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SUMMARY

The abdomen of adultDrosophila consists of a chain of is determined by the cells reading the gradient in
alternating anterior (A) and posterior (P) compartments concentration (the vector) of a morphogen ‘X’ which is
which are themselves subdivided into stripes of different produced on receipt of Hedgehog. We present evidence that
types of cuticle. Most of the cuticle is decorated with hairs Hedgehog induces X production by drivingpptomotor blind
and bristles that point posteriorly, indicating the planar  expression. We tried but failed to identify X and present
polarity of the cells. Here we research the link between data that X is not likely to operate through the conventional
pattern and polarity. Notch, Decapentaplegic EGF or FGF transduction
Previously we showed that the pattern of the A pathways, or to encode a Wnt. However, we argue that
compartment depends on the local concentration (the Wingless may actto enhance the production or organise the
scalar) of a Hedgehog morphogen produced by cells in the distribution of X. A simple model that accommodates our
P compartment. Here we present evidence that the P results is that X forms a monotonic gradient extending
compartment is patterned by another morphogen, from the back of the A compartment to the front of the P
Wingless, which is induced by Hedgehog in A compartment compartment in the next segment, a unit constituting a
cells and then spreads back into the P compartment. We parasegment.
also find that both Hedgehog and Wingless appear to
specify pattern by activating the optomotor blind gene,
which encodes a transcription factor. Key words: Planar polarity, Morphogen, Compartmett, omh
We re-examine our working model that planar polarity =~ Wnt Drosophila melanogaster

INTRODUCTION 1966; Stumpf, 1966). More recently it has been shown that
single yeast celldictyosteliumcells and neutrophils are able
Planar polarity (Nubler-Jung et al.,, 1987) refers to theo detect, and are polarised by, the vector of shallow gradients
orientation of cells in an epithelium with respect to the axiof substances (varying by only about 1% over the cell
of the organ (e.g. proximodistal) or to the body (e.gdiameter) across a wide range of concentrations (Zigmond,
anteroposterior). The mechanisms responsible for planar cdlB74; Segall, 1993; Parent and Devreotes, 1999; Drubin,
polarity are little known, yet it is an important phenomenor2000). In this view, pattern formation in a developing field
integral to many aspects of cell structure and functiondepends on a succession of events: first, gradients of
Polarised structures such as cilia have a directed beat, and hairsrphogens are made that diffuse from localised sources and
and bristles (for example in plants, insects and mammals) areach each cell. The concentration of a morphogen at each
polarised, usually in large fields with concordant orientationlocale (the scalar) gives information of position that
Planar polarity therefore has structural implications for mostletermines cell differentiation and thereby fixes pattern. The
aspects of cell architecture. Separated cells are often orientedncentration landscape may also cause the graded production
— for example, in a moving fibroblast exocytosis occurs mainlyf other diffusible morphogens, creating secondary morphogen
at the leading front (Bretscher, 1984) with the cytoskeleton alsgradients. The vector of one of these secondary morphogens
being polarised. For recent reviews see Drubin (Drubin, 2000%ould specify planar polarity (Struhl et al., 1997a). The initial
Bonner (Bonner, 1947) first argued that,Dittyostelium  reading of this vector is then progressively elaborated within
amoebae are able to read the local slope of a concentratioells as proteins are localised (compare the CRAC protein in
gradient, and experimental evidence in Hemiptera suggest&ictyostelium (Parent et al., 1998). One consequence of this
that, in insects at least, this local slope (tleetor) of a is to place a cell hair in one part of the cell membrane — this
morphogen gradient specifies planar cell polarity (Lawrencehair then grows out in a particular direction (Eaton et al., 1996).
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We use the abdomen of adudrosophila because it is then describe the effects on polarity, both inside and outside
particularly well suited to study the global control of cellthe clone. At least within the A compartment, Hh appears to
pattern and planar polarity. Most epidermal cells of thegovern X production by inducing expression agtomotor
abdomen make a few hairs or a bristle, and these indicate thend (omb and perhaps that of the extracellular signal
planar polarity. In addition, epidermal cells at differentWingless (Wg) to generate a distribution of X that spreads
positions along the anteroposterior axis of each segment mat@ward. In an attempt to identify X we have tested the
characteristic types of cuticle to form a stratified patternDecapentaplegic, Notch, EGF, FGF and, especially, the Wnt
Finally, the abdominal epidermis presents the primeval bodgathways, all without positive result. Hence, the identity of X
plan of higher invertebrates, being a chain of anterior (A) ancemains unknown.
posterior (P) compartments that constitute parasegmentsAnother series of questions relates to the P compartment.
(Martinez-Arias and Lawrence, 1985) and segmentsThe development of this compartment cannot be directly
Hedgehog (Hh), a morphogen produced by P compartmedependent on Hh because P cells are blind to Hh (reviewed by
cells, is responsible for organizing both cell pattern and plandrawrence and Struhl, 1996). Yet the P compartment is
cell polarity in the neighbouring A compartments (Kopp andpatterned and has oriented hairs. So what determines the scalar
Duncan, 1997; Struhl et al., 1997a; Struhl et al., 1997kmesponse in the P compartment, stratifying it into different
Lawrence et al., 1999a). types of cuticle? Similarly, what determines the vector, the

Our main aim here is to research how polarity is determinedrientation of its cells?
within the context of pattern formation as a whole. We do not We present evidence that the P compartment is patterned by
try to understand the mechanics of asymmetry within a singlenother morphogen that acts also throagitb— ombappears
cell but instead ask how the cells of the whole epidermab be expressed and required in the anterior region of the P
segment know which way to point. For example, we do notompartment. Our results suggest that this morphogen is a
know how the graded distribution of Hh is translated into th&Vnt, probably Wg itself. We discuss how the P compartment
orientation of hairs and bristles. Hh is made in every Rnight be polarised.
compartment and enters each A compartment from both
anterior and posterior directions to form U-shaped
concentration gradients (Struhl et al., 1997a; Struhl et al
1997b). We have shown that Hh somehow directs planar ce ATERIALS AND METHODS

polarity throughout the A compartment, causing cells to makye manipulate the expression of genes in marked clones of cells. We
hairs and bristles that point posteriorly towards the sourcgse FLP recombination (Golic, 1991; Struhl and Basler, 1993), as well
Thus a clone of cells that make Hh ectopically will reorientas the Gal4 (Fischer et al., 1988; Brand and Perrimon, 1993) and
surrounding cells, causing them to make hairs and bristlegal80 systems (Lee and Luo, 1999).
which point towards the centre of the clone. However, when To save space and because there are many more landmarks, we have
the Hh pathway is activated in cettenfinedto a clone, the concentrated on the tergites, which are formed by the dorsal
surrounding wild-type cells are also repolarised. We argue@pPidermis. However, all the clone types have also been studied
that this repolarisation was therefore not due to Hh itseIYegtr;a't'g 'b”etﬂ‘eelS}fﬁ{”gﬁ(}iﬁieﬂgurf‘h; tTgﬁfarﬁzglt% Vf;rgig'i:’g;igﬁiﬁ‘%y
(Struhl et aI_., 1997a) but to something else emana.tlng frpm Fﬁarks S0 we coﬂld not easily detgrmingthe position of pleural clones
clone, possibly another morphogen. Here we confirm this with, 24ve 1o the compartmental subdivisions.
a new test.

