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Abelson (Abl) family tyrosine kinases have been implicated in cell morphogenesis, adhesion, motility, and
oncogenesis. Using a candidate approach for genes involved in planar cell polarity (PCP) signaling, we identified
Drosophila Abl (dAbl) as a modulator of Frizzled(Fz)/PCP signaling. We demonstrate that dAbl positively regulates
the Fz/Dishevelled (Dsh) PCP pathway without affecting canonical Wnt/Wg–Fz signaling. Genetic dissection
suggests that Abl functions via Fz/Dsh signaling in photoreceptor R3 specification, a well-established Fz–PCP
signaling readout. Molecular analysis shows that dAbl binds and phosphorylates Dsh on Tyr473 within the DEP
domain. This phosphorylation event on Dsh is functionally critical, as the equivalent DshY473F mutant is
nonfunctional in PCP signaling and stable membrane association, although it rescues canonical Wnt signaling.
Strikingly, mouse embryonic fibroblasts (MEFs) deficient for Abl1 and Abl2/Arg genes also show reduced Dvl2
phosphorylation as compared with control MEFs, and this correlates with a change in subcellular localization of
endogenous Dvl2. As in Drosophila, such Abl-deficient MEFs show no change in canonical Wnt signaling. Taken
together, our results argue for a conserved role of Abl family members in the positive regulation of Dsh activity
toward Fz–Dsh/PCP signaling by Dsh phosphorylation.

[Keywords: Drosophila; Abl; Dsh; Dvl; Fz; cell polarity]

Supplemental material is available at http://www.genesdev.org.

Received June 18, 2010; revised version accepted August 16, 2010.

Epithelia are generally polarized in the apical–basal axis,
and can also be polarized within the plane of an epithe-
lium. This latter polarization is referred to as tissue
polarity or planar cell polarity (PCP). In Drosophila, PCP
is manifest in almost all adult tissues, including the eye,
wing, thorax, and abdomen (Klein and Mlodzik 2005;
Lawrence et al. 2007; Seifert and Mlodzik 2007). In
vertebrates, PCP signaling is, for example, associated with
convergent extension, neurulation, skin–hair patterning,
or the orientation of sensory hair cells of the cochlea (inner
ear) (Wang and Nathans 2007). Moreover, PCP has been
linked to several diseases, including neural tube closure
defects, polycystic kidney disease (PKD), and ciliopathies
in general (Simons and Mlodzik 2008). PCP has been
studied mostly in Drosophila, and is controlled by two
sets of conserved core PCP factors: (1) the Frizzled (Fz)/
PCP group, which includes Fz, Strabismus (stbm/Vang),
Flamingo (Fmi), Dishevelled (Dsh), Prickle (Pk), and Diego
(Dgo); and (2) the Fat/Dachsous (Ds) group containing Fat,
Ds, Four-jointed, Dachs, and Approximated (Lawrence

et al. 2007; Seifert and Mlodzik 2007; Wu and Mlodzik
2009). All of these factors are conserved in vertebrates,
suggesting common mechanisms by which PCP is estab-
lished across all metazoa (Wang and Nathans 2007).

Some members of the Fz/PCP group, most prominently
Fz and Dsh, are also essential components of canonical
Wnt–Fz signaling, regulating gene expression via b-cat-
enin stabilization (MacDonald et al. 2009). The multido-
main protein Dsh (Dvl1, Dvl2, and Dvl3 in mammals) is
an important component of Fz/PCP signaling as well as of
the Fz/b-catenin pathway, but the regulation of canonical
and PCP Wnt signaling at the level of Dsh still remains
poorly understood. In canonical Wnt signaling, Dsh phos-
phorylation inhibits the APC–Axin–GSK3 complex, lead-
ing to b-catenin stabilization. In contrast, in PCP signaling,
Dsh is stably recruited to the membrane, where it can lead
to the activation of Rho and Rac family GTPases as down-
stream effectors. Dsh contains three highly conserved
domains: the DIX, PDZ, and DEP domains. The DIX
domain of Dsh functions exclusively in canonical signal-
ing, while the PDZ domain is required in both pathways
and is important for protein–protein interaction. The DEP
domain is required mainly in PCP signaling and is thought
to mediate activation of the small Rho family GTPases
and downstream effectors (Boutros and Mlodzik 1999;
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Wallingford and Habas 2005). The DEP domain also plays
a central role in the cytoplasmic-to-membrane transloca-
tion of Dsh in response to Fz/PCP signaling.

In a search for novel regulatory factors involved in
modulating the activity of core PCP factors and associated
signaling, we used a candidate gene approach, analyzing
mutants that have rough eye phenotypes comparable with
those associated with core PCP mutants. One candidate
identified was the Drosophila Abelson nonreceptor tyro-
sine kinase gene (dAbl) (Henkemeyer et al. 1987). Loss of
dAbl leads to developmental defects, which include pupal
lethality, rough eyes, reduced fertility, and reduced life
span (Bennett and Hoffmann 1992). In Drosophila em-
bryos, Abl regulates adherens junction stability, and actin
organization during apical constriction via the actin
regulator Enabled (Ena) (Grevengoed et al. 2001; Fox and
Peifer 2007). In the eye, dAbl is expressed in all developing
photoreceptors, and has been shown recently to be im-
portant for photoreceptor axon targeting in the brain
(Bennett and Hoffmann 1992; Xiong et al. 2009).

Here we demonstrate that dAbl loss of function (LOF)
displays classical PCP phenotypes. We show that it posi-
tively modulates the Fz/Dsh PCP pathway without affect-
ing canonical Wnt/Wg–Fz signaling. Genetically, dAbl acts
in the R3 photoreceptor in a Dsh-dependent manner. We
also show that dAbl binds and phosphorylates Dsh. This
phosphorylation maps to the DEP domain of Dsh, a key
domain for PCP signaling, on Tyr473. The phosphorylation
event is functionally critical for Dsh PCP function, as the
equivalent DshY473F mutant is nonfunctional in PCP
signaling and also does not show the PCP-specific asym-
metric membrane association, although it still rescues
canonical Wnt signaling. Furthermore, mouse embryonic
fibroblasts (MEFs) deficient for Abl1 and Abl2/Arg also
show reduced Dvl2 and Dvl3 phosphorylation, which
correlates with a change in the subcellular localization of
Dvl2. Of note, such Abl-deficient MEFs show no change in
canonical Wnt signaling. In summary, our results highlight
an unexplored role of Abl family kinases in positively
modulating Dsh activity toward the Fz–Dsh/PCP pathway
by affecting Dsh phosphorylation.

