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Summary

It was recently suggested that a proximal to distal gradient phenotypes suggest that the gradient ofls expression
of the protocadherin Dachsous (Ds) acts as a cue for planar is necessary for correct PCP throughout the wing.
cell polarity (PCP) in the Drosophila wing, orienting Surprisingly, this is not the case. Uniform levels ofisdrive
cell-cell interactions by inhibiting the activity of the  normally oriented PCP and, in all but the most proximal
protocadherin Fat (Ft). This Ft-Ds signaling model is based regions of the wing, uniformdsrescues theds mutant PCP
on mutant loss-of-function phenotypes, leaving open the phenotype. Nor are distal PCP defects increased by the loss
question of whether Ds is instructive or permissive for PCP. of spatial information from the distally expressedfour-
We developed tools for misexpressindsand ft in vitro and jointed (fj) gene, which encodes putative modulator of Ft-
in vivo, and have used these to test aspects of the model.Ds signaling. Thus, while our results support the existence
First, this model predicts that Ds and Ft can bind. We show of Ft-Ds binding and show that it is sufficient to alter PCP,
that Ft and Ds mediate preferentially heterophilic cell dsexpression is permissive or redundant with other PCP
adhesion in vitro, and that each stabilizes the other on the cues in much of the wing.

cell surface. Second, the model predicts that artificial

gradients of Ds are sufficient to reorient PCP in the wing;

our data confirms this prediction. Finally, loss-of-function  Key words: Adhesion, Cadherin, Frizzl€osophila

Introduction from cell to cell via the Frizzled (Fz) PCP pathway, using the

The fat (ft) and dachsous(ds genes inDrosophila encode ‘core’ planar polarity proteins (I_:|g_. 1E) (Tree et al., 2002).
large, cadherin-related proteins (Clark et al., 1995; Mahonegrom_ 18-30 hours after pupariation (AP), the core planar
et al., 1991). These proteins differ from classic cadherins i olarity proteins are redistributed to the prqual [Prlqkle (PK),
several respects (reviewed by Tepass et al., 2000). Ft and J&" Gogh (Vang, also known as Strabismus)], distal [Fz,
have unusually large numbers of extracellular cadherin repedgishevelled (Dsh)], or proximal and distal [Flamingo (Fmi),
(34 and 27, respectively). Ft also contains five EGF and twdlso known as Starry night] faqes of individual cells (Axelrod,
laminin-A globular-like domains. Their cytoplasmic domains2001; Bastock et al., 2003; Shimada et al., 2001; Strutt, 2001;
also differ markedly from those of classic cadherins, althoughree et al., 2002; Usui et al., 1999). This redistribution requires
there are some limited similarities to fheatenin binding sites Mutual interactions between these proteins, both within and
in classic cadherins (Clark et al., 1995). Unlike classidetween cells. The interaction between cells is thought to
cadherins, Ft and Ds are concentrated apcial to but not with@nsure that neighboring cells have a similar polarization.
the adherens junctions (Ma et al., 2003). Ft and Ds are requiredHowever, these cell-cell interactions must be oriented in
for several processes durin@prosophila development, some fashion. It was recently proposed that this orienting cue
including the regulation of growth and the proximodistalor bias is provided by Ds and Ft (Ma et al., 2003; Yang et al.,
patterning of appendages (Bryant et al., 1988; Buratovich an2f02). Ft is uniformly expressed in the wing blade (Garoia et
Bryant, 1997; Clark et al., 1995; Garoia et al., 2000). They als@l., 2000; Ma et al., 2003), and thus is unlikely to provide any
are required for the correct orientation of planar cell polarityolarity information on its own. Ds, by contrast, is expressed
(PCP) in the eye, wing and abdomen (Adler et al., 1998; Casat higher levels in the proximal wing, and thus it has been
et al., 2002; Ma et al., 2003; Rawls et al., 2002; Strutt angroposed that a proximal to distal gradient of Ds provides the
Strutt, 2002; Yang et al., 2002). polarity cue for much or all of the wing (Ma et al., 2003)
In PCP, cells of an epithelial sheet are polarizedreviewed in Fanto and McNeill, 2004). Although it is difficult
perpendicular to the apical-basal axis (Adler, 2002; Eatortp detect more than low levels of uniform of Ds in the distal
2003; Fanto and McNeill, 2004; Strutt, 2003; Uemura andving at 5 hours AP (Strutt and Strutt, 2002) (Fig. 1A-C), by
Shimada, 2003). In thBrosophilawing, the hairs produced 17 hours AP strong Ds expression extends into the distal wing
by each epithelial cell normally point distally (see Fig. 3A). In(see Fig. 6H), forming a proximal to distal gradient down the
one view, PCP in the wing relies in part upon signals passemknter of the wing by 26 hours AP (Fig. 1D) (see also Ma et
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al., 2003). Loss oft or dsresults in PCP defects throughout mutant PCP phenotype. This is true even in the absence of any
most of the wing, the redistribution of Fmi and Dsh to theputative redundant information from Fj. Thus, other unknown
wrong faces of cells, and the propagation of errors in Fzues are sufficient to orient PCP in absence of information
signaling for longer distances (Adler et al., 1998; Ma et al.from the pattern ofls transcription.
2003; Strutt and Strutt, 2002). We have also used misexpression to test the timing of Ds