Our working model is that a substance (‘X’) is produced aMutations and gene constructs
the back of each A compartment in response to Hh and spreapse mutant alleles and transgenes used in this work are as follows
anteriorly to set up a concentration landscape of X (Struhl €tee also FlyBase, 1999; Lawrence et al., 1999a).
al., 1997a). We then conjecture that the polarity of a cell at any
point in the A compartment is specified by the local vector if 1 Pathway . . .
this gradient landscape, in this case like an arrow that poinfdi: ht"%, a deletion removing the start of the open reading frame.
up the steepest slope of the concentration gradient (Lawrend®!:Gal4 an elnhaﬂff? trap |ns¢|e|rt!on |r(; thedgegn%glgeng h"r‘??')gh
1966; Stumpf, 1966; Struhl et al., 1997a). Further, since near k‘;?fjskzs_ggg‘é (3:] ol p'\rQi'cc:lll ol O?QMEM'\S?(; ° pg na:jcezht Drotein
all hairs and bristles point backwards, any simple form of the, - ¢ ‘

. . ) "Kinase lgene.ptc ptcté, an amorphigatchedallele caused by a
model requires that the gradient of X be monotonic, decreaswmemature stop codon before the first transmembrane doptei.

consistently in one direction. We interpret all the results witty hypomorphic alleleptc!® an amorphic alleleptc.Gal4 the

respect to this hypothesis. insertion P{w+mW.hs=GawB}559.1, that expresses Gal4 in the
The model raises many questions that need to be answenad pattern. ptc.lacZz EcolNlacZ'c-AT9 tub.ptc ptcaTubs4B.PCa

by experiment. For example, which cells respond to Hh t&JAS.ptadloop2 the open reading frame of a formpaftchedacking

produce X and how do they do so? How far does X movefmost of the second large extracellular loop (Briscoe et al., 2001).

What is the registration of the repeating X gradient relative b

the chain of A and P compartments? Does X control polarit

in both ':ch)?,)A and P compartments? What is the molecul Stop codon. Kopp (Kopp and Duncan, 1997) isolated alleles of a gene
nature of X* . - (Scruffy Sc) and suggested that this gene may act in parallel with
Our approach to these problems is to utilise those genes thafh e have mademb clones in aScf background, expecting
have been implicated in the pathway of Hh action. We makghem therefore to have a stronger phenotype, but they do not do so
genetically marked clones of cells in different parts of the- they behave asmbr clones normally do (not showndymb.Gal4
segment that either lack a particular gene or overexpress it. \lle enhancer trap insertion isolated by Y. H. Sun [omb<4zaidording

b biomb-3198 an amorphidifid allele resulting from a premature



to Kopp et al. (Kopp et al, 1997)]JUAS.omb FLP-out of
piScenFRT.RnonCD2.UAS

Whnt pathway

arm: arn?, a strongarmadillo allele resulting from a premature stop
codon. UAS.arm* armPelta.ScenUAS.VINHAL = 3 constitutively
activated form ofarmadillo. arr—: arr2, an amorphicarrow allele.
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arr— w omb.Gal4/y w hs.FLP; FRT42D pwn @fRT42D CD2y;
UAS.lacZ317+.

sgg (or arm): (i) y sgg (or arnT) FRT101/w hs.FLP FRT101;
ptc.lacz/+.(ii) y sgg hs.FLP; Dp-y Dp-sggd FRT39/stc FRT39.

Pka: hs.FLP; Pka FRT39/CD2y FRT39.

Pka Df(2L)RF: hs.FLP; Df(2L)RF PkaFRT39/CD2y FRT39.

ptcdloorz y w  UAS.ptaloop2/y w hs.FLP; FRT42D pwn

Df(2L)RF: a deletion of the chromosomal region containing theptc/FRT42D Tub.Gal80 CDZ2y tub.Gal4/+.

geneswnt4 Wntg Wnt10andwg (Janson et al., 2001399 sgg?,

an amorphicshaggyallele. UAS.Wnt The open reading frames of
Wnt2 Wnt4andWnt5as well as the putativé/ntg 8 and10 genes
(FlyBase/BDGP annotatddrosophilagenome sequence) (Adams et

N~y N~ hs.FLP; FRT42D Dp-NFRT42D pwn.

Egfr— y w hs.FLP; FRT42D pwn EgfiFRT42D CD2y.
argos: y w hs.FLP; argosFRT80B/lacZy FRT80B.
rho— y w hs.FLP; rha FRT80B/lacZy FRT80B.

al., 2000) were amplified and cloned into the pUAST vector (Brand spi: y w hs.FLP; stc spiFRT40A/FRT40A.
and Perrimon, 1993) using standard techniques, (see Llimargas andsty: y w hs.FLP; sty FRT80B/lacZy FRT80B.
Lawrence, 2001). Two independent insertions for each Wnt gene vn—: y hs.FLP; vim FRT80B/lacZy FRT80B.

were tested. In some experiments a differ&vint4 construct,
Wnit4cenUAS.cGayas also used. Apart frodynt10all the UAS.Wnts

tkv— y w hs.FLP; tkv stc FRT39/CD2y FRT39.
UAS.argos, UAS.omb, UAS.Egfr* and UAS.tkw§ w hs.FLP $62

were shown to be functional in different tests (Llimargas andabx/ubx>f>Gal4-lacZ/UAS.argos. y w hs.FLP%& abx/ubx>f>

Lawrence, 2001).UAS.Nrt:wg: Nrt::wgScenUASIVnHAL = the N
terminus of wg is fused to the C terminus of the type Il
transmembrane  protein  Nrt. fz2.lacZ the insertion
P{w+mC=lacW}SB227 (P0013) which expresspsGal in afz2
pattern. (A. Sato and K. Saigo, personal communication).