Results

dAbl LOF alleles and gain of function display
PCP defects

To study the role of dAbl in cell fate specification during
eye development, we analyzed several dAbl alleles in
trans to a deficiency removing dAbl. In wild-type eyes,
the Fz/PCP pathway differentially specifies photorecep-
tors R3 and R4 in developing ommatidia. This step is
followed by a 90° rotation of each ommatidial cluster
toward the dorsal–ventral midline, or equator (Seifert and
Mlodzik 2007). This results in a characteristic arrange-
ment of ommatidia, where the dorsal half is the mirror
image of the ventral half (Fig. 1A). In eyes with compro-
mised dAbl function, we observed a significant portion
(ranging between 53% and 66%) of ommatidia with pho-
toreceptor loss (as noted previously; Henkemeyer et al.
1987) and also ommatidia that displayed classical PCP

Figure 1. dAbl LOF and gain of function gives PCP phenotypes.
All panels show tangential adult eye sections around the
equator with anterior left and dorsal up. The bottom panels
show schematic representations reflecting the polarity and
orientation of individual ommatidia: Black arrows represent
the dorsal ommatidia, red arrows represent ventral ommatidia,
green arrows represent symmetrical clusters (that have lost
chirality and the distinction between the R3/R4 cells), and
black dots represent ommatidia that have a reduced number
of photoreceptors and cannot be scored for PCP. (A) Wild-type
eye; note the regular arrangement and mirror-image alignment
of the dorsal and ventral halves around the equator. (B) dAbl2/

Df(3L)st-j7 eye; note the PCP defects along with loss of pho-
toreceptors. (C) dAbl1/Df(3L)st-j7 eye; again displaying PCP
defects along with strong loss of photoreceptors, suggesting a re-
quirement of dAbl in the survival of photoreceptors; the more
severe loss of R cells in the dAbl1 allele makes it difficult to
score for PCP defects. (D) Expression of UAS-dAbl-IR under
sevGal4 control (sevGal4, UAS-dAbl-IR in the presence of
UAS-dcr2) at 18°C yields PCP defects with a reduced loss of
photoreceptors as compared with dAbl1. (E,F) Overexpression
of dAbl using sevGal4 (sevGal4, UAS-dAbl) causes strong ro-
tation phenotypes and PCP defects. (F) This effect is dose-
dependent and is stronger with two copies (23 sevGAl4, UAS-
dAbl). See also Supplemental Table S1.
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defects (with PCP defects in 15%–20% of scorable omma-
tidia) (Fig. 1B,C). Generally, the stronger alleles showed a
greater loss of photoreceptors, rendering many ommatidia
unscorable, compared with weaker alleles where a larger
fraction of ommatidia could be scored for PCP defects
(dAbl2 is a weaker allele than dAbl1, a strong hypomorph)
(Fig. 1C; see also Supplemental Table S1). These data
suggested that dAbl plays a role not only in photoreceptor
cell survival, but also in the PCP-associated process of R3/
R4 cell fate specification. In order to bypass the cell
survival defects associated with dAbl LOF, we expressed
dAbl-RNAi (dAbl-IR) under sevenlessGal4 (sevGal4), spe-
cifically driving expression in a subset of developing pho-
toreceptors and, in particular, at high levels in R3 and R4
during PCP establishment. Strikingly, sevGal4, dAbl-IR
resulted in many ommatidia displaying chirality defects
and symmetrical clusters (53.3% 6 9.1% of scorable
ommatidia) (Fig. 1D), confirming that dAbl is required
for PCP establishment in the eye. Furthermore, expression
of dAbl-IR using engrailedGal4 (enGal4, expressed in the
posterior compartment of the wing) resulted in growth-
related defects (data not shown) along with wing PCP/
cellular hair orientation defects (Supplemental Fig. S1B,B9),
suggesting a conserved role of dAbl in PCP signaling.

As dAbl LOF resulted in eye PCP phenotypes, we next
tested whether overexpression of dAbl has an effect on
R3/R4 cell fate specification. Expression of dAbl (UAS-
dAbl) under sevGal4 control caused mild PCP defects (Fig.
1E; Supplemental Table S1), with many ommatidia show-
ing misrotations. To test if this effect is dosage-sensitive,
we expressed dAbl using two copies each of UAS-dAbl
and sevGal4. Such increased expression resulted in strong
PCP phenotypes with many symmetrical clusters, along
with frequent loss of photoreceptors (Fig. 1F; Supplemen-
tal Table S1).

dAbl is required in R3 and R4 cell fate specification

To identify the requirement of dAbl in specific photorecep-
tors/R cells, we analyzed phenotypically wild type, yet genet-
ically mosaic, ommatidia for their composition. In wild-type
eye clones (marked by w�) the ratio between ommatidia
with w� and w+ R cells for a specific outer photoreceptor is
0.5 for each photoreceptor subtype, because wild-type om-
matidia photoreceptors can be either w� or w+ with equal
probability. In contrast, dAbl clones displayed a reduced
ratio for mutant R3 (r = 0.27) and R4 (r = 0.25) cells (Fig.
2A,B), implying that dAbl is specifically required in R3/R4
photoreceptors for their fate induction, specification, and/or
survival. To further define the dAbl requirement in PCP
establishment, we performed a mosaic analysis of scorable
ommatidia (mosaic clusters with normal R-cell comple-
ment) that display chirality defects (symmetrical clusters or
chirality flips). Such clusters comprised 18.4% of scorable
ommatidia (examples are shown in Fig. 2A, see green and
red arrows in the schematic). In these mosaics (displaying
a PCP defect), 94% were mutant for dAbl in R3 and/or
R4, whereas the genotype (dAbl� vs. dAbl+) of the other
R cells did not contribute to the PCP phenotype (data not
shown). This behavior of dAbl mosaic clusters is very
similar to core PCP genes (Klein and Mlodzik 2005;
Seifert and Mlodzik 2007), indicating that dAbl is indeed
required in R3 and R4 for PCP establishment.

