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The Ras GTPase links extracellular signals to intracellular mechanisms that control cell growth, the cell
cycle, and cell identity. An activated form of Drosophila Ras (RasV12) promotes these processes in the
developing wing, but the effector pathways involved are unclear. Here, we present evidence indicating that
RasV12 promotes cell growth and G1/S progression by increasing dMyc protein levels and activating dPI3K
signaling, and that it does so via separate effector pathways. We also show that endogenous Ras is required to
maintain normal levels of dMyc, but not dPI3K signaling during wing development. Finally, we show that
induction of dMyc and regulation of cell identity are separable effects of Raf/MAPK signaling. These results
suggest that Ras may only affect PI3K signaling when mutationally activated, such as in RasV12-transformed
cells, and provide a basis for understanding the synergy between Ras and other growth-promoting oncogenes
in cancer.
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Cancer is a genetic disease resulting from inappropriate
activation or overexpression of proto-oncogenes, com-
pounded by loss of tumor suppressor gene activity (Hana-
han and Weinberg 2000). This process is often facilitated
by mutation of so-called mutator genes, resulting in ge-
nomic instability and accelerated rates of genetic muta-
tion. A great deal has been learned about interactions
among various oncogenes including Ras, Myc, and mem-
bers of the PI3K-signaling pathway that may contribute
to oncogenesis. Most of these studies have been per-
formed in vitro and in mammalian cell culture systems,
however, and detailed in vivo analysis is lacking. It is
also unclear whether these genes interact during normal
development as they do when activated or overexpressed
in tumors.

Ras is a membrane-associated guanine nucleotide-
binding protein that is normally activated in response to
the binding of extracellular signals, such as growth fac-
tors, to receptor tyrosine kinases. These receptors in-
clude the epidermal growth factor receptor (EGFR) in
mammals and its Drosophila homologs dEGFR/DER,
Sevenless, and Torso. Phosphotyrosine residues on acti-
vated receptors bind SH2 domains of adaptor proteins
such as Drk/Grb2, which, via their SH3 domains, bind

guanine-nucleotide exchange factors such as Sos. Sos
catalyzes the conversion of Ras from a GDP-bound in-
active state to a GTP-bound active state, resulting in
conformational changes in two so-called switch domains
(Boriack-Sjodin et al. 1998). GTP-bound mammalian Ras
recruits several effector proteins including Raf, PI3K, and
RalGDS to the cell membrane, in which they become
activated by either Ras-induced conformational changes
(Pacold et al. 2000) or other membrane-associated pro-
teins (Morrison and Cutler 1997). Mutations in Ras that
cause constitutive GTP binding result in constitutive
signaling to downstream effector proteins and are fre-
quently found in a range of human tumors (Barbacid
1987).

Ras signaling affects many cellular functions, includ-
ing cell proliferation, apoptosis, migration, fate specifi-
cation, and differentiation (for review, see Rommel and
Hafen 1998). Some of these effects have been shown to
require the combined activation of several Ras effector
proteins. For example, studies in NIH3T3 fibroblasts
showed that activation of both Raf and PI3K is required
for Ras-dependent transformation (Rodriguez-Viciana et
al. 1997) and contributes to cell cycle progression (Gille
and Downward 1999). Specific Ras effectors have also
been shown to perform distinct functions. For example,
Ras stimulates membrane ruffling and inhibits apoptosis
via PI3K in fibroblast cells (Kauffmann-Zeh et al. 1997;
Rodriguez-Viciana et al. 1997). However, several studies
contradict these findings. For example, stimulation of
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either Raf or PI3K signaling alone is sufficient to induce
cell proliferation in cultured postmitotic chicken neuro-
retina cells (Peyssonnaux et al. 2000), and Raf has been
implicated in both promoting and inhibiting apoptosis in
several cell types (Kauffmann-Zeh et al. 1997; Zhong et
al. 2001). Such discrepancies may reflect cell-type speci-
ficities or indicate shortcomings of studying signaling
pathways in cell culture. To clarify the roles of effector
proteins in mediating Ras signaling, it may be useful to
study Ras and its downstream effectors in vivo during
normal growth and development. Genetic analyses in
vivo have already revealed novel functions for Ras, in-
cluding the ability to regulate cellular growth (i.e., mass
accumulation; Hunter et al. 1995; Heumann et al. 2000;
Prober and Edgar 2000), although it is not known which
effector proteins mediate this function.

PI3Ks are a family of intracellular signal transducers
that are activated by receptor tyrosine kinases and G-
protein-coupled receptors (for review, see Vanhaese-
broeck et al. 2001). PI3Ks phosphorylate inositol lipids in
the cell membrane, generating a range of second messen-
gers including phosphatidylinositol-3,4,5-triphosphate
(PIP3). PIP3 recruits and activates downstream effectors
such as Akt/PKB by binding to their pleckstrin homol-
ogy (PH) domains. Studies in both mice and Drosophila
have implicated this pathway in growth regulation, pre-
sumably due to its ability to promote glucose and lipid
import, nutrient storage, and translation of RNAs in-
volved in ribosome biogenesis (Vanhaesebroeck et al.
2001). Several lines of evidence implicate this pathway
as a causal factor in cancer. For example, Akt/PKB was
discovered as a viral oncogene, and PTEN, a lipid phos-
phatase that antagonizes PI3K signaling, is a tumor sup-
pressor implicated in many human cancers and two can-
cer-associated inherited diseases (Cantley and Neel
1999).

Studies in cell culture have implicated the Myc family
of transcription factors as regulators of the cell cycle that
are rapidly induced in response to growth factors (for
review, see Grandori et al. 2000). These studies are sup-
ported by the recent finding that mice with reduced Myc
function have defects in cell proliferation (Trumpp et al.
2001). Several studies of Drosophila and mammalian
Myc in vivo have also shown a critical function in regu-
lating cell growth (Iritani and Eisenman 1999; Johnston
et al. 1999; Kim et al. 2000; de Alboran et al. 2001; Doug-
las et al. 2001). These roles are supported by analyses of
Myc target genes, which include regulators of both cell
growth and the cell cycle (Coller et al. 2000; Boon et al.
2001). Myc is also a potent oncogene that is rearranged
and overexpressed in a wide range of tumors.

