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expanded and fat regulate growth and differentiation in the
Drosophila eye through multiple signaling pathways
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Abstract

Mutations in the expanded gene act as hyperplastic tumor suppressors, interfere with cell competition,
and elevate Dpp signaling. Unlike Dpp overexpression, ex causes few patterning defects. Our data
suggest that patterning effects are partly masked by antagonistic roles of other signaling pathways
that are also activated. ex causes proliferation of cells in the posterior eye disc that are normally
postmitotic. ex mutations elevate Wg signaling, but Dpp signaling antagonizes patterning effects of
Wg. By contrast, if Dpp signaling is blocked in ex mutant cells, the elevated Wg signaling preserves
an immature developmental state and prevents retinal differentiation. An effect of ex mutations on
vesicle transport is suggested by evidence for altered sterol distribution. Mutations in ft show effects
on proliferation, Wg signaling, and sterols very similar to those of ex mutations. During disc growth,
ex was largely epistatic to ft, and the Warts pathway mutation hippo largely epistatic to ex. Our data
suggest that ft and ex act partially through the Warts pathway.

Introduction

The growth of an organism or tissue is the net product of mechanisms that control cell growth,
cell proliferation and cell death (Conlon and Raff, 1999;Hipfner and Cohen, 2004). The
coordinated regulation of these processes requires integration of multiple pathways that control
size, and patterning and cell fate allocation. Growth is regulated at the organismal level, and
within tissues by signals that are also involved in morphogenesis and differentiation. The
Notch, Wingless, Decapentaplegic, Hedgehog and EGF signaling pathways are all implicated
in the control of the cell cycle, growth, apoptosis and differentiation (Brachmann and Cagan,
2003;Dominguez and Casares, 2005;Edgar et al., 2001;Firth and Baker, 2005;Hipfner and
Cohen, 2004;Johnston and Sanders, 2003;Lee and Orr-Weaver, 2003;Martin et al., 2004;Voas
and Rebay, 2004). In addition, the Warts pathway might also be regulated by extracellular
signals. The Warts pathway includes the cytoplasmic protein Sav and the kinase Hpo, which
together phosphorylate Wts, in the presence of Mats. Activated Wts phosphorylates and
inactivates Yorkie, a transcriptional regulator of genes involved in proliferation and survival
(Edgar, 2006) (Hariharan, 2006).

The expanded (ex) and fat (ft) genes both encode negative growth regulators. Clones of cells
that are mutated for either grow more rapidly, but have little effect on differentiation, although
both are also involved in planar polarity signaling (Blaumueller and Mlodzik,

2000;Boedigheimer and Laughon, 1993;Bryant et al., 1988;Mahoney et al., 1991;Rawls et al.,
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2002;Yang et al., 2002). ex encodes a cytoplasmic protein localized to the apical junctions of
epithelial cells (Boedigheimer and Laughon, 1993;Boedigheimer et al., 1997). ft encodes a
large atypical cadherin (Mahoney et al., 1991).

Ex is a member of the FERM (4.1, Ezrin, Radixin, Moesin) domain protein superfamily, a
family of proteins that provide regulated linkages between membrane proteins and cytoplasmic
proteins or the actin cytoskeleton (Bretscher et al., 2002). The effects of loss of ex on growth
and cell competition reflect a major perturbation in growth control (Blaumueller and Mlodzik,
2000;Boedigheimer and Laughon, 1993). Ex interacts with the related protein Merlin and the
double mutant phenotype is still more severe (McCartney et al., 2000). It has been proposed
that Ex and Mer together regulate the Warts pathway (Hamaratoglu et al., 2006). It has also
been proposed that Ex and Mer together restrain endocytosis of multiple transmembrane
receptors and so reduce their signaling (Maitra et al., 2006).

The fat gene shares with ex similar phenotypes that indicate requirement in regulating both
planar polarity and growth (Blaumueller and Mlodzik, 2000;Boedigheimer and Laughon,
1993;Bryant et al., 1988;Mahoney et al., 1991;Rawls et al., 2002;Yang et al., 2002). ft encodes
a large atypical cadherin with a large number of extracellular interaction domains, including
with 34 cadherin repeats, two laminin G and five EGF-like domains, and a single
transmembrane domain (Mahoney et al., 1991). Ft appears to function as a cell surface receptor,
signaling through its intracellular domain, which is necessary and sufficient for the functions
of ft in growth and polarity control (Matakatsu and Blair, 2006;Saburi and McNeill, 2005).

We obtained new loss-of-function alleles of both ex and ft in a screen for mutations that permit
the survival of Minute heterozygous clones in the presence of wild type cells in the eye (Tyler
et al., 2007). It is thought that competition between wild type and Minute heterozygous cells
reflects competition for the growth factor Dpp (Moreno et al., 2002). Consistent with this, both
ex and ft mutations increased Dpp signal transduction, as measured by expression levels in the
wing of Spalt-major and Brinker, two targets of Dpp signaling, although they did not detectably
affect levels of Mad phosphorylation (Tyler et al., 2007). However, the ex and ft mutant
phenotypes differ from that of elevated Dpp signaling in not much affecting pattern. In addition,
ex mutations were able to rescue M/+ clones even when mutated for Mad (Tyler et al., 2007).
These findings suggest that ex and ft affect other pathways in addition to Dpp signaling. To
investigate this further we studied the effects of ex and ft mutations on eye development, a
process in which the roles of many signaling pathways have been studied (\VVoas and Rebay,
2004). We also sought to determine whether ex and ft affect the Warts pathway, because these
mutations also affected cell competition and affect growth like ex and ft do (Edgar, 2006)
(Hariharan, 2006).