According to one view, Ft and Ds act, not as adhesioactivity in PCP, by analyzing whether Ds acts during the stages
molecules, but as receptor (Ft) and ligand (Ds). Because clonetien the core polarity proteins are being redistributed, or
lacking Ft or Ds function have opposite effects on thewhether it acts during an earlier, recently identified period of
orientation of hairs in neighboring wild-type cells, it wasFz activity (Strutt and Strutt, 2002). If the lossfofs limited
hypothesized that Ds inhibits Ft, creating an opposing distal tm this early period, distinct PCP defects are produced that are
proximal gradient of Ft activity (Fig. 1E) (Ma et al., 2003), similar to those observed ils mutants, but differ from the
similar to what is proposed in the eye (Yang et al., 2002)ypical PCP defects observed finmutants. Because of this
Examination of protein distribution in loss-of-function clonessimilarity in phenotypes, it was suggested that Ds acts during
suggests that Ft and Ds interact either directly or indirectly ithis early period (Eaton, 2003; Strutt and Strutt, 2002). Our
the wing, which is suggestive of a receptor-ligand relationshigata supports this hypothesis.
(Ma et al., 2003; Strutt and Strutt, 2002) (see below). Although Finally, we show that Ft misexpression is sufficient to drive
Ft activity is as yet hypothetical, the intracellular domain of FPCP in an orientation opposite that that caused by Ds, and that
can bind to thédrosophilahomolog of mammalian Atrophin the activity of ectopic Ft depends partly, but not wholly, on the
(encoded bygrunge; the similarity betweeilft- andgrunger  presence of Ds and Fj.
PCP phenotypes suggests that Grunge may have a role in
mediating some or z_all of the activity_of Ft (Fantp et al., 2003)Materials and methods

Another mechanism for regulating Ft activity may be }
provided by the distally expressed Four-jointed (Fj) proteirf!y strains
(Fig. 1B,C,E) (Brodsky and Steller, 1996; Villano and Katz,ds">'#2 (Bloomington Stock Center}j°!! (Villano et al., 1995)fjd?
1995: Zeidler et al., 2000). Likds andft mutants, null alleles  (Brodsky et al., 1996)tS™ and ft' (Bryant et al., 1988); UA%-
of fj cause proximodistal defects in wing and leg. Althofigh (Z€idler et al., 1999)UAS-fz-GFPand actin-fz-GFP(Strutt, 2001);
null homozygotes have little effect on PCP, creating artificial ggglfl Uﬁdsﬁ lt:Ptgto |2t al, }297)':%26"?0 (I}ic(fjﬁlre lit 3"’
boundaries or gradients df expression can alter PCP, ., g’ngg osh Ubgals, engais, sargald, plc-gais, di-gais, aa-

. : . p-gal4.

suggesting that it acts as a redundant cue (Zeidler et al., 19&5;
Zeidler et al., 2000). Clones lackifigaffect anti-Ft and anti- Molecular biology
Ds staining in a manner consistent with a reduced interactiapas-dscontains the full-lengthds coding sequence, reconstructed
between Ds and Ft (Ma et al., 2003; Strutt and Strutt, 2002from fragments amplified by RT-PCR (TakardAS-ftcontains full-
Recent evidence indicates that Fj acts in the Golgi, suggestitgngth ft genomic sequence, reconstructed from DNA fragments
that Fj affects the interaction between Ft and Ds by modifyingbtained from P1 clones DS06482 and DS06843, or amplified from

the forms generated or the cellular localization of thes@&nomic DNA by PCR. All constructs were confirmed by sequencing
proteins (Strutt et al., 2004). and cloned into pUAST (Brand and Perrimon, 1993). Detailed

The Ft-Ds signaling model is based on Ioss-of-functiodnformation is available by request. To induce expression in S2 cells,

h t th | . fth | les h w§ co-transfectedJAS-ft or UAS-dswith pAWGal4 (gift from Y.
phenotypes, as the very large size o these molecules has m mi), which drives Gal4 under the control of an actin promoter in

the construction of misexpression constructs difficult. We haves; celis. To examine the effectsfofr dsmisexpression in vivo, UAS
however, developed fully functional constructs for theconstructs were injected intg!118 embryos and transfectants were
misexpression of full-length Ft and Ds, and we use these to tasblated using standard methods. In western blots of transfected S2
various predictions of the model. First, Ft and Ds must bindells, we detected bands corresponding to full-length and processed
preferentially. Although the changes in protein distributionFt and Ds proteins (data not shown); each construct can substantially
caused by loss-of-function clones are consistent with gescue the PCP defects of the corresponding mutant.

heterophilic interaction (Ma et al.,, 2003; Strutt and Strutt1n vitro studies

2002), this has never been directly demonstrated. We show t’%ﬂ cells were co-transfected with UAS constructs and pAWGal4. To
Ft and Ds mediate preferentially heterophilic cell adhesion 1§ entify transfectants UAS-GFP was co-transfected into S2 cells. Cell

vitro anq In VIVO. S_econd, artificial gr_a@ents tbfan_d ds ggregation assays were performed as described (Usui et al., 1999;
expression in the wing should be sufficient to reorient PCiyq, et al., 1994). Cells were normally agitated on a rotator at 50 or
throughout the wing; again, we show that this prediction ig00 rotations per minute (rpm); 150 rpm was used for high rates of
largely met. agitation.
The extensive PCP defects induced by losissfiggest that .
the gradient ofis expression acts as a global cue required fofmunostaining _ _
orienting PCP throughout the wing. However, it remainsS2 cells were fixed in 4% formaldehyde in PBS fo.r 30 minutes at
possible thatds acts, not as an instructive cue, but as j:?or; tenggeg;Jr% dW(',Iith rhodam;ne-:a_bels\(;i_ phda.‘”o'd'” éMOleClUk?‘r
e ; L . . Probes, 1: added as a counterstain. Wing discs and pupal wings
pe_rmlsswe_factor, and that the crucial polarity information i were fixed in 4% formaldehyde in Brower fix buffer lacking EGTA at
being prowded_other CUes. _We haye therefo_re tested_the qug.om temperature for 40 minutes. The following primary antibodies
of the ds gradient by driving uniformds misexpression. \yere ysed: rat anti-Ds (1:20,000) (Yang et al., 2002), rabbit anti-Ds
Surprisingly, we find that a gradientdéis not necessary for (1:100) (Strutt and Strutt, 2002), rat anti-Ft (1:2000) (Yang et al.,
correct PCP in all but the most proximal region of the wing2002), mouse anti-DSRF (Geneka, 1:1000), rabbit anti-pMad
In most of the wing, unifornas expression can rescue tde  (1:2000) (Tanimoto et al., 2000) and mouse gt (Developmental