The fact that Ras, Myc, and PI3K have all been impli-
cated in regulating cell growth and the cell cycle sug-
gests that they may interact with each other. In support
of this idea, studies in mammalian cell culture have
shown that Ras can stabilize Myc protein (Sears et al.
2000) and directly bind to and activate PI3K (Rodriguez-
Viciana et al. 1994; Pacold et al. 2000). However, genetic
evidence suggesting that Ras regulates Myc or PI3K in
vivo is lacking. Ras signaling plays a major role in cell

fate specification in Drosophila and Caenorhabiditis el-
egans (Rommel and Hafen 1998). In contrast, PI3K sig-
naling does not regulate cell fate in C. elegans, and the
Drosophila Myc and PI3K homologs regulate cell growth
but not cell fate (for review, see Prober and Edgar 2001).
The ability ofDrosophila Ras to regulate both patterning
and growth, however, raises the possibility that Ras
might regulate growth via dMyc and/or dPI3K. Here we
show that an activated form of Drosophila Ras is capable
of driving growth via both dMyc and the dPI3K pathway,
and that endogenous Ras is required to maintain normal
levels of dMyc, but not dPI3K signaling, during wing
development.

Results

Activated Ras increases dMyc levels and activates
dPI3K signaling

Substitution of valine for glycine at position 12 of mam-
malian Ras, which is frequently observed in tumors, in-
hibits GTP hydrolysis and results in constitutive activ-
ity (Barbacid 1987). We have shown previously that ec-
topic expression of a Drosophila Ras1 transgene
containing this mutation (RasV12; Karim and Rubin
1998) accelerates the G1/S transition of the cell cycle,
increases cell size, and increases clonal growth rates in
the developing Drosophila wing (Prober and Edgar 2000).
Because overexpression of the Drosophila homologs of
Myc (dMyc) and PI3K (dPI3K) have similar but stronger
effects (Johnston et al. 1999; Weinkove et al. 1999; Fig.
1A), we examined whether they mediate the effects of
RasV12.

To examine the effect of RasV12 expression on dMyc
and dPI3K, we generated clones of cells expressing
RasV12 using the Flp/Gal4 technique (Struhl and Basler
1993; Pignoni and Zipursky 1997; Neufeld et al. 1998).
This technique allows generation of permanent, heri-
table expression of UAS-regulated transgenes in random
clones of cells in response to a heat shock. As we have
shown previously, ectopic expression of RasV12 increases
dMyc protein levels (Fig. 1C). To assay dPI3K signaling
in vivo, we used a reporter stock that constitutively ex-
presses a transgene encoding the pleckstrin-homology
(PH) domain from the Drosophila homolog of general
receptor for phosphoinositides-1 (GRP1) fused to GFP
(tGPH; Britton et al. 2002). The PH domain of mamma-
lian GRP1 specifically binds PIP3 (Ferguson et al. 2000;
Lietzke et al. 2000), which is the second messenger gen-
erated by PI3K. Because PIP3 is generally located in lipid
membranes, particularly the cell membrane, GRP1 is re-
cruited to the cell membrane when PI3K activity in-
creases cellular PIP3 levels. Fusion proteins containing
the GRP1 PH domain are recruited similarly to cell
membranes by binding PIP3, and thus serve as in situ
reporters for PI3K activity (Gray et al. 1999; Oatey et al.
1999). The tGPH reporter binds PIP3 with high affinity in
vitro (W. Lockwood and S. Cohen, pers. comm.) and re-
sponds to increases or decreases in dPI3K signaling in
vivo by increasing or decreasing its localization at the
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cell membrane (Britton et al. 2002). In normal wing disc
cells, we observed tGPH fluorescence throughout the en-
tire cell membrane (Fig. 2A). Higher tGPH levels colo-
calized with Armadillo, however, which is located in
adherens junctions at the apical region of the cell mem-
brane (Fig. 2A). This suggests that dPI3K signaling is nor-
mally most active at the apical region of wing disc cells.
To determine whether the observed tGPH fluorescence
in wild-type cells reflects endogenous dPI3K activity, we
inhibited dPI3K activity by expressing �p60. p60 is an
adapter protein that links the catalytic subunit of dPI3K
(Dp110) to upstream activators such as the Drosophila
Insulin receptor (dInr) and the IRS homolog Chico. �p60
is a variant of p60 that lacks the Dp110 interaction do-
main and inhibits dPI3K activity, presumably by pre-
venting endogenous Dp110 from binding to and becom-
ing activated by dInr and Chico (Weinkove et al. 1999).
Overexpression of �p60 (Figs. 1F, 2D) reduced tGPH
fluorescence throughout the cell membrane, indicating
that much of the membrane-associated tGPH in wild-
type discs results from the activity of endogenous dPI3K.
Similar results were obtained upon overexpression of
dPTEN, a lipid phosphatase that dephosphorylates PIP3

(data not shown).
Overexpression of dPI3K (Fig. 1D) resulted in strong

recruitment of tGPH to the cell membrane. Expression
of RasV12 also resulted in high tGPH levels at the cell
membrane (Fig. 1E), suggesting that RasV12 activates
dPI3K signaling, and thus increases PIP3 levels. To verify
that these effects did not result simply from increased
overall levels of the tGPH reporter, we performed West-
ern blots on wing discs in which most cells overex-
pressed either dPI3K or RasV12. Overexpressed dPI3K or
RasV12 did not increase tGPH levels relative to controls
(Supplemental Fig. 1 in Supplementary Material at
http://www.genesdev.org). This result is consistent with
our interpretation that increased levels of membrane-
associated tGPH in response to RasV12 and dPI3K results
from relocalization and not increased levels of the re-
porter. These results suggest that RasV12 activates
dPI3K, consistent with experiments in mammalian sys-
tems, showing that RasV12 can directly bind to and acti-
vate dPI3K (Rodriguez-Viciana et al. 1994; Pacold et al.
2000). However, we cannot rule out other potential
mechanisms that may explain how RasV12 recruits tGPH
to the cell membrane, such as inhibition of the lipid
phosphatase dPTEN.

Overexpression of dPI3K increased tGPH fluorescence
throughout the entire cell membrane, including both
apical and basolateral regions (Fig. 2B). In contrast,
RasV12 only recruited tGPH to the apical region of the
cell membrane (Fig. 2C), in which tGPH colocalized
with Armadillo (data not shown). This effect did not re-
sult simply from recruitment of overexpressed RasV12 to
apical regions, as overexpressed RasV12 was distributed
throughout the cell membrane (Supplemental Fig. 2 in
Supplementary Material at http://www.genesdev.org).
These results suggest that Ras may require other apically
localized factors to activate dPI3K signaling, although
other explanations are possible.