To further confirm the role of dAbl in R3/R4 fate
specification, we next analyzed dAbl4 mutant clones in
third instar eye imaginal discs with the molecular R4
marker md > 0.5-LacZ (in third instar eye discs, md0.5-
LacZ [md > LacZ] is first expressed in both R3/R4 cells at
low levels and then up-regulated specifically in R4) (Fig.
2C–C0; Cooper and Bray 1999). Strikingly, md > LacZ
expression was reduced or lost in dAbl mutant ommatidia

Figure 2. dAbl is required in R3 and R4
for their fate specification. (A) dAbl2 mo-
saic eye (mutant tissue marked by absence
of pigment). Note ommatidia that, when
mutant for dAbl in R3 and/or R4, show
PCP defects. (B) Quantification of mosaic
ommatidia, which are phenotypically wild-
type but mutant for any of the R1–R6 outer
photoreceptors (random frequency reflect-
ing no requirement is 0.5; n = 152, nine
eyes analyzed). If dAbl is required for the
specification of a specific photoreceptor
type, the number of phenotypically normal
ommatidia mutant for that photoreceptor
will be significantly lower than the number
of ommatidia wild-type for that photore-
ceptor, leading to a decreased ratio. dAbl

mutant R3 and R4 cells have a significantly
reduced frequency in ommatidia with wild-
type appearance, suggesting a requirement
of dAbl in the R3/R4 cells and PCP signal-
ing. (C–C0) Confocal projections of dAbl4

clones in third instar eye discs (mutant tissue marked by absence of GFP and outlined by yellow lines in C9,C0). R4 cells are molecularly
marked by md0.5-LacZ (red); neuronal marker Elav (labeling all R cells) is in blue. (C9) Note that md0.5-LacZ expression is irregular and
reduced/lost in the dAbl mutant tissue (white arrows), suggesting a failure in normal R3/R4 specification.
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(21.2% of mutant clusters) (Fig. 2C–C0), suggesting a failure
in proper R4-cell subtype specification (mutant R cells still
expressed the common R-cell marker Elav). Similar sup-
pression of md > LacZ was also observed in dAbl2 clones
(Supplemental Fig. S2A–A0). In summary, we conclude
that loss of dAbl results in PCP defects in the eye with a
genetic requirement in the R3/R4 photoreceptors.

fz and dsh phenotypes are modified by dAbl

To gain insight into how dAbl mediates PCP establish-
ment, we performed genetic interactions with core PCP
components. Direct overexpression of Fz or Dsh from the
sev enhancer/promoter sev-Fz and sev-Dsh, respectively,
resulted in strong PCP phenotypes characterized by a high
frequency of R3–R3 symmetrical clusters (Fig. 3A,C;
Supplemental Table S2; e.g., see also Boutros et al. 1998).
Strikingly, removing a genomic copy of dAbl (using either
dAbl2 or dAbl4 alleles) resulted in a dominant suppression
of both the sev-Fz and sev-Dsh phenotypes (Fig. 3B,D;
Supplemental Table S2). These data suggested that dAbl may
function downstream from (or in parallel to) Fz/Dsh–PCP

signaling, and that dAbl acts positively in regulating Fz/
Dsh–PCP signaling activity. Of note, removing a genomic
copy of dAbl did not suppress sev-Fmi or sev-Stbm PCP
phenotypes (Supplemental Fig. S3A–D; Supplemental
Table S2), suggesting that its interaction is specific to Fz
and Dsh and is not due to a general modification of core
PCP members. We next tested an interaction of dAbl
with downstream components of Fz/Dsh–PCP signaling.
The Drosophila rac genes have been implicated as down-
stream effectors of Dsh in PCP establishment (Fanto et al.
2000; Munoz-Descalzo et al. 2007). Overexpression of
Rac1 using sevGal4 (sev > Rac) resulted in ommatidial
rotation defects (Fig. 3E;Supplemental Table S2). Remov-
ing a copy of dAbl did not modify sev > Rac (Fig. 3F;
Supplemental Table S2), suggesting that dAbl acts up-
stream of the rac genes. Taken together, these data suggest
that dAbl acts at the level of or downstream from Fz and
Dsh, but upstream of Dsh effectors, in PCP establishment.

To gain further insight into the role of dAbl in the Fz/Dsh–
PCP pathway, we performed mosaic analyses of dAbl in a
heterozygous dsh1 background (dsh1 is a strong PCP-specific

Figure 3. dAbl genetically interacts with
Fz and Dsh PCP phenotypes. All panels
show tangential adult eye sections in areas
around the equator (top panels) with re-
spective schematic representations (bot-
tom panels), except for H, which is a
quantification. Arrows are as in Figure 1.
(A) sev-Fz/+ eye, displaying a high fre-
quency of symmetrical R3/R3-type omma-
tidia. (B) sev-Fz/+, dAbl2/+; note reduction
in symmetrical ommatidia, indicating
a strong genetic suppression of the sev-Fz
phenotype. (C) sev-Dsh/+ shows strong
PCP defects with many symmetrical om-
matidia. (D) sev-Dsh/+, dAbl2/+; note sup-
pression of the number of symmetrical
ommatidia; it is worth mentioning that
the loss of R-cell features also seen in
sev-Dsh (shown in C), which is mediated
by canonical Wg signaling (Boutros et al.
1998), is not suppressed, suggesting a spe-
cific genetic suppression of the Dsh PCP
function. (E) sev-Rac/+ ommatidia mostly
show rotation defects along with loss of
photoreceptors. (F) sev-Rac/+, dAbl2/+

shows a very similar phenotype as sev-

Rac/+ alone, suggesting that dAbl probably
acts upstream of the Rac GTPAses. (G)
dAbl2 eye clones in a dsh1/+ background
(dsh1 is a PCP-specific allele). Strikingly,
removing a genomic copy of dsh enhances
the dAbl2 PCP phenotype specifically in
R3 photoreceptors, suggesting a function in
R3 specification in a Dsh-dependent man-
ner. (H) Quantification of mosaic omma-
tidia in the dAbl2 clones in the dsh1/+

background (with focus on R3 and R4
genotypes). Note the increased require-
ment in R3 (dAbl2 clones in the dsh1/+

background; orange bar) as compared with
dAbl2 clones (black bars).
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allele not affecting the canonical Wnt/Wg pathway) (e.g.,
Boutros et al. 1998). Removing a genomic copy of dsh
(dsh1/+, which is phenotypically wild type by itself) in
a dAbl mutant clone background significantly enhanced
PCP defects specifically when R3 was mutant for dAbl
(Fig. 3H, cf. black and orange bars when R3 is mutant),
suggesting that dAbl has a R3-specific function that is
Dsh-dependent (dsh is required in R3 for its PCP function)
(Boutros et al. 1998). In contrast, when dAbl function was
compromised in R4 photoreceptors in a dsh1/+ back-
ground, there was no change in the phenotype and re-
quirement as compared with dAbl mutant clones (Fig. 3H,
cf. black and orange bars when only R4 is mutant). These
data indicate that dAbl function in R3 is dependent on Fz/
Dsh–PCP signaling and, in particular, on Dsh.

