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mediates Frizzled planar cell
polarity signaling
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Drosophila epithelia acquire a planar cell polarity (PCP)
orthogonal to their apical-basal axes. Frizzled (Fz) is the
receptor for the PCP signal, and Dishevelled (Dsh) trans-
duces the signal. Here, I demonstrate that unipolar relo-
calization of Dsh to the membrane is required to mediate
PCP, but not Wingless (Wg) signaling. Dsh membrane
localization reflects the activation of Fz/PCP signaling,
revealing that the initially symmetric signal evolves to
one that displays unipolar asymmetry, specifying the
cells’ ultimate polarity. This transition from symmetric
to asymmetric Dsh localization requires Dsh function,
and reflects an amplification process that generates a
steep intracellular activity gradient necessary to deter-
mine PCP.
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Cells secreting the adult cuticle of Drosophila produce
trichomes, or hairs; the planar cell polarity (PCP) signal
polarizes these hairs within the plane of the epithelium,
forming regular, parallel arrays (Shulman et al. 1998).
Frizzled (Fz) is the receptor for the PCP signal (Vinson
and Adler 1987; Vinson et al. 1989) and, in addition,
functions redundantly with Dfrizzled2 (DFz2) as a recep-
tor for Wingless (Wg) (Bhat 1998; Kennerdell and
Carthew 1998). Dishevelled (Dsh) is the most receptor-
proximal known component in both of these pathways
(Klingensmith et al. 1994; Noordermeer et al. 1994; Sieg-
fried et al. 1994; Thiesen et al. 1994). The readout of the
PCP pathway is an asymmetric organization of the cyto-
skeleton within the plane of the epithelium. In the wing,
Fz/PCP signaling directs the location of prehair assembly
to the distal vertex of each cell, resulting in a distally
oriented hair (Wong and Adler 1993).
The identity of the extracellular PCP signal is not

known, nor is it understood how the signal is distributed
(Shulman et al. 1998). Graded overexpression of Fz reori-
ents polarity, suggesting that differential Fz signaling
levels control PCP (Adler et al. 1997). However, a Wnt (or
other) PCP ligand has not been identified, and little is
known about how a presumptively asymmetric extracel-
lular signal is converted to a polarized subcellular re-
sponse. Control of Dsh subcellular localization has been

implicated in the regulation of various Wnt-mediated
signaling events (Steitz et al. 1996; Yang-Snyder et al.
1996; Axelrod et al. 1998; Miller et al. 1999; Rothbacher
et al. 2000; Torres and Nelson 2000; Umbhauer et al.
2000; Wallingford et al. 2000). A heterologous assay, in
frog animal caps, was used to demonstrate that Fz but
not DFz2 directs recruitment of Dsh to the membrane
(Axelrod et al. 1998). These, and additional genetic data,
led to the prediction that, in vivo, Dsh may localize to
the membrane as a response to Fz signaling through
the PCP, but not the �-catenin-dependent Wg pathway
(Axelrod et al. 1998). An asymmetric Fz/PCP signal
might therefore produce asymmetric localization of Dsh,
marking one side of the cell as the location for prehair
assembly. Furthermore, specificity between the polarity
and Wg signaling activities of Fz could be explained, at
least in part, by differential recruitment of Dsh to the
membrane.
Recently, asymmetric distribution of two PCP signal-

ing components has been reported. Flamingo (Fmi; also
known as Starry night; Chae et al. 1999), a seven-pass
transmembrane cadherin family member, has been pro-
posed to localize on both the proximal and distal ends of
wing cells (Usui et al. 1999), whereas Fz has been shown
to localize to the distal end of these cells (Strutt 2001).
Here, I show that translocation of Dsh from the cyto-
plasm to the cell cortex is required to mediate the PCP
signal. Furthermore, although Dsh localization is ini-
tially essentially symmetric, Dsh subsequently adopts a
unipolar asymmetry similar to that seen for Fz. Dsh lo-
calization to the membrane and Dsh function are neces-
sary to mediate this process, which reflects the activity
of a feedback amplification system also involving Fmi.

