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Summary

At the end of germband retraction, the dorsal epidermis of cells and DC. We find that the B-catenin-dependent
the Drosophila embryo exhibits a discontinuity that is  Wingless signalling pathway is required for polarisation of
covered by the amnioserosa. The process of dorsal closure the DME cells. We further show that although the DME
(DC) involves a coordinated set of cell-shape changes within cells are polarised in the plane of the epithelium and
the epidermis and the amnioserosa that result in epidermal present polarised localisation of proteins associated with
continuity. Polarisation of the dorsal-most epidermal the process of planar cell polarity (PCP) in the wing, e.g.
(DME) cells in the plane of the epithelium is an important  Flamingo, PCP Wingless signalling is not involved in DC.
aspect of DC. The DME cells of embryos mutant for

winglessor dishevelledexhibit polarisation defects and fail

to close properly. We have investigated the role of the Key words: Dorsal closure, Armadillo, Wingless, Planar cell polarity
Wingless signalling pathway in the polarisation of the DME  (PCP),Drosophila

Introduction interactions between the two sides of the epidermis proceed

Half way through embryogenesis, the dorsal epidermis of thff0m both the anterior and the posterior edges in a double
Drosophilaembryo exhibits a discontinuity that is covered byZ/PPer-like fashion until the continuity of the epidermis is
an epithelium of large and flat polyploid cells, the amnioseros@&chieved. At the same time, the amnioserosa ingresses,
During the next 4 hours, the cells of the epidermis and thdislodges !tself from the epidermis and undergoes apoptosis
amnioserosa undergo coordinated and spatially orientated céffartenstein, 1993). _ _
shape changes that will result in epidermal continuity. This, G€netic screens, which are mainly based on surveying
process is known as dorsal closure (DC) and represents a gdjfd‘ects in the patterning of thg dorsal epidermis, have identified
model for the study of epithelial movements that can b@ large number of genes required for DC. These can be grouped
compared with processes such as wound healing or thgfo two main categories: genes involved in signalling
seaming of the eyelids in vertebrates (Jacinto et al., 2001). pathways, e.g. JNK, Wnt and Dpp pathways, and genes coding
At the end of germband retraction, the cells of thefor components of cellular architecture or its regulation, e.g.
amnioserosa undergo cell shape changes through a reduct@fioskeletal components like Myosin or proteins associated
of their apical surface (Harden et al., 2002). The net result ¢¥ith the adherens junctions like Canoe/L-afadin or Abl
these changes is a pulling force exerted by the amnioserosa @#arden, 2002). Although early studies focused on large
the epidermis, which appears to be the main force driving D@efects in the patterning process, more recent ones have
during these early stages (Harden et al., 2002; Hutson et dRrgeted cellular activities (Harden et al., 2002). These studies
2003; Kiehart et al., 2000). Simultaneously, the epidermal celldave revealed a number of specialisations of the DME cells and
elongate in the dorsoventral direction, first the dorsal-modh particular a progressive polarisation of their membrane
epidermal (DME) cells and then the cells positioned morg€omponents in the plane of the epithelium (Kaltschmidt et al.,
ventrally. There is no cell division during DC and these celR002). At the end of germband retraction, the DME cells and
shape changes account for the increase of the epidernthe more ventrally located epidermal cells exhibit an isotropic
surface, which eventually enables the epidermis to enclose teBape. At the onset of DC, the microtubules of the DME cells
embryo (Foe, 1989; Young et al., 1993). In a second step, tiggindle in the dorsoventral (DV) direction, which defines an
two edges of the epidermis meet at the ends of the embryo aagis along which these cells begin to elongate (Fig).1A
initiate a zippering process powered by filopodia andSimultaneously, Flamingo (Fmi), an atypical cadherin (Chae et
lamellipodia that protrude from the actino-myosin cableal., 1999; Usui et al., 1999), localises to the membrane of the
(Jacinto et al., 2000; Kaltschmidt et al., 2002). These filopodiBME cells, except at their leading edge (LE, Fig. 1A). A
are thought to contribute to the interactions between the twaimilar localisation pattern is also adopted by other membrane
edges of the epidermis both by facilitating adherens junctioassociated proteins such as Discs-large (DIg) and Fasciclin 3
establishment and contributing to a correct segment-matchin§as3; also known as Fas lll). As the process of polarisation
of the two sides of the epidermis (Jacinto et al., 2000). Thprogresses, actin begins to accumulate at the LE and
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concentrates in actin nucleating centres (ANCs) (Kaltschmidish,sgggermline clones were generated using the Flp-FRT system as
et al., 2002), while Myosin accumulates at the LE forming alescribed by Chou and Perrimon (Chou and Perrimon, 1992) using,
‘beads on a string’ pattern (Young et al., 1993) (V.M. respectivelydst¥26 FRT101/ FM6 andist¥26sgd"!! FRT101/ FM7c
unpublished; Fig. 14). By the end of that first phase, the DME females @stt?®is dst? in FlyBase).

