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Summary

Wg/Wnt signals specify cell fates in both invertebrate and vertebrate embryos and maintain stem-cell populations in many adult tissues.
Deregulation of the Wnt pathway can transform cells to a proliferative fate, leading to cancer. We have discovered that two Drosophila
proteins that are crucial for cytokinesis have a second, largely independent, role in restricting activity of the Wnt pathway. The fly
homolog of RacGAP1, Tumbleweed (Tum)/RacGAPS50C, and its binding partner, the kinesin-like protein Pavarotti (Pav), negatively
regulate Wnt activity in fly embryos and in cultured mammalian cells. Unlike many known regulators of the Wnt pathway, these
molecules do not affect stabilization of Arm/B-catenin (Bcat), the principal effector molecule in Wnt signal transduction. Rather, they
appear to act downstream of Pcat stabilization to control target-gene transcription. Both Tum and Pav accumulate in the nuclei of
interphase cells, a location that is spatially distinct from their cleavage-furrow localization during cytokinesis. We show that this
nuclear localization is essential for their role in Wnt regulation. Thus, we have identified two modulators of the Wnt pathway that have
shared functions in cell division, which hints at a possible link between cytokinesis and Wnt activity during tumorigenesis.
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Introduction

The Wnt family of growth factors are highly conserved throughout
the animal kingdom (for a review, see Logan and Nusse, 2004). In
vertebrates, Wnt proteins promote a variety of cell-fate decisions
during embryogenesis, whereas excess Wnt-pathway activity in
adult tissues is associated with certain cancers (for a review, see
Polakis, 2000). The Drosophila Wnt protein, encoded by wingless
(wg), also directs embryonic cell-fate decisions, and excess Wg
activity in flies produces characteristic cell-fate transformations
that are easily detected (for a review, see Bejsovec, 2006). The
cell-surface components and intracellular components of the Wnt
pathway are highly conserved between vertebrates and Drosophila,
and many were first identified through mutational analysis of
Drosophila embryonic epidermal patterning.

At the end of fly embryogenesis, epidermal cells secrete a cuticle
layer decorated with stereotyped pattern elements. On the ventral
surface, segmentally repeating belts of small hooks, called denticles,
are interspersed with naked cuticle. wg, expressed in a stripe of
cells in each segment, directs naked-cuticle specification: wg loss
of function produces a lawn of denticles, whereas wg gain of
function generates excess naked cuticle at the expense of denticles
(Hays et al., 1997; Noordermeer et al., 1992) and ectopic naked
cuticle in other patterning mutants consistently correlates with
hyperactivity of the Wg pathway (Bejsovec and Wieschaus, 1993;
Peifer et al., 1994; Siegfried et al., 1992). Indeed, mutations in the
fly homolog of the human tumor suppressor Apc were identified
based on their naked-cuticle phenotype (McCartney et al., 1999).
Similar genetic screens have yielded mutations in other negative
regulators of Wg/Wnt signaling, such as the transcription factor
SoxN (Chao et al., 2007) and the fly RacGAPI homolog,

tumbleweed (tum), also known as RacGAP50C (Jones and
Bejsovec, 2005).

Our current understanding of the Wnt pathway hinges on
regulation of B-catenin (Bcat), which is called Armadillo (Arm) in
the fly (reviewed by Bejsovec, 2006; Jones and Bejsovec, 2003;
Peifer and Polakis, 2000). In the absence of Wnt signaling, Bcat
levels are kept low by a set of proteins known collectively as the
destruction complex. These proteins, which include glycogen
synthase kinase 3B (GSK), called Zeste-white3 (Zw3) in the fly,
and the scaffolding proteins Axin and Apc, target Arm/Bcat for
destruction via ubiquitylation. When Wg/Wnt binds to its receptor
complex, which consists of Frizzled and Arrow (LRP5 and LRP6
in vertebrates), this inactivates the destruction complex and allows
Beat to accumulate. In the simplest view, Bcat accumulation drives
its interaction with the HMG-box transcription factors Tcf or Lef
in the nucleus. Tcf can bind DNA in the absence of Pcat, repressing
Wnt target genes in conjunction with the transcriptional co-repressor
Groucho (Gro/TLE1) (Cavallo et al., 1998). When Bcat binds to
Tcf, it displaces Gro and recruits other proteins such as Legless
(Lgs/BCL-9) and Pygopus (Pygo) to form an activation complex
that promotes expression of Wnt target genes (Brunner et al., 1997,
Daniels and Weis, 2005; Kramps et al., 2002; van de Wetering et
al., 1997).

Our discovery that Tum has a role in negatively regulating
activity of the Wg pathway (Jones and Bejsovec, 2005) was
surprising because Tum is known to be essential for positioning
the contractile ring during cytokinesis. RNA interference of Tum,
or of the human homolog, MgcRacGAP with which Tum shares
34% identity, leads to binucleated and multinucleated cells in
culture (Minoshima et al., 2003; Mishima et al., 2002; Somers and
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Saint, 2003). Likewise, loss-of-function rum mutations in
Drosophila embryos lead to binucleate cells at late stages of
embryogenesis, when the maternal contribution of Tum is depleted
(Jones and Bejsovec, 2005; Zavortink et al, 2005).
Tum/MgcRacGAP binds to the kinesin-like protein Pav/mitotic
kinesin-like protein 1 (MKLP-1) to form an evolutionarily
conserved complex, centralspindlin, which bundles microtubules
(Mishima et al., 2002) and localizes to the central spindle during
division (Hirose et al., 2001; Somers and Saint, 2003). During all
stages of the cell cycle, Tum/MgcRacGAP and Pav/MKLP-1
colocalize, and physical association between the two proteins is
detected (Somers and Saint, 2003; Zhao and Fang, 2005). Like
Drosophila tum mutants, pav mutants accumulate binucleate cells
because of failure in cytokinesis at stage 11 (Adams et al., 1998).
Thus, for both Tum and Pav, perduring maternal gene product is
sufficient for normal cell division through all but the last
postblastoderm division in fly embryos. Because there is no further
cell division during normal embryogenesis, the late-stage
Drosophila embryo provides us with a system in which to monitor
the effects of Tum and Pav on Wg-mediated events without
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interference from their pleiotropic effects on cytokinesis. Indeed,
we have found conditions under which the fum mutant pattern
defect can be rescued without rescue of the binucleate-cell
phenotype, indicating that these functions of Tum are separable
(Jones and Bejsovec, 2005). Here, we report that Tum and Pav act
in the nucleus to exert control over the Wg pathway in Drosophila
and the Wnt pathway in mammalian cells in culture.