EGFR, FGFR pathways

argos: argogV, a small deletion removing the Bxon and the
beginning of the major open reading frafigfr—: Egfr2, an amorphic
allele of Epidermal growth factor receptor UAS.Egfr*:
Egfr::toractScenUAS an activated form of Egfrho— rhoP45, a small
deletion of therhomboidgene.spi—: spit, a strongspitz allele. sty
styS73strong allele ofsprouty vi—: vPeltaP25 an amorphic allele of
vein originated from a P element imprecise excisioS.argos
argOSScer\UAs.cH_a tub>fry+>raf: Hsap\RAFfSOS.aTubMB.:‘IVIyrl_
UAS.CDC4212 Cdc42/12.ScenUAS UAS.CDC4217:
Cdc4N17-ScenUAS JAS RacY12 Raclv12.ScenUAS UAS.RacN1”:

RacNN17.ScenUAS  YAS A-btl: pt|ScenUAS.Mcl-DD UASA-htl:
ht|Scer\UAS.':l\cI—DD.

Dpp pathway
tkv thvB. UAS.tkv* tkyQ253D-ScenUAS.chb

Notch pathway
N-: NXK11 an amorphic allele dfiotch.

Duplications and other transgenes

Dp-y*": Dp(1;2)s&°. Dp-sgg: Dp(1;2)w+70h Dp-pwr: Dp(2;3)P32
Dp-N*: Dp(1;2)51b tub.Gal4 Scen\GAL4TUbB4B.PL theS. cerevisiae
Gal4 gene is expressed under the control ofoffiegb84Bpromoter.
abx/ubx>f>Gal4-lacZ Scen\GAL&cenFRT.Ubx th>Gal80-y>Gal4:
Similar to ScenGALZ4cer\FRT.RnonCD2Tub84Byyith the CD2 sequence
replaced with a Gal80%*ycassette (Lee and Luo, 1998)b.Gal8Q

Scern\GAL8gTub84B.PL the Gal4 gene is expressed under the contro

of the aTub84B promoter. lacZy*: Ecol\lacZScenFRT.NLSTub84B

CD2y": RnorCDZSPJ  PSy:  PsrfTub84BPS  UAS |acZA312
ECO|\|aCZScer\UAS.T:SVAO\nI§2

Clonal analysis

Gal4-lacz/+; UAS.omb/+. y w hs.FLP f[36a]; abx/ubx>f[+]>Gal4-
lacZ/UAS.Egfr[*]. v w hs.FLP 362 abx/ubx>f>Gal4-lacz/+;
UAS.tkv*/+.

tub.raf*: y w hs.FLP; tub>fy*>raf*/+.

UAS.Wnt4 y w hs.FLP tub.Gal4; (UAS.Wnt4)x2/+; CD2yrc ri
FRT2A/tub.Gal80 FRT24lies reared at 29°C after clone induction)

Clones with other UAS constructs:y w hs.FLP; tub>Gal80-
y*>Gal4/® (where® represents a particular UAS construct).

Dissection and mounting of abdominal cuticles as well as detection
of B-Gal4 activity were carried out according to the method of
Lawrence et al. (Lawrence et al., 1999a). Images were captured using
Auto-Montage (Syncroscopy, Cambridge, UK).

RESULTS AND DISCUSSION

Further evidence that Hh acts through a second

signal

Previously, we concluded that Hh acts indirectly via another
system (a gradient of ‘X’) to effect polarity (Struhl et al.,
1997a). The evidence was based on clones that lacked such
downstream genes patchedptc) or cAMP-dependent protein
kinase 1(Pka). In the A compartments, Ptc and Pka proteins
act within cells to prevent the Hh pathway from being activated
inappropriately; if either protein is removed the Hh pathway
becomes constitutively activated within the mutant cells
themselves. With respect to the type of cuticle (the scalar
output of Hh) the results fit the model; the mutant cells make
the cuticle normally made by cells responding strongly to
Hedgehog and all the cells outside the clone make the normal
type of cuticle (a cell-autonomous effect). However, with
fespect to polarity (the vectorial output of Hh), the results were
different; polarity was altered in the wild-type cells up to
several cell diameters away from the clone (a cell non-
autonomous effect) (Struhl et al., 1997a; Lawrence et al.,
1999a). Although we argued that these effects were not due to
Hh itself (Struhl et al., 1997a), we did not eliminate the

Unless stated otherwise clones were induced by heat shocking at gdssibility that low levels of ectopic Hh might be produced by
or 37.5°C for 60 minutes. Either embryOS at blastoderm Stage or thW.%e Clone and dlffuse Out, belng Sufﬂc'ent to repolarlse the Ce”s

instar larvae of the following genotypes were used.

ptcS2 hh—: y w hs.FLP; FRT42D pwn pttRT42D pwn pte?
FRT82B Dp-pwh tub.ptc/FRT82B hh

omb~ (i) y w omb sn FRT19A/FRT19A; hs.FLP/+; hh.lacZ/(ii)
y w omb sn FRT19A/FRT19A; hs.FLP/ptc.lacdi) y w omb sn
FRT19A/w hs.FLP tub.Gal80 FRT19A; tub.Gal4/UAS.nlslacZ.

omb- ptc: y ombr sn FRT19A/y w (tub.ptc)x2 PSFERT19A,
ptc/ptct® hs.FLP.

without changing the scalar. We have now disproved this by
making clones that lack both effective Ptc protein andhthe
gene. These clones still caused repolarisation in the back half
of the clone and behind it (Fig. 1) arguing strongly that the Hh
protein cannot be a component of ‘X’ and raising again the
question, what is X? X should be engendered downstream of
Hh receipt, which is where we start our search.
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i (I | ¢ g G, Accordingly, ombr clones in other parts of the segment are
|{\‘L I i 1 i I e A Wit et normal — for a memorandum oMb clones see Fig. 2.
I\ ' j i e Within the posterior half of the A compartment, Omb is
AN [ y required for the normal scalar response to Hh. At the extreme
back, in the a6 region, where the Hh concentration is highest,
the ombr cells develop only a little abnormally; the
unpigmented cuticle of that region (a6, see Fig. 2 for
nomenclature) is expanded a little anteriorly in the clone (Fig.
3B-E), but sometimes contains small ‘a3’ bristles. Note that
specification of a6 cuticle normally requirsgrailedactivity,
which is induced in A cells by peak levels of Hh (Lawrence et
al.,, 1999a). However, iomb- clones that are situated more
anteriorly, in the pigmented region at the back of the A
compartment (a4, a5), there is a big effect: it appears that Hh
Fig. 1.Clones that have partial loss of function fibc and also lack acts througtomh becausembr cells never make a4 cuticle or
hh. This clone is marked withawn(the mutant hairs are small and g5 pristles (pattern elements that signal a response to Hh), and
thin and the bristles are dtlepau.pe.rate; a dotted line oqtllngs the clong) their stead make a3 cuticle [the type of cuticle made where
e B e e . et i e or 10 response o Hi (Kopp and Duncan, 1997
the clone to drive the reversal. The clone makes dark a5 pigment. InStrUhI et al., 1997a) (Flg. 3B-E)]. Also, Hh directly upregulates
this and subsequent figures anterior is upwards. Red arrows indicat&XPression ofptc, which encodes a component of the Hh
the polarity. receptor (Struhl et al., 1997b) and this also occureni
clones (Fig. 3B,D). This finding indicates that Omb is not
) required for Hh signal transduction per se, but for the
Downstream genes in the Hedgehog pathway — the appropriate response of cells.
A compartment With regard to polarity, the clones confined to the anterior
) ) and middle part of the A compartment are normal. However,
(i) optomotor blind clones just behind the middle of the A compartment usually
omb~clones show reversal at the front, with normal polarisation at the back.
ombencodes a transcription factor which is activated on receidlore strikingly, clones confined to the very back of the A
of high amounts of Decapentaplegic (Dpp) in both A and theompartment, in the a6, a5 and a4 domains can be largely or
P compartments of the wing and elsewhere (Lecuit et al., 1996ntirely reversed (Kopp and Duncan, 1997) and this reversal
Nellen et al., 1996); it has been studied in the abdomen hysually extends anterior (Fig. 2, Fig. 3B,E) to the clone.
Kopp and Duncan (Kopp and Duncan, 1997). We find it is To explain these polarity changes, we suggest that Hh
expressed in each segment, both dorsally and ventrally, asraluces X production through the agency of Omb. It follows that
single stripe spanning the AP border and including the rear diftle or no X can be produced withemb clones and therefore