cells are thus eIongated_ in the DV direction and characte.risq munostaining
by a polarised localisation of both cell membrane associat

tei d cvtoskeletal ts. At t the functi bryos were fixed and stained as described previously (Kaltschmidt
proteins and cytoskeietal components. Al present, the funcl al., 2002). We used the following primary antibodies (and

of this polarisation is unclear. It might contribute to the correctoncentration): rabbit antisera against Discs-large (1/200; a gift from
actin dynamics because winglessand dishevellednutants,  p. j. Bryant), mouse monoclonal against Flamingo (1/10; from T.
in which the polarisation is affected, actin dynamics ar&Jemura) (Usui et al., 1999), mouse antibodies against Fas3 [1/50;
defective. Developmental Studies Hybridoma Bank (DSHB), University of
Wingless (Wg) and Dishevelled (Dsh) are essential elementswa; developed by C. Goodman], mouse antibodies adaiogulin
of Wnt signalling that can act through either of two different(1/100; DSHB; developed by M. Klymkowsky), rabbit antibodies
‘canonical’ signalling, is dependent prcatenin (Armadillo in ~ Wingless (1/250; DHSB; developed by S. M. Cohen), rabbit
Drosophilg and targets the nucleus. A second pathway, tightlgmlbOd'eS againg-galactosidase (1/10,000; from Cappel), mouse

- : ntibodies against Engrailed (1/100; DSHB; developed by C.
linked to the process of planar cell polarity (PCP), targets th oodman). The following conjugated secondary antibodies were used

cytoskeleton (for a review, see Veeman et al., 2003). The PG} 1/200: Cy5-conjugated antibodies from Jackson ImmunoResearch:
pathway provides directional organisation to epithelial cells inexa488- ‘and Alexa568-conjugated antibodies from Molecular
the plane of the epithelium and has been well characterised fobes and biotin-conjugated antibodies from Vector Laboratories.
the wing and in the eye (Eaton, 1997; Mlodzik, 2002). Inwith biotin-conjugated secondary antibodies we used the Elite ABC
vertebrates, it seems to play a role in convergent extension akiti (Vector) before staining with diaminobenzidene.

gastrulation (Heisenberg et al., 2000; Lawrence and Morel, Fluorescently labelled embryos were mounted in Vectashield
2003; Tada and Smith, 2000). (Vector) and examined under confocal microscope (BioRad).

PCP manifests itself in the asymmetric organisation in th@iaminobenzidene stained embryos were mounted in DPX (Fischer)
plane of the epithelium of membrane associated protein nd examined using an Axioplan2 microscope (Zeiss) and a KY-F55B

including Fmi, and cytoskeletal components, such asamera GVC).

microtubules. These act as a scaffold for the directionakNA in situ hybridisation

bundling of actin at the distal vertex of each cell and th&ye fixed embryos using standard protocols in 4% formaldehyde. In
formation of the hairs. At first sight, the polarisation of thesitu hybridisation was carried out using a digoxygenin-labelled DNA
DME cells during dorsal closure can be seen as a similalpp probe using standard methods (Lecourtois and Schweisguth,
process with polarised actin dynamics instead of actii995). After staining, the embryos were washed several times in
bundling. A similarity between the polarisation of the wingPBTw (PBS, 0.1% Tween 20), dehydrated in 70% ethanol, rehydrated

hairs and the DME cells of the embryo is also suggested by tfizPBT-BSA (PBS, 0.1% Triton, 1% BSA) and blocked for 1 hour at
requirement fodishevelledn both processes. room temperature. They were incubated overnight at 4°C with rabbit

In Drosophilaboth PCP and ‘canonical’ Wingless signalling antif3-galactosidase antibody and anti-rabbit Alexa-488-conjugated

ire Dish led but th . lid id f secondary antibody was added as described above. Embryos were
require Dishevelled, bul theére 1S no So" vt en,ce OF @{and sorted under a MZFLIII GFP-scope (Leica) and mounted in
involvement of Wingless in other than the ‘canonical’ pathways iy embedding medium (Fullam).

