
INTRODUCTION

Cancer is a multi-step process involving the acquisition of genetic
alterations that deregulate growth and apoptosis pathways,
propelling normal cells into a malignant state (Vogelstein and
Kinzler, 1993). The following changes in cell physiology arise from
such genetic mutations and contribute to malignancy: self-
sufficiency in growth signals, insensitivity to anti-growth signals,
evasion of apoptosis, sustained angiogenesis, limitless replicative
potential, tissue invasion and metastasis (Hanahan and Weinberg,
2000; Hanahan and Weinberg, 2011). Moreover, interactions
between the developing tumour and surrounding cells can impact
upon tumorigenesis.

Drosophila is an ideal model organism for studying cooperative
tumorigenesis, owing to its sophisticated genetics, lower
redundancy and fast generation time (Brumby and Richardson,
2005). For example, clonal analysis allows the generation of marked
mutant clones with a number of genetic mutations within a wild-
type context, enabling the examination of tumour development and

the interaction of the tumour with the surrounding wild-type cells.
In a two-hit model of tumorigenesis in Drosophila, cooperation
was observed between a mutation in the apico-basal cell polarity
regulator Scrib, combined with expression of an activated allele of
Ras (RasACT) in the developing eye-antennal tissue [eye-antennal
discs (EADs)] (Brumby and Richardson, 2003). Although loss of
scrib function (scrib1) in clones on its own resulted in hyper-
proliferation and altered cell morphology, mutant clones did not
over-grow because they were removed by Jun kinase (JNK; also
known as Bsk in Drosophila)-mediated apoptosis (Brumby and
Richardson, 2003). Expression of RasACT alone in clones in the
developing EAD resulted in hyperplasia and ectopic differentiation.
In contrast, RasACT expression in scrib mutant EAD clones resulted
in massive clonal tissue overgrowth due to increased proliferation,
increased survival and loss of differentiation, and was associated
with a loss of cell polarity and invasion/metastasis of the mutant
tissue, which was not seen with either expression of RasACT alone
in clones or in scrib1 mutant clones (Brumby and Richardson, 2003;
Pagliarini and Xu, 2003). Furthermore, expressing RasACT in loss-
of-function clones of other polarity regulators, such as dlg, lgl, baz,
sdt and cdc42, also resulted in invasive overgrowth (Pagliarini and
Xu, 2003), suggesting that loss of polarity combined with RasACT

is important for cooperative tumorigenesis.
In order to identify other genes that contribute to Ras-mediated

tumorigenesis in Drosophila, we carried out a dominant modifier
genetic screen to identify genes that, when overexpressed, would
act like scrib1 mutants and cooperate with RasACT (Brumby et al.,
2011). Among others, this screen identified the guanine nucleotide
exchange factor (GEF) RhoGEF2, an activator of Rho-family
GTPases (Barrett et al., 1997; Häcker and Perrimon, 1998; Perrimon
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SUMMARY

The Ras oncogene contributes to ~30% of human cancers, but alone is not sufficient for tumorigenesis. In a Drosophila screen for oncogenes that

cooperate with an activated allele of Ras (RasACT) to promote tissue overgrowth and invasion, we identified the GTP exchange factor RhoGEF2, an

activator of Rho-family signalling. Here, we show that RhoGEF2 also cooperates with an activated allele of a downstream effector of Ras, Raf (Raf GOF).

We dissect the downstream pathways through which RhoGEF2 cooperates with RasACT (and RafGOF), and show that RhoGEF2 requires Rho1, but not

Rac, for tumorigenesis. Furthermore, of the Rho1 effectors, we show that RhoGEF2 + Ras (Raf)-mediated tumorigenesis requires the Rho kinase

(Rok) –Myosin-II pathway, but not Diaphanous, Lim kinase or protein kinase N. The Rho1–Rok–Myosin-II pathway leads to the activation of Jun kinase

(JNK), in cooperation with RasACT. Moreover, we show that activation of Rok or Myosin II, using constitutively active transgenes, is sufficient for

cooperative tumorigenesis with RasACT, and together with RasACT leads to strong activation of JNK. Our results show that Rok–Myosin-II activity is

necessary and sufficient for Ras-mediated tumorigenesis. Our observation that activation of Myosin II, which regulates Filamentous actin (F-actin)

contractility without affecting F-actin levels, cooperates with RasACT to promote JNK activation and tumorigenesis, suggests that increased cell

contractility is a key factor in tumorigenesis. Furthermore, we show that signalling via the Tumour necrosis factor (TNF; also known as Egr)-ligand–JNK

pathway is most likely the predominant pathway that activates JNK upon Rok activation. Overall, our analysis highlights the need for further analysis

of the Rok–Myosin-II pathway in cooperation with Ras in human cancers.

In Drosophila, RhoGEF2 cooperates with activated Ras in
tumorigenesis through a pathway involving
Rho1–Rok–Myosin-II and JNK signalling
Peytee Khoo1,2, Kirsten Allan1, Lee Willoughby1, Anthony M. Brumby1,2 and Helena E. Richardson1,2,3,4,*
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et al., 1996). Expression of RhoGEF2 enhanced the hyperplastic
adult eye phenotype, owing to expression of RasACT in the
developing eye under the control of the eyeless-GAL4 driver (ey >

RasACT) (Brumby et al., 2011; Karim and Rubin, 1998). In a clonal
setting, overexpression of RhoGEF2 with RasACT in EAD clones
resulted in clonal tissue overgrowth through an extended larval
stage, cell morphology defects and loss of differentiation. Consistent
with the importance of RhoGEF2 in Rho-family activation being
important for Ras-mediated tumorigenesis, in the genetic screen
we also identified Rac1 and an activated allele of Rho1 as
cooperating genes with RasACT (Brumby et al., 2011). Cooperation
was dependent on activation of the JNK pathway: blocking JNK
signalling with bskDN in RhoGEF2 + RasACT-expressing EAD clones
suppressed differentiation defects and rescued pupation (Brumby
et al., 2011).

The role of RhoGEF2 has been most extensively studied in
Drosophila embryos. RhoGEF2 was identified from a screen to
uncover genes required for embryo patterning (Perrimon et al.,

1996) and also from a screen designed to find binding partners of
Rho1 (homologue of mammalian RhoA) in the adult eye (Barrett
et al., 1997). The structure of RhoGEF2 is that of a typical GEF,
containing a DH domain; in addition RhoGEF2 contains a PDZ
binding domain and a PH domain, which might be required for
subcellular localisation (Häcker and Perrimon, 1998). RhoGEF2

mutant embryos failed to undergo cell shape changes required for
ventral furrow formation during gastrulation (Barrett et al., 1997;
Häcker and Perrimon, 1998; Leptin, 1999). This function was linked
to Rho1 function, because expression of a dominant negative allele
of Rho1 also displayed similar gastrulation defects. This was
confirmed by in vitro GDP-GTP exchange assays, which
demonstrated that the GEF domain of RhoGEF2 only significantly
catalyses release of GDP from Rho1, but not from Rac, RhoL or
Cdc42 proteins (Grosshans et al., 2005). However, whether
RhoGEF2 also activates Rac1 in vivo in Drosophila – as does Pbl,
the related RhoGEF (van Impel et al., 2009) – is not known.

Determining the downstream effectors of RhoGEF2-Rho1 or
Rac that activate JNK is important for understanding RasACT-
mediated cooperative tumorigenesis. Extensive analysis in
mammalian cells and in Drosophila has revealed that Rho1
signals through the effectors Rho kinase (Rok), Protein kinase N
(PKN), Lim kinase (Limk) and Diaphanous (Dia) (reviewed by
Amano et al., 2010; Jaffe and Hall, 2005; Johndrow et al., 2004;
Settleman, 2001). Rok phosphorylates and activates Myosin II
regulatory light chain [MRLC; also known as Spaghetti squash
(Sqh) and MLC], which in turn activates Myosin II (Zipper),
resulting in actin-myosin contraction. Phosphorylation of MLC-
phosphatase by Rok inactivates the phosphatase, resulting in
increased phosphorylated MRLC. Dia acts with Profilin to
promote actin polymerisation. Rok can also phosphorylate Limk,
which phosphorylates and inactivates Cofilin, resulting in actin
filament (F-actin) stabilisation. PKN modulates cell shape during
Drosophila embryonic dorsal closure (a sheet epithelial migration
that occurs during embryogenesis), and regulates F-actin
organisation (Lu and Settleman, 1999; Vincent and Settleman,
1997). The effectors of Rac are P21-activated kinase (PAK), which
leads to actin filament stabilisation, PKN (Lu and Settleman, 1999)
and WAVE/Scar (Wiskott-Aldrich syndrome protein verprolin
homologous), which regulates the Arp2/3 complex, resulting in
branched-actin polymerisation (reviewed by Derivery and
Gautreau, 2010; Szczepanowska, 2009).

In Drosophila, Rho1 can activate JNK via a number of means in
different contexts. In the Drosophila epithelium, Rho1 mediates
apoptosis via JNK activation by forming a complex with a JNK
kinase kinase, Slipper (Neisch et al., 2010; Vidal et al., 2006).
Furthermore, Rho1 induces JNK-dependent apoptosis and
compensatory proliferation in the developing wing epithelium
(Warner et al., 2010). Drosophila Rac1 can also activate JNK in
dorsal closure (Glise and Noselli, 1997; Hou et al., 1997; Woolner
et al., 2005). However, in the context of Ras-driven tumorigenesis,
how JNK is activated downstream of RhoGEF2 is unknown.

