
of duplicated nota caused by compromised Notch activity (Fig. 2L).
However, Vn expression was not affected by blocking Notch
activity (compare Fig. 2J and 2K). Taken together, these results
indicate that Notch activity is required upstream of Wg in the
process of wing fate specification, but that Notch does not regulate
the relative expression patterns of Wg and Vn.

Tissue growth promoted by Notch is required for
wing fate specification

Notch is thought to promote growth in the early wing imaginal disc
(de Celis and Garcia Bellido, 1994), and growth induced by Notch
is required for specification of the eye within the Drosophila eye-
antenna primordium (Kenyon et al., 2003). We therefore
hypothesized that the requirement of Notch in wing fate
specification is because of its control of tissue growth.

We first measured the size and analyzed the proliferation dynamics
of early second instar wing discs after blocking Notch activity. Early
second instar wing discs expressing the dominant-negative form of
Serrate (Ser™) in the sd-Gal4 domain were on average 34% smaller
than were wild-type primordia raised in the same conditions (Fig. 3I).
The average wing disc sizes, in arbitrary units, were 1+0.3 (wild type)
and 0.67+0.14 (s> Ser™; number of scored discs: wild type, n=22;
sd>Ser™ n=40; P<107°). The number of cycling cells, monitored by
BrdU incorporation, was also reduced. The number of BrdU-positive
cells in wild type and sd>Ser™ wing discs was 14+4 and 6<1,
respectively (wild type, n=7; sd>Ser™, n=11).

We next tested whether overexpressed cell cycle regulators or
growth promoters were able to rescue tissue growth and wing fate
specification in conditions of reduced Notch activity.
Overexpression of cell cycle regulator Cyclin E [which drives
G1-S transition (Neufeld et al., 1998)] in wing discs in which
Notch activity had been compromised was able to restore the size
of the wing primordia (Fig. 3I). The average size of
sd>Ser™ CycE discs (1.13£0.36, n=21) was significantly bigger
than that of sd>Ser™ discs (0.67+0.14, n=40, P<107®) grown in
the same conditions. Similarly, the number of proliferating cells
was also restored (an average of 13+3 BrdU-positive cells, n=7
discs). Interestingly, Nub expression (Fig. 3A,C) and adult wing
specification (Fig. 3B,D,J) were restored in these conditions (in
sd>Ser™, CycE larvae and flies). Cyclin E did not show this
capacity in the absence of Wg activity (Fig. 3E,F). Consistent
with this, the size of the wing discs was not reduced after blocking
Wg activity (the average wing disc sizes were 140.3 for wild type
and 1.04+0.2 for sd>notum; P=0.77, n=8 and 5 discs,
respectively). Adult fate specification was also rescued when the
cell cycle regulator String [previously known as Dcdc25, which
drives G2—-M transition (Neufeld et al., 1998)] was expressed in
conditions of reduced Notch activity (Fig. 3J). It is interesting to
note that, in late third instar wing discs, overexpression of CycE
and String has been reported to drive G1-S and G2-M transitions
without causing any increase in tissue size (Neufeld et al., 1998).
We therefore wondered whether the overexpression of these cell
cycle regulators was able to induce tissue growth in second instar
discs. Interestingly, the average size of sd> CycE (1.7+0.4, n=39)
and sd> Stg (1.13+£0.22, n=33) early second instar wing discs was
significantly bigger than that of wild-type (1+0.22, n=47) discs
grown in the same conditions (P<10~'3 and P=0.01, respectively;
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see Fig. S3 in the supplementary material). These results suggest
that the ability of CycE and String to rescue wing fate
specification is a consequence of increased tissue growth.
Alternatively, the increased cell cycling caused by these cell cycle
regulators might interfere with the ability of the cells to transduce
Notch signalling. We therefore analyzed the ability of Ser™ to
block Notch signalling in the presence of high levels of CycE or
String. Similarly, we analyzed the ability of a dominantly active
form of the Notch receptor [N™ (Struhl and Adachi, 1998)] to
activate the expression of Notch target genes in the presence of
high levels of CycE or String. As shown in Fig. S4 (see
supplementary material), the activity of the Notch pathway is not
affected by the overexpression of these cell cycle regulators.

The growth promoters Cyclin D and Cdk4 (Datar et al., 2000), or
dMyc (Dm — FlyBase) (Johnston et al., 1999), were also able to
rescue wing fate specification under conditions of reduced Notch
activity (Fig. 3J). Conversely, expression of the growth repressor
PTEN (Goberdhan et al.,, 1999) increased the frequency of
duplicated nota under conditions of reduced Notch activity (Fig. 3J),
and blocking growth by means of overexpression of the tumor
suppressor gene hippo (Harvey et al., 2003; Wu et al., 2003) in the
early wing primordium induced failure in wing fate specification
with a concomitant duplication of body wall structures (Fig. 3G,H).
Taken together, these results indicate that growth induced by Notch
activity is essential for the Wg-dependent induction of wing fate.