Drosophila strains

The following Drosophila strains were used:

exNY1 ftNY2 £#NY1 are EMS-induced alleles that were recovered in a screen for mutations
involved in cell competition (Tyler et al., 2007). exNY1 and ftNY1 behave as null alleles when
compared with ext! (Boedigheimer and Laughon, 1993) and ft®™V (Mahoney et al., 1991)
ftNY2 behaves as a strong hypomorph. UAS-ft was kindly provided by D. Strutt. exé! is an
enhancer-trap insertion (Boedigheimer and Laughon, 1993).

nkd-lacZ (1(3)4869), UAS-nkd-myc (Zeng et al., 2000); FRT82 sav3, FRT82 wtsMEHL (Tapon
et al., 2002); mad1? (Sekelsky et al., 1995); IAP-lacZ (P[lacWI>C8]th) (Ryoo et al., 2002);
act>CD2>Gal4 (Pignoni and Zipursky, 1997); UAS-hpo (Pantalacci et al., 2003); Ey-FLP
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(Newsome et al., 2000); UAS-P35 (Hay et al., 1994); FRT42 hpoMGH4 (Harvey et al., 2003);
GMR-GALA4 (Freeman, 1996); tkv312 (Burke and Basler, 1996a); UAS-ex (Boedigheimer et
al., 1997); UAS-axin (Willert et al., 1999)

Induction of mosaics

Homozygous mutant clones were generated using FRT/FLP-mediated recombination using hs-
FIp122 or ey-FLP as a recombinase source (Newsome et al., 2000;Xu and Rubin, 1993).

Genes were over-expressed in clones of cells using the GAL4-UAS system and an Actin FLP-
on transgene (Brand and Perrimon, 1993;Pignoni and Zipursky, 1997)

The MARCM technique was used to expressed particular genes in mutant cells (Lee and Luo,
1999). Genotypes of MARCM experiments were as follows:

y W hs-FLP UAS-GFP; Tub-GALS80 FRT40 / X FRT40; Tub-GAL4 / UAS-Y

where X was ex®l, ftCV or ex®1 madl2 and Y one of UAS-ex, UAS-ft, UAS-hpo UAS-
nkd-myc or UAS-axin.

or
y W hs-FLP UAS-GFP; FRT42D Tub-GAL80/ FRT42D hpoMGH4: Tub-GAL4 /UAS-Y

Clone size measurements

Larvae of all genotypes were heat-shocked and dissected in parallel to ensure that clones were
of identical age. Eggs were collected for 48h, and heat-shocked for 20min at 37?C after a further
48h. Wandering third instar larvae were selected 48h after heat shock for dissection and
labeling. Cell numbers in clones located in the wing pouch were counted in at least 5 discs per
genotype. 16-30 clones were counted for each genotype.

Immunohistochemistry

Imaginal discs were dissected on 0.1M sodium phosphate (pH7.2) and fixed in PLP (Tomlinson
and Ready, 1987) for 45’ at 4°C. Antibodies were diluted and washes performed in PDT (0.1M
sodium phosphate, 0.3% sodium deoxycholate, 0.3% Triton X-100), PBT (0.1M sodium
phosphate, 0.1% BSA, 0.2% Triton X-100) or NSG (0.1M sodium phosphate, 5% Normal Goat
Serum, 0.1% saponin (Sigma catalog # S-1252)

Primary antibodies used were: ELAV (Robinow and White, 1991); Cyclin B (mAb F2F4)
(Knoblich and Lehner, 1993); Cyclin D (gift of N. Dyson); Discs large (mAb 4F3) (Woods et
al., 1997); Cubitus interruptus (Motzny and Holmgren, 1995); Fas I11 (Patel et al., 1987); Dlp
(Lum et al., 2003); Flotillin (Galbiati et al., 1998); Salm (Kuhnlein et al., 1994); Wingless
(Brook and Cohen, 1996); engrailed (mAb 4D9) (Patel et al., 1989) Senseless (Nolo et al.,
2000); Cyclin E (Richardson et al., 1995); anti-active Caspase 3(CM1) (Srinivasan et al.,
1998;Yu et al., 2002); Eyes absent (Bonini et al., 1993); Homothorax (Casares and Mann,
1998); Teashirt (Wu and Cohen, 2000); Rabbit anti-beta-galactosidase (Cappell); anti-GFP
(Invitrogen); anti-BrdU (Becton-Dickinson).; anti-Boca (Culi and Mann, 2003). Secondary
antibodies were multiply subtracted whole 1gG conjugated to cyanine dyes (Jackson
Immunoresearch). For epistasis experiments, GFP was visualized directly without antibody
labeling. Discs were fixed 20" at room temperature in 4% formaldehyde, washed in phosphate
buffer and mounted in 75% glycerol/2% n-propyl gallate. Images were collected on a Radiance
2000 confocal microscope (Biorad) and processed using ImageJ (NIH) and Photoshop (Adobe
Systems).
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BrdU incorporation assays were performed essentially as described (Negre et al., 2003). Pupae
were aged at 25°C: dissection was performed 24-28h after puparium formation for CM1
labeling; 38-42h after puparium formation for anti-Dlg labeling. Pupal retinas were fixed for
30’ in 4% formaldehyde in 0.1M phosphate buffer, then treated as for imaginal discs.

For Filipin labeling, formaldehyde-fixed imaginal discs were incubated with 0.05 mg/ml filipin
in PBS for 2 h (adapted from (Blanchette-Mackie et al., 1988).

To detect GPI-linked proteins, fixed imaginal dics were incubated for 30 min at room
temperature in 10 nM fluorescently-labeled proaerolysin (FLAER; Protox Biotech) or 1pg/ml
fluorescently-labeled cholera toxin B subunit (Molecular Probes), and washed in 0.1 M
buffered phosphate.

ex limits cell cycle activity in the developing eye

Loss of function mutations of ex were isolated that prevented cell competition (Tyler et al.,
2007). Since previous studies have linked cell competition to Dpp signaling (Moreno et al.,
2002), we sought to understand how ex function is related to Dpp signaling, which is elevated
in ex mutant cells (Tyler et al., 2007). We used eye development to gain insight into the
pathways with which ex interacts, because the signaling pathways that control differentiation,
proliferation, and survival in the Drosophila eye have been much studied (Firth and Baker,
2005;Lee and Treisman, 2002;Pappu and Mardon, 2002;VVoas and Rebay, 2004).

Most differentiation occurs normally in ex null mutant clones. We looked at markers of
neuronal differentiation, including senseless and ELAV, and found that these were expressed
with wild-type timing and patterning (Figure 1A, B). This was in accordance with previous
reports that only minor differentiation defects occur in ex mutant clones, with the exception of
abnormal planar polarity (Blaumueller and Mlodzik, 2000).