In this study, we investigate which effectors of RhoGEF2
signalling are required for cooperation with RasACT in
tumorigenesis. We show that Rho1, Rok and Myosin II, but not
Rac1, Limk, Dia or PKN, are required for cooperative tumorigenesis
with RasACT downstream of RhoGEF2. Furthermore, we show that
the RhoGEF2–Rho1–Rok–Myosin-II pathway cooperates with
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TRANSLATIONAL IMPACT

Clinical issue
Cancer is a complex disease, involving cooperative interactions between

oncogenes and tumour suppressors. A simple model system is needed to

dissect the contribution of tumour-promoting mutations to the hallmarks of

cancer. The fruit fly, Drosophila, is highly suited to the analysis of tumorigenesis

owing to its sophisticated genetics, low molecular redundancy and the

evolutionary conservation of signalling pathways. This work focuses on Ras-

mediated tumorigenesis. The Ras oncogene contributes to ~30% of human

cancers, but alone is not sufficient for tumorigenesis. Furthermore, Ras-

pathway small-molecule inhibitors have proved effective against only a subset

of Ras-driven tumours, and resistance often arises. Identifying the factors that

cooperate with Ras, and the pathways through which they function in

tumorigenesis, is therefore important to improve our understanding of Ras-

driven cancers and to reveal new avenues of therapeutic intervention. 

Results
In this study, the authors delineated the pathway by which RhoGEF2

cooperates with oncogenic Ras in epithelial tumorigenesis. They provide

evidence that RhoGEF2 acts via Rho1, Rok and Myosin II, but does not require

Rac1, Limk, Dia or PKN, to upregulate JNK signalling. In addition, Rok–Myosin-II

activity was revealed to be necessary and sufficient for Ras-mediated

tumorigenesis. The authors observed that activation of Myosin II, which

regulates F-actin contractility without affecting F-actin levels, leads to the

upregulation of JNK activity and cooperative tumorigenesis with RasACT,

suggesting that increased F-actin contractility is a key factor in tumour

development. They also show that signalling via the Tumour necrosis factor

(TNF; also known in Drosophila as Egr) ligand is the predominant pathway that

activates JNK on Rok activation.

Implications and future directions
This study has revealed a role for F-actin contractility and cell tension, in

cooperation with oncogenic Ras, in JNK activation and epithelial

tumorigenesis. Although the results implicate an extrinsic mechanism

involving TNF-induced JNK signalling, further investigation into the

mechanism of JNK activation in Drosophila will provide greater mechanistic

insights. These findings have the potential to open up new avenues for the

development of diagnostics and therapies for Ras-driven human cancers. If it is

confirmed that the Rok–myosin-II–JNK pathway is also activated in mammalian

Ras-driven tumorigenesis, the phospho-Myosin-II regulatory light-chain

antibody would be an ideal biomarker. Moreover, such tumours would be

candidates for treatment with Rok or Myosin II small-molecule inhibitors, along

with Raf inhibitors.
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RasACT to activate JNK, and that activated Rok or Myosin II is
sufficient for cooperation with RasACT in tumorigenesis.

RESULTS

RhoGEF2 expression with activated Ras or Raf in clones in the

developing EAD results in neoplastic overgrowth

Previously, we have shown that overexpression of RhoGEF2 +
RasACT in EAD clones results in clonal tissue overgrowth through
an extended larval stage, cell morphology defects and loss of
differentiation (Brumby et al., 2011). We had previously found that
a gain-of-function allele of the Ras effector protein kinase Raf
(Raf GOF) in scrib1 clones phenocopied the overgrowth exhibited by
scrib1 + RasACT (Brumby and Richardson, 2003); therefore, we tested
whether RhoGEF2 could also cooperate with Raf GOF. We found
that RafGOF expression was able to cooperate with RhoGEF2 in a
similar manner to RasACT (Fig. 1; supplementary material Fig. S1)
(Brumby et al., 2011). The mosaic larvae exhibited an extended
larval period, and the RhoGEF2 + Raf GOF tissue [GFP-positive
(GFP+)] in the EADs overgrew with time (compare Fig. 1A and 1B-
D). RhoGEF2 + Raf GOF tissue contained rounded cells with
increased F-actin levels (Fig. 1B, arrowheads; quantified in 1E), as
revealed by phalloidin staining (Faulstich et al., 1983), similar to
RhoGEF2-alone and RhoGEF2 + RasACT-expressing tissues
(supplementary material Fig. S1). RhoGEF2 + Raf GOF-expressing
cells showed reduced photoreceptor cell differentiation (Fig. 2A,B),
as revealed by staining with the differentiation marker Elav
(Robinow and White, 1991). Large undifferentiated GFP+ clonal
masses were observed in the basal sections of the posterior region
of the eye disc (arrow, Fig.  2B). This was similar to RhoGEF2 +
RasACT tissue (supplementary material Fig. S1D-F), but was in
contrast to what occurs with RhoGEF2 alone, where cells still
differentiate although many are aberrantly localised basally
(supplementary material Fig. S1A-C), and to cells expressing
Raf GOF (or RasACT) alone, which showed ectopic Elav staining (see
below) (Brumby et al., 2011). Thus, RafGOF is sufficient to confer
similar tumorigenic effects in cooperation with RhoGEF2, as occurs
with RasACT, showing that cooperation involves the MAPK branch
of Ras signalling.

Rho1 is required for RhoGEF2 + RafGOF tumorigenesis

We then addressed the issue of which pathways are required
downstream of RhoGEF2 for its cooperation with RasACT.
Drosophila Rho1, the mammalian homologue of RhoA, was
previously shown to act downstream of RhoGEF2 during
gastrulation (Barrett et al., 1997; Hacker et al., 1998). However, it
is not known whether RhoGEF2 activates Rho1 in RhoGEF2-
expressing clones in the developing EAD or whether Rho1 is
required for cooperation of RhoGEF2 with RasACT in tumorigenesis.

First, we investigated whether RhoGEF2 activates Rho1 in the
eye disc. We did this by using an active Rho1 reporter (Simões et
al., 2006), which contains three binding domains of the Rho1
effector PKN fused to GFP and becomes recruited to the apical
membrane by active Rho1 (Rho1-GTP). The localisation and
intensity of GFP correlates with active Rho1 activity. When we
expressed the Rho1 reporter with RhoGEF2 in the posterior
compartment of eye discs under the control of GMR-GAL4,
RhoGEF2 was localised apically and greater accumulation of GFP
was observed in the apical-lateral region of these cells (arrows,
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Fig. 1. Co-expression of RhoGEF2 + RafGOF in EAD clones results in clonal

tissue overgrowth through an extended larval stage. Confocal planar

sections through the basal region of the epithelium of third instar larval EADs 

(A-D). ey-FLP was used to induce clones and the mutant tissue is marked by the

expression of GFP in all figures unless otherwise indicated. EADs were dissected

from wandering third instar larvae at day 5 (A,B), day 7 (C) and day 9 (D) AEL, and

stained with phalloidin-TRITC for F-actin (white). Overlap between white and

green appears purple in the merges. Images are orientated with anterior to the

right in this and all other figures, unless otherwise stated. (A)RafGOF. 

(B-D)RhoGEF2 + RafGOF. RafGOF (A) and RhoGEF2 + RafGOF (B) mosaic EADs were

similar in size at day 5 and similar to control mosaics and RhoGEF2 mosaic EADs

(supplementary material Fig. S1A). RafGOF-expressing mosaic larvae pupated at

day 5, but failed to eclose (data not shown). RhoGEF2 + RafGOF EADs increased in

size with time (B-D). Both GFP+ clonal and wild-type tissue overgrew, but the

proportion of GFP+ tissue to wild-type tissue increased over time (B-D). In B,

arrowheads indicate increased F-actin accumulation. (E)Quantification of F-actin

levels in RhoGEF2 + RafGOF or RafGOF clones versus wild-type clones. The data was

compared using ANOVA analysis; error bars represent s.e.m. and the significance

was P<0.05 for RhoGEF2 + RafGOF at day 5, 7 or 9 compared with RafGOF alone.
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supplementary material Fig. S2Bv,Bviii) compared with the control
(arrows, supplementary material Fig. S2Aiv,Avi; quantified in S2C).
This result indicates that Rho1 is activated by RhoGEF2 in eye disc
cells.

To analyse whether Rho1 was functionally required for RhoGEF2

function, we reduced the levels of Rho1 via expression of a
previously validated RNAi transgene (Rho1RNAi) (Massarwa et al.,
2009; Widmann and Dahmann, 2009; Yan et al., 2009). Expression
of Rho1RNAi alone in clones did not substantially affect clone size
(supplementary material Fig. S3A,B), but resulted in defects in both
differentiation and cell morphology; in the posterior region of the
eye disc, cells still differentiated but some Elav-positive nuclei were
mislocalised basally (arrows, supplementary material Fig. S3B-Bii)
and, consistent with this, the pattern of apical foci of F-actin in the
posterior region of the eye disc was altered compared with the

surrounding wild-type tissue (supplementary material Fig.
S3Aiii,Aiv). Expression of RhoGEF2 + Rho1RNAi in clones rescued
the RhoGEF2-clonal phenotype; the small RhoGEF2 clone size was
increased (compare supplementary material Fig. S3Ci and Fig.
S1Ai), differentiation was increased (compare supplementary
material Fig. S3C with Fig. S1A), cell morphology was improved
and F-actin levels were reduced (compare supplementary material
Fig. S3Ciii,Civ,Diii,Div and Fig. S1Aii,Bii,Cii; quantified in Fig. S3E).
In contrast, knocking down Rho1 in Raf GOF-expressing clones did
not substantially alter the Raf GOF phenotype (supplementary
material Fig. S4); precocious differentiation was still observed
(supplementary material Fig. S4C-Cii compared with S4A-Aii),
although some differentiated cells were mislocalised basally (arrows,
supplementary material Fig. S4D-Dii), as was also observed with
Rho1RNAi alone and Raf GOF alone. However, F-actin levels were not
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Fig. 2. Reducing levels of Rho1 suppressed clonal