Concluding remarks

The expression of Wg in the most ventral part of the wing disc
specifies the wing field at the same time as restricting Vn
expression to the most dorsal part (Fig. 4A). Vn is required to
block the responsiveness of body wall cells to Wg. Thus, the
relative concentration of the diffusible proteins Wg and Vn
(Neumann and Cohen, 1997; Schnepp et al., 1996; Zecca et al.,
1996) experienced by disc cells directs their wing versus body wall
fate. It is interesting to note that the expression of these two
molecules is established long before the wing field is induced in
the presumptive wing primordium (Wu and Cohen, 2002). Wg

expression starts long before wing field specification takes place,
as revealed by the later induction of Nub expression and the
reduction in the expression of the body wall cell marker Tsh (Fig.
4D-G). We therefore propose that tissue growth modulates the
cellular response to these signalling molecules and controls, in
time, wing fate specification. In the early wing primordium, Vn
might reach every wing cell, thereby blocking responsiveness to
Wg and repressing wing fate specification. Growth induced by
Notch activity might pull the sources of Wg and Vn apart and,
thus, most ventral cells might not sense sufficient Vn levels, so Wg
would be able to induce wing fate. Interestingly, the
overexpression of Wg or overactivation of its signalling pathway
is able to bypass the requirement of growth in this process (Fig.
2E,F), which indicates that the cells sense the relative levels of Wg
and Vn. Once the wing field has been specified, Wg starts to be
expressed along the presumptive wing margin, where it exerts a
fundamental function in the maintenance of the Notch-dependent
organizing center along the DV boundary (Buceta et al., 2007,
Couso et al., 1994; Rulifson and Blair, 1995). Note that the
organizing activity of Notch at the DV boundary takes place long
after the early function of Notch revealed in this work, which is
involved in promoting growth and facilitating wing fate
specification. As revealed by the expression of the Notch target
E(spl)m-P, it is not until late in the second instar that the expression
of Notch is restricted to the DV boundary (see Fig. S1 in the
supplementary material). During the process of wing fate
specification that takes place during second instar, it is uniformly
expressed in the whole wing disc (Fig. S1 in the supplementary
material). These results imply that growth also facilitates the
reiterative use of signalling molecules, such as Wg and Notch, to
exert different functions during the development of a multicellular
organ like the wing primordium.

At the same time that wing and body wall fate specification takes
place in the wing primordium, Vn is involved in the induction of
apterous expression in the dorsal region (Wang et al., 2000; Zecca
and Struhl, 2002) (see also Fig. S6 in the supplementary material).
Consistent with the model proposed above, the activity of Vn, as
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Fig. 4. Coupling growth and wing fate specification.
(A-C) lllustration of the subdivision of the wing imaginal
disc into wing (red) and body wall (notum, green)
primordia by the signalling molecules Wingless (Wg,
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whereas dorsally expressed Vn blocks this activation. Wg
represses \VVn expression restricting it to the dorsal region.
(A)Vn is expressed by a subset of cells (green), but it
diffuses and reaches every wing cell in the early wing
primordium. In this situation, ventral cells (orange) are
not able to respond to Wg and do not differentiate as

early L2
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wing tissue. (B,C) Growth of the tissue induced by the
activity of Notch pulls the sources of Wg and Vn apart.
Now, ventral cells (orange) do not sense sufficient levels
of Vn, so they respond to Wg and differentiate as wing
tissue (red nuclei). (D-G) Early (D,F), mid (G) and late (E)
second instar wing discs labelled to visualize wg-lacZ
(antibody to B-Gal, green) and Nubbin protein expression
(Nub, red; D,E), or Wg (green) and Teashirt (Tsh, blue;
F.G) protein expression.
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monitored by the expression of apterous, was modulated by tissue
growth (see Figs S5, S6 in the supplementary material). In the
absence of Notch activity, even though Vn expression is not affected
(Fig. 2K), Vn appears to reach every wing cell, as apterous
expression was expanded ventrally (see Fig. S5 in the supplementary
material). Increased levels of Wg expression or growth promoted by
CycE appear to re-establish the dorsally restricted range of activity
of Vn, as apterous expansion was blocked under these
circumstances (see Fig. S5 in the supplementary material).

Growth promoted by Notch has also been shown to be directly
involved in the specification of the eye within the Drosophila eye-
antenna primordium (Kenyon et al., 2003), a process that also
depends upon the opposing activities of two secreted signalling
molecules, in this case Dpp and Wg. Thus, Notch coordinates in
a very elegant manner both eye and wing primordia tissue growth
and eye/wing specification, by modulating the response of the
cells to the activities of signalling molecules. These results
indicate that the same mechanism might be commonly used in
animal development to coordinate tissue growth and fate
specification.

The evolution of wings was crucial in the process of adaptation,
allowing insects to escape predators or colonize new niches. It has
recently been shown that the loss and recovery of wings has
occurred during the course of evolution (Whiting et al., 2003). This
finding would suggest that wing developmental pathways are
conserved in wingless insects and are being re-used. According to
our results, we speculate that adaptative changes in animal size could
modulate the cellular response to signalling molecules such as Wg,
thereby helping to drive some of these extraordinary reversible
transitions.
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