Figure 1. RasV12 expression increases dMyc protein levels and
activates dPI3K signaling. (A) FACS analysis of wing disc cells
overexpressing RasV12, dMyc, or dPI3K. Green and red traces
represent GFP+ (experimental) and GFP− (control) cells, respec-
tively. Each trace is normalized to fit the graph as the numbers
of GFP+ and GFP− cells analyzed for each sample were not ex-
actly equal. (Left) Cell size. Forward scatter data, which gives a
relative measure of cell size, shows that expression of RasV12,
dMyc, or dPI3K increases cell size. (Right) Cell cycle. DNA
content data, which shows the proportion of cells in G1 (2C) and
G2 (4C), indicates that expression of RasV12, dMyc, or dPI3K
decreases the proportion of cells in G1. (B,C) Flp/Gal4 clones
(marked with GFP in B� and C�) expressing either dMyc (B,B�) or
RasV12 (C,C�) show increased staining with a dMyc-specific an-
tibody (B,C). (D–G) Flp/Gal4 clones (marked by loss of the CD2
cell membrane marker in D',E',F�,G�) expressing either dPI3K
(D) or RasV12 (E) have increased cell membrane-associated
tGPH, a PH-GFP fusion protein used as an indicator of dPI3K
signaling. In contrast, clones expressing either �p60 (F) or
�p60+RasV12 (G) have reduced cell membrane-associated tGPH.
Note that apical tGPH and lateral �CD2 sections are shown,
resulting in slight misalignment of tGPH and �CD2 in these
images. Magnification: B,C, 40×; D–G, 100×.
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To verify that the ability of RasV12 to induce tGPH
relocalization was dependent on dPI3K signaling, we co-
expressed RasV12 and �p60. �p60 completely blocked the
ability of coexpressed RasV12 to recruit tGPH to the cell
membrane (Fig. 1G), indicating that the ability of RasV12

to relocalize tGPH is dependent upon dPI3K signaling.
These experiments therefore show that RasV12 is capable
of increasing dMyc levels and activating dPI3K signaling
in the developing wing.

RasV12 effector loop mutants activate different
effector pathways

Several mutations in the effector loop region of mamma-
lian Ras have been identified that prevent Ras from bind-
ing and activating specific downstream effectors (White
et al. 1995). For example, RasV12S35 specifically binds and
activates mammalian Raf, but not RalGDS or PI3K (Ro-
driguez-Viciana et al. 1997; Kinashi et al. 2000; Pacold et
al. 2000). RasV12G37 interacts specifically with RalGDS
(resulting in activation of the Ral GTPase; Rodriguez-
Viciana et al. 1997), PI3K� (Pacold et al. 2000), and PI3K�
(Kinashi et al. 2000), but not with PI3K� or Raf. A third
variant, RasV12C40, specifically interacts with PI3K� but
not with PI3K�, PI3K�, Raf, or RalGDS. The amino acid
sequence of the effector loop region of Drosophila Ras is
identical to that of mammalian Ras, and transgenic flies
containing UAS-regulated forms of these variants have
been generated, all containing the activating V12 muta-
tion (Karim and Rubin 1998).

To determine whether the RasV12 effector loop mu-
tants specifically activate different Ras effector path-
ways in vivo, we generated clones of cells expressing the
RasV12 effector loop mutant transgenes in the developing
wing and assayed their abilities to activate MAPK and
dPI3K signaling. Staining with an antibody that recog-
nizes the activated form of MAPK (dp-ERK) revealed that
RasV12, an activated form of Raf (RafGOF), and RasV12S35

activated MAPK throughout the developing wing,
whereas dPI3K and RasV12G37 did not (Fig. 3A,B; data not
shown). Conversely, expression of RasV12 or RasV12G37,
but not RafGOF, caused recruitment of tGPH to the cell
membrane in all regions of the developing wing (Fig. 3;
data not shown). We occasionally observed tGPH re-
cruitment to the cell membrane in response to RasV12S35

expression, but at much lower levels than for RasV12 or
RasV12G37 (Fig. 3C). Like RasV12, RasV12G37-dependent
recruitment of tGPH was restricted to the apical region
of the cell membrane (data not shown). Thus, at the sen-
sitivity thresholds of our assays, RafGOF specifically ac-
tivates MAPK but not dPI3K signaling, RasV12S35 prima-
rily activates MAPK, and RasV12G37 specifically acti-
vates dPI3K signaling but not MAPK. Expression of
RasV12C40 had no detectable effect on either MAPK ac-
tivity or dPI3K signaling (data not shown).

RasV12 effector loop mutants that activate Raf or
dPI3K signaling induce growth and G1/S progression

To test whether RasV12 promotes growth and G1/S pro-
gression via MAPK or dPI3K signaling, we generated

Figure 2. Subcellular localization of tGPH. (A) Optical cross-
sections showing that tGPH is localized throughout the cell
membranes, cytoplasm, and nuclei of cells in the columnar epi-
thelium and peripodial membrane of imaginal wing discs. In-
tense GFP fluorescence is present at the apical region of the cell
membrane, colocalizing with Armadillo, a component of api-
cally localized adherens junctions. (B–D) Flp/Gal4 clones
(marked by loss of CD2) overexpressing dPI3K have strong
tGPH fluorescence throughout the entire cell membrane (B).
Clones expressing RasV12 have increased tGPH fluorescence at
the apical region of the cell membrane (C). Clones expressing
�p60 have reduced tGPH fluorescence throughout the cell
membrane (D). Magnification, 100×.
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GFP-marked clones of cells expressing the RasV12 effec-
tor loop mutant transgenes in the developing wing. We
then performed flow cytometry and compared transgene-
expressing cells with nonexpressing internal control
cells (Neufeld et al. 1998). This technique provides for-
ward scatter data, which gives a relative measure of cell
size, as well as cell cycle phasing data, which indicates
the proportion of cells in the G1, S, and G2 phases of the
cell cycle. We also assayed the effects of the RasV12 ef-

fector loop mutant transgenes on clonal growth by mea-
suring clone areas. Like RasV12, expression of RasV12S35,
RasV12G37, or RafGOF truncated G1 (Fig. 4A, right), in-
creased cell sizes (Fig, 4A, left), and increased clone areas
(Fig. 4B). Because clones expressing RasV12, RafGOF, or
RasV12S35 bulge out of the apical surface of the epithe-
lium (see below), two-dimensional area measurements
are underestimates of the amount of clonal growth pro-
duced. In fact, expression of RasV12G37, which does not
cause apical bulging, showed a greater increase in two-
dimensional clone areas (Fig. 4B) and likely provides the
most accurate measure of clonal growth rates resulting
from ectopic Ras signaling. Thus, the RasV12S35 and
RasV12G37 effector loop mutants can both drive growth
and G1/S progression to a similar extent as RasV12. In
contrast, expression of Drosophila RasV12C40 had little
effect in these assays (Fig. 4A,B). We also expressed an
activated form of Drosophila Ral (dRal20V), a putative
Ras target via RalGDS in mammals, that has been im-
plicated in regulating morphogenesis but not growth in
Drosophila (Sawamoto et al. 1999). Expression of
dRal20V caused a decrease in cell size without affecting
cell cycle phasing (data not shown), suggesting that Dro-
sophila Ras does not promote growth or cell cycle pro-
gression via dRal.