Proliferation of eye imaginal disc cells is also highly patterned and regulated (Firth and Baker,
2005;Wolff and Ready, 1993). Early in development, eye precursor cells undergo continuous,
unpatterned proliferation. As the wave of differentiation sweeps across the disc, the first
photoreceptors are selected within the “morphogenetic furrow”, during a G1 phase arrest. Cells
that have not been allocated any neural fate later re-enter the cell cycle in the “Second Mitotic
Wave” (SMW) before becoming postmitotic (Baker and Yu, 2001; Thomas et al., 1994).

We looked at cyclin B expression to monitor cell cycle phases. Cyclin B accumulates in S and
G2 phases and is degraded in M phase (Evans et al., 1983;Knoblich and Lehner, 1993). ex
mutations had little effect on the cell cycle until after the SMW, when ex mutant inter-
ommatidial cells continue to express cyclin B after wild-type cells have ceased to do so. This
indicated persistent ectopic cell cycle progression (Figure 1C). In addition, cell cycle arrest
anterior to the furrow was sometimes slightly delayed in ex mutants (Figure 1C).

BrdU incorporation was used to monitor S-phases in ex mutant tissue directly. Ectopic S-phases
were found in mutant cells posterior to the second mitotic wave (Figure 1D). S-phase cells
were not detected throughout mutant tissue, but instead were found several columns posterior
to the SMW, suggesting that there is a refractory period after the SMW before S-phase can be
re-initiated. The accumulation of Cyclin E protein, which promotes transition from G1 to S
phase, was also affected by ex mutations. Cyclin E protein levels were higher in ex mutant
tissue (Figure 1E).
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Because many signals that regulate growth and proliferation also regulate apoptosis (Hay and
Guo, 2003;Hipfner and Cohen, 2004;Lowe et al., 2004) we examine the effects of ex mutations
on IAP1 transcription, using an enhancer trap insertion in the dIAP1 locus (Ryoo et al.,
2002). We found that dIAP1-lacZ transcription was increased in ex mutant tissue (Figure 1F).
This finding complements previous reports that overexpression of ex induces apoptosis
(Blaumueller and Mlodzik, 2000).

In order to determine the fate of extra cells generated in ex mutant eye discs, we dissected
retinas from pupae with ex clones, and found that ex mutant tissue contained a normal number
of inter-ommatidial pigment cells (Figure 1G). We did find, however, that there were extra
bristle cells in ex mutant tissue. Wild-type eyes contain one bristle per ommatidium; the
hexagonal arrangement of ommatidia therefore means that each has bristles at three of its six
vertices (Wolff and Ready, 1993). We found that not only did some ex mutant ommatidia
contact as many as five bristles, some vertices also contained multiple bristle structures (Figure
1G). The extra bristles seen in ex mosaic retinas were found in both mutant and nearby wild-
type tissue. There were also non-autonomous effects on ommatidial cell number; ommatidia
containing extra cone cells were observed in both mutant and wild-type tissue (data not shown).

During normal development, superfluous inter-ommatidial cells are eliminated by a wave of
apoptosis that occurs around 24h after puparium formation (Wolff and Ready, 1993). We
labeled retinas of this age with an antibody against activated caspases, to detect dying cells.
We found that levels of apoptosis were similar in ex mutant and wild-type tissue (Figure 1G).
Thus ex mutations did not prevent cell death at the pupal stage, which may eliminate many of
the extra cells generated during larval development of ex mutants. As a result, the effects of
ex mutations are less extreme than reported for Mer ex double mutants (Hamaratoglu et al.,
2006;McCartney et al., 2000).

dpp-independent roles of ex affect cell cycle and differentiation

The effects of ex on eye development did not resemble those caused by loss or gain of function
of known extracellular signaling pathways. For example, ectopic expression of Dpp in the eye
disc results in the suppression of S-phases, does not affect Cyclin E levels (Horsfield et al.,
1998), but accelerates the morphogenetic furrow (Baonza and Freeman, 2001;Pignoni and
Zipursky, 1997). In contrast, loss of ex promoted proliferation and slightly delayed the
morphogenetic furrow (Figure 1).

Because no target gene is known that is as sensitive to Dpp signaling during eye development
as Salm is during wing development (Tyler et al., 2007), we generated recombinant
chromosomes doubly mutant for ex and either the Dpp signal transducer Mad, or the type |
receptor tkv to characterize the Dpp-independent effects of ex in more detail. Such cells should
have little response to Dpp (Massague, 1996). Mad or tkv single mutant cells differentiate quite
normally, but grow poorly and can not normally be recovered in eye imaginal discs without
being given a growth advantage using the Minute technique (Burke and Basler, 1996b). By
contrast to Mad mutant clones, ex Mad clones were recovered at normal frequencies and were
hyperplastic and larger than their twin spots (Figure 2). Neither Mad nor ex Mad clones are
excluded from the eye disc to the extent that Mad clones are excluded from parts of the
developing wing disc (Gibson and Perrimon, 2005;Shen and Dahmann, 2005) (Figure 3, and
data not shown).

There was another striking difference from any of the single mutant phenotypes. ex Mad and
ex tkv mutant cells largely failed to differentiate. We labeled discs with antibodies against
ELAV to characterize photoreceptor differentiation and antibodies against Senseless, which
are specific for the R8 photoreceptor cells. The majority of cells in large ex Mad clones fail to
express ELAV, or Senseless (Figure 2A,B). Differentiation sometimes occurred in smaller
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clones and in the posterior portion of larger clones. Such differentiation could reflect
nonautonomy, or perdurance of Ex or Mad proteins in cells that have undergone few cell cycles
since clone induction.