Results

Tum and its binding partner Pav modulate Wg-mediated
embryonic patterning

Mutations disrupting Drosophila tum were isolated in a genetic
screen for modifiers of wg mutant phenotypes (Jones and
Bejsovec, 2005). tum mutants show excess specification of naked
cuticle (Fig. 1C) when compared with the wild-type epidermal
pattern (Fig. 1A,B), consistent with a negative regulatory role for
Tum in Wg signaling. To understand how Tum functions in Wnt
repression, we performed a yeast two-hybrid screen for Tum-
interacting proteins. Among the interactors, we recovered several
isolates of pavarotti cDNAs as well as cDNAs encoding other

Wnt3a-induced HEK293T cells

o TOPflash
a FOPflash

LL.

pcGFP pcTum  pcTumAEIE  pcPav pcAxin

Fig. 1. Tum and Pav control epidermal patterning in the Drosophila embryo and repress Wnt-induced TOPflash activity in HEK293T cells. (A) Wild-type
embryos secrete a cuticle pattern with expanses of naked cuticle separating ventral denticle belts. (B) Higher magnification of ventral abdominal segments 2 and 3
indicated by box in A. Anterior is to the left in these and all subsequent panels. (C,D) Representative phenotypes of (C) tum™®? and (D) pav®**’ homozygous
mutants show a reduced number of denticle rows in each belt compared with wild-type (B). (E) The most severe phenotypes observed among embryos segregating
from the tum/+;pav/+ self-cross are not substantially different from either fum or pav single mutant phenotypes (see Table 1). Scale bar in A: 100 um (A), 50 um
(for B-E). (F) rhomboid-lacZ marker is expressed in segmental stripes in the late epidermis. (G) fum mutant embryos show repression of this 740-lacZ expression.
A GFP-marked balancer was used to distinguish homozygous mutants from their wild-type siblings (#>100 embryos at or later than stage 11). Note that rhomboid
expression in the head (left in F and G) was detected at similar levels in both fum mutants and their wild-type siblings, providing an internal control for staining
intensity. Scale bar: 50 um (F,G); 25 um (for zooms). (H) Tum represses TOPflash activation to 23% of pcGFP controls (P=0.001), when HEK293T cells are
induced by Wnt-conditioned medium. Mutation of the GAP domain (pcTumAEIE) does not eliminate the ability of Tum to repress TOPflash (P=0.008). Pav
transfection represses activity to 45% of pcGFP controls (P=0.007). Axin, a known negative regulator of Wnt signaling, represses TOPflash activity to 11% of
pcGFP (P<0.001). FOPflash values were not significantly altered by any of these treatments. Results are means + s.d.
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cytokinesis-related proteins, such as Anillin (Gregory et al., 2008).
We expected to recover pav because its yeast two-hybrid
interaction with Tum has been well characterized and the Pav-
binding domain within the N-terminal region of Tum has been
described (Somers and Saint, 2003). What we did not expect was
that pav, like tum, also modulated Wg signaling. Loss-of-function
mutations in the fly pav gene are known to result in embryonic
lethality with cell division defects in late stage embryos (Adams
et al., 1998). We found that pav mutant embryos also had
epidermal pattern defects similar to those seen in fum™®? mutant
embryos (Fig. 1C,D). This phenotype was unchanged when the
pav®??’ mutation was placed in trans with a deficiency removing
pav (Table 1). Thus, Pav, like Tum, is required for negative
regulation of Wg-pathway activity. To test for additive effects,
we generated fum®’; pav®?’’ double-mutant embryos, but
observed no significant difference from the fum and pav single-
mutant phenotypes (Fig. 1E; Table 1). These data suggest that
Tum and Pav work together, possibly in a complex, and that both
are required to properly regulate patterning in embryos.

Expression of engrailed (en) in cells posterior to the wg-
expressing cells is a commonly used molecular marker for Wg
signaling, and we have previously shown that neither wg nor en
gene expression is altered significantly in fum mutant embryos
(Jones and Bejsovec, 2005). Since maternal Tum permits normal
cell division in zygotic mutants before stage 11, we reasoned that
it could provide sufficient regulatory function during stages 8-10,
the Wg-dependent phase of en gene regulation (Bejsovec and
Martinez Arias, 1991; Heemskerk et al., 1991). We therefore
examined the epidermal expression of rhomboid (rho), which is
repressed by Wg signaling at stage 11 in each embryonic segment
(Gritzan et al., 1999; Sanson et al., 1999). Using a rho-lacZ
enhancer trap, we found that 740 expression in the head region
(Fig. 1F,G, left panels) was not affected by Wg activity, providing
an internal control for staining intensity. By contrast, 70 expression
was reduced in the epidermis of fum homozygous mutants
compared with wild-type embryos at the same stage (Fig. 1F,G).
The reduction of epidermal 7o is consistent with excessive Wg
signaling in these cells, indicating that Tum function is required to
restrict activity of the Wg pathway.

Tum and Pav repress Wnt signaling in a heterologous
system
Remarkably, the fly Tum protein produces a similar negative
regulation of Wnt signaling in mammalian cells in culture. We
used the TOPflash assay system, which employs a luciferase
reporter under the control of Tcf-optimal binding sites, to measure
Whnt response compared with the basal transcription of FOPflash,
a construct where the Tcf consensus sequences are mutated. This
system has been used extensively to monitor the effects of fly
components on the mammalian Wnt pathway (van de Wetering et
al., 1997; Cavallo et al., 1998). The fly Axin, a negative regulator,
produces strong repression of Wnt-induced TOPflash when
overexpressed in human embryonic kidney (HEK293T) cells (Fig.
1H). Similarly, ectopic Tum was able to repress Wnt-induced
reporter activity in HEK293T cells compared with control cells
expressing green fluorescent protein (GFP) (Fig. 1H).
Overexpression of Tum does not disrupt cell division or cell health,
because we did not observe any binucleate cells nor any decrease
in cell proliferation or increase in cell death in Tum-transfected
cells compared with GFP-transfected cells (not shown). To test the
possibility that Tum acts as a general repressor of transcription, we
substituted the TOPflash reporter with pGL4.13 (Promega), which
contains the SV40 early enhancer/promoter region upstream of the
luciferase (luc2) reporter gene. This construct is not Wnt responsive
and we observed no repression of luc2 expression in cells
transfected with Tum compared with the empty vector (pcDNA3.1)
control (data not shown). These data are consistent with our
previous observations that fum mutants do not show generally
deregulated gene expression patterns (Jones and Bejsovec, 2005).
The GAP activity of Tum is not essential for its Wnt repression
function. AEIE is a deletion that removes three essential amino
acids from the GAP domain: the mutant protein can still bind to
Rac but cannot catalyze GTPase function (Sotillos and Campuzano,
2000). TumAEIE was able to repress TOPflash activity, although
to a lesser extent than full-length Tum (Fig. 1H). This is consistent
with our previous result that TumAEIE rescues pattern defects in
tum mutant fly embryos (Jones and Bejsovec, 2005). By contrast,
TumAEIE was unable to rescue the cytokinesis defect of fum
mutant embryos (Zavortink et al., 2005), showing that cytokinesis