Results and Discussion

Dsh relocalizes from the cytoplasm to the cell cortex
and evolves from a nearly symmetric to an
asymmetric pattern

To investigate a possible role for Dsh membrane asso-
ciation during Fz/PCP signaling in vivo, I examined Dsh
subcellular localization during PCP signaling in the de-
veloping wing. Because I was unable to obtain satisfac-
tory results by using existing anti-Dsh antibodies, trans-
genes were produced that express a Dsh::green fluores-
cent protein (GFP) C-terminal fusion, driven by native
dsh regulatory sequences. One or two copies of these
transgenes rescue dshv26 null mutants to viability and
produce wild-type PCP (not shown), indicating that they
fully replace the function of endogenous Dsh in both Wg
and PCP signaling.
Previous work using temperature-sensitive alleles of

both fz and another PCP gene, inturned, has suggested
that signaling is active after puparium formation (apf),
and culminates just before the initiation of prehair mor-
phogenesis (32–34 h apf) (Adler et al. 1994a; Adler et al.
1994b). In wings, a dynamic pattern of subcellular local-
ization of tagged Dsh protein was observed during this
period. Consistent with published reports, Dsh is ob-
served predominantly in the cytoplasm of embryonic
epidermis (not shown) and third-instar wing discs (Fig.
1a). Some weak, perimembranous enrichment of Dsh is
observed in apicolateral regions throughout third-instar
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wing development (Fig. 1b, and not shown). This com-
ponent of the pattern is stable in formaldehyde fixation,
but significantly diminished in methanol fixation (and is
fz independent; see following). However, at or shortly
after the white prepupal stage, Dsh strongly associates
with the membrane, accumulating in an apical circum-
ferential ring, with an apparent simultaneous decrease in
cytoplasmic levels (Fig. 1c). This pattern is stable in both
formaldehyde and methanol fixation. Through 18 h apf,
the ring is approximately symmetric; however, by 24 h
apf (not shown), and most pronounced by 30 h apf, Dsh is
seen to accumulate preferentially at proximal–distal
boundaries, and is depleted at anterior–posterior bound-
aries (Fig. 1d). Viewed en face, this produces a pattern of
parallel zigzags similar to that seen for Fmi (Usui et al.
1999) and Fz (Strutt 2001). By 32–34 h apf, Dsh is often
seen in discrete patches that appear to be at the distal
surface of each cell, corresponding to the site of nascent
actin-rich prehair emergence (Fig. 1e–g). In a wild-type

wing, clones of cells lacking the tagged transgene reveal
that Dsh does indeed accumulate solely at the distal edge
(Fig. 1i–j). Dsh subcellular localization therefore evolves
into a pattern showing unipolar asymmetry within the
plane of the epithelium, prefiguring the distal position of
prehair assembly. The unipolar distribution of the PCP
effector protein Dsh reflects the proximal–distal polarity
vector, and strongly suggests that its distal localization
is required to determine PCP.

Membrane association of Dsh is required
for PCP signaling

To demonstrate the importance of Dsh membrane local-
ization for Fz/PCP signaling, I enlisted the dsh1 allele.
Dsh1 is specifically compromised in its ability to trans-
duce the PCP, but not the Wg signal (Perrimon and Ma-
howald 1987). The lesion in dsh1 maps to its DEP do-
main, which was required for its membrane localization
in the frog animal cap assay (Axelrod et al. 1998). A
dsh1::GFP fusion, otherwise identical to the wild-type
construct, rescues dsh null mutant flies to viability, and
the flies exhibit the dsh1mutant phenotype (not shown).
In the absence of wild-type Dsh (in either a dsh1 or a
dshv26 null mutant background), apical membrane asso-
ciation of Dsh1::GFP was severely reduced, and the Dsh1

protein instead remained almost entirely in the cyto-
plasm throughout pupal development (Fig. 1h, and data
not shown). Therefore, introducing a lesion into Dsh
blocks its localization to the membrane in vivo and its
ability to signal. Similarly, in the presence of wild-type
Dsh, Dsh1::GFP remains in the cytoplasm (not shown).
Because wild-type Dsh does not induce the relocali-
zation of Dsh1::GFP, it is unlikely that Dsh acts as a
multimer during PCP signaling.