ex tkv clones fail to withdraw from the cell cycle ahead of the morphogenetic furrow. Cyclin
B is expressed in all cells throughout ex tkv clones both in the furrow and posterior to the SMW.
It has previously been reported that tkv null clones show a delayed G1 arrest anterior to the
furrow but are subsequently arrested by Hedgehog (Hh) signaling (Firth and Baker,
2005;Horsfield et al., 1998;Penton et al., 1997). Dpp and Hh can each induce G1 arrest and
differentiation, but Dpp has a longer range and is required for timely G1 arrest. Inactivation of
both Dpp and Hh signaling causes failure to differentiation as well as continued proliferation
(Curtiss and Mlodzik, 2000;Firth and Baker, 2005;Greenwood and Struhl, 1999). The
phenotype of ex tkv mutant cells is therefore distinct from that of tkv alone, and resembles that
of smo Mad or smo tkv clones in which both Dpp and Hh are downregulated, both with respect
differentiation and cell proliferation. The similarities raised the question of whether ex was
required for Hh signaling. To test this we labeled clones with an antibody against the
unprocessed form of the Ci protein, Ci155, which accumulates in response to Hh signaling at
the morphogenetic furrow (Ma et al., 1993;Motzny and Holmgren, 1995). If ex was required
for Hh signaling, we would expect that ex would be required for Ci155 accumulation. Contrary
to this prediction, Ci155 accumulation was unaffected in ex mutant clones (Figure 3A).
Sometimes Cil155 accumulation was delayed in ex tkv and ex Mad double mutant clones,
however (Figure 3B, and data not shown). The cause may be indirect; because Hh protein is
secreted by photoreceptor cells, which are largely absent from ex Mad clones, Hh protein may
have to diffuse further to reach the center of ex Mad clones. Consistent with this interpretation,
Ci155 protein does accumulate in ex Mad clones at an appropriate distance from the source of
Hh (Figure 3B). These data show that Hh signaling occurs in both ex and ex Mad cells, so loss
of Hh signal activity is not responsible for the loss of differentiation in ex mad clones.

Induction of photoreceptor differentiation by the Dpp and Hh signals requires the prior
expression of a hierarchy of eye specification genes (Silver and Rebay, 2005). Because ex
Mad mutant clones did not differentiate in response to Hh signaling, they might already differ
from normal cells by the time Hh and Dpp signaling occurs in the morphogenetic furrow. We
looked at the expression of eye specification genes to try to understand at what level in this
hierarchy the differentiation process is interrupted. The transcription factor Eya is required for
differentiation of photoreceptor cells (Bonini et al., 1993). Eya antibody labeling was greatly
reduced in ex Mad cells (Figure 3C). It has been reported that Eya can be repressed by the
overexpression of the transcription factors Tsh and Hth in combination (Bessa et al., 2002).
Hth and Tsh are expressed in overlapping domains in the anterior part of the eye and together
with Eyeless restrict the expression of downstream genes that promote differentiation (Bessa
et al., 2002;Singh et al., 2002). We found that both Hth and Tsh proteins expression was
maintained posterior to their usual expression domains in ex Mad clones (Figure 3D,E). Some
derepression of Hth and Tsh occurs in Mad mutant clones (Bessa et al., 2002) (L. Firth and
N.E.B., unpublished results), but dereperession in ex Mad clones was more complete and
greater than can be accounted for by loss of Dpp signaling alone. These findings support the
notion that ex Mad or ex tkv cells maintain a primitive status, normally characteristic of the
most anterior part of the eye imaginal disc, which does not respond to Hh and Dpp signaling
by cell cycle arrest or differentiation.

ex limits wg signaling

Although the ex Mad phenotype did not resemble the loss of any known signaling pathway, it
resembled the effects of ectopic Wg signaling. Activation of Wg signaling by removal of
axin maintains cells in an undifferentiated, proliferative state where they continue to express
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Hth and Eya is not expressed (Baonza and Freeman, 2002;Lee and Treisman, 2001;Singh et
al., 2002). We hypothesized that ex Mad clones might activate Wg signaling. If this was correct,
we would predict that downstream targets of Wg signaling would be upregulated, and that
differentiation would be restored by blocking Wg signal transduction in the clones.

To determine whether ex affects wingless signaling, we used a lacZ P-element insertion in the
naked cuticle (nkd) locus that acts as a reporter of Wg signaling (Zeng et al., 2000) (Fang et
al., 2006). nkd-lacZ is expressed in a gradient from posterior to anterior in the eye disc. Because
of the perdurance of the beta galactosidase protein, nkd-LacZ may report expression of nkd
over time. We found that expression of nkd-lacZ was increased in cells mutant for ex, consistent
with increased Wg signaling in these cells (Figure 4A). No ectopic Wg expression was
observed, indicating an effect on Wg reception and/or signal transduction (data not shown, but
see Supplementary Figure 1).

To test whether increased Wg signaling is responsible for the failure of ex Mad cells to
differentiate, we employed the MARCM system (Lee and Luo, 1999) to express antagonists
of Wg signaling in ex Mad clones. nkd and axin encode negative regulators of Wg signal
transduction (Willert et al., 1999;Zeng et al., 2000). We found that expression of UAS-nkd-
myc in ex Mad cells reverted the loss of differentiation, so that ex Mad, UAS-nkd-myc cells
differentiated whereas ex Mad clones expressing GFP did not (Figure 4B, C). Photoreceptor
differentiation was slightly delayed in such rescued clones, similar to a delay reported
previously for tkv mutant clones (Figure 4C) (Burke and Basler, 1996b). Similar results were
obtained using UAS-axin to antagonize wg signaling in ex Mad clones (Figure 4D). Expression
of UAS-nkd-myc and UAS-axin had no effect on photoreceptor differentiation in ex mutant
cells (data not shown). Taken together, these results establish that Wg signal transduction is
elevated in ex Mad clones, and is responsible for their failure to differentiate.

phenotypic similarities between ex and ft

The atypical cadherin ft shares some phenotypes with ex (Blaumueller and Mlodzik,
2000;Boedigheimer and Laughon, 1993;Bryant et al., 1988;Mahoney et al., 1991;Rawls et al.,
2002;Yang et al., 2002). ft and ex have similar effects on planar polarity, and both mutations
have been characterized as tumor suppressors. Furthermore, both ex and ft were recovered in
the same screen for mutations that affect cell competition, and both elevated Dpp signaling, as
assessed by Salm expression in wing imaginal discs (Tyler et al., 2007)

To determine whether ex and ft also share cell cycle and apoptosis phenotypes, we labeled ft
mutant clones with cell cycle markers. As with ex, we found that ectopic cyclin B accumulation
occurred in ft mutant cells posterior to the SMW, indicative of persistent cell cycling (Figure
5A). Consistent with this, ectopic S-phases were detected in ft mutant tissue by BrdU
incorporation (Figure 5B), and Cyclin E protein levels were elevated (Figure 5C). Thus ft and
ex share similar phenotypes with respect to the control of the cell cycle.