Table 1. fum and pav loss-of-function phenotypes

Cross Observed® n Observed (%) Expected (%)
1 tum™+ X tum™+ 45 165 27.2 25.0
2. pa®"I+ X pav®"I+ 82 321 25.5 25.0
3. pav®"/+ X Df(3L)GN24/+ 32 158 20.2 25.0
4. tum™pa®” I+ X tum™+pa® I+ 131 318 41.2 43.8
5. tum™/+;UAS-tum X tum™/+ 70 306 22.9 25.0
6. tum™/+;UAS-tum X tum™ E22¢-Gal4/+ 0 458 0 25.0
7. tum™/+;UAS-tum ANLS X tum™ E22¢-Gal4/+ 132 527 25.0 25.0
8. UAS-pav;pav*"I+ X pav**"|+ 122 493 24.7 25.0
9. UAS-pav;pav*”"/+ X E22c-Gal4; pav**"I+ 43 477 9.0 25.0
10. UAS-pavANLS;pav**”’/+ X E22c-Gald; pav®" |+ 83 378 22.0 25.0

“Observed mutant embryos have between three and five rows of denticles per belt in at least two segments, compared with six rows per belt in the wild
type. All embryos in this mutant class failed to hatch. In cross 4, the fum and pav single-mutant embryos would each represent 3/16 of the progeny and the
double-mutant embryos would represent 1/16 of the progeny. We were unable to distinguish the fum from the pav single-mutant phenotypes, nor did we see
any more (or less) severe phenotypes segregating in this cross. We conclude that the double-mutant class was indistinguishable from the single-mutant class,
hence the expected value of 7/16, or 43.8%. The only observed values that deviate significantly from expected values by chi-square analysis are those for
crosses 6 and 9 (P<0.0001 for each), which indicate that the full-length fum and pav were able to rescue the pattern defects of their loss-of-function mutant

phenotypes whereas the ANLS forms (crosses 7 and 10) were not.
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requires an intact GAP domain and further indicating that the Wnt
repressor function of Tum is genetically distinct from its role in
positioning the contractile ring during cell division.

In the initial analysis of Tum-interacting proteins found in our
yeast two-hybrid screen, we tested each in the mammalian TOPflash
system to determine whether any showed an ability to modulate
Wnt response. We found that Pav, like Tum, has the ability to
repress TOPflash induction in HEK293T cells (Fig. 1H), whereas
other Tum-interactors in the cytoskeletal class, such as Anillin, do
not (not shown). As with Tum, overexpression of Pav did not
disrupt cell division in HEK293T cells. Repression by Drosophila
Tum and Pav was observed whether cells were induced by treatment
with Wnt-conditioned medium (Fig. 1H) or by cotransfection with
a construct overexpressing wild-type Bcat (not shown). Thus the
negative regulatory functions of Tum and Pav are highly conserved,
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because the fly proteins are clearly able to control mammalian
components in the Wnt signaling pathway. This degree of
conservation has been observed for other transcriptional regulators
of the Wnt pathway, such as Tcf, Groucho and SoxN (van de
Wetering et al., 1997; Cavallo et al., 1998; Chao et al., 2007).

Tum and Pav act synergistically to regulate Wg/Wnt
signaling

We titrated the Tum and Pav expression constructs in HEK293T
cells to determine the threshold concentration at which each begins
to repress TOPflash with statistical significance. Cotransfection of
Tum and Pav at these low concentrations produced a more
substantial repression than either molecule singly produced (Fig.
2A). This enhancement was not due to increased stability of Pav
in the presence of Tum; we found no difference in steady state Pav

F ,_UAS-p?v;UAS—tum" ;
5 3 4

Fig. 2. Tum and Pav act more strongly when coexpressed. (A) Minimal doses required for statistically significant repression are 25 ng Tum (P=0.01) and 50 ng
Pav (P=0.02). Tum and Pav together at these doses repress TOPflash activation to 29% of vector alone controls (P=0.0002). This repression is also significantly
different when compared with repression by Tum alone (P=0.005) or Pav alone (P=0.005). Results are means + s.d. (B) Overexpression of Tum or Pav in the

embryonic epidermis, with £22¢-Gal4, or in the dorsal domain of wing imaginal disc

s, with apterous-Gal4, has no effect on embryonic hatching rate or adult

eclosion rate respectively. Co-expressing Tum and Pav dramatically decreases both rates (#>200 fertilized eggs for each hatching experiment, #>100 balancer
siblings from each ap-Gal4/CyO cross). E22c-Gal4-driven UAS-GFP (C), UAS-pav (D) or UAS-tum (E) does not affect epidermal patterning. Co-expression of
both transgenes (F) variably reduces the naked cuticle expanse (arrow) to cause denticle belt fusions (22.5%, n=223). Penetrance of this segmentation defect is

increased when embryos are heterozygous for the wg™-null allele (81.1%, #=132). (