Ras increases dMyc levels via the Raf/MAPK pathway

We next asked which effector pathway is responsible for
the RasV12-mediated increase in dMyc protein levels.
Staining with a dMyc-specific antibody revealed that ex-
pression of RasV12S35 or RafGOF increased dMyc levels,
whereas expression of RasV12G37 did not (Fig. 3E,F; data
not shown). This was observed in all regions of the wing
disc, although it was more difficult to detect in regions
containing high levels of endogenous dMyc, such as the
wing pouch (see below). Thus, RasV12 regulates dMyc
levels via the Raf/MAPK pathway and not via dPI3K sig-
naling. The ability of RasV12 to affect dMyc and dPI3K
signaling via separate pathways suggests that dMyc and
dPI3K may not regulate each other. Accordingly, overex-
pression of dMyc had no effect on tGPH localization (Fig.
5A) and overexpression of dPI3K had no effect on dMyc
levels (Fig. 5B). Thus, RasV12 is capable of activating two
growth-promoting pathways, but these pathways are in-
capable of activating each other.

Ras is required to maintain normal levels of dMyc
protein but not dPI3K signaling

Having shown that activated variants of Ras can increase
dMyc protein levels and activate dPI3K signaling, we
next examined whether endogenous Ras does so during
normal development. Ras signaling is strongly activated
in developing vein cells at the end of larval development,
as determined by use of an antibody specific for the ac-
tivated form of MAPK (Gabay et al. 1997; Guichard et al.
1999; Martin-Blanco et al. 1999). This pattern of activity
is maintained until ∼ 30 h after pupation, at which point
Ras activity is down-regulated in vein cells and up-regu-

Figure 3. Ras effector loop mutants activate different effector
pathways. (A,B) Flp/Gal4 clones (marked with GFP in A�,B�)
expressing RasV12S35 have increased dp-ERK staining (A),
whereas clones expressing RasV12G37 do not (B). (C,D) Flp/Gal4
clones (marked by loss of CD2 in C�,D�) expressing RasV12G37

have increased membrane-associated tGPH (D), whereas clones
expressing RasV12S35 do not (C). (E,F) Flp/Gal4 clones (marked
with GFP in E�,F�) expressing RasV12S35 have increased dMyc
protein levels (E), whereas clones expressing RasV12G37 do not
(F). Magnification: A,B,E,F, 40×; C,D, 100×.
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lated in intervein regions. Genetic data suggests that
Ras/MAPK signaling is also active at low levels through-
out the tissue (Diaz-Benjumea and Hafen 1994; Prober
and Edgar 2000; Halfar et al. 2001). High levels of dmyc
mRNA and protein are present in the developing wing
pouch, except for several rows of cells along the dorsal-
ventral boundary in which dmyc expression is repressed
by Wingless (Supplemental Fig. 3A in Supplementary
Material at http://www.genesdev.org; Johnston et al.
1999). High dMyc protein levels are also present in the
notum, and low levels are observed throughout the rest
of the tissue. Thus, dMyc appears to be expressed ubiq-
uitously at low levels, with higher levels present in spe-
cific regions. In contrast, dPI3K-signaling levels, assayed
using tGPH localization, appear uniform throughout the

wing during larval and pupal development (Supplemen-
tal Fig. 4C in Supplementary Material at http://www.
genesdev.org; data not shown). Whereas patterns of
dMyc expression and dPI3K activity do not coincide with
those of high MAPK activity, we reasoned that the ubiq-
uitous low levels of Ras activity may play a role in regu-
lating dMyc protein levels and dPI3K signaling.

To test whether this is the case, we used FLP/FRT-
mediated mitotic recombination to generate ras mutant
clones (ras−/−) using the rasc40b allele, in which the entire
ras ORF is deleted (Schnorr and Berg 1996). We quanti-
fied the requirement for ras to maintain normal dMyc
protein levels by staining wing discs with a dMyc-spe-
cific antibody and comparing pixel intensities in neigh-
boring regions inside and outside of ras−/− clones (see

Figure 4. Ras effector loop mutants increase cell size, promote G1/S progression, and increase clonal growth. (A) Flow cytometry.
Dark and light traces represent GFP+ (experimental) and GFP− (control) cells, respectively. Each trace is normalized to fit the graph as
the numbers of GFP+ and GFP− cells analyzed for each sample were not exactly equal. Data shown are from an experimental set
performed in parallel. Values significantly different from control are indicated (*, P < 0.05; **, P < 0.01). (Left) Cell size. Forward scatter
data, which gives a relative measure of cell size, shows that expression of RasV12, RafGOF, RasV12S35, or RasV12G37 increases cell size.
Numbers indicate the mean value of (GFP+ mean FSC)/(GFP− mean FSC) ± standard error of the mean for six experiments (except for
RafGOF, which was repeated four times). (Right) Cell cycle. DNA content data, which shows the proportion of cells in G1 (2C) and G2

(4C), indicates that expression of RasV12, RafGOF, RasV12S35, or RasV12G37 decreases the proportion of cells in G1. Numbers indicate the
mean percentage change of GFP+ cells compared with GFP− cells in the proportion of cells in G1 (�G1) ± standard error of the mean
for six experiments (except for RafGOF, which was repeated four times). (B) Median areas of Flp/Gal4 clones expressing various
transgenes are shown. Expression of any transgene except RasV12C40 significantly increased clone areas relative to control clones
expressing GFP alone. Clones were induced at 48 h after egg deposition (AED; except for dInr, which was induced at 72 h AED) and
analyzed at 120 h AED. n, number of clones measured. Error bars, standard error of the mean; **, P < 0.01 vs. control. Note that larvae
overexpressing dPI3K or dInr under these conditions are developmentally delayed, and as a result the clone areas measured in this
experiment underestimate dPI3K-and dInr-dependent clonal growth. Overexpression of dMyc also greatly increases clonal growth rates
(Johnston et al. 1999).
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Materials and Methods). We found dMyc antibody stain-
ing intensity to be significantly lower in ras−/− cells in all
areas of the developing wing, regardless of endogenous
dMyc protein levels, although the effect was modest (Fig.
6A,B). Thus, Ras is required to maintain normal dMyc
protein levels throughout the developing wing. In con-
trast, ras−/− clones had no detectable effect on tGPH in-
tensity or localization (Fig. 6C), suggesting that Ras is
not required to maintain normal PIP3 levels, and thus
levels of dPI3K signaling.