As for ex, we found that IAP transcription was also elevated in ft mutant cells, as indicated by
elevated levels of the IAP-LacZ reporter (Figure 5D). We observed extra secondary and tertiary
pigment cells, as well as duplicated bristles, remaining at 40h after puparium formation (Figure
5E). We also noticed that ft mutant ommatidia had numbers of cone cells that varied between
2 and 5, whereas wild-type ommatidia have 4 cone cells. Apoptosis in pupal retinas occurred
at levels similar to that of wild type tissue in ft mutant clones in pupal retinas (Figure 5F). Thus
ft mutant clones differed somewhat from ex mutant clones in that more of the supernumary
cells generated by proliferation in the eye disc were not subsequently removed by apoptosis.
The number of such surviving supernumerary cells was still much less than described for
mutations in some other genes, such as components of the Warts pathway, for example
(Hamaratoglu et al., 2006;Maitra et al., 2006).
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As for ex, ft mutations did not alter levels of Mad phosphorylation in the eye disc
(Supplementary Figure 1). In order to test whether ft affected development independently of
Dpp signaling, clones of ft tkv mutant cells were examined. Such ft tkv double mutant clones
resembled ex tkv clones or ex Mad clones in their failure to differentiate, and continued
proliferation, associated with sustained expression of Tsh and Hth proteins (Figure 5G, and
data not shown). nkd-lacZ expression was elevated in ft clones, indicating an increase in Wg
signaling (Figure 5H). This was not associated with ectopic Wg expression (Supplementary
Figure 1). These findings support the view that ft clones, like ex, elevate Wg signaling in the
eye in addition to Dpp signaling in the wing.

ex and ft affect intracellular membrane properties

It has been reported that ex and Mer redundantly regulate endocytosis of cell surface receptors
(Maitra et al., 2006). Neither we nor others have detected effects of ex single mutants on
receptor levels or internalization (Maitra et al., 2006)(data not shown). However, we have
uncovered an effect of ex and ft mutations on membrane properties. During immunochemistry,
detergents are added to fixed preparations to render cellular membranes permeable to
antibodies. Surprisingly, fixed cells homozygous for ex or ft mutations had nuclear membranes
that were not rendered permeable by saponins, unlike neighboring wild type or heterozygous
cells. Similar observations were made in both eye and wing imaginal discs. Nuclear antigens,
including Engrailed, Spalt Major, Groucho, or Cyclin E, were not detected in saponin-treated
mutant nuclei, except in mitotic cells where the nuclear membrane has broken down (Figure
6A, B and data not shown). These nuclear antigens were readily detected in the mutant cells
when detergents such as Triton X-100 or deoxycholate were used (Figure 6C, and data not
shown). By contrast, cytoplasmic antigens such as the intracellular domain of EGF receptor,
or the intracellular domain of Notch were detected similarly regardless of detergent, indicating
that the plasma membrane is permeable to saponin. In addition, whereas both nuclear and
cytoplasmic Cyclin D proteins were detected in cells permeabilized with Triton X-100 and
deoxycholate, or in wild type cells permeabilized with saponin, Cyclin D was detected only in
the cytoplasm of ex mutant cells permeabilized with saponin (data not shown). The ER
membrane may also be abnormal in ex or ft mutant cells, as levels of a lumenal ER protein,
Boca (Culi and Mann, 2003), appeared normal in ex or ft cells permeabilized with Triton, but
was only detected in wild type cells using saponin (Figure 6D and data not shown). Boca and
nuclear antigens such as Engrailed were detected normally in wts mutant cells, regardless of
the detergent used, so not all tumor suppressor mutants affect internal membrane properties
(Figure 6E).

Saponins are thought to permeabilize membranes by forming complexes with sterol molecules
(Sclosser and Wulff, 1969). Higher concentrations of saponin are required to permeabilize
internal membranes because sterol concentrations are much lower there than in the plasma
membrane (Colbeau et al., 1971) (Wassler et al., 1987). Our results are consistent with further
reduced sterol content in the nuclear and ER membranes of ex or ft mutant cells compared to
wild type or wts mutant cells. We attempted to assess sterol levels using filipin, a fluorescent
compound that binds to sterols (Drabikowski et al., 1973) (Bornig and Geyer, 1974). Similar
levels of filipin binding were observed to plasma membranes of wild type and ex mutant cells,
but internal sterols were undetectable in all cases (data not shown). These findings suggest that
ex and ft mutations lack gross effects on cellular sterol content, but are consistent with an
altered intracellular distribution of these molecules. We also looked at the GPI-linked proteins
Dlp and Fasc Il flotillin, which may be involved in lipid-raft mediated endocytosis, and used
aerolysin and cholera toxin B subunit as reagents to detect GPI-linked proteins and CM1
gangliosides respectively, without finding obvious differences between wild type and ex
mutant cells (data not shown).
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Over-expression of ft or ex affect growth and survival

Over-expression was used to compare the gain-of-function phenotypes of ft and ex (Figure 7).
We overexpressed Ft and Ex in clones of cells using an actin > CD2 > GAL4 flp-out cassette.
We found that clones of cells over-expressing ft (ie act>ft) clones could be recovered using
this technique, but not act>ex clones (data not shown). This could be because overexpression
of ex prevents growth more effectively than ft, or it could be due to effects on apoptosis. To
separate the roles of growth suppression and apoptotic induction, we also co-expressed the
apoptotic inhibitor p35 (Hay et al., 1994). We induced clones of cells co-expressing p35 and
either ft or ex, and counted the cells in the clones 48h later (Figure 7). We found that that
act>p35, ex clones were recovered, so the previous failure to recover act> ex clones can be
attributed to apoptosis. We found that that both UAS-ex and UAS-ft suppressed growth of cells
with respect to controls expressing p35 alone (Figure 7). There was a quantitative difference
between the effects of ex and ft. Expression of ex reduced cell number 2.5-fold, whereas
expression of ft reduced cell number 1.8-fold. We cannot say whether this is because of a
difference in the activity of these proteins or because of differences in the efficiency of
induction of the proteins. We conclude that overexpression of ex and ft suppresses growth, and
ex also induces cell death.

Epistatic relationship of Fat , Expanded, and the Warts Pathway

Similar eye phenotypes of ft and ex mutations suggested that these genes might share acommon
pathway. We hypothesised that ft might function as a receptor at the cell surface, with the ex
gene acting as a transducer for the signal. It was possible to test whether the effects of ex anf
ft on growth of undifferentiated imaginal discs were also related, making use of the contrasting
effects of ft and ex over-expression with their loss-of-function phenotypes to test their epistatic
relationship.