G) No disruption of the striped en expression is detected when UAS-GFP was

driven in the wg heterozygous background (7>100). (H) In the sensitized wg heterozygous background, defects in the segmental expression of en (arrow) can be
detected when UAS-pav and UAS-tum are coexpressed with E22¢c-Gal4 (29.8%, n=161). Without the sensitizing wg heterozygosity, virtually no defects in en

expression can be detected when UAS-pav and UAS-tum are coexpressed (1.2%, n=160), indicating that cuticle pattern is a more sensitive assay for Wg activity. ap-
Gal4-driven UAS-GFP does not affect wild-type wing patterning (I), whereas ap-Gal4-driven UAS-tum (J) consistently reduces the overall size of the wing. This
phenotype is not shared by UAS-pav (K). ap-Gal4 driving both transgenes simultaneously killed most animals before or during pupation. (L) The few escapers
(n=3) consistently show wings that are reduced in size and blistered. (M) ap-Gal4-driven UAS-tumApav does not reduce wing size. (N) ap-Gal4-driven UAS-nkd
produces wing pattern defects similar to those observed with Tum-Pav coexpression (L). Scale bars: 50 um (C-H); 100 um (I-N).
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protein levels in the presence or absence of ectopic Tum (not
shown). Overexpression of either Tum or Pav alone in Drosophila
embryos had little effect on viability or on epidermal patterning
(Fig. 2B-E). However, driving Tum and Pav together in the
developing Drosophila embryonic epidermis increased embryonic
lethality (Fig. 2B), and caused reduction of the segmental naked
cuticle expanse (Fig. 2F, arrow). This pattern disruption is
diagnostic of decreased Wg signaling activity (Bejsovec and
Wieschaus, 1993; Moline et al., 1999). Indeed, the penetrance of
full denticle-belt fusions was increased from 22.5% (n=223) to
81.1% (n=132) when Tum and Pav were overexpressed in embryos
heterozygous for a wg-null allele. Disruption of the wg target gene
en was also detected in this sensitized background (Fig. 2G,H).
These data show that the effects of Tum and Pav are sensitive to
the dosage of Wg activity, and suggest that the lack of effect when
each transgene is expressed singly in vivo is due to limited
endogenous levels of the other binding partner.

We were unable to examine loss-of-function tum and pav
phenotypes in later stages of Drosophila development: because
both are essential for cell division, somatic clones of either mutant

E22c-Gal4>UAS-TefaN

arm?®

were not detected. Knockdown of tum expression with a double-
stranded RNA construct severely disrupts cell division in the wing
imaginal disc (Somers and Saint, 2003), deforming the wing
profoundly so that patterning cannot be assessed. However,
overexpression of Tum or Pav did not disrupt cell division in the
wing, and we found that their activity in imaginal discs paralleled
their effects on embryogenesis. We used the apterous (ap)-
Gal4/CyO line to express high levels of U4S-transgene expression
in the dorsal portion of the wing disc, and compared the rate of
adult eclosion between Gal4-expressing progeny and their CyO
siblings. Crosses with the single UAS-tum or UAS-pav transgenes
showed no difference between progeny classes, but crosses with
the doubly transgenic UAS-pav, UAS-tum line showed a profound
decrease in eclosion rate (Fig. 2B). Overexpression of Tum in the
wing consistently produced a decrease in the overall size of the
wing (Fig. 2LJ). This effect was not observed with Pav
overexpression (Fig. 2K), but did depend on the ability of Tum to
interact with Pav because a mutant form of Tum that removes the
Pav-binding domain (Zavortink et al., 2005) did not alter wing size
(Fig. 2M). We are currently investigating the source of this size

~

Ohatched
Bunhatched

arm® Racl Rac2 mil/+  tum/+ pav/+ tum/+ pavi+

mother

mother  mother father father

Fig. 3. arm and Tcf loss-of-function phenotypes are epistatic to fum and pav. Driving TcfAN with E22¢c-Gal4 represses Wg target genes and produces a ‘lawn of
denticles’ phenotype (A) that is similar to the severe loss-of-function arm?* mutation (D). In crosses expected to generate 25% tum homozygous mutants (B) or pav
mutants (C), no embryos show any alteration from the typical E22¢c-Gal4>UAS-TefAN mutant pattern (n>100 fertilized eggs for each), nor any change in the arm?
severe phenotype (E,F, respectively) (n>50 arm mutants for each). (G) The weak arm® mutation retains sufficient Arm activity to generate proper denticle diversity
but shows reduced naked cuticle separating the belts. Naked cuticle is consistently restored in crosses where the mothers are heterozygous for rum (H) or pav (I).
(J) Mothers heterozygous for three Rac mutations do not produce altered arm® mutant progeny. (K) Heterozygosity for tum or pav, but not Racl Rac2 mtl,
increases the hatching rate of am® mutants, expected to represent 25% of the eggs produced in each cross (7>300 for each cross). In these crosses, only 50% of the
arm® embryos were expected to be heterozygous for the triple Rac mutant, the fum or the pav mutation. Scale bar: 50 um.
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reduction. Despite the dramatic decrease in adult eclosion when
Tum and Pav were co-expressed, a few flies did eclose. All three
showed the same, more severe pattern disruption, which included
blistering of the wing (Fig. 2L). This phenotype is strikingly similar
to that observed when we overexpressed naked cuticle (nkd) (Fig.
2N), a known negative Wg regulator (Zeng et al., 2000) which
interacts genetically with tum (Jones and Bejsovec, 2005). Thus
we believe that at least some of the wing defect caused by
misexpression of Tum and Pav might involve Wg-dependent pattern
disruption.

Reduction of tum and pav activity suppresses a weak arm

mutant phenotype

We next explored interactions of Tum and Pav with known
components of the Wg signaling pathway. Epistasis analysis with
Tcf mutations is complicated because this transcription factor can
act as either activator or repressor, depending on availability of
Arm (Cavallo et al., 1998). Therefore we used TcfAN, which
provides constitutive repressor function when overexpressed in the
embryo (Cavallo et al., 1998). The elimination of naked cuticle
observed in these E22¢c-Gal4> UAS-TcfAN embryos was unchanged
in either the fum or the pav mutant background (Fig. 3A-C),
indicating that they do not act by promoting the repressor activity
of Tcf. This result contrasts with mutations in another negative
Wg/Wnt regulator, SoxNeuro, which acts at the transcriptional
level and reduces the severity of E22¢c-Gal4>UAS-TcfAN cuticle
defects (Chao et al., 2007).