Ras affects cell fate and cell adhesion via
the Raf/MAPK pathway

Ras signaling regulates cell identities in developing
imaginal tissues (Rommel and Hafen 1998). To deter-
mine which effector pathway is utilized, we examined
the abilities of the RasV12 effector loop mutants to affect
cell differentiation and cell affinity, two aspects of cell
identity. Ras signaling promotes specification of photo-
receptor neurons in cells posterior to the morphogenetic
furrow in the developing eye, which express the neuron-
specific protein Elav. We found that transgenes that ac-
tivated Raf/MAPK signaling (RasV12, RafGOF, and
RasV12S35) induced precocious Elav expression anterior
to the morphogenetic furrow, whereas transgenes that
activated dPI3K signaling (RasV12G37 and dPI3K) did not
(Fig. 7). Overexpressed dMyc and RasV12C40 also had no
effect on Elav expression (Fig. 7; data not shown).

Clones expressing RasV12 are round with smooth bor-
ders (Prober and Edgar 2000), suggesting that they have
altered cell affinities, and, as a result, minimize contact
with neighboring wild-type cells. These clones also often
generate ectopic folds in the tissue and bulge out of the
apical surface of the epithelium. This contrasts with
control clones expressing GFP alone, which are ran-

domly shaped and intermingle with neighboring cells.
To determine which Ras effector pathway is responsible
for this phenotype, we measured clone roundness by
comparing the areas of clones with their circumferences,
using a formula that produces a value of 1 for a perfect
circle (see Materials and Methods). Clones expressing
RasV12, RafGOF, or RasV12S35 were all visibly round and
had values of ∼ 0.7, whereas control clones expressing
GFP alone and clones expressing RasV12C40 had signifi-
cantly lower values of ∼ 0.35 (Fig. 8). Clones expressing
either RasV12G37, dPI3K, or dMyc were not visibly round,
did not generate ectopic folds, and did not bulge out of
the epithelium. These clones had values of ∼ 0.45 (Fig. 8).

Figure 6. Endogenous Ras is required to maintain normal lev-
els of dMyc protein but not dPI3K signaling. The FLP/FRT tech-
nique was used to generate ras−/− clones in ras+/− tissues. (A)
ras−/− cells (marked by loss of GFP in A�) have reduced levels of
dMyc protein. Genotype: hs-FLP122; UAS-P35/en-Gal4; FRT
(82B) rasc40b/FRT (82B) Ub-GFP. (B) Quantitation of dMyc anti-
body staining intensity in ras−/− clones compared with neigh-
boring ras+/− and ras+/+ regions. Ratios of average pixel intensity
ras−/−/average pixel intensity ras+/− or ras+/+ were calculated for
individual clones. To minimize confounding bias due to pat-
terned endogenous dMyc levels, each bar represents the average
value of 10–15 ratios for a single clone (see Materials and Meth-
ods). Regions within ras−/− clones consistently had lower values
than surrounding regions (average = 0.79 ± 0.02; P = 2 × 10−6 for
41 clones). dMyc antibody staining intensities in neighboring
ras+/− and ras+/+ regions were not significantly different (average
ratio of ras+/−/ras+/+ = 0.9 5 ± 0.05, P = 0.45 for 11 clones). ras−/−

clones had similar effects on dMyc antibody staining intensities
in regions of the wing with high (notum and pouch) and low
(hinge/margin) endogenous dMyc levels. (C) ras−/− cells (marked
by loss of the �myc marker in C�) have normal tGPH localiza-
tion and intensity. Genotype: hs-FLP122; UAS-P35/tGPH; en–
Gal4; FRT (82B) rasc40b/FRT (82B) hs-�myc. Magnification: A,B,
100×.

Figure 5. Overexpressed dMyc and dPI3K do not affect each
other. (A) Clones of cells overexpressing dMyc (marked by loss
of CD2 inA�) have normal tGPH localization. (B) Clones of cells
overexpressing dPI3K (marked with GFP in B�) have normal
dMyc protein levels. Magnification: A, 100×; B 40×.
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This small, but significant increase in clone roundness
values compared with controls resulted from a more
compact arrangement of cells within the clones. These
results indicate that the Raf/MAPK pathway is primarily
responsible for the effect of RasV12 on cell adhesion. Fur-
thermore, the inability of overexpressed dMyc to pro-
duce round clones or induce precocious Elav expression
shows that regulation of dMyc levels and cell identity
are separate effects of Raf/MAPK signaling. Interest-
ingly, the round clone phenotype of RasV12, RafGOF, and
RasV12S35 was associated with increased levels and mis-
localization of DE-Cadherin/Shotgun (Shg) and
�-catenin/Armadillo (Arm), whereas transgenes that did
not produce round clones had no effect on Shg or Arm
(D.A. Prober, unpubl.). Shg and Arm mediate intercellu-
lar adhesion, suggesting a potential mechanism for the

effect of Ras/Raf/MAPK signaling on cell affinity. We
therefore conclude that Ras affects cell identities via
Raf/MAPK and not via dPI3K.

Lack of cross-talk between dEGFR- and dInr-dependent
signaling

We next assayed cross-talk between the dEGFR/Ras and
dInr/dPI3K pathways at the level of the receptors. Ex-
pression of an activated form of the Drosophila EGF re-
ceptor (dEGFR�top) resulted in elevated levels of MAPK
activity (data not shown) and dMyc protein (Supplemen-
tal Fig. 5A in Supplementary Material at http://www.
genesdev.org) in wing discs, and induces precocious
Elav expression in the eye (Dominguez et al. 1998). In
contrast, dEGFR�top had no detectable effect on dPI3K
signaling (Supplemental Fig. 5B in Supplementary Mate-
rial at http://www.genesdev.org). Overexpressed dInr
strongly recruited tGPH throughout the cell membrane
(Supplemental Fig. 5D in Supplementary Material at
http://www.genesdev.org; data not shown), but did not
activate MAPK (data not shown), increase dMyc levels
(Supplemental Fig. 5C in Supplementary Material at
http://www.genesdev.org), or affect Elav expression in
the eye (data not shown). Thus, we found no evidence for
cross-talk between these pathways at the receptor level.

Figure 8. Ras affects clone shape via the Raf/MAPK pathway.
Median clone roundness values of Flp/Gal4 clones expressing
various transgenes are shown. Expression of any transgene ex-
cept RasV12C40 significantly increases clone roundness relative
to control clones expressing GFP alone, although RasV12,
RasV12S35, and RafGOF have significantly stronger effects than
RasV12G37, dPI3K, and dMyc. Representative images and mea-
surements are shown. Clones were induced at 48 h after egg
deposition (AED) and analyzed at 120 h AED. A, clone area; C,
clone circumference; CR, clone roundness; n, number of clones
measured. Error bars: standard error of the mean; *, P < 0.001 vs.
control; **, P � 0.001 vs. control.