MARCM (Lee and Luo, 1999) was used to combine gain- and loss-of-function of ex and ft.
Clones mutant for ex or ft (FRT ex or FRT ft clones) were larger and rounder than gratuitously
marked control clones (compare Figures 8E, F with 8A). Overexpression of ex driven by
Tub:Gal4 (UAS-ex) resulted in a dramatic reduction in size (Figure 8B). UAS-ft clones are also
smaller than controls (Figure 8C). It is likely that ectopic ex clones were not completely
eliminated in this MARCM experiment, unlike the experiment described above using Act:Gal4,
because Tub:Gal4 drives less ectopic expression. We labeled MARCM clones of cells
expressing UAS-ft or UAS-ex with CM1 antibody to detect apoptosis. We found that UAS-
ex inducedCM1 labeling both in cells overexpressing ex and in wild-type neighbors (Figure
8D). No cell death was associated with cells expressing ft (data not shown).

In combination, we found that FRT ex; UAS-ft clones were indistinguishable from FRT ex
clones (compare Figures 8G and 8E), whereas FRT ft; UAS-ex clones resemble UAS-ex
(compare Figures 8H and 8B). This indicated that ex was required for the growth-suppressing
activity of ft, whereas ft was not required for ex activity. Unexpectedly, overall disc growth
was reduced by the presence of FRT ft; UAS-ex clones (Figure 8H). This suggests some role
of ft independent of ex. As the UAS-ft transgene encodes the entire Ft protein, it is not certain
whether this nonautonomous effect depends on signal transduction through the Ft intracellular
domain, or on interactions of the extracellular domain with other proteins (Matakatsu and Blair,
2006).

Relationship to the wts signaling pathway

Because mutations in tumor suppressors of the Warts pathway resembled ft and ex in affecting
cell competition and Dpp signaling (Tyler et al., 2007), we performed further epistasis

experiments to assess the relationship to the Warts Pathway gene hpo. We used the MARCM
system again to combine gain- and loss-of-function of ex with hpo. Clones mutant for hpo grew
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larger than controls (Figure 81). By contrast, UAS-hpo clones were eliminated (Figure 8J). We
found that FRT hpo; UAS-ex clones were indistinguishable from FRT hpo clones, consistent
with a requirement for hpo in the growth effects of ex (Figure 8K). However, although growth
of FRT ex, UAS-hpo clones was severely diminished, such clones survived better than UAS-
hpo alone, suggesting some contribution of ex to hpo-induced elimination (Figure 8L).

Discussion

Role ex and ft in growth control

Interactions

The ex gene acts as a hyperplastic tumor suppressor, and is thought to have overlapping function
with the related gene Mer (Hamaratoglu et al., 2006;Maitra et al., 2006;McCartney et al.,
2000). We now find that ex null mutations by themselves are sufficient to cause cell cycle entry
by cells in the posterior eye, but that they do not prevent apoptosis as ex Mer double mutants
do. Mutations in ft resemble ex. We suggest that ft and ex act together on multiple signal
transduction pathways, including the Warts Pathway.

between ex and ft and morphogen signaling

The ft and ex genes encode negative growth regulators thought to play little role in
developmental patterning. We report elsewhere that ex and ft mutations rescue M/+ clones that
are thought to be competing for Dpp, and elevate expression of the Dpp target gene salm in
the developing wing (Tyler et al., 2007) . As ex and ft mutations affect the Dpp target genes
Salm and Brk during wing development, even though Mad phosphorylation is little affected
(Tyler et al., 2007) (Supplementary Figure 1 and unpublished results), they may affect Dpp
subtly, or downstream of Mad phosphorylation. Because Dpp signaling has many patterning
roles that seemed not to depend on ex or ft, and also because M/+ clones are also rescued by
ex in the absence of Mad, we reasoned that ex and ft might affect other pathways in addition
to Dpp, and that such pathways make more significant contributions to the ex and ft mutant
phenotypes. Our main results are that both genes antagonize Wg signaling, and that patterning
depends on the balance of Wg and Dpp signals, which is not sufficiently perturbed in ex or ft
mutants by themselves.

Mutations in ex and ft affect eye development similarly to one another. Neither accelerated the
morphogenetic furrow or arrested the cell cycle, as is seen when Dpp signaling is elevated
(Baonza and Freeman, 2001;Horsfield et al., 1998;Pignoni and Zipursky, 1997). Instead ft and
ex cause only minor patterning defects in addition to the planar polarity effects described
previously. However, both mutations elevated Cyclin E expression and DIAP1 transcription,
and led to additional cell cycles posterior to the Second Mitotic Wave, a stage at which wild
type cells are postmitotic. The supernumerary cells produced were largely eliminated by cell
death during the pupal stage, although some supernumerary pigment cells remained in the case
of ft.

Unexpectedly, ex Mad, ex tkv, or ft tkv mutant clones were dramatically different from ex or

ft clones in that they largely failed to differentiate as retina, instead continuing to proliferate,
and differentiating as head cuticle. This was due to Wg signaling, which we found was elevated
in ex or ft mutant cells

Ft is a negative regulator of Wg expression in the proximal developing wing (Cho et al.,
2006), but we found no effect of ft or ex mutations on Wg expression in eye antennal discs
(Supplementary Figure 1 and data not shown). We note that Wg signaling is repressed by ft in
distal wing tissues without any effect on Wg expression, and agree with other authors that ft,
and ex, may primarily affect Wg signaling (Jaiswal et al., 2006). Wg signaling could affect Wg
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expression secondarily, in those tissues where Wg expression is wg-dependent, as it is in the
proximal wing (Rodriguez et al., 2002).

The data indicate that the Dpp and Wg signaling that occur in ex or ft mutant cells antagonize
one another so that there is little effect on patterning. When Dpp signaling is prevented by
mutation of tkv or Mad, the elevated Wg signaling then has significant patterning effects. The
ectopic Wg signaling is not caused by tkv or Mad mutations, which do not block differentiation
by themselves. Instead a reporter of Wg signaling activity was elevated in ex and ft mutant
cells. The ex or ft mutant cells differentiate, however, and this must be attributed to their ability
to respond to Dpp, because such differentiation depends on the tkv and Mad genes. Wg and
Dpp are thought to act antagonistically in normal eye differentiation (Hazelett et al., 1998;Lee
and Treisman, 2001). Interestingly, ex has previously been shown to enhance dominantly the
planar polarity phenotype of overexpressed dishevelled (dsh) (Blaumueller and Mlodzik,
2000). As Dsh is involved in wg signaling, the interaction with ectopic Dsh might also be
explained by the elevated W(g signaling that occurs in ex clones.