tissue overgrowth, differentiation, and cell

morphology defects, and rescued pupation in

RhoGEF2 + RafGOF EADs. Confocal planar sections

through the epithelium of third instar larval EADs. Apical

(A,C) and basal (B,D) sections are shown. Mutant tissue

was marked by the expression of GFP (green). EADs were

stained for Elav (white) and with phalloidin-TRITC for F-

actin (white). (A,B)RhoGEF2 + RafGOF. (C,D)Rho1RNAi

+RhoGEF2 + RafGOF. Many RhoGEF2 + RafGOF-expressing

cells in the posterior region do not stain with Elav,

especially in the basal sections of the eye disc, where

clonal tissue accumulated (arrows, B-Bii). F-actin was

enriched in RhoGEF2 + RafGOF-expressing cells, particularly

in basal sections (arrowheads, Aii,Aiii,Bii,Biii). Reducing

levels of Rho1 in RhoGEF2 + RafGOF-expressing cells

reduced the accumulation of undifferentiated clonal

tissue (compare B-Bii with D-Dii, arrows) and reduced F-

actin levels (arrowheads, Cii,Ciii,Dii,Diii) compared with

RhoGEF2 + RafGOF mosaic EADs (Aii,Aiii,Bii,Biii,

arrowheads). (E)Depletion of Rho1 in RhoGEF2 + RafGOF

mosaic larvae resulted in increased pupation compared

with RhoGEF2 + RafGOF mosaic larvae. The data was

compared by a t-test and error bars represent s.e.m. The

significance was P<0.0001. (F)Quantification of F-actin

levels in RhoGEF2 + RafGOF or RhoGEF2 + RafGOF + Rho1RNAi

clones versus wild-type clones. The data was compared

by a t-test and error bars represent s.e.m. The significance

was P<0.0001 for RhoGEF2 + RafGOF + Rho1RNAi versus

RhoGEF2 + RafGOF.
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significantly changed in any sample relative to surrounding wild-
type tissue (supplementary material Fig. S4E). Taken together, these
results show that Rho1 acts downstream of RhoGEF2, but not
RafGOF, in the developing Drosophila EAD.

We then analysed whether Rho1 was required for RhoGEF2 +
Raf GOF tumorigenesis, using Rho1RNAi to knock down Rho1 activity
in EAD clones. When levels of Rho1 were reduced in RhoGEF2 +

Raf GOF clones, undifferentiated clonal masses did not accumulate
in the basal sections of the eye disc, as was observed for RhoGEF2

+ RasACT (arrows, Fig.  2D-Dii, compared with 2B-Bii),
differentiation was partially restored as revealed by Elav staining
[Fig.  2C-Ciii, 2D-Diii (arrows) compared with 2A-Aiii, 2B-Biii
(arrows)] and F-actin levels were significantly reduced (arrowheads,
compare Fig.  2Cii,Ciii,Dii,Diii and 2Aii,Aiii,Bii,Biii; quantified in
2F). Importantly, the extended larval period and block to pupation
observed for RhoGEF2 + Raf GOF was suppressed, with a
significantly greater proportion of Rho1RNAi + RhoGEF2 + Raf GOF

mosaic larvae pupating compared with RhoGEF2 + Raf GOF mosaic
larvae (Fig.  2E), and no overgrown larvae were observed. Thus,
Rho1 is required for the cooperation of RhoGEF2 with Raf GOF.

Rac1 is not required for RhoGEF2 + RasACT tumorigenesis

Because GEFs can activate multiple GTPases (Rossman et al., 2005)
and a dominant negative allele of Rac1, Rac1N17 (Rac1DN) (Baek et
al., 2010; Luo et al., 1994) showed partial suppression of RhoGEF2

+ RasACT cooperative interactions when expressed throughout the
tissue with ey > RasACT (Brumby et al., 2011), it was possible that
RhoGEF2 also acts through Rac. There are three Drosophila Rac
homologues – Rac1, Rac2 and Mig-2-like (Mtl), which can act
redundantly (Hakeda-Suzuki et al., 2002). To test whether Rac is
also required for RhoGEF2 + Raf GOF cooperation, Rac levels were
abrogated by a number of methods (supplementary material Fig.
S5). First, we expressed Rac1DN, which is thought to block activity
of all three Rac homologues (Hakeda-Suzuki et al., 2002), in
RhoGEF2 + Raf GOF clones. Second, Rac1 levels were decreased by
expression of a validated RNAi transgene (Rac1RNAi) (Baek et al.,
2010). Third, Rac1, Rac2 and Mtl levels were reduced by halving
the dosage of all three of these genes. When Rac activity was
reduced in RhoGEF2 + RasACT clones by expressing Rac1DN or levels
of Rac1 were reduced in RhoGEF2 + RasACT clones by expressing
Rac1RNAi, differentiation in the clones was still significantly reduced
at day 5 or 6 after egg laying (AEL) (white arrows, supplementary
material Fig. S5B-Bii and 5C-Cii compared with 5A-Aii) in the
mutant clones, although there was a small but significant decrease
in F-actin in the Rac1RNAi-and Rac1DN-expressing samples (yellow
arrows, supplementary material Fig. S5Biv and 5Civ compared with
5Aiv; quantified in supplementary material Fig. S5E). Similar
results were obtained when the dosage of Rac was reduced by
halving the dosage of Rac1, Rac2 and Mtl in RhoGEF2 + RasACT,
except that F-actin levels were not significantly downregulated
(supplementary material Fig. S5D,E). Moreover, the block to
pupation by RhoGEF2 + RasACT was not rescued by any of these
approaches to downregulate Rac activity (data not shown). Thus,
these findings show that Rac1 is not required for RhoGEF2 + Raf GOF

cooperative tumorigenesis in EAD clones, which is in agreement
with previous biochemical and genetic data that RhoGEF2 activates
Rho1, but not Rac1 (Barrett et al., 1997; Grosshans et al., 2005;
Häcker and Perrimon, 1998).

Rho kinase is required for RhoGEF2 + RafGOF tumorigenesis

Because we showed that Rho1 was required for cooperation of
RhoGEF2 with Raf GOF, we then analysed the downstream effectors
Rho1, Rok, Dia, Limk and PKN to determine which of these were
required for cooperative tumorigenesis. We knocked down these
effectors in RhoGEF2 + Raf GOF (or RasACT) clones, using the
previously validated RNAi transgenes rokRNAi (Xu et al., 2008),
diaRNAi (Widmann and Dahmann, 2009) and PKNRNAi (Warner and
Longmore, 2009). For LimkRNAi, we confirmed knock down of the
mRNA to 38% by quantitative PCR analysis (data not shown).

Reducing the level of Dia in RhoGEF2 + RasACT clones by the
expression of diaRNAi did not restore differentiation in basal sections
of the eye disc (arrows, supplementary material Fig. S6B-Bii) or
reduce the higher levels of F-actin in RhoGEF2 + RasACT-expressing
clones (supplementary material Fig. S6Aiii,Aiv,Biii,Biv; quantified
in S6E). Similar effects were observed when PKNRNAi was expressed
in RhoGEF2 + RasACT-expressing clones (supplementary material
Fig. S6C,D; quantified in S6G), or when LimkRNAi was expressed
in RhoGEF2 + Raf GOF-expressing clones (supplementary material
Fig. S6E,F; quantified in S6G). Moreover, the block to pupation by
RhoGEF2 + RasACT was not rescued by reducing dia, Limk or PKN

levels (data not shown). Thus, Dia, PKN or Limk individually do
not play an important role in RhoGEF2 + RasACT (Raf GOF)
tumorigenesis.

In contrast, reducing levels of Rok via rokRNAi in RhoGEF2 +
Raf GOF clones rescued the tumorigenic phenotype (Fig. 3). rokRNAi

expression alone did not substantially alter clone size or
photoreceptor differentiation (supplementary material Fig. S7A-
Aii,B-Bii), although produced minor cell morphology defects
(arrows, supplementary material Fig. S7Aiii,Aiv). However,
reducing Rok in RhoGEF2 + Raf GOF clones partially restored
differentiation in the eye disc clones [compare Fig. 3B,Bi (arrows)
and Fig. 2B-Bii] and reduced F-actin accumulation compared with
RhoGEF2 + Raf GOF clones (arrowheads, compare
Fig. 3Aii,Aiii,Bii,Biii and Fig. 2Aii,Aiii,Bii,Biii; quantified in Fig. 3F).
Furthermore, knockdown of Rok in RhoGEF2 + Raf GOF clones
rescued the pupation defect of RhoGEF2 + Raf GOF (Fig. 3E). Thus,
Rok is required for RhoGEF2 + Raf GOF tumorigenesis.