Ft, Ds and Fjin wing PCP 3787

5 hours AP | B 5 hours AP| D 26 hours AP | Low Et

L2

: High Ft ;
Proximal  activity ac?ivity Distal

Ds|=+| = o=
_4_ ?‘_

Pk.Vang*F' z,Dsh

O

Fig. 1.Ds and Fj expression, and the signaling model. In this and subsequent figures anterior is up and proximal is to tHg Aefti-Ds A
staining (A, white; A red) in wing at 5 hours AP. The primordia of longitudinal veins one through five (L1-L5) and the anterior cross vein
(ACV) are shown in Aby the absence of anti-DSRF staining (green)fitBcZ (green) is expressed in the distal wing at 5 hours AP, in a
region complementary to the region of high anti-Ds staining (red). (C) Expression levels offPeendt 5 hours AP. (Djis-lacZexpression
(red) and anti-Ds staining (white) in tdeP>147+ wing at 26 hours AP. Top panel is stained with anti-pMad (green) to identify the veins; lower
panels show relative levels of Ds at indicated positions. Broad stripes of Ds expression extend out along the centey, dbthengia

proximal to distal gradient. (E) Signaling model. Ds on one cell binds to Ft on the adjacent cells and inhibits its picthiltjtsREhis

inhibition. Ft activity in the central cell is polarized by the higher levels of Ds and the lower levels of Fj on the miolantadlarized Ft

activity biases the subsequent Fz signaling between cells, leading to the polarized distribution of proteins to the poxang) (? distal

(Dsh, Fz) faces of the cell, and to the formation of hairs on the distal faces.

Studies Hybridoma Bank, 1:1000). Fluorescent secondary antibodiegs with classic Cadherins, aggregation is dependent &h Ca
were visualized using a Biorad MRC 1024 confocal microscope.  (Fig. 2D). Similarly, cells separately transfected viitandds
aggregated when placed together (Fig. 2G-J).
. Ft and Ds also stabilized each other in vitro and in vivo. In

sal-gal4tub-gal8ds, UAS-dé&+ embryos or white prepupae were . :

: o o aggregated S2 cells transfected \tithr ds, most of the anti-
collected and reared at either 20°C or 30°C. Larvae or pupae we . S . P . .
upshifted to 30°C or downshifted to 20°C to induce or repdsss and anti-Ds staining was localized in internal vesicle-like
expression, respectively. For each time span we scored more than figjfuctures, and we could detect only low levels at the cell

adults for temperature shifts before pupariation and more than sixtestirface (Fig. 2E,F). Similarly, in clusters containing bftth
adults for temperature shifts at or after pupariation. and dstransfected cells, we detected only low levels of Ds

or Ft at the interface between tlis-expressing or thdt-

Results expressing cells (Fig. 2G,H, and data not shown). However,

o anti-Ft and anti-Ds staining was substantially stronger at the
Binding between Ft and Ds interface betweeift-transfected andstransfected cells (Fig.
Almost all of the classic cadherins mediate homophilic celeG-J). In vivo, anti-Ft staining was heightened ds
adhesion (Takeichi, 1995). To test whether the same was trogerexpressing regions in late third instar wing discs
of Ft or Ds, we transfectdtlanddsconstructs int@rosophila  (Fig. 2K,L), and anti-Ds staining was heightened ftn
S2 cells, which normally show little or no cell aggregation (Fig.overexpressing regions (Fig. 2M,N). These effects were post-
2A). Although transfection oDrosophila E-cadherin(DE-  transcriptional, as we could not detect any equivalent changes
cadherin also known ashotgun (Oda et al., 1994) or the in mRNA levels with in situ hybridization (data not shown).
protocadherin encoded Iyamingo(Usui et al., 1999) elicited Clones overexpressing one protein also appeared to alter the
cell aggregation (cell clusters of >100 or 50 cells, respectivelylistribution of the other in adjacent wild-type cells, ‘capping’
we were unable to elicit any detectable homophilic aggregatiotie protein to the surface facing the clone while reducing levels
amongstft-transfected cells odstransfected cells (Fig. 2B, on the other surfaces of the cell (Fig. 2L,N).
and data not shown). By contrast, cells co-transfectedftvith These changes in protein stability and distribution are
anddsaggregated, forming clusters of approximately 50 cellgonsistent with our own and previously reported results from
(Fig. 2C). The aggregation was weaker that the homophilitt-, ds-andds™ ft— double mutant clones (Ma et al., 2003; Strutt
adhesion between cells expressiDg-cadherin but similar  and Strutt, 2002) (data not shown). In the wing pouch Ds is
to the aggregation between cells expressilagningg as  reduced irft- clones, whereas Ft is more diffuse (although the
measured by their sensitivity to the rate of agitation. At higheoverall staining is elevated) ds clones. Moreover, Ft and Ds
rates of agitation (see Materials and methods) cells expressiage redistributed at mutant clone boundaries in a manner
DE-cadherinstill aggregated, whereas aggregation betweeonsistent with the capping of proteins on the cell surface. For
cells expressinfamingq or cells co-transfected withandds ~ example, wild-type cells at the boundariesdsf ft- double
was lost. The aggregation between cells co-transfecteditwithmutant clones lose both anti-Ft and anti-Ds staining on the
anddswas inhibited by the addition of EGTA, suggesting that,surface facing the clone (Ma et al., 2003). Thus, both the in