Codependence of Dsh and Fmi

The pattern of Dsh localization observed in pupal wings
is reminiscent of that for Fmi, a seven-pass transmem-
brane cadherin required for PCP signaling (Usui et al.
1999). By 30 h apf, both are seen at the proximal–distal
boundaries, though Dsh is strictly distal, whereas Fmi
was proposed to be at both proximal and distal edges
(Usui et al. 1999). Double labeling for Fmi and Dsh re-
veals significant colocalization in 30-h apf pupal wings,
each demonstrating a zigzag pattern (Fig. 2a–c). How-
ever, at later times, the Dsh asymmetry persists (Fig.
1e–g), whereas the Fmi asymmetry decays (Usui et al.
1999). Transverse sections taken in wing-edge cells indi-
cate that both are located at the most apical region of
cell–cell contact, and that low levels of Dsh are also seen
throughout the cytoplasm (Fig. 2d–f). Fmi localization
was previously shown to depend on both Fz and Dsh, but
not on Multiple wing hairs (Mwh), suggesting that Fmi
functions downstream of Dsh (Usui et al. 1999). To study
this relationship further, I examined Dsh localization in
fmi mutant wings. At 30 h apf, little Dsh is associated
with the membrane in fmi mutant wings (Fig. 2i). This
reveals a reciprocal dependence between Dsh and Fmi for
persistent membrane association, and suggests that Fmi
does not simply function downstream of Dsh.
Recently, Fz and Fmi were shown to colocalize at

proximal–distal boundaries at 30 h apf (Strutt 2001). Fur-
thermore, the asymmetric pattern of Fz localization de-

Figure 1. Subcellular localization of Dishevelled (Dsh). In panels c
to j, proximal is left, distal is right. (a) Localization of Dsh::green
fluorescent protein (GFP) in late third-instar subapical section. (b)
Late third-instar apical section (including the dorsal-ventral bound-
ary). A similar result was observed in fzR52 mutant wing discs (not
shown, but see Fig. 3c). (c) Two-hours after-puparium-formation
(apf) apical sections. (d) Thirty-hour apf apical sections. (e) Thirty-
four-hour apf apical section. (e–g) Double label of 34-h apf wing with
Dsh::GFP (e), phalloidin (actin, f), and overlay (g) (Dsh::GFP, green;
phalloidin, red). In panels a to g, the Dsh::GFP transgene was ex-
pressed in a dshv26 null mutant background. The result was identi-
cal when expressed in a wild-type background (not shown). (h)
Dsh1::GFP subcellular localization in a dsh1 mutant background at
30 h apf. The dsh1 allele carries a point mutation in the DEP do-
main, and is a strong allele for Frizzled (Fz)/planar cell polarity (PCP)
signaling (Perrimon and Mahowald 1987; Axelrod et al. 1998). Simi-
lar results were obtained in dshv26 null and in wild-type back-
grounds (not shown). (i–j) Clones of cells lacking the Dsh::GFP
transgene in 30-h apf wings appear as holes in the GFP pattern, and
were also marked with anti-�gal (not shown). All cells express en-
dogenous dsh+, and thus are genetically wild type. Note that in cells
abutting the clones, Dsh::GFP accumulates at the distal edges (yel-
low arrowheads), but not at the proximal edges (red arrowheads).
Twinspots of the clones have two copies of Dsh::GFP and show
enhanced fluorescence compared with heterozygous tissue. Panels a
to h are of the same magnification.
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pends on Fmi, whereas the asymmetric pattern of Fmi
localization depends on Fz (Usui et al. 1999). Taken to-
gether, these data are consistent with the possibility that
Fz, Dsh, and Fmi function together, perhaps in a com-
plex, during PCP signaling, with both Fz and Dsh local-
izing to the distal edge, and Fmi apparently localizing to
both the proximal and distal edges of the cell. A mutual
dependence for asymmetric localization exists between
these three proteins.