To explore how Rok contributed to RhoGEF2 + Raf GOF

tumorigenesis, we examined whether rokRNAi affected Raf GOF as
well as RhoGEF2 phenotypes. As expected, expression of rokRNAi

with RhoGEF2 in clones rescued the small clone size (compare
Fig.  3C,D and supplementary material Fig. S1Ai,Bi), the
differentiation defects (compare Fig.  3C-Cii,D-Dii and
supplementary material Fig. S1A,Ai,B,Bi,Ci,Cii), the cell
morphology defects and the elevated F-actin levels of RhoGEF2

(compare Fig.  3Ciii,Diii and supplementary material Fig.
S1Aii,Aiii,Bii,Biii,Cii,Ciii; quantified in Fig. 3F). However, expression
of rokRNAi in Raf GOF clones did not substantially alter the Raf GOF

phenotype; precocious Elav-positive cells were still observed
anterior to the morphogenetic furrow (MF; arrows, supplementary
material Fig. S7C-Cii) and some differentiated cells were present
in the basal sections of the eye disc (arrows, supplementary
material Fig. S7D-Dii), but F-actin levels were not affected
compared with the surrounding wild-type tissue (supplementary
material Fig. S7Ciii,Civ,Diii,Div,E). Thus, Rok is required for the
RhoGEF2, but not the Raf GOF, phenotypes.
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Myosin II is required for RhoGEF2 + RafGOF tumorigenesis

Given the finding that Rok suppressed RhoGEF2 + Raf GOF

cooperation, we then sought to examine which effectors
downstream of Rok are required. Mammalian Rok can act via
activation of Limk and MRLC (Amano et al., 2010). In Drosophila,
Rok has not been shown to regulate Limk, but phosphorylates the
Drosophila MRLC (Winter et al., 2001), encoded by sqh (Jordan
and Karess, 1997), which in turn activates Myosin II heavy chain,
encoded by zipper (zip) (Young et al., 1993), to regulate cell
contractility. Furthermore, RhoGEF2 regulates actin-myosin
contractility during gastrulation through Rho1, Rok and Zip
(Barrett et al., 1997; Dawes-Hoang et al., 2005; Hacker et al., 1998),
and RhoGEF2 and zip genetically interact in leg imaginal disc
morphogenesis (Halsell et al., 2000).

Because we have already ruled out the involvement of Limk for
RhoGEF2 + Raf GOF cooperation (see supplementary material Fig.

S6E,F), we examined whether Myosin II was required. We knocked
down Myosin II activity with a previously validated zipRNAi

transgene (Kwon et al., 2010) in RhoGEF2 + Raf GOF clones and
assessed the effect on differentiation and cell morphology.
Expression of zipRNAi alone resulted in a slight reduction in clone
size relative to wild-type clones, and in some defects in
differentiation and cell morphology (supplementary material Fig.
S8A-Aii and arrows in S8B-Bii). However, Myosin II depletion in
RhoGEF2 + Raf GOF clones partially restored differentiation
compared with RhoGEF2 + Raf GOF-expressing mosaic eye discs
(compare Fig. 4B-Bii and Fig.  2B-Bii), and suppressed the cell
morphology and elevated F-actin defects of the mutant tissue
(compare Fig. 4Aii,Aiii,Bii,Biii and Fig. 2Aii,Aiii,Bii,Biii; quantified
in Fig.  4F). Moreover, reducing Myosin II levels rescued the
pupation defect of RhoGEF2 + Raf GOF larvae (Fig.  4E). Thus,
Myosin II is required for RhoGEF2 + Raf GOF tumorigenesis.
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Fig. 3. Reducing levels of Rok in RhoGEF2 + RafGOF co-

expressing EAD clones suppressed clonal tissue

accumulation, differentiation and cell morphology

defects, and rescued pupation. Confocal planar

sections through the epithelium of day 5 AEL third instar

larval EADs. Apical (A,C) and basal (B,D) sections are

shown. Mutant tissue was marked by the expression of

GFP (green). EADs were stained for Elav (white) and with

phalloidin-TRITC for F-actin (white). (A,B)rokRNAi +

RhoGEF2 + RafGOF. (C,D)rokRNAi + RhoGEF2. Expression of

rokRNAi in RhoGEF2 + RafGOF clones resulted in reduced

accumulation of undifferentiated clonal tissue compared

with RhoGEF2 + RafGOF mosaic eye discs (compare

arrows, B-Bii and Fig. 2B-Bii) and reduced the high levels

of F-actin in the mutant cells (arrowheads in Aiii,Biii

compared with Fig. 2Aii,Aiii,Bii,Biii). rokRNAi in RhoGEF2

clones rescued the reduced clone size, F-actin

accumulation and morphology defects of RhoGEF2-

alone clones (arrowheads in Cii,Ciii,Dii,Diii compared

with supplementary material Fig. S1Aii,Aiii,Bii,Biii). Note

that the high levels of F-actin observed in Biii are due to

the axonal projections that are present in this basal

section. (E)Expression of rokRNAi in RhoGEF2 + RafGOF-

expressing cells resulted in an increase in pupation

compared with RhoGEF2 + RafGOF expression alone. The

data was compared by a t-test and error bars represent

s.e.m. The significance was P<0.0001. (F)Quantification

of F-actin levels in RhoGEF2 + RafGOF + rokRNAi or RhoGEF2

+ rokRNAi clones versus wild-type clones. The data was

compared by a t-test and error bars represent s.e.m. The

significance was P<0.0004 for RhoGEF2 + rokRNAi versus

RhoGEF2 and P<0.0001 for RhoGEF2 + RafGOF + Rho1RNAi

versus RhoGEF2 + RafGOF.
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To determine how Myosin II knockdown was affecting
RhoGEF2 + Raf GOF tumorigenesis, we examined its affect on the
RhoGEF2 or Raf GOF phenotypes alone. As expected, knockdown
of Myosin II in RhoGEF2-expressing clones rescued the clone size
relative to RhoGEF2 alone (compare Fig.  4Ci,Di and
supplementary material Fig. S1Ai,Bi). The differentiation defects
were also partially rescued (compare Fig. 4C and supplementary
material Fig. S1A,B), as was the cell morphology defects and F-
actin accumulation (compare Fig. 4Ciii,Diii and supplementary
material Fig. S1Aii,Bii,Cii; quantified in Fig.  4F). In contrast,
knockdown of Myosin II did not alter the Raf GOF phenotype;
ectopic differentiation was still observed anterior to the MF
(arrows, supplementary material Fig. S8C-Cii) and some
photoreceptor nuclei were basally localised (arrows,
supplementary material Fig. S8D-Dii), but F-actin levels were not
affected compared with the surrounding wild-type tissue

(supplementary material Fig. S8E). Thus, Myosin II is required
for the RhoGEF2, but not the Raf GOF, phenotypes.

The Rho1–Rok–Myosin-II pathway contributes to the upregulation

of JNK in RhoGEF2-expressing clones

We have previously shown that JNK is upregulated and required
for RhoGEF2 + RasACT tumorigenesis (Brumby et al., 2011). Because
our results here have shown that cooperation of RhoGEF2 with
RasACT depends on Rho1, Rok and Myosin II, we then investigated
whether this pathway also contributes to JNK upregulation in
RhoGEF2-expressing clones (Fig. 5). Expression of RhoGEF2

resulted in upregulation of the JNK reporter msn-lacZ (Mattila et
al., 2005) in some cells, which was most obvious in clones in the
anterior-lateral regions of the eye disc (arrows, Fig. 5A-Aii). When
levels of Rho1 or Zip were reduced in RhoGEF2-expressing clones,
msn-lacZ expression was still detectable in the lateral region
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Fig. 4. Reducing levels of Myosin II (Zip) in RhoGEF2 +

RafGOF-expressing EAD clones suppressed clonal

tissue accumulation, differentiation, and cell

morphology defects, and restored pupation. Confocal

planar sections through the epithelium of day 5 AEL

third instar larval EADs. Apical (A,C) and basal (B,D)

sections are shown. Mutant tissue was marked by the

expression of GFP (green). EADs were stained for Elav

(white) and with phalloidin-TRITC for F-actin (white).

(A,B)zipRNAi + RhoGEF2 + RafGOF. (C,D)zipRNAi + RhoGEF2.

Expression of zipRNAi in RhoGEF2 + RafGOF co-expressing

cells resulted in reduced accumulation of

undifferentiated clonal tissue basally compared with

RhoGEF2 + RafGOF mosaic eye discs (compare arrows in B-

Bii and Fig. 2B-Bii) and reduced F-actin accumulation in

the mutant cells (compare arrowheads in Aii,Aiii,Bii,Biii

and Fig. 2Aii,Aiii,Bii,Biii). (C,D)zipRNAi in RhoGEF2 clones

rescued the reduced clone size, F-actin accumulation

and morphology defects of RhoGEF2-alone clones

(arrowheads in Dii,Diii compared with supplementary

material Fig. S1Bii,Biii). (E)Expression of zipRNAi in

RhoGEF2 + RafGOF-expressing cells resulted in an increase

in pupation compared with RhoGEF2 + RafGOF expression

alone. The data was compared by a t-test and error bars

represent s.e.m. The significance was P<0.0001.

(F)Quantification of F-actin levels in RhoGEF2 + RafGOF +

zipRNAi or RhoGEF2 + zipRNAi clones versus wild-type

clones. The data was compared by a t-test and error bars

represent s.e.m. The significance was P<0.0001 for

RhoGEF2 + zipRNAi compared with RhoGEF2 and for

RhoGEF2 + RafGOF + zipRNAi compared with RhoGEF2 +

RafGOF.
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clones, but was significantly reduced relative to RhoGEF2

expression alone, reflecting a decrease in either the number of
expressing cells or in the level of expression (arrows, Fig. 5B-Bii,C-
Cii; quantified in 5F). However, msn-lacZ expression was
upregulated when Rho1RNAi or zipRNAi were expressed alone in
clones (arrows, Fig. 5D-Dii,E-Eii), perhaps owing to a disruption
of cell morphology. This suggests that the JNK activation still
observed in RhoGEF2-expressing clones upon Rho1RNAi or zipRNAi

expression might be due to the depletion of Rho1 or Myosin II to
below normal levels. Taken together, these data show that activation
of Rho1 and Myosin II contributes to JNK pathway activation in
RhoGEF2-expressing EAD clones.