Timed induction of patterned  ds misexpression



3788 Development 131 (15) Research article

Fig. 2.Interactions between Ds and Ft.
(A) S2 cells transformed withfp (green)
alone do not adhere. (B) Cells co-transfec
with ft andgfp do not adhere. (C) Cells co-
transfected witlds ft andgfp form large
clusters (arrowheads). (D) The addition of
mM EGTA to cells co-transfected witls ft
andgfp blocks adhesion. (E,F) Cells
transformed with onlgs (E) orft (F) have
only low levels of Ds or Ft on the cell
surface. (G-J) Mixtures of cells separately
transformed witht (I, anti-Ft, red) and with
dsandgfp (H, anti-Ds, blue; J, GFP, green)
adhere. Adhering cells have higher levels
anti-Ds and anti-Ft staining at the interface
betweerds-expressing anft-expressing cell
(G-I, arrows), but low levels of anti-Ds
staining at the interface betweés
expressing cells (G,H; arrowheads).

(K-N) Changes in Ft or Ds stability and
distribution induced by misexpressiondsf
or ftin late third instar wing discs.

(K,L) Misexpression ofisin the posterior
usingen-gal4(K) or in clones usingLPout-
gal4 (L; identified byUAS-GFR green)
causes heightened anti-Ft staining at the ¢
surface. Wild-type cells at the interface wit
theds-expressing clone (L) had a lower the
normal anti-Ft staining, but staining was
higher at the interface with the clone.
(M,N) Misexpression oft in the posterior
usingen-gal4(M), or in clones usingLPout-
gal4 (N; identified byUAS-GFR green),
causes heightened anti-Ds staining at the cell surface. Wild-type cells at the interface fivitpihessing clone (N) had a lower than normal
anti-Ds staining, but staining was higher at the interface with the clone. This was noted especially in clones in thegonaspectnd wing
hinge. Somdt-misexpressing filopodia or cell remnants extend from the clone (arrowheads) and have high levels of Ds.

vitro and in vivo results indicate a preferentially heterophilicare propagated to adjacent cells (Adler et al., 1998; Ma et al.,
interaction between Ft and Ds. This type of binding is unusu&@003; Strutt and Strutt, 2002). Thus, an artificial gradient or
for cadherin family members, and is consistent with the ligandsoundary of Ds misexpression can alter wing hair polarity.

receptor relationship proposed by the signaling model. From 18 to 30 hours AP, the Fz protein is redistributed to
o - ) the distal face of each cell in the wing (Fig. 1E) (Strutt, 2001).

Patterned Ds expression is sufficient to reorient Some polarity mutations prevent this polarization, dsitand

PCP and Fz redistribution ft- simply reorient the polarization without disrupting it (Ma et

To test whether Ds is sufficient to reorient PCP in the wingal., 2003; Strutt and Strutt, 2002). Similarly, patterro=d

we used the UAS-GAL4 system to drive patternddS-ds  misexpression reoriented the polarization of Fz-GFP within
expression. We observed PCP defects if we used drivers thalls without disrupting it (Fig. 3G,H). The adult PCP defects
drove expression in thepalt (sal) pattern, which forms a induced by localizedds misexpression depended on the
gradient orthogonal to the proximodistal axis of the wing (Figpresence of intact Fz/Dsh PCP signaling, as misexpression of
3B,E). Similarly, misexpressingls in the Distal-less (DIl) ds in the dsht mutant background generated PCP defects
pattern, which forms a distal to proximal gradient that isesembling those afsht rather than those afs misexpression
opposite to the endogenods expression pattern, partially (data not shown). Misexpressiondsfalso did not generate the
reversed hair polarity (Fig. 3C). The defects were similar tonultiple wing hair phenotypes that normally result from
those caused by misexpressiagisingdll-gal4 (Adler et al., misexpression ofz (Fig. 3E; compare with Fig. 3F). Thus, Ds
1997) orsal-gal4(Fig. 3F). PCP defects could also be inducedaffects the direction, rather than the presence, of polarized Fz
by creating sharp boundariesagmisexpression, using either redistribution.

the posterior-specific drivengrailed(en) (Fig. 4B) orpatched ) ]

(ptc), which is expressed at high levels in cells just anterior t&0rrect PCP in the absence of a Ds gradient

the fourth longitudinal vein (data not showeh-galdandptc-  The data above indicate that Ds is sufficient to reorient PCP.
gald induced PCP defects in wild-type tissue adjacent to thélowever, that does not test whether the endogenous gradient
region of misexpression. Similar non-autonomy was founaf Ds is required for PCP. We therefore used strong
surroundingds mutant clones, indicating that the PCP defectsnisexpression afisto override the endogenods pattern and



Ft, Ds and Fjin wing PCP 3789

Fig. 3. Wing hair polarity after
patternedis misexpression.
(A-C) Diagrams of hair polarity
(red arrows) in adult wings.
Approximate regions of Gal4-
driven gene misexpression are Ny R
shown in green. (A) Wild type.
Veins are labeled as in Fig. 1,

salgald UAS-ds

with the addition of the posteric - et v B e PR PP I
cross vein (PCV). - E e :.Qtiﬁ;\"iﬁ;_F,_:}’. AR
(B,C) Gradients ofls R RER -,,}:3;34{“}‘ Y 17722 /;“
misexpression commonly reorie ;-»53;}‘&1..'3;’; Cor ity | ,.//’_//*’ il
hairs from regions of high to lov ST AN 2 22 )

i "‘\\\‘.'\\‘q-"ﬂﬂht' e A/a’{./
expression. (BYAS-ds/+ sal- - E ::\\\Q\\\\1.4 1 ‘4‘3\ % réff/;é;/y{,
ga|4/+. (C) UAS-ds/+ dll- > '-:-.;""\2 fh‘-::\N\:T"': kn LilieN I 5 Kol A