Mechanism of ex and ft function

It was recently reported that multiple signaling pathways are upregulated in ex, Merlin double
mutant clones through reduced receptor clearance from the cell surface (Maitra et al., 2006).
It has proven difficult to demonstrate effect on receptor distribution in the single mutants
((Maitra et al., 2006)and our unpublished results). We find that Dpp and Wg signaling are
elevated in ex single mutants, and in mutants for ft.

Endocytosis is thought to contribute positively to signaling by Dpp, Wg, N and receptor
tyrosine kinases (Fischer et al., 2006) How would mutations reducing endocytosis elevate
signaling, as found for ex Mer? The ex and ft mutations may affect the distribution of membrane
sterols. If ex and ft affect the sterol-rich lipid raft compartment, or the sorting of proteins into
such compartments, then this may explain signaling pathway activation, because although
clathrin-mediated endocytosis is positively required for many signaling pathways, caveolin/
lipid raft mediated endocytosis leads to receptor degradation (Di Guglielmo et al., 2003;Polo
and Di Fiore, 2006). Although we have not studied Mer mutations, Merlin protein is associated
with both lipid rafts and endosomes, and is relocalized between different lipid raft domains
when it switches between its inactive and its active, growth-suppressive states (Stickney et al.,
2004). We hypothesize that elevated signaling, and altered properties of intracellular
membranes, are both consequences of a change in sterol-rich membrane domains in ex or ft
mutations. Further studies will be required to identify whether ex and ft affect endocytosis
because they modulate membrane sterols, or whether the distribution of membrane sterols is
affected secondary to lipid raft-mediated endocytosis, or whether ex and ft act through other
mechanisms.

ex and ft in growth regulation

ex and ft mutations have similar effects on growth control and planar polarity (Blaumueller
and Mlodzik, 2000;Boedigheimer and Laughon, 1993;Bryant et al., 1988;Mahoney et al.,
1991;Rawils et al., 2002;Yang et al., 2002). We find they also have similar effects on cyclin E
and DIAP expression, on Dpp and W(g signaling, and on membrane permeability. They differ
in that ectopic ex caused apoptosis, which we did not detect from ectopic ft, and in that ft
mutations have additional nonautonomous effects on the SMW (Figure 5B and data not shown).
We suggest that ex and ft might act on a common pathway.

Epistasis data suggest that ex acts downstream of ft, at least with respect to growth. We found
that growth retarding effects of ectopic ft expression required the ex gene, whereas ectopic
ex retarded growth independently of ft. Ft has also been proposed to signal through atrophin,
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whose mutations mimic a subset of ft phenotypes including effects on planar polarity but not
growth, and through dachs, which appears to mediate effects of ft on growth and the expression
of target genes including wg and rotund (Cho and Irvine, 2004;Fanto et al., 2003). Because
ex affects planar polarity and growth, ex may act before the dachs- and atrophin- mediated
pathways diverge, close to ft.

It is now thought that ex, along with another FERM domain protein, Merlin, modulates the
Warts pathway (Edgar, 2006;Hamaratoglu et al., 2006) (Figure 8). Our results suggest that ft
encodes a transmembrane protein that regulates the Warts Pathway through Ex and Mer to
control growth. While this paper has been under review, others reached similar conclusions
(Cho et al., 2006) (Bennett and Harvey, 2006;Willecke et al., 2006) (Silva et al., 2006). Our
studies add to this recent work, which assayed gene expression in the proximal wing, and gene
expression and ectopic proliferation in the eye disc posterior to the morphogenetic furrow, by
directly showing that ft depends on ex and ex depends on hpo to regulate clonal growth in
undifferentiated imaginal discs. In addition, particular results (Figure 8) (Cho et al., 2006),
suggest that ex might also affect growth partially independently of hpo, and that ft may affect
growth partially independently of the cell autonomous effects on ex (Figure 8) (Cho et al.,
2006)(our unpublished data). We also found that wts mutations did not affect membrane
properties as ex and ft did (Figure 6). Taken together, these data suggest that although ft and
ex affect Warts Pathway activity, the relationship may not be entirely linear, and that ex and
ft affect growth and survival by other mechanisms in addition, including Wg, Dpp, and perhaps
other signaling pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Differentiation and cell cycle in ex mutant clones

All figures show clones of homozygous ex mutant cells that lack the magenta lineage marker.
Green labelling is ELAV (A), Sens (B), Cyclin B (C), BrdU (D), Cyclin E (E), IAP:LacZ (F),
Discs Large (G), and CM1 (H).

A) No difference in photoreceptor differentiation was visible between ex mutant and wild-type
tissue. ELAV-expressing nuclei sometimes appear to be more widely-spaced in mutant tissue,
perhaps because of the proliferation of intervening cells, but are the same size as in wild type.
B) R8 photoreceptor differentiation occurred normally in ex mutant tissue, although a slight
delay was sometimes apparent.

C) Cyclin B expression marks cells in S-, G2-, and early M-phases of the cell cycle. Cycling
cells can be seen at the SMW (arrowheads). In exNY1 mutant clones there are further
interommatidial cells in the cell cycle iposterior to the SMW (arrows).

D) S-phase cells are labeled in the SMW (arrowheads). Additional S-phases occured in
exNY1 mutant clones (arrows). There was a gap (indicated by asterisk). between the normal S-
phases of the SMW (asterisks) and later ectopic S-phases.

E) Cyclin E protein levels were elevated in exNY1 mutant clones

F) dIAP-LacZ transcription was elevated in exNY1 mutant clones

G) anti-Discs large highlights cell membranes in pupal retina. The number and morphology of
photoreceptor, cone pigment cells are the same in wild-type tissue and exNY1 mutant clones.
There are ectopic bristle cells and duplicated bristles in ex mutant tissue (arrows).