dAbl modulates Fz/Dsh–PCP signaling but not
Fz2-mediated canonical Wg signaling

Our data suggest that dAbl can affect PCP establishment
via Fz/Dsh signaling in R3 cells. Next we tested whether
dAbl acts specifically in the Fz/Dsh–PCP pathway, or
whether it also has an effect on canonical Wnt/Wg
signaling. In Drosophila wings, overexpression of Fz or
Fz2 with decapentaplegic-Gal4 (dpp-Gal4; driving ex-
pression in a stripe along the anterior–posterior/A–P
compartment boundary) (see Fig. 4A) can be used to study
the effects of gene function on canonical Wg and PCP
signaling, respectively (e.g., Klein et al. 2006). Using this
dppGal4 assay, we tested whether coexpression of dAbl
with either Fz or Fz2 could modify their signaling effects.
dppGal4-driven UAS-dAbl alone (dppGal4 > dAbl) did
not cause detectable phenotypes at 18°C, and only very
mild PCP defects at 29°C (Fig. 4B,C, respectively). Over-
expression of Fz (dppGal4 > Fz) resulted in reorientation
of wing hairs away from the dpp expression domain;
this effect was very mild at 18°C (Fig. 4D) and was
strong at 25°C (Supplemental Fig. S4A; see also Jenny
et al. 2005; Wu et al. 2008). Coexpression of dAbl and
Fz (dppGal4 > Fz, dAbl) at 18°C resulted in a strong
enhancement of the dpp > Fz effect (Fig. 4E), indicating
a positive synergistic relationship between Fz-mediated
PCP signaling and dAbl function. Accordingly, expression
of dAbl-IR strongly suppressed the dpp > Fz wing hair
orientation phenotype (Supplemental Fig. S4, cf. direction
of arrows in A and B). In contrast, dAbl did not affect the
dpp > Fz2-mediated canonical Wg signaling phenotype
(Fig. 4F,G, note no change in the number of extra margin
bristles, as induced by increased Wg/Fz2 signaling in the
presence of dAbl; see Supplemental Fig. S5 for quantifica-
tion). Accordingly, mutant clones of dAbl2 in the wing did
not affect wing margin development, as seen by normal
expression of the Wg signaling target Senseless in mutant
cells (Fig. 4H–H0). This is consistent with phenotypic
analyses of embryos completely lacking both maternal
and zygotic dAbl, which show no canonical Wg signal-
ing-associated defects (Grevengoed et al. 2001). Taken
together, these data indicate that dAbl functions specifi-
cally to promote Fz/Dsh–PCP signaling and does not affect
canonical Wg signaling.

dAbl binds and phosphorylates Dsh

As our genetic data suggested that dAbl modulates Fz/Dsh–
PCP signaling, we wished to establish a mechanistic link
between dAbl and PCP pathway components. Abl family
kinases are nonreceptor tyrosine kinases that can phos-
phorylate multiple substrates. Thus, we tested whether
dAbl can physically bind and phosphorylate Dsh, which is

Figure 4. dAbl enhances Fz-mediated gain-of-function PCP
phenotypes, but not Fz2-mediated canonical Wg signaling
effects in the wing. All panels show adult wings oriented with
proximal toward left and anterior up. (A) Wild-type wing
highlighting the dpp expression domain; note the orientation
of cellular hairs from proximal to distal. (B) dppGal4 > UAS-

dAbl wing (18°C) does not show any effects. (C) dppGal4 > UAS-
dAbl wing (29°C) displays mild PCP defects, with cellular hairs
pointing slightly away from the dpp expression domain. (D)
dppGal4 > UAS-Fz wing (18°C) shows very mild PCP pheno-
types with cellular hairs pointing slightly away from the dpp
domain (posterior to the expression domain), indicated by black
arrows. (E) dppGal4 > UAS-Fz, UAS-dAbl wing (18°C) shows
a synergistic enhancement of the PCP phenotypes of Fz and
dAbl; note the markedly increased reorientation of wing hairs
flanking the dpp expression domain (examples highlighted by
black arrows). This effect suggests a positive relationship
between dAbl and Fz, both promoting Fz/PCP signaling. (F)
dppGal4 > UAS-Fz2 wing (25°C) showing ectopic margin
bristles within the dpp domain close to the source of Wg
(margin), reflecting a gain-of-function Wg signaling phenotype.
(G) dppGal4 > UAS-Fz2, UAS-dAbl wing (25°C); note that there
is no change in the number of ectopic margin bristles as com-
pared with F, suggesting that dAbl does not modulate canonical
Wg signaling activity. (H–H0) Confocal projections of dAbl2

clones in third instar wing discs (mutant tissue marked by
absence of LacZ; red in H,H9) stained for the Wg signaling target
gene senseless (anti-Sens; green in H,H0). Expression of senseless

remains unchanged inside the dAbl2 clones.
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a multidomain cytoplasmic protein with several conserved
tyrosine residues (Boutros and Mlodzik 1999; Wallingford
and Habas 2005). Although previous studies have identified
a host of serine/threonine kinases that can phosphorylate
Dsh to activate both the canonical and PCP pathways
(Willert et al. 1997; Sun et al. 2001; Cong et al. 2004; Klein
et al. 2006; Strutt et al. 2006), tyrosine phosphorylation of
Dsh (or its mammalian homologs, Dvl1–3) has not yet been
reported. To test for a potential physical interaction of dAbl
and Dsh and/or phosphorylation of Dsh by dAbl, we
cotransfected S2 cells with Dsh-Myc- and dAbl-HA-tagged
constructs. Immunoprecipitation of Dsh-Myc led to a spe-
cific pull-down of dAbl-HA, suggesting a physical interac-
tion between these proteins (Fig. 5A, cf. negative controls).
Furthermore, we also detected coimmunoprecipitation of
dAbl and Dsh when coexpressed in 293T cells (data not
shown). We next investigated whether dAbl can phosphor-
ylate Dsh. Immunoprecipitated Dsh-Myc was tyrosine
phosphorylated when dAbl was cotransfected (Fig. 5B, cf.
lanes 2 and 1), while coexpression of a kinase-dead mutant
of dAbl (dAbl-KD) did not lead to phosphorylation of Dsh.

To confirm the binding, and to define the region of Dsh
that interacts physically with dAbl, we performed gluta-
thione S-transferase (GST) pull-down assays. Dsh consists
of three conserved domains—DIX, PDZ, and DEP domains—
each with specific requirements in either canonical or
PCP signaling or both (Boutros and Mlodzik 1999; Wall-
ingford and Habas 2005). Purified GST-Dsh fragments
(Fig. 5C; Jenny et al. 2005) covering the distinct domains
of Dsh were tested for their binding capacity to pull down
in vitro translated dAbl. These experiments confirmed
the cell culture data that dAbl can bind Dsh (Fig. 5D, lane
4), and the main binding mapped to the Extd.PDZ region
comprising the proline-rich region C-terminal to the PDZ
domain and a stretch of basic and S/T residues N-terminal
to it (Fig. 5D [lane 7], C), while the PDZ domain alone did
not show any binding (Fig. 5D, lane 6).