Tum and Pav also do not appear to act in the absence of
functional Arm/Bcat. Severe arm mutations that eliminate zygotic
arm gene product, such as arm? (also known as arm3%), produce
drastic pattern disruptions (Peifer and Wieschaus, 1990). The severe
arm® mutant phenotype (Fig. 3D) was not altered in either the tum
or the pav mutant background (Fig. 3E-F). Weak arm mutations,
such as arm® (also known as arm®%), provide enough Arm activity
to generate denticle diversity in each segment, but lack the wide
expanse of naked cuticle separating the denticle belts (Fig. 3G) and
most fail to hatch (Fig. 3K). In this sensitized background, simply
reducing the dose of fum or pav by half restored areas of naked
cuticle between the belts to almost wild-type levels (Fig. 3H,I,
compare with Fig. 1A), and many more arm® mutants were able to
hatch into the first instar stage (Fig. 3K). This effect largely results
from reduced zygotic dose of Tum or Pav, rather than reduced
maternal product, because we observed similar effects with
heterozygous fathers (Fig. 3K). Since some functional Arm is
required to observe the mutant effects of fum and pav, and these
mutations have no effect on a constitutive-repressor form of Tcf; it
is most likely that Tum and Pav act upstream of or at the level of
Arm-dependent transcriptional activation. Recently, vertebrate Racl
has been implicated in chaperoning Pcat into the nucleus (Wu et
al., 2008) and/or promoting Wnt target expression (Buongiorno
et al., 2008). We wondered whether the ability of Tum to bind Rac
might be relevant to the dosage effects we observed. We reduced
the dose of Rac by introducing a triple-mutant chromosome bearing
mutations in three Rac family members: Racl, Rac2 and mtl
(Hakeda-Suzuki et al., 2002). Heterozygosity for this triple-mutant
chromosome did not alter arm® mutant patterning (Fig. 3J), nor its
rate of hatching (Fig. 3K). This is consistent with our previous
work showing that manipulation of Rac activity did not mimic fum
loss-of-function or gain-of-function phenotypes (Jones and
Bejsovec, 2005).
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Fig. 4. Pav and Tum do not alter B-cat stability or nuclear translocation.
(A) TOPflash activity induced by the constitutively-active AGSK-Bcat mutant
is repressed by Tum (P=0.003) and Pav (P=0.009). Axin, a destruction
complex component, was not able to repress AGSK-Bcat (P>0.76). Results are
means =+ s.d. (B) Immunoblots show that Bcat levels in the nuclear fraction of
HEK293T cells increased in response to Wnt stimulation, as shown in the
pcDNA3.1 empty vector control lanes. This pattern of Wnt-induced nuclear
Bcat accumulation is not altered in HEK293T cells transfected with either Tum
or Pav. B-tubulin was used as a loading and fractionation control.

(C) Uninduced and (D) Wnt-induced HEK293T cells that overexpress Tum
and Pav show similar patterns of endogenous Pcat distribution, with higher
overall levels in the Wnt-induced cells. HEK293T cells transfected with
AGSK-GFP-Bcat and stained for GFP show high uniform Bcat levels in the
transfected cells (E), which have normal morphology compared with
neighboring untransfected cells (F, brightfield image merged with fluorescent
images). (G) Co-transfection with Tum and Pav does not alter the distribution
of AGSK-GFP-Bcat compared with the empty vector control, nor does it alter
cell morphology (H). Scale bar: 10 um (C-H).
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Tum and Pav act downstream of Bcat stabilization and
nuclear translocation

In previous work we showed that Arm levels were elevated in
tum mutant embryos, suggesting that Tum might promote Arm
degradation. To test this hypothesis, we used a form of Pcat that
evades the destruction complex. In normal Pcat, Ser33, Ser37,
Serd5 and Thr4l are phosphorylated by GSK-3B and casein
kinaselo (Ikeda et al., 1998; Kikuchi, 1999; Liu et al., 2002),
creating a binding site for BTrCP, a component of the ubiquitin
ligase pathway (Kitagawa et al., 1999; Liu et al., 2002). When all
four residues are mutated to alanine, the mutant Bcat (AGSK-
Bcat) cannot be targeted for degradation (Barth et al., 1999).
Transfection of a construct encoding AGSK-Bcat produced strong
induction of TOPflash activity in control HEK293T cells
transfected with empty pcDNA3.1 vector (not shown) or pcGFP
(Fig. 4A). We were surprised to find that both Tum and Pav were
able to antagonize this AGSK-Bcat-induced reporter expression
(Fig. 4A). By contrast, Axin overexpression failed to repress
AGSK-Bcat-induced reporter expression (Fig. 4A), as expected,
because Axin provides a scaffold for the GSK-Bcat interaction
(Salahshor and Woodgett, 2005). Since Tum and Pav can repress
AGSK-Bcat-induced Wnt signaling, we conclude that their action
cannot be explained exclusively through destruction complex
modulation, and that our initial observations of elevated Arm
accumulation (Jones and Bejsovec, 2005) might reflect a
secondary consequence of pathway activation in fum mutants.
Rather, Tum and Pav appear to act downstream of [cat
stabilization. Furthermore, this result rules out other possible
cytoplasmic and cell surface mechanisms for modulating the Wnt
pathway, such as indirect effects on receptor recycling.
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We next asked whether Tum and Pav might regulate Bcat levels
in the cytoplasm versus the nucleus. Such a role has been postulated
for Apc and Axin: in addition to their scaffolding role in the
destruction complex, they elevate Bcat levels in the cytoplasm by
sequestering the protein (Krieghoff et al., 2006; Seo and Jho,
2007). We subjected HEK293T cell lysates to fractionation and
assessed levels of Bcat in the cytoplasm and in the nucleus. Ectopic
Tum or Pav expression did not alter the level of Beat detected in
the nuclear fraction of induced versus uninduced cells, compared
with control cells (Fig. 4B). These results were corroborated by
examining Beat protein distribution in situ. Transfection with Tum
and Pav did not alter Bcat localization in uninduced versus Wnt-
induced cells (Fig. 4C,D), nor did it alter subcellular localization
of the stabilized AGSK-Bcat (Fig. E-H). Therefore, Tum and Pav
do not sequester Pcat in the cytoplasm, but rather must act
downstream of nuclear Pcat translocation to block activation of
TOPflash reporter expression.