Figure 7. Ras promotes precocious photoreceptor differentia-
tion via Raf/MAPK signaling. Eye discs with Flp/Gal4 clones
(marked with GFP at right) expressing various transgenes are
shown. Expression of RasV12 or RasV12S35 induces precocious
Elav staining (arrows), whereas expression of RasV12G37, dPI3K,
or dMyc does not. Magnification, 20×.
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Discussion

Recent studies using the developing Drosophila wing
have shown that Ras, dMyc, and dPI3K regulate rates of
cellular growth (i.e., mass accumulation) and progression
through the G1/S transition of the cell cycle without
affecting overall rates of cell division (Johnston et al.
1999; Weinkove et al. 1999; Prober and Edgar 2000).
These studies concur with experiments in mice showing
that Ras, Myc, and PI3K promote cell growth without
affecting rates of cell division (Iritani and Eisenman
1999; Heumann et al. 2000; Kim et al. 2000; Shioi et al.
2000). Here, we show that an activated form of Dro-
sophila Ras (RasV12) is capable of increasing dMyc pro-
tein levels as well as levels of dPI3K signaling, suggesting
that RasV12 drives growth and G1/S progression via both
of these mechanisms. We also use RasV12 effector loop
mutants to show that RasV12 affects dMyc and dPI3K
signaling via separate pathways, and we show that over-
expressed dMyc and dPI3K do not cross-regulate each
other. Thus, we have established a hierarchy for these
growth-regulatory proteins (Fig. 9).

Ras is required to maintain normal dMyc levels
during development

Wing disc cells lacking ras had reduced levels of dMyc
protein, indicating that Ras is required to maintain nor-

mal dMyc protein levels during wing development.
ras−/− cells contained significant levels of dMyc protein,
however, indicating that Ras is not absolutely necessary
for dMyc expression, and suggesting that reduced dMyc
levels may not fully explain the growth deficit of ras−/−

cells. However, we found that dMyc antibody staining
intensity was ∼ 40% lower for dmycP0 or dmycP1 homo-
zygotes than for dmycP0 heterozygotes in regions of the
wing disc that normally contain high dMyc levels (i.e.,
wing pouch and notum; Supplemental Table 1 in Supple-
mentary Material at http://www.genesdev.org). Because
dmycP0/P0 clones have severely reduced growth rates
(Johnston et al. 1999), it seems reasonable to expect that
the ∼ 20% reduction of dMyc levels in ras−/− clones will
also reduce growth rates. We showed previously that
RasV12 increases dMyc levels post-transcriptionally
(Prober and Edgar 2000), and studies in mammalian cell
culture showed that RasV12 stabilizes Myc protein (Sears
et al. 2000). Therefore, it is likely that ras−/− cells still
transcribe dmyc mRNA, but that following translation,
dMyc protein is less stable. What other mechanisms may
regulate dMyc levels? Wingless (Wg) signaling represses
dmyc expression along the dorsal-ventral boundary of
the developing wing (Johnston et al. 1999). In addition,
expression of an activated version of the Decapentaple-
gic (Dpp) receptor Thickveins (TkvQ238D) can increase
levels of dMyc protein in the wing, whereas loss of this
same receptor suppresses dMyc levels (C. Martin-Castel-
lanos and B.A. Edgar, unpubl.). Thus, Ras signaling may
be one of many inputs affecting dMyc expression in the
wing. Ras may stabilize the low levels of dMyc protein
observed throughout the developing wing and/or refine
the patterned dmyc expression regulated by other sig-
nals. The complex regulation of dMyc expression in vivo
may account for the lack of a clear correspondence be-
tween patterns of high endogenous Ras activity and
dMyc expression (Supplemental Fig. 4 in Supplemental
Materials at http://www.genesdev.org).

Ras is not required to maintain normal
dPI3K-signaling levels

We found that overexpressed Drosophila RasV12 re-
cruited the tGPH reporter to the cell membrane, suggest-
ing that RasV12 activates dPI3K signaling, and thereby
increases PIP3 levels, in the developing wing. We infer
that Drosophila RasV12 directly activates dPI3K, because
mammalian studies have shown that RasV12 can directly
bind and activate PI3K (Rodriguez-Viciana et al. 1994;
Pacold et al. 2000). Alternatively, Drosophila RasV12

may activate dPI3K signaling via other mechanisms,
such as by inhibiting the lipid phosphatase dPTEN. This
possibility seems less likely, however, as direct interac-
tions between Ras and PTEN have not been described.
Contradicting the generally accepted idea that PI3K is
normally an effector of Ras signaling (Rommel and
Hafen 1998), we found that localization of the PI3K re-
porter tGPH was not detectably affected in ras−/− cells.
Although our observations using the tGPH reporter were
not quantitative, and small effects could have been

Figure 9. Model for interactions between Ras, dMyc, and
dPI3K in the developing Drosophila wing. Ectopic expression of
RasV12 drives cell growth via at least two genetically separable
pathways. RasV12 activates Raf/MAPK signaling, which in-
creases levels of dMyc protein. RasV12 also independently acti-
vates dPI3K signaling. The resulting increased rate of cell
growth increases cyclin E protein levels, thereby promoting
G1/S progression (Prober and Edgar 2000). Ras is normally acti-
vated by the binding of ligands to the EGF receptor, and is re-
quired to maintain normal levels of dMyc protein but not dPI3K
signaling (dashed arrow). dPI3K is likely normally regulated by
the binding of insulin-like peptides to the Insulin receptor.
RasV12 also affects cell identity and adhesion via Raf/MAPK
signaling. Arrows indicate genetic interactions and do not imply
direct molecular interactions.
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missed, these results nevertheless indicate that Ras does
not normally play a major role in regulating dPI3K in the
developing wing. Consistent with this hypothesis, ex-
pression of an activated form of dEGFR (dEGFR�top) had
no effect on dPI3K signaling (Supplemental Fig. 5B in
Supplementary Material at http://www.genesdev.org).
Because the ability of dEGFR�top to activate downstream
pathways is limited by the amount of endogenous Ras,
this result suggests that higher levels of Ras activity than
can be generated in wild-type cells are required to acti-
vate dPI3K.

An alternative explanation for the discrepancy be-
tween the involvement of Drosophila and mammalian
Ras in regulating PI3K signaling may relate to the evo-
lution of ras genes. The Drosophila and C. elegans Ras
homologs are more homologous to mammalian K-Ras
than to H- or N-Ras (Neuman-Silberberg et al. 1984; Han
and Sternberg 1990), suggesting that K-Ras may have an
older, more general function than the other mammalian
ras genes. In support of this idea, H- and N-Ras are dis-
pensable, whereas K-Ras is essential, for normal mouse
development (Umanoff et al. 1995; Johnson et al. 1997;
Koera et al. 1997). It is also interesting to note that over-
expressed K-Ras preferentially activates Raf over PI3K,
whereas the opposite is true for H-Ras (Yan et al. 1998).
Thus, K-Ras may play a more fundamental role in devel-
opmental processes dependent on Raf, but independent
of PI3K, whereas H- and N-Ras may have evolved to
perform less critical functions in which they regulate
PI3K.