We next used in vitro kinase assays to determine the
region of Dsh that is phosphorylated by dAbl. These
experiments revealed that the DEP/C-term fragment (Fig.
5E) was strongly phosphorylated by purified Abl kinase
(Fig. 5E [lane 5, GST-Crk, a known Abl substrate, was used
as a positive control], E [lane 6]). Of note, for the same level
of expression of the Extd.PDZ and DEP/C-term, the level
of phosphorylation was much higher with the DEP/C-term
fragment (Fig. 5E, cf. lanes 4 and 5). Using purified PDZ
and DEP domains of mouse Dvl1, the result was confirmed
and further narrowed down to the DEP domain proper
(Supplemental Fig. S6; data not shown). Significantly, the
DEP domain of Dsh has been implicated in the activation
of downstream Fz/PCP signaling events and PCP-specific
membrane recruitment of Dsh (Boutros et al. 1998; Wu
et al. 2008).

Tyr473 is essential for Dsh function in PCP signaling
and is phosphorylated by Abl

In the Dsh DEP/C-term region, there are three tyrosine
residues within the DEP domain (Fig. 6A, Tyr473 [red] and
Tyr474 [blue] are the two conserved tyrosines), and an

Figure 5. Abl binds Dsh and phosphorylates its C-terminal
region. (A) Coimmunoprecipitation of dAbl-HA tag and Dsh–
Myc tag. S2 cells were cotransfected with either Dsh-Myc or
dAbl-HA or both, and were immunoprecipitated with anti-Myc
to pull down Dsh. Coexpression of dAbl and Dsh is accompa-
nied by a coimmunoprecipitation of dAbl by Dsh, suggesting
that they form a complex. (B) dAbl phosphorylates Dsh in 293T
cells. Cells expressing Dsh-Myc along with dAbl-HA or dAbl-
KD-HA (kinase-dead version of dAbl) were immunoprecipitated
for Dsh and probed with phosphotyrosine antibody. (Top panel)
Expression of dAbl along with Dsh results in phosphorylation of
Dsh (shown in lane 2), while Dsh alone or Dsh with dAbl-KD
does not show tyrosine phosphorylation. The middle panel
shows the amount of Dsh protein pulled down in each lane,
while the bottom panel shows the expression of dAbl and dAbl-
KD. (C) Schematic representation of Dsh highlighting DIX,
PDZ, and DEP domains along with the basic region (B) and
proline-rich region (P). The various GST-tagged Dsh truncations
(covering all conserved domains) are indicated below the sche-
matic as black lines. (D) GST pull-down assays using purified
GST-Dsh truncations (see C) and in vitro translated dAbl kinase.
The top panel shows an autoradiograph image with full-length
Dsh and the Extd.PDZ fragment and DEP/C-term region of Dsh-
binding dAbl. Note that Dsh-Extd.PDZ shows a strong binding
to dAbl, while full-length and DEP/C-term Dsh show a weaker
binding. The other GST-Dsh fusion proteins did not bind,
serving as negative controls. The bottom panel shows a Coo-
massie-stained gel to reveal loading amounts. (E) In vitro kinase
assay with purified Abl and GST-Dsh truncations (as in C,D).
The top panel shows an autoradiograph of a kinase assay, where
full-length Dsh, Extd.PDZ, and DEP/C-term fragments show
tyrosine phosphorylation. (Right lane) GST-Crk was included as
a positive control. The bottom panel shows a Coomassie gel of
the various GST fusions as loading control.
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additional five Tyr residues in the adjacent C-terminal
sequences (Fig. 6D). We wished to determine whether any
of these tyrosines are physiologically important for Dsh
function in vivo. To this end, we generated Dsh trans-
genes using an endogenous dsh expression cassette that
was shown to rescue dsh-null mutant animals (Axelrod
2001). The equivalent dsh-DshGFP-wt transgene fully
rescued the dshv26-null allele (Fig. 6B; data not shown).
Similarly, most of the Tyr mutations tested fully rescued
the dshv26-null allele (e.g., dsh-DshGFP-Y474F or dsh-
DshGFPY525,528F) (Fig. 6D; data not shown). In contrast,
dsh-DshGFP-Y473F did not rescue the function of Dsh in
PCP signaling (Fig. 6C,D; data not shown), although it
maintained Dsh function for canonical Wnt signaling as
it rescued the null allele to viability (data not shown). As
such, DshY473F behaved very much like the PCP-spe-
cific dsh allele dsh1 (Boutros et al. 1998), highlighting the
importance of this residue in PCP signaling.

As stable membrane association of Dsh (in a Fz-de-
pendent manner) is a hallmark of PCP signaling (Axelrod

2001; Simons et al. 2009), we next tested whether Tyr473
can affect membrane localization of Dsh. Strikingly,
DshY473F showed a markedly reduced or even absent
membrane association during the critical stages of PCP
signaling; e.g., during pupal wing PCP establishment (Fig.
6, cf. F–F0 and wild-type Dsh in E–E0, of note, DshY473F is
as stable as DshWT, as judged by quantification of fluores-
cence in DshY473F vs. DshWT pupal wing cells [using
ImageJ software] or Western blot analyses; data not shown).
This effect is again very similar to the Dsh1 mutant protein
itself or other PCP-specific lesions in Dsh (Axelrod 2001;
Simons et al. 2009).

Having established that the Tyr473 is physiologically
important for Dsh function in PCP, we tested whether this
site is a preferential Abl target in Dsh. We performed in
vitro kinase assays by mutating Tyr473 within the DEP/
C-term protein fragment (established in Fig. 5E). Strik-
ingly, DEP-Y473F/C-term showed a marked reduction of
phosphorylation as compared with wt-DEP/C-term or the
other point mutations (Fig. 6G, see also quantification in

Figure 6. Tyr473 in the DEP domain is essential for Dsh
function in PCP signaling and is phosphorylated by Abl. (A)
Protein sequence alignment of Dsh DEP domain from Drosoph-

ila Dsh and three mammalian Dvls, showing two conserved
tyrosine residues (Tyr473 and Tyr474) within the DEP domain.
(B–D) Rescue assay using the dsh-DshGFP expression cassette in
a dsh-null background: (B) dshv26/Y; dsh-DshGFPWT/+ flies were
fully rescued and their eyes displayed wild-type PCP features.
Note that dsh-DshGFPWT fully rescued all aspects of the dshv26.
(C) dshv26/Y; dsh-DshGFPY473F/+: Note that, while dsh-