,q:ll‘.l\l-.”i,\_ T | the A compartment and the front region of the P (Fig. 3A).
1§

A Yy VT T T et (1 TR o (]
it T TSI LRI i e I p ! 1oy ity il
a2 Vi sy Mne Wiy W, PR TR B v Iyt
f|11“| .I'|J1ir|1f|l.' \ \ p s
]
\
a3 it
!
Ly
a4{
a5{
a6{ "

Fig. 2. An abdominal segment and effectsoafib- clones. Left-hand panel shows a normal segment with nomenclature for the types of cuticle
(Struhl et al., 1997b). Right-hand panel is a memorandum for both vectorial and scalar effettsctisnes (surrounded by red dashed lines) in
different positions in both the A and P compartments. The scalar is shown by the colour of the cuticle and the red atiwwsbseowed

polarity of the hairs (which normally point posteriorly), near and within the clones. We imagine the polarity to be a comsédguen
concentration landscape for X. For clarity, the hairs have been removed from part of the A compartment on the right. GoghaadeHg. 7.



that the polarities of cells in or near such clc
depend on X produced outside. Clones in
middle of the A compartment behave norm
because most X is produced behind them an
gradients of X concentration are little chang
Clones located a little further back will have pe
of X both behind and in front and this can ce
localised reversal at the front of the clone (Fif
Fig. 4C). For a clone extending back to the
boundary, the only source of X will be anterio
the clone, presumably becausmb" cells there
will ‘see’ Hh protein that has passed through
clone. These cells should make X that spr
backwards into the clone, setting up a gradie
reversed polarity (Fig. 4B). There is corrobora
evidence: in some clones there is ¢
pigmentation and large bristles anterior to
clone (Fig. 3C-E), confirming that Hh has ind
been received there. However, mamyb- clones
are associated with anterior repolarizations
occur even where there is no dark pigment:
anterior to the clone (Fig. 3B), suggesting tha
level of Hh required to stimulate some
production anterior to the clone is less than
needed to make a4 pigment. It follows tha
normal flies, some X is produced by cells antt
to the a4 pigmented zone. Finally, we find
some clones, which extend nearly to the bac
A, show reversed territory behind the clone (
3D), perhaps due to the domination of thi
source that is anterior to the clone over
production of X behind it.

We note that the reversed polarity associ
with omb- clones located at the back of the
compartment usually extends only to the
boundary, with polarity in the P compartm
being normal (Fig. 3C). This result suggests
the AP boundary coincides with a barrier to
movement or action of X. The existence of ¢
a barrier would provide an explanation for wh
normally produced in cells at the back of th
compartment does not spread posteriorly intc
P compartment, reversing the polarity in
However, in rare cases, some reversed hairs
seen in what appeared to be adjacer
compartment cells, as marked independentl
ptc.lacZstaining (as in Fig. 3B; data not shov
We do not know whether these rare case:
artifactual, due to a slight posterior shift — du
mounting — of the cuticle relative to |
underlying epidermis, or are frank reversal:
cells within the P compartment. If the rever
cells are indeed P cells, they raise a probler
the notion that the AP boundary constitute
barrier to X movement.

omb~ ptc— clones

If the production of X depends at least in |
on omh then ptc clones, in which the H
pathway has been constitutively activa
should produce little or no X if they also le
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A omb.Gal4 UAS.lacZ /. B omb— pte.lacZ

i

IAS.omb

1

Fig. 3.ombin the abdomen. (A) The expressioroafib.Gal4 monitored by UAS-

lacZ expression. At the front of tifiegal stripe, the boundary is graded, with staining
fading out at about one third of the A compartment. Behind, the stripe ceases about
half way into the P compartment. (B) A cloneoofib-cells, marked witlsinged

(yellow arrowheads) which affects the bristles: bristles often become separated from
the body of the clone and hence they provide only a poor indication of the extent of
the clone. The preparation is stainedgtir.lacZwhich is upregulated by Hh (Struhl

et al., 1997b) both inside and outside the clone. Notertiieterritory forms

unpigmented (a6) cuticle at the back of the A compartment and lightly pigmented
(a3) cuticle more anteriorly, in place of the normal dusky (a4) cuticle (Fig. 2).

Polarity in the clone is reversed. (C) A cloneoafb cells, marked witlf-gal. The

clone is associated with a patch of reversed polarity which, here and there, extends
both in front and behind the clone (visible in the hairs and indicated by the red arrows
pointing upwards). The clone itself lacks the dark a4 pigment which is visible anterior
and lateral to the clone. Inset shows detail of hair reversals in front of the clone.