: i — e BT e\t B lsal-gal4 '
gald/+. (D-F) Hair polarity in a Bl : :! e Lre 1 R |
region just distal to the PCV. .T2is wild type (isal-gal4 UAS-d ‘k UAS-fz-GFP:

(D) Wild type. (E)UAS-ds/+ sal-

gald/+. (F) sal-gald+; UAS-fz-GFP+ induces multiple wing hair phenotype (arrowheads). (G,H) Redistribution of Fz-GFP (green, white) by
Ds (red) insal-gal4/+, UAS-ds/+wing at 26 hours AP; region shown is posterior to the PCV. The normally distal (right) Fz localization within
each cell has frequently changed to the posterior (H, arrowheads).

create wings with unifornds expression. We used either Gal4 A
driven from atubulin promoter {ub-gal4, looked at the
posterior of wings with posteriorly-expresseudgrailed (en)-
gald, or looked at dorsal wings with dorsally-expressec
apterous(ap)-gal4.

Wing PCP was largely unaffected by the presence c
uniformly misexpresseds (tub-gal4 Fig. 4C; posterior oén : ds
gal4, Fig. 4B; dorsal op-gal4 data not shown). This was true
even though the levels of anti-Ds staining being driven were
(en-gal4 Fig. 2K) or well abovetgb-gal4 Fig. 4F; compare
with Fig. 4E) the high levels observed in the proximal region:
of the wild-type wing. To rule out the possibility of signaling
from the endogenous Ds, we repeated these experiments it
d<P5142mutant background, which has a strong PCP phenotyy ds” tub-gald UAS-ds
(Fig. 4A) and lacks detectable cell surface anti-Ds staining E 'Gwva-—*:*\( H.:;f_r"‘“.};:l_ v 1

’ 4

=5 - P T DY RS AL
Uniform misexpression of D$ub-gal4or posterior oen-galg = .,E}‘_‘;\_ *;.‘%\ = -":‘,C::.:-\, § ﬁ'u“‘. \'{g (;)H
almost completely rescued tHg?5142PCP phenotype distal to e ,ﬁ - —;;:Z—;'E i ;}',!jf A é/:;.!
the anterior cross vein, without inducing any additional PCF wild-tvpe .’;:‘,:-I- '1"}_"' z“":s'iff'_:;:u;a '/.1" ,ﬁ-'dsif.
defects (Fig. 4D,H, and data not shown). Thus, distal to thaee=L= ﬁ%’\'—‘ :ﬁm“*&w ot S
anterior cross vein, PCP must depend on cues other than g e 1;5,::,_,‘:&“1‘53‘.‘-:; -a'ﬁz{' e
pattern ofds transcription. “-"E’ o e é;:‘?‘f?‘;;%& \ngji\;?,gjz
We were unable, however, to resd#142PCP defects in ’Wﬁ‘q N8 R S Ay s tb-gal4 UBS-dst
the most proximal regions of the wing (Fig. 4D,J). This is the
region of the wing that normally has high Ds expression at Big. 4. Wing hair polarity in regions of uniforms misexpression.
hours AP (Fig. 1A-C), and thus may require higher levels ofA-D) Diagrams of hair polarity in adult wings. (4’5142 (B) en-
Ds activity than could be supplied by misexpression. Howevegal4/+; UAS-ds/+ Hair polarity is normal except near the boundary
as noted above, the levels of anti-Ds driven uibggaldwere  of misexpression. (Qub-gal4/UAS-dsHair polarity is normal.
well above normal proximal levels (Fig. 4E,F). Moreover,(D) d*'* tub-gal/lUAS-dsHair polarity is rescued (compare with
raising the temperature at which the larvae were reared fo: €xceptin the proximal wing. (E,F) Comparison of anti-Ds

5 . . . . _ ..~ _staining in the proximal region of 5 hour AP wings in wild type (E)
30°C, which results in higher activity of the cold sensitive, dtub-gal4UAS-ds(F). Wings were stained in the same well and

Gald, did not red‘.lce the proximal PC.P phenotype (dat‘?‘ ”9 otos were taken using identical settings. (G-J) Comparison of hair
shown). As there is also a sharp gradient of Ds expression @f|arity betweerl"5142(G, 1) andd<’5142 tub-gal/UAS-dgH,J)

the distal boundary of this expression domain (Fig. 1A-C), Weuings. Uniformdsexpression rescues the PCP defect in the distal
favor an alternative explanation, that the Ds gradient observedgion between L3 and L4 (G,H), but not in the proximal region just
here is locally required for normal PCP (see Discussion).  posterior to L1 (1,J).

The Fj gradient plays only a minor role in PCP required in vivo for strong interactions between Ft and Ds. Co-
What orients PCP in the more distal portions of the wing? Ontansfection offj into cells co-transfected witft and ds did
redundant cue suggested by previous studies is the distatypt detectably enhance their aggregation or reduce their
expressed Fj (Fig. 1B,C). As discussed above, Fj may b#ensitivity to high rates of agitation. This did not appear to
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Fig. 5. The Fj gradient plays only a minor role in
PCP. (A-D) Hair polarity in adult wings.