DshGFPY473F/+ rescued lethality (associated with canonical Wg
signaling), it did not rescue the PCP function of Dsh, displaying
classical PCP defects very similar to clones of dshv26 in the eye
(as shown here) and the wing (not shown). (D) Schematic
summary of dshv26/Y; dsh-DshGFPY-xxx-F rescues: Note that,
except for a DshY473F (and DshY473.474F), all other Tyr muta-
tions fully rescued lethality and PCP defects, behaving like Dsh-
WT. Conserved Tyr residues are marked in red. (E–F) DshY473F

affects PCP-specific membrane association of Dsh, as detected in
30 h APF (after puparium formation) pupal wing cells. (E–E0)
dshv26/Y; dsh-DshGFP/+ stained with anti-Fmi (red in E,E9) and
anti-GFP (DshGFP; green in E; grayscale in E0). Expression of dsh-
DshGFP completely rescued the dshv26/Y mutant and displayed
wild-type asymmetric membrane localization within the proxi-
mal–distal axis. (F–F0) dshv26/Y; dsh-DshGFPY473F/+ stained with
anti-Fmi (red in F ,F9) and anti-GFP (DshGFP; green in F; grayscale
in F0). (F,F0) Note the markedly reduced Dsh membrane associa-
tion, which is critical for Dsh function in PCP signaling. (G,G9) In
vitro kinase assay with purified Abl and DEP-Y473F/C-term
(shown in G). The top panel shows an autoradiograph of a kinase
assay, where DEP-Y473F/C-term shows reduced phosphorylation
as compared with wild-type DEP/C-term. The bottom panel
shows Coomassie staining of the same gel to reveal equal loading.
(G9) Quantification of the of DEP/C-term and DEP-Y473F/C-term
phosphorylation (ratio of DEP/C-term and DEP-Y473F/C-term
phosphorylated to the total amount of DEP/C-term and DEP-
Y473F/C-term loaded) by purified Abl kinase. Note the signif-
icant reduction in Abl phosphorylation with DEP-Y473F/
C-term as compared with wild-type DEP/C-term. Values shown
represent the average 6 SD (n = 3). (*) P < 0.01, DEP-Y473F/
C-term compared with the wild-type DEP/C-term.
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G9 showing reduction in phosphorylation on DEP-Y473F/
C-term as compared with wild-type DEP/C-term). Taken
together, these data establish that the Abl target site
Tyr473 is physiologically required for Dsh function in
PCP, and that the DshY473F mutant behaves like a PCP-
specific allele of dsh.

Mouse Abl family kinases affect Dvl phosphorylation
and its localization

To explore a conserved role for mammalian Abl kinases
in regulating Fz/Dsh–PCP signaling, we used MEFs.
There are three Dsh mouse homologs (Dvl1, Dvl2, and
Dvl3) (Wang et al. 2006), while there are two Abl family
members: mAbl1 and mAbl2 (also called Abl-related gene
or Arg) (Kruh et al. 1990). Intriguingly, Dvl2 knockout
mice share similar phenotypes with Abl�/�, Abl2�/�

double-mutant mice in that they both display neural tube
closure defects during early stages of development
(Koleske et al. 1998; Hamblet et al. 2002). Previous
studies have suggested that phosphorylation of Dvl pro-
teins can be resolved into two closely migrating bands
corresponding to different phosphorylation states (Fig.
7A, lane 1; Gonzalez-Sancho et al. 2004; Corbit et al.
2008). Abl1�/�, Abl2�/� double-mutant MEFs showed
markedly reduced phosphorylation of Dvl2 and Dvl3,
evident by the absence of the slower migrating band as
compared with wild-type MEFs (Fig. 7A,B, lane 2). These
data suggest that Dsh/Dvl protein phosphorylation by
Abl kinases is conserved.

Activation of Fz receptors by Wnts induces phosphor-
ylation of Dvl proteins (Willert et al. 1997; Sun et al. 2001;
Liu et al. 2005; Wallingford and Habas 2005). As Abl1�/�,
Abl2�/� double knockout MEFs showed reduced Dvl2/
Dvl3 phosphorylation, we tested whether this change in
phosphorylation is associated with a change in canonical
and/or PCP Wnt signaling. For canonical Wnt signaling,
two assays were used: (1) the levels of uncomplexed
b-catenin, and (2) TOP flash reporter activity. As
reported, stimulation with Wnt3a but not Wnt5a resulted
in increased uncomplexed b-catenin levels (Fig. 7C; Liu
et al. 2005) and TOP flash activity in wild-type MEFs (Fig.
7D). These Wnt3A-induced effects were not compro-
mised in the Abl1�/�, Abl2�/� knockout MEFs (Fig.
7C,D). Taken together, these results suggest that canon-
ical Wnt signaling remains largely unaffected in the
absence of Abl kinase activity, consistent with our data
from Drosophila, indicating that there is a specific re-
quirement for Abl in Dsh phosphorylation in PCP signal-
ing, but not in canonical Wnt signaling.

Membrane recruitment of Dsh is an important aspect
of both Wnt signaling pathways: canonical and PCP
(Axelrod 2001; Seifert and Mlodzik 2007). In particular,
in Fz/PCP signaling, Dsh is stably recruited to the
membrane and requires additional factors besides Fz for
this localization (Wu et al. 2008; Simons et al. 2009).
Thus, although there is no transcriptional reporter that
can be used as a faithful readout for PCP signaling, stable
membrane association of Dsh is a hallmark of PCP
signaling and can be used as a signaling readout for Dsh

(Wallingford and Habas 2005). As we detected a reduc-
tion in Dvl2 and Dvl3 phosphorylation in Abl1�/�,
Abl2�/� knockout MEFs, we hypothesized that this
might correlate with a change in subcellular localization
of endogenous Dvl proteins. Anti-Dvl2 staining in wild-
type MEFs revealed that a significant portion was associ-
ated with the plasma membrane (Fig. 7E–E0). Strikingly,
in Abl1�/�, Abl2�/� mutant MEFs, Dvl2 was localized
predominantly to cytoplasmic puncta rather than to
cell membranes (Fig. 7F–F0). These results suggest that
Abl kinase phosphorylation of Dvl proteins is required
for their stable membrane localization, providing mo-
lecular insight into how Abl may be regulating PCP
signaling.

Discussion

We provide evidence for a specific role of tyrosine
phosphorylation of Dsh by Abl family kinases in Fz/
Dsh–PCP signaling. We demonstrate that dAbl is required
for R3/R4 fate specification. dAbl interacts with fz and
dsh genetically in PCP signaling. Biochemical experi-
ments indicate that dAbl binds Dsh and phosphorylates
it on Tyr473 within the DEP domain, which has been
specifically implicated in PCP signaling and is largely
dispensable for canonical Wnt/Wg signaling (Boutros and
Mlodzik 1999; Wallingford and Habas 2005). Our data
further show that Abl kinases do not affect canonical Wnt
signaling in either Drosophila or MEFs. Taken together,
our data indicate that Abl family kinases positively
regulate PCP signaling by affecting Dsh/Dvl family
members via phosphorylation of Tyr473. Abl family
kinases appear to provide a molecular gating mechanism
to increase the capability of Dsh/Dvl proteins to signal
via the Fz/Dsh–PCP pathway (Fig. 7G, see model). Our
data suggest the possibility that this function of Abl
family kinases might be conserved from flies to mam-
mals, as similar effects were observed with mammalian
Abl and Dvl family members.