(D) A clone ofombrcells, marked witlf8-gal. This clone is near the back of the A
compartment and contains largely reversed hairs; note the autonomy of the effects of
ombon pigment, and the non-autonomy of its effects on polarity. The white
arrowhead indicates a patch of dusky (a4) pigment that is just anterior to the clone.
Compare Fig. 4B. (E) A clone overexpressimgy marked with3-gal. We see the

hairs pointing into the centre of the clone giving reversed polarity behind it. In the
middle and at the back of the A compartments, clones of this genotype give abnormal
cuticle, with reduced pigmentation (not shown). Compare Fig. 4D.
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X distribution

X production

‘ omb—

omb—

Fig. 4.Loss and overexpressionafnh The diagrams summarise
the model. The blue line traces the actual concentration profile of X
with the brown shading indicating the strength of X production. The
slope of X concentration is the vector which defines planar polarity
at each point. (A) In the wild type the highest concentration of X
and the highest rate of production of X coincide in cells at the back
of the A compartment. (B) A clone ofmbr cells at the back of the
A compartment produces little or no X, and so X spreads into it
from the front, forming a reversed gradient and reversed polarity.
(C) A clone ofomb cells positioned more anteriorly than the clone
in (B), X is produced both in front and behind the clone, creating
two peaks and producing a reversed gradient that begins within therijg. 5. The Hh pathwaypmband polarity. (A) A clone that lacks
clone and extends anteriorly. (D) A clone over-expressing X will  pothptc andombmarked withsinged The clone makes a6 cuticle
make a local peak of X, causing reversal within the back of the jike ptc-clones, but reverses polarity in the front half of the clone as
clone and behind it. doombr clones in this position (see Fig. 2, Fig. 5B) and unite
clones (Lawrence et al., 1999a). (B) A comparison betwezmand

; imdth . ombr ptcclones, they both affect the scalar in the same way, making
omh To test this we made clones that were andom; ab cuticle; but they have very different effects on polarity. (C) A

th_ese clones form a6 cuticle jpts™ clones_ do. However, in the clone of cells, marked withawnthat overexpresses a form of Ptc
middle of the A compartment and unlikec™ clones in that  ,5¢ piocks Hh reception but not Hh movement. Allpagincells
position (Lawrence et al., 1999a) they fail to repolarise behingyijth A provenance form pigmented (a3) cuticle. The polarity is

but reverse polarity in front (Fig. 5A) — asbr cells do (Fig.  largely reversed, even at the back of the clone and in some places,
2, Fig. 4B). Similarlyomb- ptc™ clones situated at the back of behind it. To the left there is a small clone of P provenance.

the A compartment behave likenb- clones, the whole being

reversed in polarity (and not likptc clones in the same but in terms of the vector they behaveoastr clones. These
location, which have normal polarity). Thus in terms of theresults confirm that Hh induces X production through the
type of the cuticle (the scalapmb- ptc-behave aptc-clones, action ofomh

it A
ey

M
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Fig. 6. The Wnt pathway and polarity. (A,B) Comparison of embryonic clones th&kareas well as being otherwise wild type (A) or
homozygous foDf(2L)RF (B). This deficiency removesg as well adVnts4, 6 and 10. Both types of clones make a4 cuticle with some a5
bristles (white arrowheads) (Lawrence et al., 1999a). The polarity of hairs at the back of the clones as well as wilghgbéndagre

reversed to a similar extent in both clones (red arrdwsy: clones carrying the deficiency survive less often flaar controls. (C) A clone of

sgg cells, marked wittyellowin the anterior region of the A compartment. Note the cluster oféllew bristles and that the polarity is

reversed behind them. The abdomen capiesacZand, as in this case, these clones are usually associated with some sporadic up-regulation
of ptc, suggesting that the Hh pathway is ectopically activated, inducing a source of X. (D) A cdggecells marked wittyellowandstubby
chaete(sto), situated far anterior in the A compartmesitauses tufts of hairs to form). The al cuticle in this region is apparently transformed
to make a3 cuticle with hairs and bristles. Some hairs behind the clone have reversed polarity. (E) Agtpieeltsf marked wittstcin the
mid-region of the P compartment. The clone is transformed, making hairs characteristic of p3 cuticle. (F) A clone ofarelisithant for

armin the tergites. The clone is transformed to form large pleural hairs and cuticle. It tends to sort out, forming a roun{eal\sleape et

al., 1999b) and the polarity of the front of the clone, and of some wild-type cells anterior to the clone, is reversed.

omb-expressing clones partial rescue of themomutant phenotype, particularly at the
The model for X suggests that, @mb were ectopically —back of the A compartment, where Hh is most abundant. This

activated in cells at the front of the A compartment, those cell&scue could allow production of X, enough to restore normal
could become a source of X. Indeedbexpressing clones can Polarity at the back of the clone, but not enough to specify a4
repolarise the cells behind them (Fig. 3E) — as if there were @fticle or to upregulatetc.lacZ For bothsmo  andombr clones,

local peak in the X distribution (Fig. 4D). some Hh would be expected to move forwards across the clone
and induce an ectopic peak of X production in more anterior,
(i) smoothened wild-type cells, accounting for the polarity reversals that are

smoothened (smg, is an essential component of Hh observed in both cades . _
transduction; without it the cells cannot see Hh protein (Alcedo TO test this explanation we blocked Hh receipt by a different
et al., 1996: Chen and Struhl, 1996; van den Heuvel anethod that is not so subject to perdurance: we made a marked
Ingham, 1996). As regards polarity one would expect neithe¢lone that contained no wild-type Ptc, but provided instead a
omb nor sma clones to produce X and for their phenotype tomutant form of Ptc that is ineffective at transducing the Hh signal
be the same. Although this is generally the case (Struhl et afBriscoe et al., 2001). Such clones behave diker clones in
1997a), the effects &fmao andomlbr differ for clones located Most respects, including making a3 cuticle instead of a4, a5 or
at the back of the A compartment. Polarity within theser @6 cuticle in the back half of the A compartment, and causing
clones is Comp|ete|y reversed, consistent with the model (Fi@ola”ty reversals both within and anterior to the clone. HOWeVer,
4(.:)’. whereas th.e corre_s pOﬂdISﬂ]\U clones are _reversed _Only We earlier noted polarity reversals associated svitly clones located at the front of the A
within the anterior portion of the clone, polarity returning tocompartment, and concluded tentatively that Hh might also induce X at the front, as well as
normal at the very back of the A compartment [see fig_ 7 in Strultle back of the A compartment (Struhl et al., 1997b). We have looked at many more clones

. -since then and found that most such clones have normal polarity, even though they form a2
e.t al. (StrUhl_ et al" 19973.)]. QUI’ preferr(_ad explanatlon TOI’ thi ther than al cuticle as a consequence of their failure to transduce Hh. We conclude that, in
discrepancy is that Smo protein perduresma clones, allowing  the anterior region of A, Hh does not trigger X production.
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unlike smo clones, the polarity at the back of these clones doesith null mutations foaWnt2 (we studiedWntEMSO Wnt®9
not return to normal. Instead, in the majority of cases, polaritandDf(2R)17) are viable and have normal abdomens.
remains reversed all the way to the back edge of the clone, and .
sometimes beyond, as observed danb- clones in the same (2) Overexpressing Wnt genes
position (Fig. 5B). These results support the perdurancé we were to produce sufficient X in clones, or in defined
explanation for thesmao clones and are consistent with the subdomains of the segment, the resulting ectopic peaks of X
working model, which is based mainly on the results wiitih might cause repolarizations, particularly of cells located