Activation of Rok or Myosin II is sufficient for RasACT-mediated

cooperative tumorigenesis

Having shown the importance of Rok and Myosin II downstream
of RhoGEF2 in cooperative tumorigenesis with RasACT, we then
sought to investigate whether upregulation of Rok or Myosin II
was sufficient for tumorigenesis. Therefore, we expressed
constitutively active versions of rok [rokCAT (Verdier et al., 2006)]
or MRLC [sqhEE (Wang and Riechmann, 2007)] in clones alone or
with RasACT (Figs 6, 7).

Expression of rokCAT alone in clones did not substantially affect
clone size compared with wild type, but showed mild disruption
to differentiation, with Elav-positive cells detected in basal
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Fig. 5. Knockdown of Rho1 or Myosin II (Zipper) in

RhoGEF2 EAD clones resulted in partial suppression of

the JNK pathway activation. Confocal planar sections

through the epithelium of third instar larval EADs. Mutant

tissue was marked by the presence of GFP (green). JNK

activity was detected by msn-lacZ enhancer trap expression,

marked by β-galactosidase (β-gal) staining (white).

(A)RhoGEF2 msn-lacZ. (B)Rho1RNAi + RhoGEF2 msn-lacZ.

(C)zipRNAi + RhoGEF2 msn-lacZ. (D)Rho1RNAi msn-lacZ.

(E)zipRNAi msn-lacZ. Compared with the control, msn-lacZ was

upregulated in some RhoGEF2-expressing cells, particularly

in the lateral regions of the EAD, indicating JNK pathway

activation (arrows, A-Aii). Reducing levels of Rho1 or Zip by

expressing Rho1RNAi or zipRNAi in RhoGEF2-expressing cells

partially suppressed either the intensity of, or number of cells

with, msn-lacZ expression (arrows, B-Bii,C-Cii). Expression of

Rho1RNAi or zipRNAi in clones resulted in upregulation of msn-

lacZ in the lateral regions of the eye disc (arrows, D-Dii,E-Eii).

Note that, in E, the eye disc is folded and the arrow is

pointing to the lateral edge. (F)Quantification of the level of

msn-lacZ staining in RhoGEF2-, Rho1RNAi + RhoGEF2- or zipRNAi

+ RhoGEF2-expressing clones in the lateral regions of the eye

disc relative to adjacent wild-type clones. This reflects the

intensity of staining as well as the number of cells that are

positive for msn-lacZ. The data was compared using ANOVA

analysis; error bars represent s.e.m. and the significance was

P<0.05 for Rho1RNAi + RhoGEF2 compared with RhoGEF2 and

for zipRNAi + RhoGEF2 compared with RhoGEF2.

D
is

e
a

se
 M

o
d

e
ls

 &
 M

e
c

h
a

n
is

m
s 

   
   

  D
M

M



sections (arrows, Fig. 6A-Aii,B-Bii). Morphological defects were
also apparent, although F-actin was not significantly upregulated
(Fig. 6Aiii,Aiv and arrowheads in Biii,Biv; quantified in 6F). When
rokCAT was expressed with RasACT, cooperative tumorigenesis
occurred, leading to a blockage to pupation (reduced to ~30%;
Fig. 6E) similar to that caused by RhoGEF2 + Raf GOF (or RasACT)
(Fig. 2E; and data not shown). Massive tumours developed over
an extended larval stage, similar to RhoGEF2 + RasACT (or
Raf GOF) (supplementary material Fig. S9; and data not shown).
Analysis of the EADs revealed an accumulation of mutant tissue
basally, reduced differentiation (Fig. 6Ci,Cii and arrows in 6Di,Dii)
and morphological defects with accumulation of F-actin
(Fig.  6Ciii,Civ and arrowheads in 6Diii,Div; quantified in 6F).
Thus, rokCAT cooperates with RasACT similarly to RhoGEF2 with
RasACT.

When we expressed the activated version of sqh alone in clones,
no substantial effect on clone size, differentiation or cell
morphology was observed (Fig. 7A,B). However, when sqhEE was
expressed with RasACT in clones, cooperative tumorigenesis was
observed, with large masses of undifferentiated clonal tissue
present in basal sections of eye discs and reduced differentiation
(arrowheads, Fig.  7D-Dii). However, in contrast to rokCAT +

RasACT or RhoGEF2 + RasACT, F-actin levels were not significantly
upregulated in day 5/6 larval EAD clones (compare
Fig.  7Ciii,Civ,Diii,Div and Fig.  6Ciii,Civ,Diii,Div and
supplementary material Fig. S1Dii,Diii,Eii,Eiii,Fii,Fiii; quantified
in Fig.  7F). Despite not showing a significant effect on F-actin
upregulation, sqhEE showed robust cooperation with RasACT,
resulting in massive tumour overgrowth over an extended larval
stage (supplementary material Fig. S10), and reduced pupation
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Fig. 6. Expression of activated rok

with RasACT leads to clonal tissue

overgrowth and reduced pupation.

Apical or basal confocal planar

sections through the epithelium of

third instar larval EADs (A-D). Mutant

tissue was marked by the expression

of GFP (green). EADs were stained for

Elav (white) and with phalloidin-TRITC

for F-actin (white). (A,B)rokCAT.

(C,D)rokCAT + RasACT. Expression of

rokCAT resulted in disruption to the

pattern of differentiation (arrows, 

A-Aii). Some rokCAT-expressing Elav+

cells were basally localised (arrows, 

B-Bii). However, unlike RhoGEF2-

expressing clones, F-actin was not

upregulated in rokCAT-expressing

clones (arrowheads, Biii and Biv)

compared with adjacent wild-type

tissue. Expression of rokCAT + RasACT in

clones resulted in large masses of

undifferentiated clonal tissue (arrows,

D-Dii) particularly in basal sections of

EADs and upregulation of F-actin in

the clones (Ciii,Civ and arrowheads in

Diii-Div), similar to RhoGEF2 + RasACT

expression (supplementary material

Fig. S1Dii,Diii,Eii,Eiii). (E)Expression of

rokCAT + RasACT resulted in decreased

pupation compared with rokCAT

expression alone. The data was

compared by a t-test and error bars

represent s.e.m. The significance was

P<0.0001. (F)Quantification of F-actin

levels in rokCAT + RasACT or rokCAT clones

versus wild-type clones. The data was

compared using ANOVA analysis and

error bars represent s.e.m. The

significance was P<0.05 for rokCAT +

RasACT versus rokCAT and for rokCAT +

RasACT versus RasACT.
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(reduced to ~60%; Fig.  7E), which, although not as strongly
reduced as with RhoGEF2 + Raf GOF (or RasACT) (Fig. 2E; and data
not shown), was still significantly decreased. Thus, activation of
Myosin II is sufficient for cooperation with RasACT. Furthermore,
because F-actin was not upregulated in sqhEE + RasACT tissue at
least at the early stages of tumorigenesis, this suggests that
cooperative tumorigenesis initiates independently of increased F-
actin levels.

Activated Rok and Myosin II cooperate with RasACT to activate JNK

We then tested the effect of activated Rok and Myosin II on JNK
pathway activation, using the expression of a JNK target, Mmp1
(Uhlirova and Bohmann, 2006). Expression of rokCAT did not
upregulate Mmp1 in the majority of EADs, although it was weakly

upregulated in some clones (Fig. 8A; quantified in 8F). However,
Mmp1 was strongly upregulated in rokCAT + RasACT clones
(Fig. 8C; quantified in 8F), whereas RasACT clones alone did not
substantially upregulate Mmp1 in the majority of EADs (Fig. 8B).
Similarly, sqhEE expression alone did not upregulate Mmp1
(Fig.  8D; quantified in 8F); however, Mmp1 was robustly
upregulated in some sqhEE + RasACT clones (Fig.  8E,F). Taken
together, these results show that activation of Rok or Myosin II
cooperates with RasACT to induce JNK activation. Although we
did not detect significant effects on Mmp1 upregulation in rokCAT

or sqhEE clones alone, since Mmp1 is a weaker reporter of JNK
pathway activation compared with msn-lacZ (data not shown),
JNK activity might be induced at low levels by Rok or Myosin II
activation.
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Fig. 7. Expression of activated

Myosin II regulatory light chain

(Sqh) with RasACT leads to clonal

tissue overgrowth and decreased

pupation. Apical or basal confocal

planar sections through the

epithelium of third instar larval

EADs (A-D). Mutant tissue was

marked by the expression of GFP

(green). EADs were stained for Elav

(white) and with phalloidin-TRITC

for F-actin (white). (A,B)sqhEE.

(C,D)sqhEE + RasACT. Expression of

sqhEE did not noticeably affect

differentiation or cell morphology

(A,B). When sqhEE was expressed

with RasACT in clones (C,D), large

masses of undifferentiated clonal

tissue were observed in basal

sections of eye discs (arrows, D-Dii),

although F-actin levels were not

substantially upregulated (Ciii,Civ

and arrowheads in Diii-Div).

(E)Expression of sqhEE + RasACT

resulted in decreased pupation

compared with sqhEE expression

alone. The data was compared by a

t-test and error bars represent s.e.m.

The significance was P<0.05.

(F)Quantification of F-actin levels in

sqhEE + RasACT or sqhEE clones versus

wild-type clones. The data was

compared using ANOVA analysis

and error bars represent s.e.m. The

significance was P<0.05 for sqhEE +

RasACT versus RasACT.
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How is JNK upregulated by the RhoGEF2–Rho1–Rok–Myosin-II

pathway in cooperation with RasACT?