The observation that during DC the polarity of the DME cells

is abnormal irwinglessanddishevellednutants has raised the Cuticle preparation

possibility that Wingless is involved in establishing PCP inTwo-hundred and fifty embryos were collected from an overday egg
these cells. Here, we test the possibility of a role for the PCe#vllection and aged 48 hours at 25°C. The unfertilised embryos were
pathway and Wingless in the polarisation of the DME cellstemoved and deducted from the count and the remaining embryos
Our results reveal that Armadillo-mediated Wingless signallingvér® mounted in acetic acid/Hoyers 50/50. The slide was cooked
is necessary for the correct polarisation of the DME cell§Vernight and the different phenotypes counted.

during embryogenesis, while the PCP pathways seems

dispensable. Results

. wingless and dishevelled mutant embryos show
Materials and methods defects in polarisation of the DME cells
Drosophila strains Embryos mutant fowinglesgwg-) anddishevelleddsit) show

We used Canton S flies as the wild-type stock. Wegemutant  defects in the polarisation of the DME cells. In both mutants,
embryos are derived from the stosk~*%/CyoftzlacZ,daGal4. The cells elongate and bundle microtubules in the anteroposterior
overexpression experiments img mutant background were (Ap) direction instead of the DV direction (McEwen et al.,
made using wg“*¥CyoftzlacZ,daGal4 females for ubiquitous 5400 Kaltschmidt et al., 2002). In addition, Myosin fails to

overexpression andwgtX4,332.3Gal4/Cyoftzlacz females for P :
overexpression in the amnioserosa. These females were crossed wi cumulate at the LE and Fmi displays a dotty cytoplasmic

X4 1 X4 staining instead of the wild-type localisation at the membrane
m']esslof,rg;‘)ffgiC?%g&%%;&gﬁ!}ﬁ@%@ﬂ‘ﬁéXVX%CAS’USS, (Kaltschmidt et al., 2002) (Fig. 1B-Bnd not shown). Later on,
AA%2ICyoftzlacZ, wgCX4UAS Dsh ACI52YCyoftzlacz, and the zippering process is initiated only at the posterior region of
wgCX4CyoftzlacZ;UAS TkR253DTM6b for overexpression of Wg, the embryo, which results in an asymmetric closure. At this late
Armact Dsh, DstADIX, DshADEP and TkP, respectivelydshand  stage, the main axis of many DME cells switches to the DV
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Fig. 1.Ubiquitous
overexpression of Wg or
activated Arm rescues the
polarity of DME cells in
winglessmutant embryos.
Confocal images of stage 13
embryos showing the
subcellular localisation of Fmi
and Dlg (A-D, green and red,
respectively)Tubulin and
Fas3 (A-D', green and red,
respectively), and Myosin
(A"-D"; green, C,D", red is
Fas3). (A-A') In wild-type
embryos, the DME cells
(outlined by Fas3 in A are

elongated in the DV direction. T R AT

Fmi (A) localises at the AT
membrane, but is excluded - T

from the LE (arrow), and \) " o - i ;
accumulates at the level of th Mgl v D AT 4 P

ANCs (arrowhead). The - '
microtubules bundle and oriet ’ v ; e C”

in the DV direction (green in
A') and Myosin shows a ‘beads on a string’ pattern at the Lt (B-B") In wg- embryos, the cells are stretched in the AP direction and Fmi,
which weakly labels the membrane, fails to accumulate at the ANCs (B, green). The microtubule bundles are stretched dlirotionairh

the cells (B) and the weak Myosin staining is characterised by the lack of accumulation at th€)LE @nbryos ubiquitously

overexpressing Wg (C*Q or Arme°t(D-D"), although few cells show a triangular shape, the elongation of the DME and the more ventrally
located epidermal cells (C,D) is rescued. The localisation of Fmi at the membrane and its concentration in ANCs (greeo@&btptihn of
the microtubule bundles (greeh, @) and the ‘beads on a string’ pattern of Myosin (greé€nDC red is Fas3) are comparable with wild type.
In all the figures, anterior is leftwards and dorsal upwards. as, amnioserosa, ep, epiderrhjB.,B\-)AModified, with permission, from
Kaltschmidt et al. (Kaltschmidt et al., 2002). Scale banr20