) posterior to the peak. We performed such experiments for Wg
What is X? and the other Wnts defined by both genetics and the Genome
We have conjectured that X is diffusible and produced in &roject (Adams et al., 2000). We start with Wnts 5, 6, 8 and
graded fashion, peaking at the back of A and declinind0: when they are expressed in clones with a strong Gal4
progressively towards the front of A. We first round up thedriver, or under the control of @tc.Gal4driver, which should
usual suspects: these are signals transduced by the Notch, EGEate an ectopic peak of Wnt expression at the front of the A
FGF, Dpp and Wnt pathways. Briefly, we have discarded all afompartment, none of these Wnts cause any changes of
these except for the Wnt pathway, because we find thablarity or had other effects anywhere in the abdomen (we
removing or overexpressing key elements of each pathway axamined the A and P compartments of both dorsal and ventral
clones fail to perturb polarity, either inside the clone or nearbycuticle). Similar results were obtained when either Wg or a

(1) We removed the Notch gene itself, and although clonemembrane-tethered form of Wg, Nrt::Wg, were expressed in
of this genotype fail to contribute to bristle forming clones, except that such clones caused a transformation of
(‘proneural’) portions of the adult epidermis (the a3, a4 and aBentral pleura to tergite (Shirras and Couso, 1996; Kopp et al.,
regions), they survive elsewhere (such as p3, a6 and a2) whér@99). Animals expressing either form of Wg unper.Gal4
they show normal polarity. control do not survive to adults.

(2) We removed the EGF receptor from clones; such clones Wnt4 also failed to cause any consistent changes of polarity
do alter the distribution of bristles, but the polarity is normain the abdomen when expressed either in clones or under
(cf. Diaz-Benjumea and Garcia-Bellido, 1990). We also madetc.Gal4control. However, we did find that expressing Wnt4
clones that removepitz vein rhomboid argosandsproutyas  at high temperature unde@tc.Gal4 control (Gieseler et al.,
well as clones that overexpress Argos and activated Egfr, R&001) occasionally altered wing patterning. Further we
Cdc42 and Rac. None of these clones showed any consisteftserved effects on polarity when Wnt4 was driven in the P
alterations of normal polarity. compartment of the wing with an.Gal4driver: within the A

(3) We expressed activated forms of the Breathless armbmpartment the hairs posterior to vein Il tended to turn
Heartless receptor for FGF in clones, without any effect oclockwise to point posteriorly, as if they were aiming towards
polarity. an ectopic source of the Wnt4 protein emanating from P behind

(4) We removedhickveins(tkv), the receptor for Dpp, or them. However in what ought to be a better test, marked clones
overexpressed activated Tkv. These clones had no effects erpressing Wnt4, driven biub.Gal4 failed to affect wing
polarity in the tergites. polarity. Note that the results with ectopic Wnt4 expression in

There is already circumstantial evidence suggesting that ¥e wing are equivocal and run counter both to the results of
might be a Wnt (Adler et al., 1997; Struhl et al., 1997a; Shulmatihe same experiments in the abdomen, and to experiments in
et al., 1998). In particular, Wg can be transduced by either efhich the gene is eliminated froPka clones (see above).
two Wnt receptors (Bhanot et al., 1996; Bhanot et al., 199%ence, we tentatively discard Wnt4 as a candidate.

Chen and Struhl, 1999), Frizzled and Frizzled2 (Fz, Fz2), and Flies carrying clones expressing Wnt2 did not emerge from
Fz is somehow involved in polarity (Gubb and Garcia-Bellidothe puparium andptc.Gal4 UAS.Wnt2flies were lethal.
1982; Vinson and Adler, 1987). Also, Wg is expressed as However, we examined the abdomens of pharate adults
gradient as we imagine for X. However, we had shown earliezarrying numerous clones expressing Wnt2 and they had
(Struhl et al., 1997a) th&tkar clones that are also mutant for undisturbed polarity.
wg can repolarize neighbouring cells, indicating that they can All of these tests argue that neitlveg nor any of the other
still serve as ectopic sources of X. Consequently, a simpM/ntsis X. However, they do not eliminate the possibilities that
model in which Wg is X is not tenable. Nevertheless, morsome combination of Wnts might function together to
complicated scenarios remain. For example, X might be anotheonstitute X, or that X might be a broadly expressed Wnt that
Whnt, or perhaps, several Wnts might act redundantly as X. We converted from an inert to an active form after transcription.
have subjected this hypothesis to several tests.

(3) Activating the Wnt pathway
(1) Removing Wnt genes In apparent contrast to the above results, activating the Wnt
wg, Wnt 4, and10are all elided by the deficiendyf(2L)RF, pathway, rather than the Wnts themselves, did produce effects
(FlyBase, 1999; Janson et al., 2001). We therefore madm polarity; however, these could also be attributed to
marked clones that are homozygous B(2L)RF and Pka~.  unintended effects on the Hh pathway. Clones of cells mutant
These clones appear to reverse the polarity of wild-type celfer the geneshaggy (sgg constitutively activate the Wg
as well a®Pka controls do (Fig. 6A,B), implying that they are pathway (Wodarz and Nusse, 1998). In the tergsgs,clones
still sources of X, in spite of lacking all fowntgenes. Of the are abnormally round in shape and have higher than normal
remainingWnt genes,Wnt2 5 and 8, we have been able to bristle densities. In addition, they cause polarity reversals
examine only the effects of removiignt2 as mutations that similar to those associated wiftka clones: hairs and bristles
reduce or abolisWWnt5and 8 activity are not available. Flies at the back of these clones are reversed (Fig. 6C). However, we
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also observed tha$gg clones stail SN A Y Pt = 7 SR CEIAUASIRE
blue when the flies carryptc.lacZ s o e

indicating that the loss of Sgg lead:
ectopic activation of the Hh pathw
(Fig. 6C). Under our model this wot
suffice to cause ectopic production ¢
in thesgg clones, which would rever
hairs behind, regardless of whethe
not X is a Wnt.

Less easy to understand is
observation thatsgg clones ca
transform al cuticle into a3 cutic
(Fig. 6D) — this appears to be a cha
of cell identity from the anterior
the posterior subdomain of the
compartment (Lawrence et al., 199¢
perhaps implicating Wg in ti
definition or determination of these t
subdomains.