Recent studies have revealed an extrinsic mechanism by which JNK
is activated during tumorigenesis in the developing Drosophila wing
or EAD epithelia, involving exogenous activation of JNK via the
tumour necrosis factor (TNF) homologue Eiger (Egr) (Cordero et
al., 2010; Igaki et al., 2009; Ohsawa et al., 2011). JNK activation and
induction of apoptosis in scrib mutant clones is dependent on Egr,
which is produced by circulating haemocytes (macrophage-like
cells) to induce JNK upregulation in the scrib mutant cells, leading
to their elimination through apoptosis (Cordero et al., 2010; Igaki
et al., 2009; Lolo et al., 2012; Ohsawa et al., 2011). How the scrib

mutant cells are recognised is currently unknown, but might

involve changes in cell morphology. Similarly, the change in cell
morphology in rokCAT clones might trigger such a pathway. scrib

mutant clones in the EAD are smaller than wild-type clones due
to JNK-mediated cell death (Brumby and Richardson, 2003), but
in a homozygous egr mutant background the small clone size is
rescued owing to blockage of JNK-mediated apoptosis (Cordero et
al., 2010; Igaki et al., 2009). rokCAT clones are not significantly
smaller than wild-type clones (Fig. 9A,B,E); however, they also show
increased cell death, as revealed by TUNEL staining (Fig.  9B
compared with the control in 9A). Most apoptosis was cell
autonomous; however, some apoptotic cells were also observed in
the surrounding wild-type cells. To investigate whether the
increased cell death in the rokCAT mosaic EADs was due to Egr
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Fig. 8. Activation of Rok and Myosin II lead to increased

expression of the JNK target Mmp1 in EAD clones. Confocal

planar apical sections through the epithelium of third instar

larval EADs. Mutant clones are marked by the presence of GFP

(green). EADs were stained for Mmp1 to reveal JNK activity

(white) and with phalloidin-TRITC to detect F-actin (white).

(A)rokCAT. (B)RasACT. (C)rokCAT + RasACT. (D)sqhEE. (E)sqhEE +

RasACT. Third instar EADs from rokCAT mosaic larvae did not

show upregulation of Mmp1 in the majority of clones,

although expression was mildly induced in some clones (not

shown). Expression of RasACT alone did not upregulate Mmp1

in the majority of clones. Mmp1 was strongly upregulated in

most rokCAT + RasACT clones (arrows, C-Cii) compared with

adjacent wild-type tissue. Expression of sqhEE did not lead to

Mmp1 upregulation in the clones (D), whereas expression of

sqhEE + RasACT resulted in induction of Mmp1 in many but not

all clones (arrows, E-Eii). (F)Quantification of Mmp1 levels in

sqhEE, sqhEE + RasACT, rokCAT or rokCAT + RasACT clones versus wild-

type clones. The data was compared by a t-test and error bars

represent s.e.m. The significance was P<0.0001 for rokCAT +

RasACT compared with rokCAT and P<0.08 for sqhEE + RasACT

compared with sqhEE.
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signalling, we examined whether global removal of egr reduced
apoptosis in rokCAT clones (Fig.  9C). In rokCAT clones in a
homozygous egr mutant background, apoptosis was strongly
reduced throughout the EAD, but not eliminated, and the rokCAT

clones did not overgrow (Fig. 9C compared with 9A,B; quantified
in 9D). This was in contrast to the effect of the egr mutation on
blocking apoptosis in scrib mutant tissue, which eliminated

apoptotic cells and resulted in overgrowth of the scrib mutant clones
(Cordero et al., 2010; Igaki et al., 2009) (Fig.  9E). These results
suggest that an extrinsic mechanism involving TNF (Egr)-induced
JNK activation plays an important role in the increased apoptosis
that occurs in rokCAT clones. However, because apoptosis was not
completely eliminated in rokCAT clones in an egr mutant
background, this suggests that another mechanism also contributes
to JNK activation and the increased cell death in rokCAT mosaic
EADs (see Discussion).

DISCUSSION

In this study, we have dissected the contribution of the RhoGEF2
pathway in Ras-mediated tumorigenesis in Drosophila epithelial
tissues. We show here that the cooperation of RhoGEF2 with
activated Raf phenocopies that observed with RasACT. Moreover,
our analysis revealed that Rho1, Rok and Myosin II, but not Rac,
Dia, Limk or PKN, are important downstream of RhoGEF2 for
cooperation with RasACT (or RafGOF). We also demonstrated that
the RhoGEF2–Rho1–Rok–Myosin-II pathway contributes to JNK
activation in cooperative tumorigenesis with RasACT (or RafGOF).
Indeed, activation of Rok or Myosin II alone is sufficient for
cooperative tumorigenesis with RasACT and induces JNK activity
in association with RasACT. Cooperative tumorigenesis of RhoGEF2,
Rho1 and Rok with RasACT is correlated with increased F-actin;
however, activation of Myosin II with RasACT is not, suggesting that
actin-myosin contractility might be an important factor in
cooperative tumorigenesis with RasACT. Moreover, we show that
TNF (Egr)-JNK activation plays an important role in RokCAT-
induced cell death; however, because apoptosis was still observed
in an egr mutant background, a more direct effect of Rok–Myosin-
II on JNK activation might also be involved (see below). These
findings are likely to have important implications in the
understanding of human Ras-driven cancers.

Contribution of Rho1 effectors to F-actin accumulation in

RhoGEF2 clones

The Rho1 effectors Dia, Rok, Limk and PKN have all been shown
previously to induce actin polymerisation (Grosshans et al., 2005;
Maekawa et al., 1999; Ohashi et al., 2000a; Ohashi et al., 2000b;
Vincent and Settleman, 1997). Our results here have revealed that
the accumulation of F-actin in RhoGEF2-expressing clones depends
on Rho1 and Rok as expected; however, knocking down Limk, Dia
or PKN did not significantly reduce F-actin levels in RhoGEF2 +
RasACT-expressing clones. It is possible that these Rho1 effectors
could play more minor roles or act redundantly, such that double
or triple knockdowns are required to reduce F-actin levels in
RhoGEF2-expressing cells. Interestingly, we found that reducing
Myosin II heavy chain levels (using zipRNAi) also led to reduced F-
actin levels in RhoGEF2 + RasACT-expressing clones. This was
unexpected given the role of Myosin II in actin-myosin contractility,
but not in actin polymerisation. However, expression of activated
Myosin II light chain (SqhEE) did not lead to upregulation of F-
actin, suggesting that it is more likely that Myosin II heavy chain
depletion might have secondary effects on the regulation of F-actin
polymerisation, perhaps due to reduced levels of F-actin–Myosin-
II fibres upon the depletion of Myosin II protein, or to feedback
mechanisms that affect the activity of actin polymerisation
regulators. Nonetheless, the cooperation of SqhEE with RasACT in
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Fig. 9. TNF (Eiger) is required for apoptosis in rokCAT clones. Confocal

planar compiled sections through the epithelium of third instar larval EADs.

Mutant clones are marked by the presence of GFP (white, and green in the

merge) and TUNEL (white, and red in the merge). (A)FRT82B control. (B)rokCAT.

(C)egr1/3 rokCAT. Third instar EADs from rokCAT mosaic larvae show higher levels

of apoptotic cells, as revealed by TUNEL, both cell autonomously (arrows,

Bi,Bii) and non-cell autonomously (arrowheads, Bi,Bii). Removing egr reduced,

but did not eliminate, apoptotic cells in the rokCAT EAD in both rokCAT (arrows,

Ci,Cii) and wild-type clones (arrowheads, Ci,Cii). (D)Quantification of the

number of TUNEL-positive cells in EADs of each genotype indicated. The data

was compared by a t-test and error bars represent s.e.m. The significance was

P<0.05 for rokCAT compared with the FRT control, and for rokCAT compared with

egr1/3 rokCAT. (E)Quantification of the percentage of mutant clonal tissue

relative to the total EAD size for each genotype indicated. The data was

compared by a t-test and error bars represent s.e.m. The significance was

P<0.05 for scrib1 compared with egr1/3 scrib1, for scrib1 compared with FRT, and

for egr1/3 scrib1 compared with FRT.
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tumorigenesis without effects on F-actin suggests that actin-
myosin contractility or other events triggered by activated Myosin
II light chain are crucial for cooperative tumorigenesis.

The Rho1–Rok–Myosin-II pathway in JNK activation and RasACT-

mediated tumorigenesis

From data presented here, as well as in our previous study (Brumby
et al., 2011), we have shown that Rho1, Rok and Myosin II activity
are necessary and sufficient for cooperative tumorigenesis with
RasACT (Fig. 10). This pathway leads to the activation of JNK
(Brumby et al., 2011), which is important for invasion, and the
blockage of differentiation and pupation, enabling the tumour to
overgrow through an extended larval phase (Brumby et al., 2011;
Leong et al., 2009). Blocking JNK activity (using a dominant
negative transgene) in RhoGEF2 + RasACT tumours results in
increased differentiation and pupation (Brumby et al., 2011). In
tumorigenesis with RasACT, JNK has been shown to be activated
by a cell extrinsic mechanism in scrib mutant tissue, via TNF (Egr)
supplied by the haemocytes (Cordero et al., 2010; Igaki et al., 2009;
Lolo et al., 2012; Ohsawa et al., 2011). We have shown that the
TNF pathway is partially responsible for the increased apoptosis
in RokCAT EADs; however, unlike scrib mutant tissue (Cordero et
al., 2010; Igaki et al., 2009), cell death was not completely eliminated
in an egr mutant background and the clones did not overgrow.
Therefore, it is likely that a novel mechanism also exists for JNK
activation and/or triggering apoptosis by RokCAT.