direction but only some of these cells undergo an elongation Gfanonical’ Wingless pathway is involved in DC,
any kind. Fmi is then localised at the membrane and excludexterexpression of both Wg and A¥thshould lead to some
from the LE as is observed at earlier stages of DC in wild-typeescue of DC. However, if the ‘canonical’ pathway is not
embryos. Neither during the initial or the late phases of DC dmvolved but the function of Wg during DC involves the PCP
the more ventrally localised epidermal cells display anyathway, one should observe some rescue only with the
elongation (not shown). There is, however, one differenceverexpression of Wg. As an internal control of the
betweenwg and dsh mutant embryos. Irdsir embryos the experiment, we monitored the rescue of two features of the
amnioserosa detaches from the epidermis, which results in‘@nonical’ pathway. One with a low requirement for Wingless
dorsal hole. By contrastyg- embryos close and show most of signalling, the presence of naked cuticle on the ventral side of
the time only a very small dorsal hole, next to the anterior holehe embryo, and one with a higher requirement for Wingless,
which can be correlated with the defect of zippering initiatiorthe expression of Engrailed (En) in stripes in the ectoderm.

anteriorly (this work) (McEwen et al., 2000). Both overexpression of Wg and Atffallowed rescue of those

) ) ) ) two features (Fig. 2), validating our experimental conditions.
The ‘canonical’ Wingless pathway is required for Ubiquitous expression of Wingless rescues the DC defects of
dorsal closure wg- embryos (Kaltschmidt et al., 2002), including the double

The involvement of bothwingless and dishevelledin the  zipper (not shown). Detailed analysis of these embryos reveals

polarisation of the DME cells and the similarity of this procesghat they have normal elongation of the DME cells in the DV

in the planar polarisation of epithelial cells (Eaton, 2003) ledlirection and correct subcellular localisation of Flamingo (Fig.

us to enquire which of the two Wingless signalling pathways1C). In addition the bundling of the microtubules (Fig')&dd

the ‘canonical’ or the PCP pathway, is involved in this procesghe localisation of Myosin at the LE of the DME cells (compare

We tested this by attempting to reseuggmutant embryos with  Fig. 1A",B",C") are normal. A similar rescue was observed

effector elements of Wg signalling pathways. In thesavhen Arn?ctwas used instead of Wingless (Fig. 1D}yD

experiments we made use of the Gal4 targeted expressionTherefore both Wg and A@f are able to rescue the DC

system (Brand and Perrimon, 1993) to express differerdefects of avg-embryo to a similar extent. These experiments

signalling molecules in therg mutant background. indicate that the ‘canonical’ Wingless pathway is required for
We first examined the ability of different levels of Winglessthe correct behaviour of the DME cells during DC.

signalling to rescuavg- embryos. To do this, we used an

ubiquitous Gal4 driver, daughterless-Gal4 (daGal4) to expresgpatial requirement for the Wingless ‘canonical’

either Wingless Wg>da>Wg) or an activated form of signalling pathway

Armadillo (Arma<t wg>da>Arn?®). We assumed that if the During germband elongation and until the beginning of
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Fig. 2. Rescue of ‘canonical’ W

pathway features following - ;
overexpression of Wg, Arffitor L% W, ’
Dsh inwg-embryos. Analysis of | | 2 5

the different cuticle phenotypes fr—

from the following crosses: % wg >da >Wg wg > da >Arm act wg > da >Dsh
femaleswgCX4CyoftzZ;daGal4x
maleswgt*4 UASWg/CyoftzZ 100
(wg>da>Wg) wgtx4 UASArmacy
CyoftzZ (wg>da>Arn#<) and 33 21
wgCX4CyoftzZ;;UASDsh 80
(wg>da>Dsh). The embryos

shown above are stained for
Engrailed wg>da>Wg: 44.5% of 60
the embryos overexpress Wg a
present a fully naked cuticle, ar

are organised in two categories 40 145
different strength (30%, 14.5%)
21% of the embryos overexpre:

Wg and have a wild-type 20
phenotype (out of the 54%

NN
AN

<

(78]

LF5]
LS

£30

<
fad
4
AN

Mt

9 b b

showing a wild-type phenotype /A / /A

33% do not overexpress Wg).\ 0 = -

overexpression iwg- embryos is , . : - ;

thus able to rescue the naked estimated proportions : [l wild type phenotype observed proportions : [l wild type phenotype
cuticle identity and to some = [ ) _
extent suppress the denticules mutant phenotypes mutant phenotypes

specification. En expression is

rescued to normalvg>da> Arnfct 39.4% of the embryos overexpress Aftand show a fully naked cuticle, and 30.6% of the embryos
overexpress Araftand show a wild-type phenotype. Ad¥roverexpression is thus able to rescue the naked cuticle identity. En expression, as
shown by the above embryo, is normvedi>da>Dsh: all the embryos from this cross overexpress Dsh. A mild rescue of the naked cuticle
identity (see Fig. 5Qis observed in 21% of the embryos (33%\age). A partial rescue of En expression is observed.