The role of Abl family kinases in PCP establishment

Most Abl studies in mammalian cell culture have fo-
cused on their role in tumor formation. Little is known
about Abl’s normal physiological roles during develop-
ment, except in the context of junctional stability and
cytoskeletal events (see above). Previous studies in the
Drosophila eye established that dAbl is expressed dynam-
ically in all photoreceptors, and dAbl mutant flies have
a rough eye phenotype with significant photoreceptor loss
(Henkemeyer et al. 1987). Its potential role in cell fate
specification has not been addressed. We performed a de-
tailed analysis of the dAbl eye phenotype in the context
of PCP establishment and R3/R4 specification, and dem-
onstrate that dAbl is required for specification of both
R3–R4 cells. Differential activation of Fz/PCP signaling
specifies R3 and leads to the activation of Notch signaling
in the neighboring R4 to induce its proper fate (Cooper and
Bray 1999; Fanto and Mlodzik 1999). Our data suggest
that dAbl is required in R3 for fate specification via its
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interaction with Dsh and positive input into Fz/PCP
signaling. This Abl function appears to be common to
Fz/PCP signaling in general, as Fz and dAbl also synergize
in PCP establishment in the wing. Moreover, dAbl phos-
phorylation of DshTyr473 is essential for Dsh PCP func-
tion in general. In vertebrates, Abl kinases affect Dvl
localization in MEFs, and Abl1�/�,Abl2�/� mice display
similar phenotypes as dvl1�/�,dvl2�/� mice, with severe
open neural tube defects in 9.5-d-post-coitum (dpc) em-
bryos (Koleske et al. 1998; Hamblet et al. 2002). The
requirement of dAbl in R4 specification remains obscure,
as Fz/PCP signaling is not required in R4 (Mlodzik 2002).
A likely explanation derives from studies of dAbl in
noncanonical Notch signaling (Giniger 1998), where dAbl
has been suggested to act downstream from Notch.
Although the role of Notch in the developing eye has

focused on canonical Su(H)-dependent Notch activity
(Tomlinson and Struhl 1999), it is quite likely that Abl
could modulate Notch signaling activity in R4. Further
work will be needed to explain the role of dAbl in R4 fate
specification and associated Notch signaling.

Dsh phosphorylation by Abl

As described above, Dsh contains three highly conserved
domains and a stretch of basic residues and several serine/
threonine-rich regions between the DIX and PDZ do-
mains, as well as a proline-rich region downstream from
the PDZ domain, which encodes a class I consensus
sequence for an SH3-binding protein. Many proteins that
have been shown to bind Dsh/Dvl bind to Dsh in the PDZ
domain. Abl binding, however, maps to the proline-rich

Figure 7. Mouse Abl kinases affect Dvl phosphoryla-
tion and its localization, without affecting canonical
Wnt signaling. (A,B) Western blot for mammalian Dvl2
(A) and Dvl3 (B) from wild-type and Abl1�, Abl2�

knockout MEFs. The mutant MEF’s show reduced
phosphorylation of both Dvls tested (right lanes) as
compared with wild-type MEFs (left lanes). g-Tubulin
serves as loading control. (C) Effects of Wnt3a and
Wnt5a on canonical Wnt signaling readouts in wild-
type and Abl�/�; Abl2�/� knockout MEFs. Wild-type or
Abl1�/�; Abl2�/� MEFs were treated for 3 h with
control, Wnt3a, or Wnt5a conditioned media, and the
amount of uncomplexed b-catenin was measured by
pull-down with GST-E-cadherin beads, followed by
immunoblot with anti-b-catenin antibody. (Top panel)
As control, the b-catenin levels in the total lysates are
shown. (D) Effects of Wnt3a and Wnt5a on b-catenin/
TCF reporter in wild-type and Abl�/�; Abl2�/� knock-
out MEFs. Cells were infected with either TOP-lucifer-
ase or FOP-luciferase lentiviruses and the renilla
lentivirus, as an internal control for infection efficiency.
The cells were replated and treated overnight with
control, Wnt3a, or Wnt5a conditioned media, and the
reporter activity was calculated by dividing the TOP/
renilla ratio by the FOP/renilla ratio. Values shown
represent the average 6 SD (n = 3) from a representative
experiment. (E–E0) Endogenous localization of Dvl2
(green in E,E9; grayscale in E0) in wild-type MEFs stained
with phalloidin (red, highlighting cell membranes) and
DAPI (blue, marking nuclei). Much of Dvl2 is localized
to the plasma membrane. (F–F0) Localization of endog-
enous Dvl2 (green in F,F9; grayscale in F0) in Abl�/�;

Abl2�/� MEFs stained as in E–E0. Note the loss of Dvl2
from membranes and the appearance of cytoplasmic
puncta staining of Dvl2. (G) Schematic of proposed
model where Abl phosphorylates Dsh, thereby ‘‘activat-
ing’’ it toward Fz/PCP signaling, while the canonical
Wnt pathway remains largely unaffected. As such, Abl
provides a gating mechanism to promote Dsh/PCP
signaling.
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region of Dsh just C-terminal to the PDZ domain, while
the PDZ domain alone showed no binding. Different Dsh
domain requirements are known for canonical and PCP
signaling (Boutros et al. 1998; Wallingford and Habas
2005). While the DIX domain functions exclusively in
canonical Wnt signaling (Kishida et al. 1999), the DEP
domain is required for PCP signaling and, in particular,
stable membrane association (Wu et al. 2008; Simons et al.
2009). Our results indicate that dAbl phosphorylates Dsh
at Tyr473 (and possibly other Tyr residues in the DEP/
C-term region). Phosphorylation of Dsh-Tyr473 is unique,
as dAbl is a tyrosine kinase and all previously analyzed
Dsh kinases have been serine/threonine kinases.