H) Similar amounts of pupal apoptosis occured in exNY1 mutant clones an in wild type retina.
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Figure 2. Differentiation and cell cycle without ex and Dpp signaling

Clones of homozygous ex Mad mutant cells (A,B) or ex tkv mutant cells (C) lack the magenta
lineage marker. Green labelling is ELAV (A), Sens (B), Cyclin B (C).

A. Most extImad!2 mutant cells fail to differentiate as photoreceptors.

B. Most ex¢Imad!2 mutant clones fail to specify R8 photoreceptors.

C. extltkva12 double mutant cells fail to arrest in G1 anterior to the morphogenetic furrow
(arrow) or in the posterior eye disc (arrowhead).
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Figure 3. Eye specification in ex Mad mutant cells

Clones of homozygous ex (A) or ex Mad (B-E) mutant cells lack the magenta lineage marker.
A. Ci155 accumulates almost normally in ex mutant clones (Cil55 protein in green). Thus, a
wave of Hh signal transduction passes through ex mutant clones, as in wild type.

B. A wave of Cil55 accumulation is somewhat delayed in ex Mad mutant clones compared to
wild type (Cil55 protein in green). Thus, a wave of Hh signal transduction passes through ex
Mad mutant clones. Delay may reflect the greater distance to photoreceptor cells that are the
source of Hh secretion, as these differentiate only in wild type regions (ELAV protein labelling
of photoreceptor cells shown in blue). Note that the distance between photoreceptor cells and
peak Cil155 accumulation is similar in wild type and ex Mad mutant regions. Panel B is shown
at 2x greater magnification than other panels.

C. Eya protein (green) is not induced in ex¢1Mad12 mutant clones. Eya is necessary for eye
specification.

D. Hth protein (green) accumulates to high levels in ex¢mad’2 clones.

E. Tsh protein (green) accumulates to high levels in ex¢mad?2 clones.
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Figure 4. Elevated Wg signaling in ex mutant clones

In panel A, clones of ex mutant cells lack the magenta lineage marker. In panels B-C, clones
of ex Mad mutant cells express GFP (Green).

A. nkd-lacZ expression (green), a reporter of Wg signal transduction, is increased in exNY!
mutant clones.

B. extImad?? clones marked by the expression of GFP (green) do not differentiate.
Photoreceptor neurons labeled for ELAV (magenta).

C. Differentiation is rescued by UAS-nkd:myc expression in ex¢mad’2 clones. Photoreceptor
neurons labeled for ELAV (magenta).
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D. Dfferentiation is rescued in ex¢mad?2 clones.expressing UAS-axin. Photoreceptor neurons
labeled for ELAV (magenta).
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Figure 5. Differentiation, cell cycle, and eye specification in ft mutant clones

Clones of homozygous ft (A-F, H) or ft tkv (G) mutant cells lack the magenta lineage marker.
A. ft mutant clones display similar cell cycle defects to ex. Cyclin B (green) is elevated in
posterior cells in the eye disc.

B. BrdU incorporation (green) shows ectopic S-phases in ft mutant clones, posterior to the
furrow (arrow).

C. Cyclin E protein (green) accumulates to higher levels in ft mutant clones.

D. diap-lacZ expression (green) is elevated to a lesser degree in ftNY! mutant clones than was
seen for ex mutant clones (compare Figure 1F), and apparent only anterior to the morphogenetic
furrow.

E. Discs Large protein outlines cells in the pupal retina (green). ft mutant clones contain a few
supernumary pigment cells(arrows), and ectopic and duplicated bristles (arrowheads). Some
ft mutan ommatidia have abnormal numbers of cone cells; 2, 3 or 5 cells compared to 4 in wild-
type (asterisks).

F. Pupal apoptosis (CM1 antibody labelling in green) occurs normally in ft mutant clones.

G. Hth protein expression (green) is maintained in ft tkv mutant clones.

H. nkd-lacZ expression (green), a reporter of Wg signal transduction, is increased in ftNY1
mutant clones.
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Figure 6. Detergent permeabilization of fixed cells

Clones of homozygous ft or ex mutant cells lack the magenta lineage marker in the wing disc.
A. Nuclear En protein (green) is not detected in ex mutant cells permeabilized with saponin.
Scattered mitotic cells are labeled within the clones, as expected from nuclear membrane
breakdown. En is normally expressed in posterior compartments of the wing disc.

B. Nuclear Salm protein (green) is not detected in ft mutant cells permeabilized with saponin.
C. Nuclear En protein (green) is unaffected by ex mutations when Triton X-100 is used to
permeabilize the preparation.

D. The luminal ER protein Boca (green) is detected at reduced levels in ex mutant cells
permeabilized with saponin.
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E. Nuclear En protein (green) is readily detected in wts mutant cells permabilized with saponin.
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Figure 7. Growth inhibition by ectopic ex or ft

Panels A-C show clones of UAS:GFP UAS:p35-expressing cells induced by FLP-induced
recombination to activate an Act:Gal4 transgene.

B. Simultaneous overexpression of ft from a UAS:ft transgene reduces clonal growth 1.8-fold.
C. Simultaneous overexpression of ex form aUAS:ex transgene reduces clonal growth 2.5-fold.
D. Quantification of the results (p35, N=23; p35 ft, N=16; p35 ex, N=40).
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Figure 8. Epistasis studies of ft , ex and hpo mutants and overexpression

MARCM was used to combine overexpression of GFP, and either ft ,ex, or hpo, with mitotic
clones of mutant chromosomes in the wing imaginal disc. GFP expression marks the clones
(green in panel B).

A. Otherwise wild type, GFP-expressing control clones induced in parallel with panels C-H.
B. ex overexpressing clones

C. ft overexpressing clones

D. Ex overexpression induced cell death both within and nearby the clones. Cell death identified
by CM1 labelling (magenta). Dying, Ex-expressing cells appear white (eg vertical arrow);
dying, non-expressing cells appear magenta (eg horizontal arrow).

E. ex mutant clones.

F. ft mutant clones

G. ft overexpression in ex mutant clones.

H. ex overexpression in ft mutant clones. Magnification is the same as other panels; small disc
size seems to be a non-autonomous effect

I. hpo mutant clones

J. hpo overexpressing clones (clones were not recovered).

K. ex overexpression in hpo mutant clones.

L. hpo overexpression in ex mutant clones.
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