Membrane localization of Dsh and asymmetry of Dsh
require Fz function

I next asked whether Dsh localization depends on up-
stream signaling through the Fz/PCP pathway by exam-
ining Dsh localization in a fz mutant background. In a
fzR52 null mutant, Dsh fails to accumulate at the mem-
brane at 30 h apf (Fig. 3b). At 2 h apf, only the weak,
perimembranous, methanol-sensitive enrichment of
Dsh, reminiscent of that seen in wild-type third-instar
discs, remains (compare Figs. 3c, 1a). Absence of mem-
brane-associated Dsh from around 2 h apf through 30 h
apf indicates that both the earlier, symmetric phase of
Dsh-membrane association, as well as the late, asym-
metric phase, are Fz dependent. Nearly identical results
were obtained with the fzJ22 missense allele (Fig. 3d).
fzJ22 produces a normal amount of protein that migrates
normally on SDS gels, yet fails to signal (Jones et al.
1996). Therefore, Dsh-membrane association depends
not simply on the presence of Fz protein, but also on its
ability to signal. Disrupting the ability to localize Dsh to
the membrane, either by mutating Dsh (dsh1) or by

blocking Fz function (fzR52 or fzJ22), produces a mutant
PCP phenotype. Dsh-membrane association is therefore
necessary to transduce the polarity signal.
To determine whether Fz signaling is sufficient to pro-

duce the asymmetric localization of Dsh, I examined its
localization in a Fz expression gradient that alters the
polarity pattern on the wing. Consistent with previous
demonstrations, graded expression of ectopic Fz in the
dpp (Fig. 3e,f) or dll (not shown) expression domains re-
orients hairs from high to low levels of Fz expression. In
these wings, asymmetric Dsh localization realigns ac-
cording to the Fz gradient (Fig. 3f–h). Therefore, both the
membrane localization of Dsh and its asymmetry are
dependent on signaling through Fz. In contrast, Dsh lo-

Figure 3. Frizzled (Fz) loss and gain of function alters Dishevelled
(Dsh) localization. In a to f, proximal is left, distal is right. Dsh
localization in 30-h after-puparium-formation (apf) wild type (a),
fzR52 (b), and fzJ22 (d) mutant wings, and in a 2-h apf fzR52 mutant
wing (c). (e) Ectopic Fz overexpressed in a gradient in the dpp domain
produces hairs pointing down the Fz gradient. The arrow points
from high toward low ectopic Fz expression. (f) In an equivalent
region of a 30-h apf pupal wing in which dpp-GAL4 drives both
UAS-fz and UAS-lacZ (red), the ectopic Fz gradient is visualized
(anti-�gal, red) along with a reorganized Dsh::green fluorescent pro-
tein (GFP) pattern (green). (g) A 30-h pupal wing from a region
equivalent to that in e, showing only the reorganized Dsh::GFP lo-
calization. (h) Enlarged view of the region marked by the box in g.
Note that Dsh::GFP accumulates in a zigzag pattern that is perpen-
dicular to the pattern of hairs in this region (green arrowheads; com-
pare with a) and includes anterior–posterior boundaries (yellow ar-
rowheads). (i) A Western blot of wild-type (WT), fzR52, and dsh1

pupal wings, probed with anti-Dsh. The slower migrating isoform
seen in WT corresponds to a previously identified hyperphosphory-
lated form (Yanagawa et al. 1995) and is severely reduced in the
mutants. Equal loading between lanes was assured by Ponceau
staining before hybridization (not shown).

Figure 2. Relationship of Dishevelled (Dsh)::green fluorescent pro-
tein (GFP) and Flamingo (Fmi) localization. (a–e) A 30-h after pu-
parium formation (apf) pupal wing showing Dsh::GFP (a), Fmi (b),
and the overlay of Dsh::GFP (green) and Fmi (red) (c). (d–f) Tangential
section of a double-labeled wing taken through edge cells: Dsh::GFP
(d), Fmi (e), overlay, as in c (f). Much of the Dsh colocalizes with
Fmi, and some remains in the cytoplasm. (g) Dsh::GFP does not
show significant association with the membrane in a 30-h apf fmi45/
fmi59 mutant wing.
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calization is normal in a mwh mutant (not shown), con-
sistent with previous arguments placing Dsh upstream
of Mwh in the polarity signaling pathway.