Tum and Pav act within the nucleus to repress Wnt target
genes

Although Tum and Pav act in the cytoplasm during cytokinesis,
both molecules are known to accumulate in nuclei in the Drosophila
embryonic epidermis (Guerin and Kramer, 2009; Minestrini et al.,
2003; Minestrini et al., 2002) and in postmitotic Drosophila neurons
(Goldstein et al., 2005), as well as during interphase in cultured
insect cells (Somers and Saint, 2003). Likewise, their vertebrate
homologs, MgcRacGAP and MKLP-1, colocalize in the interphase
nuclei of HeLa cells (Hirose et al., 2001; Mishima et al., 2002).
We verified that Tum and Pav proteins accumulated in the nuclei
of interphase HEK293T cells (Fig. 5A-D). Antibody staining for

pcTumANLS

l

T peGFP T pcTum

oToP
arFopP

Wnt3a-induced HEK293T cells

1,

peTum  pcPav
APav

peTum
ANLS

pcPav
ANLS

Fig. 5. Pav and Tum act in the nucleus to repress Wnt pathway activity. DAPI staining of DNA (A) visualizes the nuclei in cells cotransfected with Tum (B)
and Pav (C), where they colocalize (overlap is white) in HEK293T cells (D). Untransfected neighboring cells stain only with DAPI (blue). Scale bar: 10 um.

(E) Schematic diagrams of Tum and Pav proteins, with position of nuclear-localization sequences highlighted in red, and mutational changes in putative NLS of
Tum shown (top). The coiled-coil domain (CC, pink box) includes the Pav-binding domain (Somers and Saint, 2003), which is deleted in the pcTumAPav construct
(Zavortink et al., 2005). HEK293T cells transfected with wild-type Tum (F) or TumANLS (G) stained with anti-Tum antibody (red), DAPI (blue nuclei), and anti-
Fibrinillin (green), a marker for the nucleolus. (H) Tum or Pav repression of Wnt-induced TOPflash, compared with FOPflash, is severely compromised when the
NLS is mutated (P<0.0001 for each comparison). Cells transfected with TumAPav also show significantly reduced repression compared with cells expressing full-
length Tum (P<0.0001). Results are means + s.d. Mutant transgenes were expressed at levels equivalent to or greater than the full-length Tum or Pav, as assayed by

immunoblot (data not shown).
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Tum and Pav often appeared as a ring within the nucleus, because
of their exclusion from the nucleolus, as shown by costaining for
the nucleolar protein fibrinillin (Fig. 5F,G). Pav contains several
nuclear localization sequences (NLSs). When crucial charged amino
acids within three of these NLSs are replaced with alanine, the
protein was excluded from the nucleus but was able to rescue cell
division defects in pav mutants (Minestrini et al., 2002). We found
that this PavANLS protein was significantly compromised in its
ability to repress TOPflash reporter activity, compared with full-
length Pav (Fig. SH). We also found that Tum behaved in the same
manner. Tum contains a predicted unconventional NLS (Fig. 5E).
To determine whether this predicted NLS was functional, we
mutated three core basic amino acids to alanine. TumANLS was
expressed at levels comparable to wild-type Tum, but was excluded
from nuclei (Fig. 5F,G). As with PavANLS, TumANLS showed a
significantly reduced capacity to repress TOPflash reporter activity
(Fig. 5H). Tum also requires its association with Pav for its full
repressive effect: deletion of the Pav-binding domain diminished
the repressive capacity of Tum (Fig. 5H), even though TumAPav
was able to accumulate in nuclei (Fig. 6E).

The subcellular localizations of Tum and Pav were not altered
by Wg signaling in fly embryos. We used prd-Gal4 to drive wild-
type or mutant forms of Tum or Pav in the embryonic epidermis,
in broad domains centered over the odd-numbered wingless
expression stripes (Fig. 6). At mid-stage 10, a dorsolateral portion
of the wg stripe shuts off (Bejsovec and Martinez Arias, 1991;
Gonzalez et al., 1991). In stage 11 embryos, the dorsolateral portion
of prd-driven Tum or Pav showed no difference from regions
where wg was still expressed (Fig. 6A-C). Likewise, the mutant
ANLS forms of Tum and Pav, which clearly failed to localize to
the nucleus in the embryonic epidermis (Fig. 6D,F respectively),
did not show any redistribution in response to Wg.

The nuclear localization of Tum and Pav is relevant for their
activity in fly embryos. E22c-Gal4-driven expression of wild-type
UAS-tum and UAS-pav transgenes rescued epidermal pattern defects
of the tum and pav mutants, respectively (Table 1). However,
neither ANLS form was able to rescue mutant pattern defects
(Table 1). They were also unable to block ectopic activation of the
Wg pathway in the embryo. Expressing the UAS-arm®'” transgene,
which lacks the Zw3/GSK phosphorylation sites (Pai et al., 1997),
transforms most of the ventral denticle-secreting epidermal cells to
a naked-cuticle cell fate. Coexpression of a UAS-GFP transgene
did not significantly diminish this effect (Fig. 7A,F), but
coexpression of either Tum or Pav partially blocked this cell-fate
transformation and allowed some denticle production (Fig. 7B,D,F).
By contrast, coexpression of TumANLS (Fig. 7C,F) or PavANLS
(not shown) did not block the arm®%induced cell-fate
transformation. Thus, the ability of Tum and Pav to translocate into
the nucleus is crucial for their downregulation of the Wg/Wnt
pathway. Co-expression of Nkd, which is thought to inhibit the
Wnt pathway upstream of Arm stabilization (Waldrop et al., 2006),
was also unable to block the arm®/’-induced cell-fate
transformation, as expected (Fig. 7E,F).

We conclude that the nuclear localization of both Tum and Pav
is relevant to their roles in controlling activity of the Wnt pathway.
This subcellular localization raised the possibility that Tum and
Pav act within the nucleus to block the interaction between Bcat
and the Tcf-Lef transcription factor. If so, they should be unable to
affect Wnt activity induced by a chimeric protein that fuses the 87
amino acid activation domain of Pcat with the Lef-1 protein (Hsu
et al., 1998). However, we found that cotransfection with either

Fig. 6. Wg signaling does not affect localization of Tum or Pav. (A) Anti-
Myc antibody staining detects nuclear transgenic Tum, driven with prd-Gal4
in odd-numbered segments. This expression domain (green) encompasses the
wg-expressing stripes (red) in alternate segments of the same embryo (B).
(C-F) Embryos with same orientation, position and developmental stage.

(C) prd-Gal4> UAS-pavGFP shows no change in nuclear Pav within the prd
expression domain. (D) prd-Gal4> UAS-tum ANLS is excluded from the
nucleus. (E) prd-Gal4> UAS-tumApav localizes to the nucleus. (F) prd-
Gal4>UAS-pavANLS is excluded from the nucleus. Insets show merge of
transgenic protein (green) and DAPI (blue). Scale bar: 10 um (A-F), 5 um
(insets).