(A) dP5142fjd1, Polarity is not appreciably worse
than ind<"5142(see Fig. 4A). (BJAS-ds/+ fjdL;
tub-ga4/+and (C)tub-gal4/UAS-ds UAS-f]
Polarity is normal, except in the proximal wing.
(D,F) UAS-ds/+ fj9! sal-gal4/ffl. (E) UAS-ds
sal-gal4/+.(E,F) The hair polarity near the tip of
L2 was abnormal in 91 background (also
compare D with Fig. 3B).

be due to endogenous Fj, as we could not detect Fj in Conversely, if we induced misexpression early but
untransfected S2 cells by western blot. However, subtlsuppressed misexpression beginning in mid-third instar, few
quantitative effects would likely be difficult to detect in this PCP defects were induced; however, if we did not begin
assay. It is possible that S2 cells do not responfjl to a  suppression until later larval or early pupal stages, strong PCP
normal manner; for instance, if Fj regulates the membrandefects were observed (Fig. 6B). If the suppression of
localization of Ft or Ds in epithelial cells, this may differ in misexpression began at 0 hours AP, ectopic anti-Ds staining
the non-epithelial S2 cells, as they lack any obvious apicalvas still visible at 5 hours AP at 20°C (the equivalent of 4
basal polarity. hours AP at 25°C; Fig. 6F), but was undetectable at 24 hours
If Fj does modulate Ft-Ds interactions in vivo, a gradient ofAP at 20°C (the equivalent of 17-19 hours AP at 25°C; Fig.
Fj could spatially regulate the activity of even uniformly 6G). Thus, PCP defects were induced despite the apparently
misexpressed Ds, accounting for the failure of uniform Ds tmormalds expression during the stage of Fz redistribution.
disrupt PCP. However, our tests using a null allefgioflicate ) .
that the contribution ofj to wing PCP is minord”5142fjdl  The effects of Ft misexpression on PCP
double mutant wings did not show an appreciably stronger PC&s Ft is uniformly expressed in the wing, it is not thought to
defect than that observed ds?>142wings (Fig. 5A; compare play an instructive role in wing PCP. Nonetheless, we used
with Fig. 4A). Moreover, uniform misexpressionasgin a fj misexpression to answer two questions raised by the Ft-Ds
null background caused only minor PCP defects in thsignaling model. First, is Ft misexpression sufficient to drive
proximal wing fub-gal4 Fig. 5B; posterior oen-gal4d not PCP in an orientation opposite that caused by Ds? Second, how
shown), and PCP in most of the wing was normal. Overridingloes the activity of ectopic Ft depend on the presence of Ds
the endogenous gradients with simultaneous unifornand Fj?
misexpression dj anddshad no effect on PCRup-gal4 Fig. UAS-ft showed substantial activity in vivo: when driven
5C; posterior okn-gal4 data not shown). Similarly, the PCP with a low-level driver da-gal4 it rescued the pupal lethality
defects caused by patternds misexpression usingal-gal4  of ftG-v/ft'd heterozygotes and showed substantial rescue of
were only slightly more extensive irfjanull background (Fig. the mutant wing PCP and tarsal segment defects (data not
5D,F; compare with Fig. 3B and Fig. 5E). Thus, the wing musshown). Unfortunately, driving stronger expression with-
have some sources of polarizing information that can act in thgal4 in wild-type wings resulted in larval lethality prior to the

absence of a gradient d§ or fj transcription. stage when PCP defects could be assessed. However, driving
o o ft misexpression witlken-gal4 (posterior) orap-gal4 (dorsal)
The timing of Ds activity in PCP was not lethal, and resulted in strong PCP defects. These

Does Ds act during the polarized redistribution of the corelefects were observed not only near the boundaries of
polarity proteins, or at an earlier stage? To answer thimisexpression, but also within regions of apparently uniform
guestion, we made use of the PCP defects induced by pattermagexpression in the posterior or dorsal wing blade (Fig.
ds misexpression usingal-gal4 and regulated the timing of 7A,1,J foren-gal4 Fig. 7B forap-gal4. Driving ft expression
misexpression with a temperature-sensitive version of the Gabtentrally usingptc-gal4 also resulted in strong PCP defects
inhibitor Gal80 (McGuire et al., 2003). (Fig. 7C,K), as did drivingft expression in a gradient
When we initiated misexpression during larval stages werthogonal to the proximodistal axis usirsgl-gal4 (Fig.
observed PCP defects. Defects were rare if induction occurréd,L). Interestingly, all of these PCP defects were observed
after 0 hours AP (Fig. 6A). Induction at O hours AP resultedn a central region near the two cross-veins. This is also the
in scattered ectopic anti-Ds staining at 5 hours AP at 30°C (tlregion that shows the most common PCP defedtsniutant
equivalent of 6 hours AP at 25°C; Fig. 6D), and strongclones (Strutt and Strutt, 2002). As expected from the Ft-Ds
misexpression at 22 hours AP at 30°C (the equivalent of 2dignaling model, which posits high Ft activity in the distal
hours AP at 25°C; Fig. 6E). Thus, PCP was usually normaking, driving high distal expression wittill-gal4 did not
despite the misexpression dé during the stage when the induce any PCP defects (data not shown).
polarized redistribution of core polarity proteins occurs (18-30 The Ft-Ds signaling model hypothesizes that Ds inhibits Ft
hours AP at 25°C). activity, and that Fj modulates that inhibition. Thus, hairs
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Fig. 6. Timed misexpression of Ds, inducedsial-gal4tub-
120 144 168 0 4 12 B 72 9 0 4 12 gal80s; UAS-dé+ wings using temperature upshifts (induction)
hours AEL hours AP hours AEL hours AP or downshifts (suppression). (A,B) Percentage of flies showing

0

% with PCP defect

—— — PCP defects. Dark gray indicates strong defects; light gray, weak
Third instar Third instar defects. The relationship between the absolute age of the larvae
Age at upshift (induction) Age at downshift (suppression) or pupae and the developmental stage was altered by the
different rearing temperatures, thus the approximate third instar
OhourAP|E .0 hour AP stages are indicated. Flies reared continuously at 20°C did not