PCP signaling activity is required to generate
unipolar asymmetry

I next investigated the mechanism of the transition from
a nearly symmetric to an asymmetric pattern of Dsh
localization. Several maneuvers to interfere with Dsh
function were performed, and the effect on Dsh localiza-
tion assayed. I first tested how expression of two domi-
nant negative, truncated Dsh constructs might modify
the localization of full-length (tagged) Dsh. Expression of
a form containing the DEP domain, but lacking the PDZ
domain [Dsh(�bPDZ); Axelrod et al. 1998] produces a
polarity defect (Fig. 4a; Axelrod et al. 1998), and in pupal

wings, causes a failure of Dsh::GFP to localize to the
membrane (Fig. 4d). Similar results were obtained by ex-
pressing Dsh(DEP+), a form containing only the DEP
domain (not shown). It is likely that the DEP domain in
the truncated proteins competes with the DEP domain
in Dsh::GFP (and presumably with endogenous Dsh) for
membrane docking, preventing its localization. Consis-
tent with the loss of membrane localization and the po-
larity defect seen in dsh1 and fz mutants, this result in-
dicates that membrane association is necessary for PCP
signaling.
In contrast, expression of Dsh(�DEP+), a (weaker)

dominant negative construct lacking the DEP domain,
also blocks polarity signaling (Fig. 4b; Axelrod et al.
1998), but in this case, Dsh::GFP (and presumably endog-
enous Dsh) retains its ability to localize to the mem-
brane (Fig 4e). In these wings, the pattern of membrane-
localized Dsh no longer displays the vertically oriented
zigzags seen in the wild type. This result indicates that
membrane association of Dsh, although necessary, is not
sufficient for PCP signaling, and that the orientation of
asymmetry is important for PCP signaling.
Finally, I took advantage of the observation that the

Naked cuticle (Nkd) protein is known to bind the Dsh
PDZ domain (Rousset et al. 2001). Nkd is thought not to
play a role in PCP signaling. However, Nkd overexpres-
sion produces a PCP phenotype by binding Dsh and in-
terfering with its ability to function in the PCP pathway
(Rousset et al. 2001). Dsh localizes to the membrane
throughout wings overexpressing Nkd in the posterior
compartment (Fig. 4f). However, the transition from
symmetric to asymmetric Dsh localization is abolished
posteriorly (compare Fig. 4g,h). Whereas in the anterior,
wild-type portion of the wing (Fig. 4f,g) Dsh accumula-
tion is enriched along the proximal–distal boundaries
and diminished at the anterior–posterior boundaries, in
the posterior region where Nkd is overexpressed, Dsh
accumulation is essentially symmetric around the cell
periphery (Fig. 4f,h). Therefore, by binding Dsh, Nkd in-
terferes with Dsh function, resulting in a loss of Dsh
subcellular asymmetry, and producing an adult PCP phe-
notype. Furthermore, because specifically interfering
with the ability of Dsh to signal blocks the acquisition of
asymmetry, Dsh asymmetry does not simply result from
passively colocalizing with asymmetrically distributed
Fz (Strutt 2001). Rather, one can infer that Dsh function
is required for generation of asymmetry, indicating that
a feedback loop contributes to asymmetry.

Dsh membrane localization is associated
with phosphorylation

Dsh may translocate to the membrane from an existing
pool, or may be stabilized at the membrane, increasing
the total cellular Dsh content. Furthermore, Dsh is a
phosphoprotein (Yanagawa et al. 1995), and its phos-
phorylation state is potentially regulated during PCP sig-
naling. Western blot analysis was therefore used to ex-
amine Dsh protein levels and phosphorylation state in
pupal discs during PCP signaling. No significant differ-
ence in total Dsh levels was observed in wild type, fzR52,
or dsh1 wings, indicating that membrane association
represents a shift in Dsh localization from the cytoplas-
mic to the membrane compartment (Fig. 3i). However,
more than half of the Dsh protein in wild type is in a
hyperphosphorylated form, whereas very little of this