Tum or Pav repressed Peat-Lef-induced reporter expression very
robustly (Fig. 7G). In this assay, Axin showed a modest ability to
repress Pcat-Lef-induced TOPflash (Fig. 7G), perhaps because of
its proposed secondary role in mediating nuclear export of Bcat
(Cong and Varmus, 2004; Wiechens et al., 2004). Taken together,
these observations suggest that Tum and Pav act within the nucleus
to antagonize Wnt-stimulated gene expression at a stage between
formation of the Bcat-Tef complex and formation of an active
transcriptional complex at Wnt target-gene promoters.

Discussion

Here, we present evidence that Tum and its binding partner, Pav,
are required for negative regulation of Tcf-mediated transcription.
In retrospect, it seems likely that their pleiotropic effects on
cytokinesis have obscured their role in regulation of the Wnt
pathway until now. For example, neither of these genes was
identified in genomics-based screens for Wg pathway components
in cultured cells (DasGupta et al., 2005). Reduction of Tum or Pav
function cannot be easily assessed in cell culture because fum- or
pav-deficient cells cease to divide. The fly embryo, which uses
maternally loaded Tum and Pav until midway through development,
provided a fortuitous and genetically tractable model that allowed
the detection of their involvement in Wnt modulation. This raises
the question of how many pathway components have been
overlooked because they have other essential cellular functions.
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Fig. 7. Tum and Pav act downstream of Bcat
stabilization and Pcat-Tef-Lef complex formation.
(A-E) arm-Gal4 driving constitutively stabilized
arm®!” transforms denticle-secreting regions of the
epidermis into ectopic naked cuticle. Coexpression of a
second transgene, such as UAS-GFP shown here, does
not diminish the effect by competing for Gal4.

(B) Coexpression with UAS-tum rescued denticle
formation in most denticle belts. (C) This rescue was
not observed with UAS-tumANLS coexpression.

(D) Coexpression with UAS-payv also rescued denticle
formation. (E) No rescue was observed with UAS-nkd
coexpression. (F) Chart quantifying the severity of
phenotypes shown in A-E produced by arm-Gal4-
driven arm’'’. Extent of ectopic naked cuticle
production is expressed as the number of ventral belts
that show at least one complete row of denticles.
n>100 larval cuticles were scored for each genotype.
(G) Tum and Pav repress TOPflash activity induced by
a Beat-Lef fusion construct. Tum represses activation to
18% of pcGFP control (P<0.0001), Pav represses

UAS-nkd

pcGFP pcTum

The roles of Tum and Pav in cytokinesis are genetically separable
from their roles in Wnt signaling. The GAP activity of Tum is
required for cytokinesis: TumAEIE was unable to support normal
cell division (Somers and Saint, 2003; Zavortink et al., 2005).
However, we found that TumAEIE had a significant capacity to
repress TOPflash activity in cultured cells (this work) and to rescue
pattern defects in fum mutant fly embryos (Jones and Bejsovec,
2005). Similarly, the Pav-binding domain of Tum is essential for
cytokinesis (Zavortink et al., 2005), but we found that TumAPav
retained a modest ability to repress Wg/Wnt signaling in cultured
cells, indicating that some of the Tum regulatory function is
independent of Pav. Conversely, nuclear localization of Pav is
irrelevant to its role in cytokinesis (Minestrini et al., 2003), whereas
we found that nuclear localization of both Tum and Pav was
required for rescuing pattern defects in embryos and for repressing
TOPflash activity in cultured cells. Thus the Tum-Pav interaction
is important for both cytokinesis and full Wnt regulation, but the
cellular activity of the complex differs both spatially and
enzymatically in the two processes.

Most molecules that negatively regulate the Wnt pathway act
through the ubiquitylation-based pathway that controls Pcat
stability. However, Tum and Pav were able to repress TOPflash
induced by the constitutively active AGSK-fcat and to diminish
pattern disruption caused by the analogous mutant form of Arm in
fly embryos. This observation places Tum and Pav activity
downstream of the well-characterized control exerted by the
destruction complex. Tum and Pav did not prevent Bcat from

pcPav _

pch."n_' activation to 43% of pcGFP control (P=0.0002),
whereas Axin shows a small but statistically significant

repression (P=0.025). Results are means + s.d.

entering the nucleus, but did prevent a Pcat-Lef fusion protein
from successfully activating gene expression. Therefore we favor
a model where Tum and Pav have a constitutive role that impedes
binding of the Pcat-Tef complex to DNA or that dampens
transcriptional activation by the DNA-bound complex. Curiously,
the Tum homolog in humans MgcRacGAP has been connected
with transcriptional regulation via HIF-1c., with which it interacts
physically (Lyberopoulou et al., 2007). MgcRacGAP has also been
associated with nuclear translocation and activation of STAT
transcription factors (Kawashima et al., 2009). Tum itself was
shown to regulate activity of the EGF pathway in the Drosophila
wing (Sotillos and Campuzano, 2000). These observations suggest
that Tum/MgcRacGAP has a broader role within the nucleus,
interacting with transcription factors in other cellular pathways.
Since Drosophila Tum and Pav are able to repress the Wnt
response in human cells, this raises the possibility that MgcRacGAP
and MKLP-1, their vertebrate counterparts, might also regulate
Wnat signaling. It is tempting to speculate that a direct connection
between Wnt regulation and cell division is relevant to oncogenesis,
in much the same way that Wnt signaling and cell adhesion are
integrally connected through the shared component Bcat (Hinck et
al., 1994; Pai et al., 1996). Recent work has demonstrated that cell-
division defects leading to tetraploidy might ultimately lead to
cancer (Fujiwara et al., 2005; Ganem et al., 2007). Multinucleate
cells are more likely to experience genetic instability, increasing
the risk of transformation to malignancy. Thus, any genetic or
epigenetic change that reduces the function of Tum/MgcRacGAP
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or Pav/MLKP-1 could have a double impact on the cell,
compromising the cytokinesis machinery and elevating activity of
the Wnt pathway.