.upshift ; pshift show any adult PCP defects or ectopic anti-Ds staining in wing
. : : discs (C), whereas those reared continuously at 30°C showed
strong hair reorientation (similar to that seen in Fig. 3B,E).
(D-H) Anti-Ds staining in pupal wings. A temperature upshift at
0 hours AP induced scattered ectopic anti-Ds staining by 5 hours
(AN0 AP at 30°C (D, approximately equivalent to 6 hours AP at 25°C)
N o and strong misexpression in the breatigal4 pattern by 22
F géﬁ#;ﬁﬁ G %Q\ﬁh‘ﬂ,ﬁ‘,ﬁ . hours AP at 30°C (E, approximately equivalent to 24 hours AP
4 at 25°C). A temperature downshift at 0 hours AP did not
suppress ectopic anti-Ds staining by 5 hours AP at 20°C (F,
approximately equivalent to 4 hours AP at 25°C) but did by 24
hours AP at 20°C (G, approximately equivalent to 17-19 hours
AP at 25°C). The narrow stripe of Ds expression in G is also
A observed in wild-type wings at this stage (H), and differs in level
17 hours AP (25°C) and extent from that driven Isal-gal4(E).

+5 hours AP +24 hours AP
(20°C) 20°C

should point towa_rds regions (_)f high Ft or Fj activity, but awayhiscyssion

from regions of high Ds activity. In most regions of the wing _ -

this prediction was met. For example, hairs near the boundahie ds gradient: sufficient but not necessary

of en-gal4driven orptc-gal4drivenft misexpression tended to Several of our gain-of-function findings are consistent with
point posteriorly (Fig. 7A,C,I,K), whereas anterior cells neaprevious loss-of-function findings, and support the model that
the boundary ofen-gal4driven ds misexpression tended to Ft-Ds signaling is sufficient to influence wing PCP. Ft and Ds
point anteriorly (Fig. 4B). However, some exceptions were alspreferentially bind in vitro. Patterned misexpressiordsfs
observed, where hairs appeared to point towards regions of Iaufficient to alter wing PCP, consistent with its proposed role
ft expression. Some of this may be due to propagation of PG a ligand. The effects df or ds misexpression on the
errors from within the domains of misexpression to boundardirection of hair polarization are usually the opposite of those
regions. However, it should also be remembered that Ft and Pseviously reported frorft or dsloss of function. The direction
stabilize each other (Fig. 2), and thus regions misexpressimad hair polarity induced by ectopftor dsare usually opposite
high levels of one protein may also have high levels of thérom each other, consistent with the proposal that Ds binding
other. The effects off misexpression on PCP are weak, butinhibits Ft activity. Finally, the effects of Ft misexpression are
hairs do reorient towards region of hifjliZeidler et al., 2000) reduced in ads mutant background, consistent with the
(Fig. 7G). Because endogenous Fj may mask the effedts ofproposed role of Ft as a receptor.

misexpression, we tried the same experiments finnautant Nonetheless, our data also show that the proximal to distal
background; this increased the strength of the PCP phenotypgeadient ofds expression is not necessary for PCP throughout
(compare Fig. 7H,P with Fig. 7G,0). the wing, despite the distal defects observed in loss-of-function

If Ds spatially regulates Ft activity, then the PCP defectsls mutants. Instead, our experiments show that unifdem
induced by unifornft mixexpression might be reduced by a misexpression can rescue the PCP defects causeddsy a
reduction in Ds levels. Indeed, inda®142 background, the mutation in all but the most proximal portions of the wing.
posterior PCP defects induced by the posterior expression ofThus,dsis permissive for PCP in most of the wing, and there
were weakened (Fig. 7E,M). However, they were nommustbe another polarity cue in the distal wing that is sufficient
eliminated, despite the absence of detectable cell surface Dstmorient PCP in the presence of uniformly transcridiedur
thed<®>142packground, indicating that the misexpressed Ft hasxperiments indicate that this distal cue is not provided by the
substantial activity even in the absence of its putative ligandlistally expressed Fj protein: distal PCP is not disrupted either
Similarly, if Fj normally plays a role strengthening the Ds-Ftby uniform misexpression of botlis and fj, or by uniform
interaction, the effects of misexpressiihghould be reduced misexpression ofisin afj null mutant.
in afj~ background. As expected, posterior PCP defects were It remains possible that the distal cue functions by regulating
weakened irfj~ wings (Fig. 7F,N). Ft-Ds signaling. Our studies tested the PCP inputs from the
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Fig. 7.Wing hair polarity afteft andfj misexpression. (A-H) Hair polarity in adult wings. (BAS-ft/+ en-gal4/+.(B) Dorsal hairs ilrJAS-

ft/+; ap-gal4/+. (C) UAS-fi+; ptc-gal4+. (D) sal-gald/+; UAS-fth. (E) UAS-ft/+ ds"5142en-gal4/d85142 (F) UAS-ft/+ fjdl en-gal4/fjil.