retractionwgis expressed in the epidermis of the embryo in gersists until the end of closure. Although at stages late 12 and
two-cell-wide stripe in each segment. During stage 1113 the dots are on the apical side of the epidermis, later on
expression in the lateral epidermis is lost and a new pattethey are located on the basal side of the epidermis (data not
emerges with a ventral stripe and a dorsal patch, just below tisbown).
DME cells, per segment. There is neway expression in the We assessed the ability of Wingless secreted from the AS to
amnioserosa cells. Wingless protein expression pattern reflecescue wg- embryos Wwg>AS>Wg) by following several
the dynamics of the RNA expression (Gonzalez et al., 199Xparkers of cell shape and polarity. In these embryos the DME
(L. E. Owen, PhD Thesis, University of Cambridge, 1994). cells become oriented in the DV direction as early as stage 13
The experiments described above support the suggestion tlhmit they do not elongate significantly (Fig. 3A). The epidermal
a localised source of Wingless may not be required for DCzells located ventrally do not even show a preferential direction
However, there might be a differential requirement for Wgn the DV axis but show an isotropic shape (Fig. 3A, asterisk).
signalling between the amnioserosa and the epidermis for DEven though the DME cells do not stretch, they show signs of
to proceed. We previously showed that when activated in botbolarisation, e.g. Fmi is correctly localised at the ANCs (Fig.
tissues Wg signalling rescues DC and epidermis defects. V8\) and the microtubules bundle in the DV axis (not shown).
have now tested the requirement for Wg signalling in thédowever the organisation of other elements of the cytoskeleton
amnioserosa by overexpressing Wingless or 3&fim the is not fully rescued. Myosin localises only weakly to specific
amnioserosa ofvg- embryos and assessing its effects on Ddocations in the leading edge and does so at late stage 14 rather
and the epidermis. than the wild-type stage 13 (Fig. 3B,C). The overexpression of
When Wingless is expressed using the amnioserosa specifig in the amnioserosa is thus not able to fully rescue the
driver, 332.3-Gal4 (ASGal4) (Wodarz et al., 1995), Winglessviyosin localisation or the cell elongation at the early stage of
can be seen to be expressed and secreted by the amniose&aalthough it is sufficient to rescue both Fmi localisation and
cells from the stage 11 onwards. In these embryos, Winglessicrotubule bundles orientation. Later on however, DME cells
can be detected in the cytoplasm of the amnioserosa cells libngate in the DV direction, although to a lesser extent than
not in the epidermis. At stage 12 [mid-way through retractiorin wild-type embryos. It is interesting that this elongation does
of the germband, stages as in Hartenstein (Hartenstein, 1993)pht propagate to the more ventral epidermal cells (data not
some Wingless can be observed in the head epidermis up gbown).
5-6 cells away from the amnioserosa. At the onset of DC, late Although we observe Wingless protein over the epidermis,
stage 12 and stage 13, some Wingless can be detected in the rescue of therg- phenotype is restricted to the DME cells.
form of dots over the DME cells and the lateral epidermis ughis raises the possibility that the rescue is due to an interaction
to five cells away from the amnioserosa (Fig. 3D). This patterhetween the epidermis and the amnioserosa rather than to a
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Fig. 3. Activation of the ‘canonical’ Wg pathway is required in the
epidermal cells but not in the amnioserosa. Subcellular localisation
of Fmi, Dlg, Myosin, Fas3 and Wg iag- embryos overexpressing
either Wg or Armctin the amnioserosa. (A,E) Stage 13 embryos
stained for Fmi (green) and Dlg (red). Although the DME cells are
oriented in the DV direction in theg>AS>Wg embryos (A), they do
not elongate and even sometimes show a triangular shape
(arrowhead). The ventrally located epithelial cells present an
isotropic shape (asterisk). In these embryos, however, Fmi localises
at the membrane and concentrates at the level of the ANCs as in wild
type (compare with Fig. 1A). By contrastVvig>AS>Armact