Materials and Methods

Drosophila stocks and culture conditions

The fum™®? mutation was isolated in an EMS mutagenesis (Jones and Bejsovec,
2005). All stocks were obtained from the Bloomington Stock Center, except UAS-
tum and UAS-tumAEIE flies which were a gift from Sonsoles Campuzano (Centro
de Biologia Molecular Severo Ochoa, Madrid, Spain), UAS-GFP-Pav* and UAS-
GFP-PavANLS flies a gift from David Glover (University of Cambridge, Cambridge,
UK) and UAS-nkd flies a gift from Keith Wharton and Matthew Scott (Stanford
University, Palo Alto, CA). UAS-tumANLS flies were created by subcloning tfum
sequences from pcTumANLS into pUAST and transforming into fly embryos to
derive transgenic lines. Flies were cultured, and embryos and hatched larvae were
collected and examined, as described previously (Chao et al., 2007). To examine
embryonic cuticles, eggs were allowed to develop fully (24 hours at 25°C),
dechorionated in bleach, and transferred to a drop of Hoyer’s medium, mixed 1:1
with lactic acid (Wieschaus and Niisslein-Volhard, 1986), on a microscope slide.
Mechanical devitellinization was performed by exerting gentle pressure on the
coverslip to burst the vitelline membrane. Cuticle preparations were baked at 65°C
overnight before viewing on a Zeiss Axioplan microscope with phase optics. Wings
were dissected from 2-day-old adult females that had been dehydrated in 95%
ethanol overnight. Wings were then mounted in Hoyer’s medium:lactic acid and
photographed using a 5X objective on a Zeiss Axioplan microscope with brightfield
illumination. Images were captured using a SPOT camera (Diagnostic Instruments)
and were processed with SPOT imaging software and Adobe Photoshop.

Yeast two-hybrid screen

A 0-4 hour Drosophila embryonic cDNA library in pGAD10 (Clontech) was kindly
provided by Robin Wharton (Ohio State University, Columbus, OH). Tum was
inserted into pGBT9 (Clontech) using PCR strategies. Library transformation and
screening followed standard protocols (Clontech).

DNA constructs and TOPflash assays

All plasmids constructed for testing in HEK293T cells were cloned into the vector
pcDNA3.1 (Invitrogen), and verified by DNA sequencing. Expression levels were
confirmed by immunoblotting. pcBcat-myc and pcPeat-LEF were gifts from Patrick
Casey and Tannishtha Reya, respectively (Duke University, Durham, NC).
PEGFP:AGSK-Bcat was a gift from Angela Barth and James Nelson (Stanford
University, Palo Alto, CA).

HEK293T cells were grown in 24-well plates at 0.5 ml cells per well. Cells were
Lipofectamine-transfected at approximately 80% confluence, using 0.1 ug TOPflash
or FOPflash firefly luciferase reporter plasmid (Upstate), 0.25 ng phRG-TK Renilla
luciferase control plasmid (Promega), and 0.2 g test plasmid. Total amount of DNA
was kept constant by adding pcGFP construct or empty pcDNA3.1 vector. Cells
were induced using Wnt-conditioned medium recovered from L-cells stably
transfected with Wnt-3a (ATCC CRL-2647) or by cotransfecting with either pcBcat-
myc, pEGFP:AGSK-Bcat, or pcPcat-LEF at a concentration of 0.25 pug per 0.5 ml
well. Uninduced controls were incubated with media from L-cells (ATCC CRL-
2648) or cotransfected with pcGFP, respectively. Expression was monitored using
the Dual-Luciferase Reporter Assay System (Promega) on a Veritas luminometer.
General cell health was assayed using the CellTiter-Glo Luminescent Cell Viability
Assay (Promega). All transfections for TOPflash analysis were done in duplicate,
and three independent experiments were performed for each analysis. TOPflash or
FOPflash values were divided by the Renilla luciferase transfection control value.
Average luciferase ratio was calculated for induced and uninduced cells in each
treatment category. Relative activity was calculated by dividing the luciferase ratio
of induced cells by the luciferase ratio of uninduced cells. Each experiment was
normalized to pcGFP or empty pcDNA3.1 vector controls, set to 100% activation.
P values were calculated using two-tailed Student’s ¢-tests.

Cell fractionation and antibody staining

Nuclear and cytoplasmic fractions of HEK293T cells were collected following
manufacturer’s protocol, using the NE-PER Nuclear and Cytoplasmic Extraction kit
(Pierce Biotechnology). Immunoblots with anti-Bcat E247 (Abcam) and anti-B-
tubulin (Labvision) were visualized using the Odyssey infrared imaging system (Li-
Cor), with secondary antibodies from Rockland Immunochemicals.

HEK293T cells were grown on 10 mm coverslips in 24-well plates and transfected
as described above. Cells were harvested and fixed for 20 minutes in 4%
paraformaldehyde 24-30 hours after transfection, blocked in 20% normal goat serum
and 0.1% Tween-20, and incubated in primary antibody overnight at 4°C. Stained
cells were mounted in Aquapolymount (Polysciences) for viewing on a Zeiss
LSM510 confocal microscope or on a Zeiss Axioplan microscope using
epifluorescence. Antibodies and dilutions used included anti-Becat E247 1:250
(Abcam), anti-Tum 1:250 (Somers and Saint, 2003), anti-Flag M2 used to detect
Flag-tagged Pav 1:1000 (Sigma), anti-fibrinillin 1:100 (Abcam). DAPI was used at

1:10,000 (Roche). Secondary antibodies (1:500) were purchased from Jackson
ImmunoResearch.

Fly embryos were collected overnight at 18°C, and processed as previously
described (Dierick and Bejsovec, 1998). The fum mutant chromosome was maintained
over a balancer chromosome marked with twist-Gal4 UAS-Green Fluorescent Protein
(GFP), so that homozygotes could be identified by their failure to express GFP.
Anti-B-galactosidase (Chemicon) was used at 1:500, anti-Wg at 1:500 and anti-En
at 1:50 (both from Developmental Studies Hybridoma Bank), anti-GFP (Chemicon)
at 1:500, and anti-Myc (Cell Signaling) at 1:400. Cy2 and Cy3 IgG secondary
antibodies (Jackson ImmunoResearch) were used to detect fluorescence staining.
Stained embryos were mounted in Aquapolymount (Polysciences), viewed on a
Zeiss Axioplan microscope using epifluorescence and imaged using SPOT imaging
software (Diagnostic Instruments).

We wish to thank our colleagues in the Wray, McClay, Casey and
Reya labs for sharing reagents, equipment and advice and we thank
the Duke Model System Genomics Group for assistance with transgenic
fly lines. As always, we are deeply indebted to the dedicated staff at
the Bloomington Stock Center and at Flybase. This work was supported
by grants from the National Science Foundation and National Institutes
of Health to A.B. and from the Australian Research Council and the
ANU Institute of Advanced Studies to R.S. Deposited in PMC for
release after 12 months.
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