(G) sal-gald/+ UAS-fj/+. (H) fj91 sal-gal4/ffL; UAS-fj/+. (I-P) Examples of wing hair polarity. The regions shown are between distal L3 and
L4 for | and K, posterior to the PCV for J, L, M and N, and between distal L4 and L5 for O andd?-gal#/+ UAS-ft/+ (K) UAS-ft/+; ptc-
gald/+, (L) sal-gal4/+ UAS-fth. Hairs are often repolarized towards regions with hiffrexpression (A,C,I,K, near the anteroposterior
boundary), although exceptions are observed. Hairs near the PCV are repolarized within regions of uniform misexpressigvi)(BASJ)

ft/+; dP5142en-gal4/d85142 Posterior polarity defects are decreased imitautant background (compare with J), but are not eliminated; the
polarity differs from that in the same region of trsamutant (Fig. 4A). (NJUAS-ft/+, fjd1 en-gal4/ffil. Posterior polarity defects are decreased
by the loss ofj (compare with J). (O3al-gal4/+; UAS-fj+. (P)fjd1 sal-gal4/ffl; UAS-fj/+. The hair polarity induced Hymisexpression was
normal between L4 and L5 (O), but was altered irfjfHéackground (P). Hairs point towards regions with highexpression (H,P).

patterns ofls andfj transcription, but unknown factors might Is & Ds gradient required in the proximal wing?
post-transcriptionally regulate the forms of Ds or Ft proteimAlthough ads gradient is not required for PCP in most of the
produced, or their availability at the cell surface. It also iswing, it is possible that such a gradient is required locally in
possible that Ft activity is spatially regulated by bindingthe portion of the wing near and proximal to the anterior cross
partners other than D&.mutants have stronger PCP and discvein. We were unable to rescue proxints mutant PCP
overgrowth defects than dis mutants, and misexpression of defects with uniform Ds expression, and our data suggests that
ft still causes PCP defects imnlemutant lacking detectable cell this was not simply a failure caused by insufficient Ds levels.
surface protein. This is the location of a strong proximal to distal boundary or
Alternatively, the cue may be provided by a mechanism thajradient of endogenous Ds expression at 5 hours AP (see Fig.
is completely independent of Ft or Ds. One often-proposedlA-C). Thus, we favor the view that this sharp Ds gradient acts
candidate is signaling via thBrosophila Wnts, especially as a PCP cue in the proximal wing. If so, this indicates that the
given their patterned (distal or marginal) expression (Bakegues that orient PCP in the wing are not generally distributed,;
1988; Gieseler et al., 2001; Janson et al., 2001; Kozopas arather, the wing may be a patchwork of different regions that
Nusse, 2002) and the involvement of the Wnt receptor Fz irely on different cues. This would provide a mechanism for
PCP. Vertebrate Wnt7a also helps regulate PCP in the inner dacally altering PCP during evolution without globally
(Dabdoub et al., 2003). However, although the misexpressiaaffecting polarity in the wing.
of Drosophila wnt4can disrupt wing PCP (Lawrence et al., )
2002), PCP defects have not been reportddasophilawnt ~ Mechanisms
mutants. The hypothesis that Ft acts as a receptor and Ds acts as a ligand
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for PCP is based, not only on the uniform expression pattemmalyses of protein distribution within and adjacerit &mdds
Ft, but also on epistasis experiments in the eye, where the P@Ritant and overexpression clones (Ma et al., 2003; Strutt and
activity of ds clones appears to depend on the presende of Strutt, 2002) (this study). With the exception of the
(Yang et al., 2002). Wing PCP can also be disrupted by thdesmosomal cadherins (Chitaev et al., 1997; Syed et al., 2002),
expression of a truncated form of Ds lacking its intracellulathis kind of binding is unusual for cadherin-like proteins.
domain, which is consistent with Ds acting as a ligand (H.M. A number of mammalian Fat-like (Fatl, Fat2, Fat3,
and S.S.B., unpublished). XP_227060) and Ds-like (Protocadherin 16, Cdh23) proteins

However, we have shown here that misexpressed Ft retaihave been identified (Bolz et al., 2001; Bork et al., 2001; Cox
PCP activity in ads mutant that eliminates detectable cell et al., 2000; Dunne et al., 1995; Mitsui et al., 2002; Nakajima
surface Ds. Thus, Ft activity is apparently not strictlyet al., 2001; Nakayama et al., 1998; Ponassi et al., 1999).
dependent on patterned Ds expression. Again, this is consistdvititations and knockouts have been examined for a few of
with the greater severity df mutant phenotypes compared these; however, conjectures about the bases of the mutant
with ds,and with our finding that uniform misexpressionftof phenotypes have largely assumed that these proteins mediate
but notds can cause PCP defects. As we do not have anyomophilic cell adhesion (Bolz et al., 2001; Bork et al., 2001,
evidence for homophilic Ft binding, the unbound Ft moleculeCiani et al., 2003; Wilson et al., 2001). It will be interesting
may have basal PCP activity. Alternatively, low-levelto see whether the preferentially heterophilic interactions
homophilic binding or heterophilic binding to some unknownobserved inDrosophilaare preserved in similar mammalian
ligand may activate Ft in the absence of Ds. proteins.

It is not yet known how Ft-Ds interactions regulate the
polarized redistribution of the core polarity proteins in the We thank P. Adler, P. Bryant, S. Hayashi, Y. Hiromi, B. Sanson, M.
older pupal wing. The cytoplasmic domains of Ft and psoimon, D. Strutt, T. Uemura, the Developmental Studies Hybridoma
contan potental regions i atenin binding (Cark et al. ek he SeePosePhlecenrne Pfet oo e ooty
1995).' andit an(_:i ds mqtants can enhance the effectspof We also thank Dr T. Usui for advice on the cell aggregation assay, Dr
catenin (Armadillo) MISEexXpression (Greaves' e’_( al". 1999)3. Pawley for use of his confocal microscope, W. Feeny for help with
However, although expression dDE-cadherin in vitro

. . : illustrations, and Dr M. Tanaka-Matakatsu for discussions. This work
results in a detectable concentration of Armadillo at the cellas supported by NSF, the NIH and a Guyer Postdoctoral Fellowship
membrane (Oda et al.,, 1994), we have not detected similag H.M.

effects after expression fifor ds(data not shown). Moreover,

clones homozygous for a strorgmadillo mutation do not

affect PCP (Axelrod et al., 1998). It has also been suggestgsiafarences

that the cytoplasmic domain of Ft binds to and changes the
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