Previous studies have provided evidence that the
Rho1–Rok–Myosin-II pathway activates JNK, although the precise
mechanism is not clear. One study showed that loss of the cell
polarity regulators aPKC, Cdc42 or Par6 results in
Rho1–Rok–Myosin-II pathway activation of JNK-dependent
apoptosis and compensatory proliferation (Warner et al., 2010).
Interestingly, this study showed that JNK activation was
independent of Rho1-Rok pathway effects on F-actin
polymerisation, because inhibiting Cofilin (by reducing levels of
Slingshot, a Cofilin phosphatase, which activates Cofilin) and
thereby promoting F-actin stabilisation, did not result in JNK
activation or hyperproliferation when apoptosis was blocked. This
result is consistent with our finding that activation of Myosin II
activity (via sqhEE expression) results in cooperative tumorigenesis
with RasACT without upregulation of F-actin. Another study
revealed that overexpression of wild-type Rho1 in the anterior-
posterior boundary of the developing wing epithelium resulted in

JNK-mediated apoptosis (Vidal et al., 2006). Myosin II activity has
also been linked to JNK activation in a study of the Drosophila non-
muscle myosin phosphatase PP1β (Flapwing), which negatively
regulates JNK activity through the inhibition of Myosin II activity
in the developing wing (Kirchner et al., 2007). Furthermore, a recent
study has shown that depletion of the Sds22/PP1 phosphatase can
cooperate with RasACT, via upregulation of Myosin II activity and
JNK activation (Jiang et al., 2011). However, in all of these studies,
cell morphology changes occur and might induce recruitment of
haemocytes and the activation of JNK via the extrinsic TNF (Egr)
pathway. There are, however, examples where JNK is induced
without cell morphology changes, such as in response to cellular
damage due to irradiation, which is due to a feedback loop involving
caspases and p53 (Shlevkov and Morata, 2012), and by oxidative
stress, which induces reactive oxygen species (ROS) that activate
JNK (Ohsawa et al., 2012; Wang et al., 2003). However, in both
these examples, there is evidence suggesting that Egr could also be
involved in JNK activation (Kanda et al., 2011; Shlevkov and
Morata, 2012). Although we have shown that RokCAT-induced
apoptosis shows a strong dependence on Egr, the fact that there
was still some remaining apoptotic cells might suggest that an Egr-
independent mechanism is also induced. Whether this mechanism
involves p53, Ros or more direct effects of Myosin II on JNK activity
remains to be determined. It is possible that activated Myosin II
activates JNK directly, because Sqh and Bsk were shown to form
a complex in vivo in the large-scale proteomics project carried out
in Drosophila cultured cells (Guruharsha et al., 2011). Furthermore,
it is possible that Flapwing or Sds22 phosphatases are inhibited by
RhoGEF2-Rho1 signalling and are also involved in Myosin II and
JNK activation.

In RasACT-driven cooperative tumorigenesis with RhoGEF2
overexpression or Rho1 activation, the activation of JNK is clearly
involved in invasion and the block to differentiation and pupation
(Brumby et al., 2011). Although we have not yet tested the role of
JNK in rokCAT or sqhEE cooperative tumorigenesis with RasACT, it
most likely plays a similar role. Moreover, JNK might also contribute
to cell morphology changes in RasACT-driven cooperative
tumorigenesis, because blocking JNK activity in wing disc cells
depleted for the apico-basal cell polarity regulator Lgl can rescue
the cell morphology defects and rescue the overgrowth phenotype
(Zhu et al., 2010). JNK might also contribute to the tumour
overgrowth: a recent study showed that, in lgl-depleted wing disc
tissue, JNK can inactivate the Hippo tissue growth control pathway,
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Fig. 10. Model of the RhoGEF2 effector pathway required for

cooperation with RasACT in tumorigenesis. Expression of RasACT

(or RafGOF) alone promotes proliferation and blocks apoptosis,

which contributes to the tumour growth. Our epistasis

experiments show that RhoGEF2 acts via Rho1–Rok–Myosin-II

activity in its cooperation with activated Ras signalling in

tumorigenesis. Rho1, Rok and Myosin II are required downstream

of RhoGEF2 for JNK activation. Activation of Rok (RokCAT) or

Myosin II activity (SqhEE) only robustly promotes JNK activation in

cooperation with RasACT. JNK promotes tumour invasion, and

blocks differentiation and pupation, which contributes to the

tumour growth during the extended larval stage. Myosin II

activity has been documented by others to result in increased F-

actin contractility and cell shape changes, but might also

contribute to tumour growth in combination with RasACT.
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thereby promoting tissue overgrowth (Sun and Irvine, 2011).
However, in lgl mutant clones in the EAD, blocking JNK enhances
the clonal overgrowth and leads to loss of polarity and an invasive
phenotype (Grzeschik et al., 2010), and blocking JNK in scrib

mutant EAD clones does not prevent, but rather enhances, the
impairment of the Hippo pathway (Doggett et al., 2011).
Interestingly, a recent study has revealed that, in scrib– + RasACT

tumours, JNK activation upregulates expression of an F-actin
cross-linking protein, Filamin (Cher), which acts to inhibit the
Hippo pathway to promote overgrowth (Külshammer and Uhlirova,
2012). Therefore, although RhoGEF2-Rho1 + RasACT-mediated
tumorigenesis requires JNK activation for the block to
differentiation and pupation, and to promote invasion, whether JNK
can also have a role in cell morphology changes or promoting
proliferation via inhibition of the Hippo pathway in these tumours
requires further investigation.

Activation of the Rho1–Rok–Myosin-II pathway might also
contribute to tumour growth with RasACT, independently of JNK
(Fig. 10), because our previous analysis has shown that JNK activation
alone with RasACT does not result in as potent cooperative
tumorigenesis as occurs with RhoGEF2 (or Rho1ACT, rokCAT or sqhEE)
+ RasACT (Brumby et al., 2011) (and this study). It is possible that F-
actin polymerisation, actin-myosin contractility or cell morphology
changes contribute to tumour overgrowth. Recently, increased F-
actin polymerisation, due to expression of activated Dia or loss-of-
function mutants in the actin capping proteins Cpa and Cpb, was
shown to inactivate the Hippo tissue growth control pathway and
drive tissue growth (Fernández et al., 2011; Richardson, 2011;
Sansores-Garcia et al., 2011). However, as discussed above, RhoGEF2
expression alone did not result in increased cell proliferation in
clones, suggesting that a specific form of F-actin is required to
regulate the Hippo pathway, which is not generated by the RhoGEF2-
Rho1 pathway, or that RhoGEF2 also activates another tissue growth
inhibitory pathway. Furthermore, increased F-actin polymerisation
seems not to be necessary, because activated Myosin-II regulatory
light chain (SqhEE) induced cooperative tumorigenesis with RasACT

without affecting F-actin levels.
It is possible that, owing to activation of Myosin II, actin-myosin

contractility, cellular tension and cell morphology changes might
contribute to tissue growth in RhoGEF2 + RasACT tumours. In
mammalian cells, RhoA–Rok–Myosin-II pathway-mediated cell
contractility regulates cell proliferation; microinjection of activated
forms of RhoA, Rac and Cdc42 in Swiss 3T3 fibroblasts promotes
S-phase entry, whereas reducing RhoA, Rac or Cdc42 activity
blocked DNA replication (Olson et al., 1995). Actin-myosin
contractility can also increase cellular tension, and cellular tension
can induce cell proliferation (reviewed by Assoian and Klein, 2008;
Mammoto and Ingber, 2009; Yu et al., 2011). Indeed, in cultured
monolayers of cells in an elastomeric force sensor array, inhibition
of Rok or Myosin II suppressed proliferation, suggesting that
contractile force and tension resulting from the
RhoA–Rok–Myosin-II pathway regulates cell proliferation (Nelson
et al., 2005). More recently, a role for cellular tension in cell
proliferation via activation of the Hippo tissue growth control
pathway transcriptional co-activator Yap/Taz (homologues of
Drosophila Yorkie) has been revealed in mammalian cells (Dupont
et al., 2011; Wada et al., 2011). The precise mechanism by which
this occurs is unclear; however, it has been recently discovered that

Scrib can bind to Taz, thereby tethering Taz to the cell cortex
(Cordenonsi et al., 2011). Thus, any alteration of cell morphology
or cellular tension that leads to mis-localisation of Scrib would
release Taz, thereby enabling it to enter the nucleus and upregulate
cell survival and proliferation genes. Interestingly, the mechanism
was shown in one study to require Rho-GTPase activity (Dupont
et al., 2011). Furthermore in a mouse model, activated Rock2
(homologue of Drosophila Rok) induced tissue stiffness and
activation of the transcription factor β-catenin to promote
epidermal hyperplasia (Samuel et al., 2011; Samuel and Olson,
2011). Whether these mechanisms contribute to the tumour
growth of RhoGEF2–Rho1–Rok–Myosin-II with activated Ras in
Drosophila epithelial tissues will require further analysis.
Interestingly, a recent study revealed that Drosophila Filamin
(Cher) binds to Myosin II and is important for activation of Myosin
II activity in scrib– + RasACT tumours, and also that Myosin II
activity is important for tumour overgrowth, via Hippo pathway
inactivation, as well as invasion (Külshammer and Uhlirova, 2012).
Thus, the cooperation of cell polarity mutants with oncogenic Ras
might also require the RhoGEF2–Rho1–Rok–Myosin-II pathway.
Indeed, our research here together with this previous study suggests
that a positive feedback loop between JNK activation and Myosin
II activity might be critical downstream of cell morphology or
polarity disruption for cooperative tumorigenesis with oncogenic
Ras.