(4) Blocking the Wnt pathway

We made clones that were mutant
armor arrow: the Wg pathway in the:
two types of clones should be blocl

; ; . Fig. 7.ombin the posterior compartment. (A) A clonearfib cells in the P compartment; the
(Peifer and Wlesc.:haus, .1990’ Woo nugclei are markecFi)withacZ Thispclone rem(ov)es nearly all hairs, apparently trgnsforming the
and Nusse, 1998; Wehrli et al., 20( cuticle from p3 to p2 type. (B,C) A largerow- clone in the P compartment marked with

There were two effects. ) pawn The abdomen carriesnb.GaldandUAS.lacZ and we see that, wherever the cells lack

The first is that clones in tl  arowas shown by theawnmarker, the-gal staining is reduced (see detail in B). This is true
dorsal epidermis differentiated cutic  of even a singlpawncell that is separated from the main clone (arrowhead in C). Note in B
characteristic of the ventral epidern  that some hairs anterior to the clone have reversed polarity (red arrow).
they made pleural hairs, and patche
sternite with bristles (Fig. 6F). Clonco
in all portions of the tergite, in both the A and P compartmentsapply tosgg clones. In this case, the Wg pathway should be
were so transformed, indicating a general requirement for Wronstitutively activated in all cells within the clone, preventing
signalling to specify dorsal as opposed to ventral structurethem from detecting a gradient of Wg protein. However such
Thus, in the wild type, all dorsal cells are probably exposed tolones are not randomly polarized, indicating that they can still
at least low levels of Wg or some other Wnt protein. respond to graded X activity.

The second is that such clones affect polarity: in the tergites, It is useful to compare the roles of Omb and Wg on X
the mutant clones were normal at the rear of the clone bproduction. Omb is apparently essential for X production:
reversed in the front, with reversal extending outside the clonemb- clones at the back of A show reversed polarity that
(Fig. 6F). One explanation for these polarity changes couldxtends all the way to the posterior edge of the compartment
be that, in the tergites, Wg normally acts to enhance th@-ig. 3B,C). By contrast, iarnT andarrow- clones, reversal
production of X. Thus cells deficient in the Wnt pathway occurs only in the anterior portions of such clones. Thus, we
would produce less X than normal, giving a dip in theinfer thatarnm andarrow- cells located at the back of A can
concentration landscape for X, causing reversed polarity at thoduce some X, even though they cannot activate the
front of the clone. In the eye, bo#inT and arrow- clones  canonical Wnt pathway. Thus, it could be that Hh drives X
cause equivalent polarity reversals and a similar resolution hasoduction mainly through Omb, but also adds to the level of
been offered: it was suggested that Wg might regulate thé produced through the induction and action of Wg. The
production of a secondary polarising factor also dubbed Xombination of both Omb and Wg activity might extend
(Wehrli and Tomlinson, 1998). the reach of the X gradient to encompass the whole A

Thus, we propose that Wg helps to produce X, but that Wgompartment, and possibly also further forwards into the
itself is not X. If Wg were X, botlarnT and arrow- clones  neighbouring P compartment.
should not be able to transduce it, and hence, should have )
random polarity within the clone. Moreover, the effects onPownstream genes in the Hedgehog pathway — the
polarity should be cell autonomous. Yet, as we have seen, théd€ompartment
clones behave as if they have caused an altered distribution@bne of our previous studies has helped us understand how the
X, rather than any failure to transduce X. Similar argument® compartment is patterned or how its cells are polassed.

clones have no phenotype in the P compartment, confirming
that Hh has no function there. In the embryo and imaginal

#In the pleura but not in the sternites, Hh induces Dpp rather than Wg (Struhl et al., 1997

Kopp et al., 1999). We imagine that in the pleura, Dpp replaces Wg and, like Wg in th@lSCS, Hh Crossing over from the P Compartment induces the

tergites, enhances the production of X. expression of Wg and Dpp in line sources along the back of
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Fig. 8. Working model for patterning th

chain of A and P compartments. The |
compartments are shown in blue. The al
model applies to the dorsal epidermis
the abdomen, where Hh induces Wg,
can be generalized to the ventral pleu a3 a4

where Wq is replaced by Dpp, both

proteins probably performing the

equivalent function. In the first step (al

top) Hh is produced in the P Wg p3
compartment and spreads into adjace \/ 5
cells, generating a U-shaped gradient. P
the A compartment, the concentration

Hh at any point providesscalar which

dictates the type of cuticle formed (al

ab). Cells in the anterior and posterior

regions of the A compartment responc

differently to Hh (Struhl et al., 1997b).

In the posterior region, peak levels of

induceengrailed wg andombexpressiol

and specify a6, intermediate levels

induce onlywg andomband specify a5

and a4, and low levels or no Hh specit

a3. In the anterior region, Hh does not

induceengrailed wg andomh but high

levels induce al, with a2 being specifi v

by low levels or no Hh. In the P P A P A P-
compartment, the scalar is provided by

Wg, which is produced by cells at the rear of the A compartment and moves across the AP compartment boundary into the@&tompart
Peak levels of Wg induce Omb and thereby specify p3; lower levels or no Wg specify p2 and pl. Planar polarity is corgrolled by
polarizing morphogen ‘X', produced largely in posterior A cells by Hh acting through Omb. Wg/Wnt helps X production, apgarently
ensure that peak levels are generated in response to Hh. In the model shown X then spreads forward, forming a conceiemativet gra
extends through the entire compartment and possibly into the P compartment in front. The maximal slope of X at any giken positi
provides avector which specifies planar polarity. Note the model appears to demand that X cannot spread backwards into the P
compartment behind the source. See conclusions for an alternative model.