Regulation of dPI3K signaling in the developing wing

Using the tGPH reporter, we found that levels of dPI3K
signaling are not patterned but rather are uniform
throughout wing development (Supplemental Fig. 4 in
Supplementary Material at http://www.genesdev.org). It
is therefore unlikely that dPI3K signaling is regulated by
localized patterning signals such as the morphogens
Vein, Dpp, and Wg, which are secreted from the notum,
anterior-posterior boundary, and dorsal-ventral boundary

of the wing, respectively, and are thought to pattern
growth and cell proliferation of the wing. Furthermore,
cell-autonomous activation of Dpp signaling using an
activated form of its receptor (TkvQ253D), which is a po-
tent growth driver in the wing (Martin-Castellanos and
Edgar 2002), has no effect on tGPH localization (C. Mar-
tin-Castellanos and B.A. Edgar, unpubl.). It may be that
Dpp and Wg regulate cell growth rates by affecting the
ability of cells to respond to ubiquitous dPI3K-dependent
growth signals. They may do so by regulating the expres-
sion or activity of signaling proteins or transcription fac-
tors required for transducing dPI3K-dependent signals.

The tGPH reporter revealed that the polarized epithe-
lial cells of Drosophila wing discs contain dense regions
of tGPH colocalized with Armadillo at the apical region
of the cell membrane, with lower tGPH levels present
throughout the basolateral cell membrane (Fig. 2A). This
does not simply reflect an apical accumulation of mem-
brane microdomains enriched in PIP3 in polarized cells,
because inhibiting dPI3K activity by expressing �p60
dramatically reduced apical tGPH fluorescence (Figs. 1F,
2D). In contrast, tGPH is uniformly localized throughout
the cell membranes of unpolarized Drosophila fat body
cells in vivo and Drosophila S2 cells in culture (Britton
et al. 2002). Similarly, mammalian PI3K is uniformly
active throughout the cell membrane of cultured HEK
293 cells (Gray et al. 1999). Thus, the dynamics of dPI3K
signaling are dependent on the cellular context, which is
likely disturbed when tissues are dissociated into single
cells that are studied in culture. This process may allow
signaling interactions not normally occurring in vivo (Si-
mons and Toomre 2000). In support of this idea, overex-
pression of the Drosophila Insulin receptor homolog
(dInr) did not activate MAPK in the developing wing
(Table 1) or affect Ras-mediated cell fate specification in
the developing eye (Table 1; Brogiolo et al. 2001),
whereas addition of insulin to cultured Drosophila or
mammalian cells does activate Ras/MAPK signaling
(Biggs and Zipursky 1992; Saltiel and Kahn 2001). Alter-
natively, our failure to detect activation of Ras signaling
in response to overexpressed dInr may reflect a cell-type

Table 1. Summary of effects resulting from expression of UAS-regulated transgenes

UAS-transgene
Increased
cell size

Truncated
G1

Increased
clone area

Active
MAPK

Increased
dMyc

Active
dPI3K

Round
clones

Ectopic
elav

RasV12 + + + + + + + +
RasV12S35 (MAPK-specific) + + + + + ± + +
RafGOF (MAPK-specific) + + + + + − + +
RasV12G37 (dPI3K-specific) + + + − − + ± −
dPI3K + + + − − + ± −
dInr +a +a +a − − + ±a −
dMyc + + + − + − ± −
dEGFR�top +b +b N.D. + + − + +c

RasV12C40 − − − − − − − −

aA. de la Cruz and B.A. Edgar, unpubl.
bK. Plow and B.A. Edgar, unpubl.
cDominguez et al. (1998).
N.D., Not done.
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specificity for this interaction or insufficient sensitivity
of our assays. It will therefore be interesting to compare
the subcellular localization of PI3K signaling complexes
in cultured mammalian cells with the tissues from
which they are derived.

dPI3K signaling is thought to be regulated by a family
of secreted Drosophila insulin-like peptides (dilps) that
bind and activate dInr (Brogiolo et al. 2001; Rulifson et
al. 2002). Brogiolo et al. (2001) reported that dilp2 is ubiq-
uitously expressed in imaginal tissues, whereas dilp2
and other dilp family members are expressed in a variety
of larval tissues including the gut and neurosecretory
cells in the brain. dilp2 that is expressed in imaginal
tissues is likely secreted apically into the lumen be-
tween cells of the columnar epithelium and the overly-
ing peripodial membrane. This would result in preferen-
tial binding of dIlp2 to dInr at the apical region of the
cell, which could account for the high levels of apically
localized tGPH that we observed (Fig. 2A). Alternatively,
apical dPI3K signaling may reflect a local concentration
of dPI3K-signaling complexes. Consistent with the latter
possibility, RasV12 only recruited tGPH to apical regions
of the cell membrane. This result suggests that RasV12

may require other apically localized factors to activate
dPI3K signaling. This possibility is supported by our
finding that coexpressed �p60, which prevents dPI3K
from interacting with upstream activators, blocked
RasV12-mediated activation of dPI3K signaling, as it does
in mammals (Rodriguez-Viciana et al. 1997). Because
mammalian Ras can directly bind the catalytic subunit
of PI3K (Rodriguez-Viciana et al. 1994; Pacold et al.
2000), we infer that coexpressed �p60 should not affect
the ability of Drosophila Ras to activate dPI3K signaling
unless Ras-dependent activation requires other apically
localized factors that bind �p60. These factors may in-
clude the Insulin receptor substrate Chico, dInr itself or
other receptor tyrosine kinases, G-protein coupled recep-
tors, or components of signaling complexes that are re-
cruited upon activation of these receptors. Several recep-
tor tyrosine kinases, including dEGFR, as well as phos-
photyrosine-containing proteins, are concentrated at the
apical cell surface (Woods et al. 1997; C. Delorenzo and
P. Bryant, pers. comm.), although dInr is distributed
throughout the cell membrane (Supplemental Fig. 6A in
Supplementary Material at http://www.genesdev.org).
TheDrosophila homolog of the heterotrimeric G-protein
subunit G�i (Schaefer et al. 2001), which presumably
transduces signals from a large family of associated re-
ceptors, is also concentrated apically in wing disc cells
(Supplemental Fig. 6B,C in Supplementary Material at
http://www.genesdev.org). This is consistent with the
possibility that heterotrimeric G-proteins may regulate
dPI3K signaling in Drosophila, as they do in mammals
(Vanhaesebroeck et al. 2001).