Abl in Fz/Dsh–PCP signaling vs. canonical
Wnt signaling

Wnt signaling is important in diverse physiological pro-
cesses and, when deregulated, often leads to disease states
(Clevers 2006; Simons and Mlodzik 2008). Studies in
model organisms have unraveled two conserved path-
ways, now referred to as canonical Wnt/Wg signaling and
Wnt–Fz/PCP signaling (additional signaling pathways or
branches are likely to exist) (Semenov et al. 2007). The
canonical Wnt signal is transduced via Fz family recep-
tors (along with the LRP5/6 coreceptors), leading to Dsh–
Axin complex formation, which in turn causes the
stabilization of cytoplasmic b-catenin and allows gene
transcription (Clevers 2006). InFz/PCP signaling, Dsh
is recruited to the membrane in an Axin- and LRP5/
6-independent manner and acts on different downstream
effectors, depending on the cellular context (Klein and
Mlodzik 2005). The mechanism of pathway-specific Dsh
‘‘activation’’ is poorly understood, and, similarly, the
question as to how the individual pathways are specifi-
cally activated at the level of either Fz or Dsh remains
unresolved. Our study highlights the importance of Abl
in the context of Fz/PCP signaling at the level of Dsh/Dvl.
At the level of both Abl mutants as well as the DshY473F
phosphorylation mutant, canonical Wnt/Wg signaling
remains unaffected, while PCP signaling is defective. As
the signal that activates dAbl in this context is not
known, it is possible that Abl acts in a permissive manner
in PCP signaling. In conclusion, our study provides
evidence for Dsh tyrosine phosphorylation and a role of
Abl in PCP signaling; further studies will be needed to
establish a full framework for the regulation of Abl in
PCP signaling and in the biology of Dsh.

Materials and methods

Drosophila stocks

Flies were grown at the indicated temperatures. The following
dAbl stocks were used: UAS-Abl and Df(3L)st-j7 (E. Giniger),
UAS-dAbl-IR(X) and UAS-dAbl-IR(III) (Vienna Drosophila
RNAi Center and Bloomington Stock Center), and dAbl1 and
dAbl2 (Bloomington Stock Center). Clonal and overexpression
studies of dAbl were performed using standard FLP/FRT and
GAL4/UAS techniques.

Immunofluorescence and histology

Third instar larvae were dissected in ice-cold PBS and fixed in 4%
paraformaldehyde for 20 min. After washing in PBT (0.1%
Triton), dissected discs were stained with rabbit anti-b-Gal
(Cappel), mouse anti-GFP (Molecular Probes), and rat anti-Elav
(Developmental Studies Hybridoma Bank [DSHB]) antibodies
followed by three washes in PBT, and were incubated with
secondary antibody for 2 h. Subsequently, discs were washed in
PBT and mounted in Vectashield (Vector Laboratories).

For adult eye sections, the eyes were prepared, fixed, embed-
ded, and sectioned as described (Gaengel and Mlodzik 2008). For
each genotype, three to six eyes were sectioned and at least
400 individual ommatidia were scored.

MEFs were grown in DMEM supplemented with 10% fetal
bovine serum and antibiotics. For immunofluorescence, MEFS
were gown in chamber slides (Nunc) and cells were fixed in 4%
paraformaldehyde. After washing in PBS, cells were incubated
with anti-mouse Dvl2 and Dvl3 antibodies (Santa Cruz Bio-
technology) overnight at 4°C followed by washes with PBS. Cells
were then incubated with secondary antibodies and Hoechst to
stain the nuclei for 2 h at room temperature, followed by washes
in PBS. Cells were mounted in Vectashield (Vector Laboratories).

Western blotting and coimmunoprecipitation

S2 and 293T cells were grown in Schneider medium and DMEM
(Gibco) using standard procedures. Coimmunoprecipitation ex-
periments were carried out as described previously: In brief, cells
were transfected with Dsh-Myc and/or Abl-HA or Abl-KD-HA
using Cellfectin (Invitrogen) for S2 cells or Fugene transfection
reagent for 293T cells (Roche), harvested after 48 h, and lysed
in ice-cold lysis buffer (50 mM Tris-HCl at pH 8.0, 150 mM
NaCl, 1 mM EDTA, 5 mM b-glycerophosphate, protease in-
hibitor cocktail [Roche], 1% Triton X-100). Lysed samples
were immunoprecipitated using mouse anti-Myc (Santa Cruz
Biotechnology). Western blots were carried out with immu-
noprecipitated samples using rabbit anti-HA (Sigma), mouse
anti-myc (Santa Cruz Biotechnology), or phosphotyrosine
(Millipore) antibodies.

GST pull-down and kinase assays

Purified GST-Dsh truncations, described previously (Jenny et al.
2005), were used for pull-down and in vitro kinase assays. For
GST pull-down assays, 1 mg of GST-Dsh proteins along with GST
beads were incubated with 5 mL of S35-labeled in vitro translated
dAbl (according to the manufacturer’s instructions; Promega) in
Buffer PD (50 mM Tris-HCl at pH 7.6, 150 mM KCl, 0.5% Triton
X-100, 1 mM DTT, protease inhibitor cocktail) for 60 min at 4°C.
Beads were washed three times in ice-cold buffer PD before
addition of sample buffer.

In vitro kinase assays were preformed using 1 mg of GST-Dsh
truncations incubated in 50 U of purified Abl kinase (New
England Biolabs) for 30 min (according to the manufacturer’s
instructions). Proteins were resolved on SDS PAGE followed by
autoradiography. GST-Crk (Cell Signaling Technology) was used
as a positive control.

Free b-catenin and lentiviral TCF reporter assays

Wild-type and Abl�/�; Abl2�/� MEFs were treated for 3 h with
control, Wnt3a, or Wnt5a conditioned media collected from L
cells (American Type Culture Collection [ATCC]; according to
ATCC protocols), and the amounts of uncomplexed b-catenin
were measured by the GST-E-cadherin-binding assay. Briefly,
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bacterially expressed GST-E-cadherin was bound to glutathione-
Sepharose beads (Amersham) and incubated with equal amount
of cell lysate. After pull-down, the samples were subjected to
Western analysis using monoclonal anti-b-catenin antibody (BD
Biosciences).

For lentiviral TCF reporter experiments, vectors containing
14 wild-type (MegaTop-LentiLuc) or mutant (MegaFop-LentiLuc)
TCF consensus elements driving firefly luciferase were used in
combination with a lentivirus containing renilla luciferase under
the PGK promoter. For lentivirus production, 293T cells were
cotransfected with the lentiviral vector and pCMV D8.91 and
pMD VSV-G plasmids (kindly provided by I. Weissman) using
Fugene 6 (Roche) according to the manufacturer’s instructions.
Two days after transfection, the conditioned media were col-
lected, supplemented with 8 mg/mL polybrene, and added for
overnight incubation to freshly plated cells for infection. Wild-
type and Abl�/�;Abl2�/� MEFs were infected with MegaTop-
LentiLuc or MegaFop-LentiLuc, together with 1/20 vol of renilla
luciferase virus for normalization. MEFs with stable integration
of the reporters were treated overnight with control, Wnt3a, or
Wnt5a conditioned media, and luciferase activity was measured
using the Dual-Luciferase Reporter Assay System (Promega).
Reporter activity was calculated by dividing the MegaTOP/
renilla ratio by the MegaFOP/renilla ratio.
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