Figure 4. Loss of Dishevelled (Dsh) membrane localization or
asymmetry blocks polarity signaling. In all panels, proximal is left,
distal is right. Dominant negative planar cell polarity phenotypes
result from expression of Dsh(�bPDZ) (a) or Dsh(�DEP+) (b) in the
patched expression domain. (c) Anterior (internal control) region of
a 30-h after-puparium-formation wing in which patched-GAL4
drives expression of Dsh(�bPDZ), showing wild-type Dsh::green
fluorescent protein (GFP) localization. (d) In the patched expression
domain of the same wing, Dsh::GFP membrane association is lost.
(e) Dsh::GFP pattern in the patched expression domain of a wing
expressing Dsh(�DEP+). Note that the enrichment of Dsh::GFP at
proximal–distal boundaries is diminished, and the pattern is more
nearly symmetric. (f) Dsh::GFP at the anterior–posterior compart-
ment boundary of a wing overexpressing Naked cuticle (Nkd) in the
posterior, engrailed domain. High magnification of a portion of the
anterior, wild-type domain (g) and the posterior domain overexpress-
ing Nkd (h). Note the wild-type, zigzag pattern in the anterior, and
the nearly complete loss of asymmetry in the posterior. In the pos-
terior, Dsh is no longer enriched at the proximal–distal boundaries
(compare darker arrowheads) and no longer suppressed at the ante-
rior–posterior boundaries (compare lighter arrowheads).
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form exists in fzR52 or dsh1 mutants. The PCP signal
therefore results in phosphorylation of Dsh, and phos-
phorylation correlates with membrane localization, sug-
gesting it is either required for, or is a response to, local-
ization. This result is consistent with studies in Xenopus
showing that XDsh phosphorylation and membrane as-
sociation correlate with activity in convergent exten-
sion, a process homologous to PCP signaling, but not
axis duplication, a �-catenin mediated process (Roth-
bacher et al. 2000; Tada and Smith 2000; Wallingford et
al. 2000).

Fz signaling specificity in PCP and Wg signaling

Although both Fz and DFz2 transduce the Wg signal,
only Fz can serve as a receptor for PCP signaling. Analy-
sis of chimeras points to structural differences distal to
the ligand binding domains as responsible for this differ-
ence (Boutros et al. 2000; Rulifson et al. 2000). However,
the question of how Fz specifically transduces two dis-
tinct signals, both of which require Dsh function, still
remains. Our previous work, using the frog animal cap
assay, showed that Fz but not DFz2 could recruit Dsh to
the membrane, suggesting that this difference may ac-
count for the unique ability of Fz to function in PCP
signaling (Axelrod et al. 1998). However, others did not
confirm this observation (Boutros et al. 2000). Here, this
issue is addressed directly. During late third instar, Wg
signals through both Fz and DFz2 to establish the pro-
neural clusters that give rise to bristles near the D/V
boundary of the wing (Phillips and Whittle 1993). How-
ever, no accumulation of Dsh is observed at membranes
near the D/V boundary of third-instar wing discs (Fig.
1b). Furthermore, Dsh is not observed at membranes in
embryos, nor in wing discs throughout third instar. Dur-
ing early pupal stages, when Dsh shows the earliest Fz-
dependent membrane localization, no difference is ob-
served between cells close to Wg expressing cells and
those at greater distances (not shown). Recruitment of
Dsh to the membrane is therefore a specific response to
the Fz/PCP signal, and does not result from the Wg sig-
naling activity of either Fz or DFz2.

Implications

The results presented here provide new insights into sev-
eral key features of PCP signaling. Dsh localization is an
early molecular marker of the proximal–distal polarity
vector, and its unipolar redistribution to the distal end of
the cell precedes and directs prehair assembly to the dis-
tal vertex. Furthermore, Dsh localization reflects the ac-
tivation of Fz, in effect acting as a biosensor. The early,
essentially symmetric pattern of Dsh membrane local-
ization indicates that Fz signaling begins with undetect-
able asymmetry. The subsequent, gradual evolution of
Dsh localization ultimately produces a pattern display-
ing unipolar asymmetry. Indeed, Fz has recently been
shown to adopt distal localization similar to that of Dsh
(Strutt 2001). Acquisition of the Dsh pattern could sim-
ply reflect the passive association of Dsh with Fz, which
has been proposed to adopt this localization through a
mechanism such as receptor clustering (Strutt 2001).
However, Dsh is not a passive player in this process,
because not only is its localization to the membrane re-
quired, but its ability to productively transduce signal is
also necessary to generate asymmetry. This implies that