ab Hh
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A. Both proteins then spread back into the P compartmenhis region, about one third of p3 clones lost some, but not all,
where they act as gradient morphogens to control P growth and the hairs within the clonen£94 of which 36 clones had
pattern (reviewed by Lawrence and Struhl, 1996). Wg and Dppoticeable reduction of hairs) (Fig. 7A). We wondered whether
are also produced at the back of the A compartment in eathis might be an artefact due, for example to our method of
abdominal segment (albeit in distinct dorsal and ventratletecting these clones which uses thb.Gal4 driver to
domains). Hence, by analogy with the embryo and imaginactivate UAS.lacZ expression, but control clones=@47) in
discs, these morphogens seem to be the most likely candidatster flies always gave normal hair patterns. Thus it appears
to pattern the P compartment here as well. If so, we woulthatombmay be required in the p3 territory, as it is in the a5
suppose that in the tergites, Hh induces Wg (Kopp et al., 1998nd a4 territories, to specify the type of cuticle secreted.
Struhl et al., 1997b) and this Wg moves posteriorly across the
AP compartment boundary into the P compartment where {2) The Wnt pathway
activates expression ofmh thus specifying the zone of hairy If Wg activatesombin anterior regions of the P compartment,
cuticle (p3) and distinguishing it from p2 cuticle, which is bald blocking the Wnt pathway in cells in the P compartment should
We have tested this hypothesis in the following experimentsblock expression obmh We therefore monitored expression
of ombin arrow- clones. This experiment proved difficult to
(1) Omb do, but we found thabmbwas sometimes, but not always,
Kopp (Kopp and Duncan, 1997) found that loss-of-functiorturned off autonomously in the clone (Fig. 7B,C). Conversely,
omb mutants tend to lose the hairy, unpigmented cuticleectopic activation of the Wnt pathway should transform bald
characteristic of both posterior A (a6) and anterior P (p3guticle (p2) at the back of P into hairy cuticle (p3) normally
regions, whereas gain-of-function mutations tend to acquire ifound at the front of P. Indeed, some clones lackingstjte
Since we have observed tloab-clones in the A compartment gene become hairy if situated in the bald areas of P, apparently
are able to make a6 cuticle, it seems likely that Omb is requirethusing a transformation from p2 to p3 cuticle (Fig.. &it,
specifically for the hairy, unpigmented cuticle (p3) thatclones expressing either tethered Wg or activated Arm, which
normally forms at the front of the P compartment. If so, onehould behave similarly, had no clear effects. Even so the
might expecomb- clones at the front of the P compartment topositive results witharrow and sgg give support to the
transform the anterior type of cuticle (p3) into that found mordwypothesis that Wg stratifies the P compartment by working
posteriorly (p2). Although mosimb- clones were normal in  through Omb.
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(3) fz2.lacz from the P compartment, and move backwards. Hairs would

We looked at the pattern &f2.lacZ becauséz2is thought to ~ be subject to two separate and mutually supportive influences,
be repressed in cells receiving the Wnt signal (Cadigan et aPointing up the gradient of X and down the gradient of Y. More
1998). Expression is weak all over the A compartment, with §omplex hypotheses of this sort have two main appeals: they
slight tendency to be stronger at the front of A. Howevermight help explain how the polarity is determined across the
expression is strong at the rear of the P compartment andA$ border and they also might help us understand why removal
graded downwards and anteriorly. Expression is not detectéd genes needed for polarity, suchfaor four-jointed still
at the front of the P compartment. This pattern is consiste@ives near-normal flies with much of their polarity unscathed
with a gradient of Wnt activity that is high at the front and low(Shulman et al., 1998; Usui et al., 1999; Strutt, 2001).
at the back of the P compartment. Clearly, it is necessary to identify the polarising factors. We
We are still left with the question: what polarises cells of thdave attempted, albeit unsuccessfully, to identify X, and have
P compartment? There are several possibilities. A simple or@idence against most of the common signalling ligands such
(see Fig. 8) is that X could extend anteriorly from the Aas those operating through the Notch, Dpp, EGF and FGF
compartment into the adjacent P compartment, forming Bathways, as well as all of the seven kndwosophilaWnts

monotonic gradient that governs polarity throughout the entire none of these experiments are proofs, but they are the best
parasegment. we could do with the available techniques and mutations.

Nevertheless, Wnt signalling does appear to be needed for the
normal generation of X; hence, it may be that Wnts augment
CONCLUSIONS AND SPECULATIONS the production or activity of X induced by Hh.
Many other studies on planar polarity have used the wing.
We have used a particular model to interpret our results. ThEhe main axes differ between the wing and the abdomen: in
heart of this model (Fig. 8) requires that a cell’s polarity behe wing, the hairs do not point towards the source of Hh and
determined by reading the local slope, the vector of ®pp, but point distally. Thus, none of these two factors is likely
morphogen, X. Within the A compartment, it proposes that Xo be directly responsible for inducing the wing equivalent of
be produced in a gradient with its peak at the back of the X. Similarly, ombexpression in the wing is controlled directly
compartment and its minimum at the front. Hh is the primanpy Dpp signaling, suggesting that it, too, is unlikely to be
morphogen that patterns the A compartment, and, at the rearinfolved in inducing factor X. Nevertheless downstream
this compartment, it acts througimbto produce X. X spreads components such as Fz are needed in the wing, eye and
further anteriorly, forming a monotonic gradient that extendabdomen (Vinson and Adler, 1987; Zheng et al., 1995) (P. A.
from the back of the A compartment and could go as far as the, J. C. and G. S., unpublished) indicating that the process of
front of the next P compartment, thus encompassing polarizing cells in response to X, and possibly X itself, may be
parasegment. In this model there might need to be a barrier tiee same in all systems.
the movement of X across the AP (parasegment) border in orderAlthough our focus has been on how Hh organizes both
to isolate the X gradients in neighbouring parasegments fromattern (scalar) and polarity (vector) throughout the abdominal
each other. This model is speculative; for example we have mpidermis, growth must also be tightly regulated. If the
evidence for X spreading forward into the P compartment. In apostulated X gradient spans the parasegment, as diagrammed
alternative scenario, X might be made near the AP borden Fig. 8, then perhaps X might also be a candidate for the
spreading forwards into A and backwards into P to form dactor controlling size. As argued elsewhere, proliferation and
reflected gradient. In that case, cells in the A and Rell death might depend on a cell’s perception of the slope of
compartments would have to make hairs which point in oppositine gradient responsible for polarity. In the abdomen, it is X
directions relative to the vector of X, as all hairs point posteriorlyand not Hh or Wg that conveys vectorial information, raising
Although we propose that X is a long range morphogen, outhe possibility that the X gradient also carries information
results do not exclude models in which polarity depends oabout dimension (Day and Lawrence, 2000).
short range interactions between cells. Recent models for
planar polarity concentrate mostly on this aspect of how cells We thank T. Casci and J. Wasserman for makprguty, vein and
become polarized, particularly on how proteins within cell§h%m:°éd9'°r;esvfl- L._MullortandJ.EE. }Apczertfgrd|SCIJtSS|lc_>n,A. 5(313;\5"
become asymmetrically localized (Usui et al., 1999; Axelrod2"d 2. Saigo for allowing us 1o Use their fz2.lacz reporter fin€, and .
2001; Bellaiche et al., 2001; Strutt, 2001; Winter et al., 2001)ga”e'a' T. Casci, C.-M. Chen, M. Freeman, G. Morata, A. Sato, Y. H.

dh h | | larit iaht te It un, J. Wasserman and the Bloomington Stock Center for flies. We
ana how such molecular polarity might propagate rom Cell 1., atsuko Adachi for making the UAS.Wnt transgenes. Gary Struhl

cell by localised recruitment of other proteins at the abutting an |nvestigator of the Howard Hughes Medical Institute. José Casal
cell membranes (Usui et al., 1999; Strutt, 2001). These modedsd peter Lawrence are supported by the MRC.

can provide explanations for the local, non-autonomous

perturbations of polarity which occur along the borders of

mutant clones, but they do not readily explain the longer rang8EFERENCES
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