The involvement of RhoGEF2, Rho1, Rok and Myosin II in

cooperative tumorigenesis with oncogenic Ras in human cancer

Activation of the Ras signalling pathway occurs in about 30% of all
human cancers; however, Ras activation is not sufficient for
tumorigenesis because of the induction of cellular senescence (Kern
et al., 2011; Serrano et al., 1997). We have identified here that the
RhoGEF2–Rho1–Rok–Myosin-II pathway cooperates with
oncogenic Ras in Drosophila epithelial tissues, raising the question
of whether cooperation occurs between these genes in mammalian
cancer. There is strong evidence that overexpression of some
mammalian RhoGEFs such as Vav1 (Katzav, 2007) and Ect2 (Fields
and Justilien, 2010) contribute to human cancers. Furthermore, the
mammalian RhoGEF2 homologues PDZ-RhoGEF, p115-RhoGEF
and Leukemia associated RhoGEF (LARG) can transform Swiss
NIH 3T3 cells (Fukuhara et al., 2001), and LARG fused to the mixed
lineage leukemia (MLL) gene results in acute myeloid leukemia
(Kourlas et al., 2000). However, whether Ras is also activated in
these cells and contributes to tumorigenesis with the RhoGEFs is
not known.

RhoA and Rock (Rok) have been found to be upregulated in many
human cancers (reviewed by Karlsson et al., 2009; Narumiya et al.,
2009), and upregulation of Rock has been shown to be crucial for
RhoA-mediated tumorigenesis (Sahai et al., 1999). Because of this,
Rho and Rock have been considered to be good drug targets for
cancer therapy (Fritz and Kaina, 2006; Lu et al., 2009; Maruta et
al., 2003; Olson, 2008; Rath and Olson, 2012). Whether Ras
signalling is also upregulated in cancers in which RhoA or Rock is
activated remains to be thoroughly examined. However, in vitro

studies have revealed that Rho and Rock cooperate with the Ras-
Raf pathway in cellular transformation to promote cell proliferation
and motility (Coleman et al., 2004; Fleming et al., 2009; Olson et
al., 1998; Sahai et al., 1999; Sahai et al., 2001). Furthermore,
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activated Rock2 induced epidermal hyperplasia in mice, and after
treatment with carcinogens promoted the formation of papillomas
and progression to carcinomas (Samuel et al., 2011). The
progression of these papillomas to carcinomas is associated with
activation of the Ras signalling pathway (Quintanilla et al., 1986),
and therefore it is likely that, in this system, the activation of Rock
cooperates with activated Ras signalling in tumour progression.
Importantly, and consistent with our studies, Samuel et al. showed
that the hyperplasia induced by activation of Rock was dependent
on Myosin II activity (Samuel et al., 2011). Interestingly, another
study reported that actin-myosin contractility can promote K-Ras
pathway flux, leading to phosphorylation of Erk; however, this was
dependent on Myosin-II light chain kinase, but not Rock (Helfman
and Pawlak, 2005). In mammalian cells, activation of Myosin II is
not only associated with proliferation (see above), but also cell
migration (Clark et al., 2007; Ng et al., 2012). Thus, Myosin II has
potentially potent tumorigenic properties that might contribute to
Ras-induced mammalian cancer. Whether activation of Myosin II
induces JNK to promote these properties in mammalian cells and
in human cancer remains to be determined. Thus, further analysis
of the mechanism of cooperation between Rock–Myosin-II, JNK
activity and oncogenic Ras in mammalian cell models and human
cancers is clearly warranted.

MATERIALS AND METHODS

Fly stocks, conditions of culture, overexpression and clonal

analysis

Fly stocks used in this study were: UAS-RhoGEF2 (Mulinari et al.,
2008); UAS-RasACT (Halfar et al., 2001); UAS-Raf GOF (Brand and
Perrimon, 1994); UAS-rokCAT [Bloomington #6669 (Verdier et al.,
2006)]; UAS-sqhEE [sqhE20E21 (Wang and Riechmann, 2007)]; UAS-

zip (Franke et al., 2005); msn-lacZ [msn06946 (Mattila et al., 2005)];
UAS-RhoRNAi (#12734 – VDRC); UAS-Rac1RNAi (#17411 – VDRC);
UAS-Rac1N17 (Luo et al., 1994); Rac1, Rac2, mtl (Hakeda-Suzuki
et al., 2002); UAS-diaRNAi (#20518 – VDRC); UAS-PKNRNAi (#42927
– VDRC); UAS-LimkRNAi (#25344 – VDRC); UAS-rokRNAi (#3793
– VDRC); UAS-zipRNAi (#7819 – VDRC); UAS-sqhAA (Jordan and
Karess, 1997); the Rho sensor was UAS-PKN58A-eGFP (Simões et
al., 2006), scrib1 (Bilder and Perrimon, 2000), and the egr

homozygous viable alleles, egr1 and egr3 (Igaki et al., 2002; Igaki et
al., 2009).

The MARCM (mosaic analysis with repressible cell marker)
system (Lee and Luo, 2001) with FRT82B, ey-FLP and UAS-GFP

(eyFLP1, UASmCD8-GFP ;; Tub-GAL4 FRT82B Tub-GAL80/

TM6B) or with FRT40A, ey-FLP and UAS-GFP (eyFLP1,

UASmCD8-GFP; Tub-GAL80 FRT40A/CyO; Tub-GAL4/TM6B)
were used to induce GFP-positively marked clones. Stocks
containing the relevant UAS-transgenes and either FRT82B or
FRT40A were generated for clonal analysis using the MARCM
system.

Staged lays were carried out by allowing the females in the cross
to lay eggs for 8-12 hours before removing the flies. Vials were aged
for 5, 7 or 9 days before larvae were collected for dissection. All
flies were raised on a standard semolina agar food at 25°C.

Pupation rate

To determine pupation rate, flies were allowed to lay for 12 hours
on apple juice agar plates and larvae were left to develop until early

third instar at 25°C. Five replicates of 20 larvae of the relevant
genotype were placed into fresh food vials. After 9 days AEL, the
number of pupae was counted and used to calculate pupation
percentage. Data was analysed using GraphPad Prism 5, using a
two-tailed t-test. Error bars represent standard error of the mean
(s.e.m.) and the significance was set at P<0.05.

Immunocytochemistry for analysis of Drosophila tissues

For analysis of third instar larval EADs, the discs were dissected
in PBS, fixed in 4% PFA, washed in PBT (0.1% Triton X-100) and
blocked in PBT + 2% normal goat serum. Antibodies used were:
mouse Elav [Developmental Studies Hybridoma Bank (DSHB); at
1:20], mouse Mmp1 [DSHB (mouse 5H7B11, 3D8D12, 316B4; at
1/20)], rabbit anti-RhoGEF2 [(Rogers et al., 2004); at 1:200] and
mouse β-galactosidase (Rockland; at 1:500). Secondary antibodies
were: anti-mouse Alexa-Fluor-647 (Invitrogen; 1:400) or anti-
mouse Alexa-Fluor-488 (Invitrogen; 1:400). F-actin was detected
with phalloidin-tetramethylrhodamine isothiocyanate (Rhodamine;
Sigma; 0.3 mM).

Quantification of F-actin, Mmp1 and Rho1 activity levels

Images of EADs were captured on the Olympus FV Laser Scanning
confocal microscope. Multiple EADs were imaged for every
genotype. Three clones per EAD were randomly selected and the
average pixel intensity in the F-actin, Mmp1 or Rho1 channel was
measured using Adobe Photoshop CS3 in two 50×−50 pixel areas,
one on either side of the clonal boundary. The average pixel intensity
within each clone was normalised using the average pixel intensity
outside of that clone. At least three EADs were analysed for each
sample. For F-actin measurements, regions of mutant tissue
containing cysts, with very high F-actin levels and different
morphology compared with the surrounding wild-type tissue,
were not used for the measurements. These data for the various
samples were then compared using GraphPad Prism 5, using t-tests
or ANOVA as indicated. Error bars represent s.e.m. and the
significance was set at P<0.05.

Quantification of β-gal intensity in clones

β-gal intensity of mutant clones was measured by MetaMorph
Version 7.7.2.0 after images were captured on the Olympus FV laser
scanning confocal microscope. Measurements of β-gal intensity in
mutant clones were taken from a ventral or dorsal area of 50×−50
pixels for each EAD section, for at least nine EADs per sample.
Only average intensity values over a base line threshold of arbitrary
units were recorded. Each measurement was normalised to adjacent
wild-type tissue of the same pixel area and expressed as a ratio.
The average intensity of β-gal for each sample was compared with
others using GraphPad Prism 5, using a two-tailed t-test. Error bars
represent s.e.m. and the significance was set at P<0.05.

TUNEL staining and quantification, and clonal size measurements

TUNEL staining was carried out as described in the manufacturer’s
protocol (Roche Applied Science). Maximum projections were
generated using Fluoview 1.7 Software. Quantification of TUNEL
staining was measured by Adobe Photoshop CS5. The number of
red pixels was divided by the total area of the EAD as counted in
pixels and expressed as a percentage. For determining the clonal
size, the area of GFP-marked clones relative to the total area of the
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EAD was calculated for each sample, averaged for each genotype
and expressed as a percentage. At least five EADs were analysed
for each sample. These data for the various samples were then
compared using GraphPad Prism 5. Error bars represent s.e.m. and
the significance was set at P<0.05.

RNA extraction and quantitative real-time PCR

Total RNA was harvested from third instar Drosophila larvae by
homogenising cells with TRIzol reagent according to the
manufacturer’s instructions (Invitrogen). cDNA was created from
2 μg total RNA using random primers and M-MLV reverse
transcriptase RNase H (Promega), and amplified by PCR in
triplicate with SYBR Green® dye detection method (Agilent
Technologies) as per the manufacturer’s specifications. PCR
product detection, using the Limk primers listed below, was
performed on the ABI PRISM 7700 system (Applied Biosystems),
under standard conditions and normalised with a GFP control.

Primers used were: Limk forward 5�-TCGGACTTCA -
GTCTCAATCAG-3�; Limk reverse 5�-GGGATTAAGATCA -
CAGCACAC-3�.
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