a feedback mechanism is required to generate the steep
intracellular gradient of Dsh localization seen by 30 h
apf. The mutual requirement for Fmi, Dsh, and Fz for
proper localization suggests that these three (and perhaps
other) components function together in this process. Fi-
nally, because interfering with the generation of asym-
metry by Dsh(�DEP+) expression or Nkd overexpression
blocks polarity signaling, asymmetric cortical localiza-
tion of Dsh, Fz, and Fmi (and perhaps other components)
must determine the location of prehair assembly.
Cytosolic regulator of adenylyl cyclase (CRAC), a sig-

nal transducer in chemotaxing Dictyostelium cells (Par-
ent et al. 1998), and the PH-domain protein AKT in che-
motaxing neutrophils (Servant et al. 2000), both use feed-
back amplification to produce a steep intracellular
gradient in response to a shallow gradient of extracellu-
lar signal. I propose that a shallow extracellular gradient,
perhaps of a Wnt protein, initiates a slightly asymmetric
PCP signal. This slight asymmetry is too subtle to detect
by using the Dsh localization assay. Feedback then am-
plifies the asymmetry, resulting in the unipolar localiza-
tion of Dsh and Fz, thereby determining the subcellular
location for prehair assembly.

Materials and methods
Construction of GFP-tagged Dsh or Dsh1 transgenes
A 6.7-kb genomic fragment carrying dsh or dsh1 was modified by inser-
tion of DNA-encoding-enhanced GFP at the 3� end of the dsh-coding
region (details available on request). Transgenic lines with insertions on
the second and third chromosomes were created by standard methods.

Detection of Dsh::GFP
White prepupae were collected and aged at 25°C. At the appropriate time,
heads were removed and the remainder subjected to fixation, either in
PBS containing 4% formaldehyde and 0.2% tween-20 at 20°C for 20–30
min, or in 100% methanol at −20°C for 30 min. Wings were then dis-
sected, and mounted in Vectashield (Vector Laboratories) for confocal
microscopy, or immunostained for �-gal or Fmi (Usui et al. 1999) before
mounting. Larval and early (2-h apf) pupal wing discs were treated simi-
larly, except that formaldehyde fixation was done for 10 min.

Fmi mutant wings
Fmi mutant wings expressing Dsh::GFP were of the genotype fmiE45

GAL4–1407 / fmiE59; dsh::GFPIII / UAS-fmi. GAL4–1407; UAS-fmi
drives fmi expression in the CNS, rescuing lethality, but not in the
imaginal discs, thereby allowing development of mutant wing tissue
(Usui et al. 1999). Wings in these animals are likely to be null for fmi,
because no detectable expression of UAS–GFP can be detected from the
neuron-specific GAL4–1407 driver.

Clonal analysis
Dsh::GFPII was recombined onto a second chromosome carrying
FRTG13. Flies of the genotype hs-FLP / +; FRTG13, dsh::GFPII / FRTG13,
arm-lacZ were heat shocked at 37°C for 2 h in late third instar to induce
clones. Pupal wings were prepared as described earlier, and stained for
�gal. Clones lacking Dsh::GFP expressed two copies of �gal.

Western blot
Wings, legs, and a small portion of the body wall of 30-h pupae were
dissected and ground in reducing SDS gel loading buffer containing pro-
tease inhibitors, boiled for 5 min, and pelleted, and the supernatant was
subjected to electrophoresis and blotting. The blot was probed with a
rabbit anti-Dsh antibody (Nusse).

Other genotypes
Other genotypes were as follows:
y w dsh1; dsh1::GFPII / +
dsh::GFPII / +; dpp-GAL4 UAS-fz / +
dsh::GFPII / UAS-lacZ; dpp-GAL4 UAS-fz / +
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dsh::GFPII / +; fzR52 / fzR52 or fzJ22 / fzJ22

dsh::GFPII / +; mwh3 / mwh1

ptc-GAL4 / UAS-Dsh(�bPDZ); dsh::GFPIII

ptc-GAL4 / UAS-Dsh(�DEP+); dsh::GFPIII

en-GAL4 / UAS-nkd 3–2; dsh::GFPIII
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