Implications for cancer

Much of our understanding of Ras function, and that of
most oncogenes, derives from studies in homogenous
cell culture systems. These studies have focused prima-

rily on cell-autonomous effects of oncogenes rather than
upon the roles of interactions among cells within tissues
in tumor development. Tissue homeostasis is main-
tained by a continuous exchange of signals between
cells, the extracellular matrix, and the local environ-
ment. An important feature of tumor development is
escape from this regulation, initially allowing the au-
tonomous growth and proliferation of tumor cells, and
eventually resulting in altered adhesion and migration of
tumor cells away from their site of origin. The behavior
of clones of cells with elevated Raf/MAPK signaling lev-
els in developing Drosophila epithelia is strikingly simi-
lar to that of tumor cells within mammalian tissues.
These cells have altered adhesive properties and cell
identities, and as a result minimize contact with neigh-
boring wild-type cells. In contrast, dPI3K and dMyc do
not regulate cell identity or adhesion (Figs. 7, 8). Studies
in Drosophila and vertebrates have also suggested that
even though both dMyc and dPI3K stimulate growth,
they appear to do so via different mechanisms. dPI3K
signaling promotes nutrient import and storage (Saltiel
and Kahn 2001), whereas dMyc promotes nucleolar
growth and protein synthesis (Iritani and Eisenman
1999; Britton, 2000; Coller et al. 2000; Guo et al. 2000;
Boon et al. 2001). Thus, the ability of RasV12 to up-regu-
late both of these pathways may generate a more robust
and balanced growth response than activation of either
dMyc or dPI3K alone. Furthermore, the ability of RasV12

to deregulate cell identity and adhesion may underlie the
strong synergy between Ras and other growth-promoting
oncogenes in vivo (Land et al. 1983; Sinn et al. 1987).

Materials and methods

Fly strains

All transgenes are P[+] in w− strains. hs-FLP122; +; UAS-RasV12

(Karim and Rubin 1998); hs-FLP122; +; UAS-RasV12S35 (Karim
and Rubin 1998); hs-FLP122; +; UAS-RasV12G37 (Karim and Rubin
1998); hs-FLP122; +; UAS-RasV12C40 (Karim and Rubin 1998); hs-
FLP122; +; UAS-RafGOF (Brand and Perrimon 1994); hs-FLP122; +;
UAS-dMyc (Zaffran et al. 1998); hs-FLP122; +; UAS-dPI3K
(Dp110; Leevers et al. 1996); hs-FLP122; +; UAS-�p60 (Weinkove
et al. 1999); hs-FLP122; +; UAS-dInr (Huang et al. 1999); hs-
FLP122; +; UAS-dRal20V (Sawamoto et al. 1999); UAS-EGFR�top;
+; + (Queenan et al. 1997); w; +; Actin 5c>CD2>Gal4, UAS-
GFPNLS (Pignoni and Zipursky 1997; Neufeld et al. 1998); w;
tGPH, Actin 5c>CD2>Gal4 (Britton et al. 2002); w; UAS-P35; +
(Hay et al. 1994); w; +; FRT (82B) rasc40b/TM6B (Schnorr and
Berg 1996); w; +; FRT (82B) M(3)95A Ub-GFP/TM6B (Andersson
et al. 1994); w; +; FRT (82B) hs-�myc; w; hs-FLP7A; +; and w;
en-Gal4; +.

Flow cytometry and clonal growth rate analysis

Clones of cells overexpressing various UAS-regulated trans-
genes were generated using the Flp/Gal4 method (Struhl and
Basler 1993; Pignoni and Zipursky 1997; Neufeld et al. 1998).
Larvae were staged from hatching and raised at a density of 50
per vial at 25°C. For FACS analysis (Neufeld et al. 1998; Prober
and Edgar 2000), Flp/Gal4 clones were induced by a 1-h heat
shock at 37°C at 72 h after egg deposition (AED), resulting in
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∼ 50% GFP+ cells, and wing discs were analyzed at 120 h AED.
Approximately 20,000 GFP+ and GFP− cells were analyzed for
each genotype in each experiment. For clone area measure-
ments, ∼ 5–10 clones/disc were induced by a 30-min heat shock
at 37°C at 48 AED and measured at 120 h AED. Samples were
blinded for analysis. Clone areas were measured using the his-
togram function of Adobe Photoshop. P values were calculated
using a two-tailed student’s t-test. All samples and controls
were tested in parallel.

Clone shape measurements

Clone shapes were measured using the formula 4�A/L2, in
which A = clone area and L = clone circumference (Lawrence et
al. 1999). By use of this formula, a perfect circle has a value of 1
and more irregular shapes have values <1. Samples were blinded
for analysis, which was performed using NIH Image. P values
were calculated using a two-tailed student’s t-test.

Mitotic recombination

Mitotic recombination was induced using the FLP/FRT method
(Xu and Rubin 1993) by a 45-min heat shock at 48 h AED, and
wing discs were analyzed at 120 h AED. Larvae were heat
shocked for 1 h immediately prior to dissection when the �myc
clonal marker was used. en–Gal4 was used to express P35 in
posterior wing compartments to increase the size of rasc40b

clones (Prober and Edgar 2000).

Immunocytochemistry

Imaginal discs were fixed in 4% paraformaldehyde/PBS for 20
min at 37°C. All washes and antibody incubations were per-
formed in 0.1% Tween-20/PBS. Primary antibodies used were
mouse anti-dMyc (P4C4 B10, Prober and Edgar 2000, undiluted),
mouse anti-CD2 (Serotec, 1:500), mouse anti-Armadillo (N2
7A1, Developmental Studies Hybridoma Bank, 1:100), mouse
anti-dpERK (Sigma, 1:200), mouse anti-c-Myc (Calbiochem, 1:
50), and rat anti-Elav (DSHB, 1:30). Alexa 488, 568, and 660-
conjugated secondary antibodies (Molecular Probes) were used
at 1:1500. Tissues were permeabilized for 30 min in 0.3% Triton
X-100/PBS prior to incubation with dMyc- and Elav-specific an-
tibodies. Discs were mounted in Fluoroguard (Bio-Rad) and im-
aged on a Leica TCS SP confocal microscope. Cross-section im-
ages were obtained using double-stick tape as a spacer between
the slide and coverslip and the XZ function of the Leica soft-
ware.

dMyc antibody quantitation

We measured pixel intensities in 10–15 small regions within
each of 41 clones and compared intensities in each ras−/− region
to a neighboring wild-type region. The ratio of average pixel
intensity ras−/−/average pixel intensity ras+/− or ras+/+ was cal-
culated for each region, and the average ratio was calculated for
each clone. The regions were selected to evenly sample pixel
intensities throughout each clone. Because each region was rela-
tively small, endogenous dMyc levels and tissue folds were usu-
ally similar for a region both inside and outside of the clone,
thereby minimizing confounding bias due to these variables.
There was no significant difference between ras+/− and ras+/+

average pixel intensities. Pixel intensities were measured using
the histogram function of Adobe Photoshop.
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