embryos (E), DME cells are not oriented in the DV direction but
rather stretched in the AP direction asvigrembryos. In these
embryos, Fmi shows a ‘dotty’ staining similar to that observed in
wg-embryos (compare with Fig. 1B). (B,C,F,G) Subcellular
localisation of Myosin in stage 13 (B,F) and stage 15 (C,G) embryos.
At a stage when Myosin already shows accumulation at the LE in
wild type (compare with Fig. 1C), no accumulation is observed in
wg>AS>Wg embryos (B). However, when the zippering process has
been initiated at both ends, accumulation is observed at the LE (C).
By contrast, neither at stage 13 (F) nor at stage 15 (G) does Myosin
accumulate at the LE @fg>AS>Arma°tembryos. (D) Subcellular
localisation of Wg (green) in a stage i@AS>Wg embryo. After
overexpression, a strong Wg expression is observed in the
amnioserosa and Wg-containing dots are seen on the apical side of
the epithelium up to six cells away from the LE (the cells are outline
in red by DIg). All panels are single confocal sections, dorsal is
upwards and anterior leftwards. Scale barpu20

1997; Zeitlinger et al., 1997). McEwen et al. (McEwen et al.,
2000) reported thatvg is required fordpp expression in the
DME cells. As the ‘canonical’ Wingless pathway leads to the
activation of gene expression, we investigated its contribution
to dpp expression. Reciprocally, we investigated if all the
direct effect of Wingless on the epidermal cells. To circumveneffects of the ‘canonical’ Wingless pathway are mediated by
this, we overexpressed Affhin the amnioserosavg>AS>  Dpp.
Arma® As Arm is an intracellular protein, any observed effect In wild-type embryosdpp shows a complex and dynamic
is likely to be cell autonomous and thus associated witpattern of expression. During retraction of the germbdpg,
activation of the Wingless pathway within the amnioserosaexpression is restricted to a single row of cells corresponding
Under these conditions, neither the DME cell shape, nor th® the DME cells. As DC begins, the leveldgp expression
localisation of Fmi, the organisation of the microtubule bundle$ the DME cells decreases (Fig. 4A) and during the zippering
nor the localisation of the Myosin were significantly rescueghasedpp transcripts cannot be detected anymorewfyr
when compared with similar stainingwy-embryos (compare embryosdppis expressed in the DME cells at the onset of DC
Fig. 1B, Fig. 3E and Fig. IB Fig. 3F). Activation of the butits levels, as detected by in situ hybridisation, are decreased
‘canonical’ Wingless pathway within the amnioserosa cells isompare with wild type (Fig. 4B). Nevertheless, the dynamic
thus not sufficient to rescue the cellular aspects of DC. of dppexpression seems to be conserved, and, as in wild-type
These results show that the polarisation and cytoskeletambryos, dpp expression disappears during the zippering
reorganisations of the DME cells require the activity of theprocess. Invg mutant embryos expressing high levels of either
‘canonical’ Wingless signalling pathway within the epidermis.Wg or Arn?ctwith daGal4, the levels adpp are restored to
In addition, they indicate that different cellular events responwvild type levels (Fig. 4C,D). Interestingly, regardless of the
to different thresholds of Wingless signalling and that activityubiquitous overexpression of either Wg or Afhthroughout
and elongation, of the DME cells does not trigger elongatiothe epidermis, the pattern ofpp expression during DC is

in more ventrally located cells. preserved, suggesting that there is only a subpopulation of cells
o o that are competent to expredpp. However, amnioserosa-
Ubiquitous activation of the Dpp pathway does not specific expression of Wingless, but not of Afinin wg
rescue the polarity defects of ~ wingless mutant mutants results in a rescuedgfpexpression in the DME cells
embryos (Fig. 4E,F). This confirms that the effects that we observe are

The activity of the DME cells during dorsal closure requiresddue to Wingless signalling directly to the DME cells and not
the activation of the JNK pathway and the expression of twto secondary signalling across cell types.

target genespuckered(Glise et al., 1995; Riesgo-Escovar et The correlation betweedpp expression in the DME cells
al., 1996) andiecapentaplegi¢dpp (Glise and Noselli, 1997; and the rescue of many of their cellular elements and activities
Harden, 2002; Hou et al., 1997; Riesgo-Escovar and Hafehy Wingless signalling raises the possibility that some of the
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elongation. This suggests that the effect of the ‘canonical’ Wg
signalling pathway on DME cell polarity is not simply
mediated by activation of the Dpp pathway.

Altogether, these results challenge the proposal that in wild-
type embryos the elongation of the ventral epidermal cells is
induced by Dpp secreted from the DME cells and suggest that
if Dpp contributes to the elongation of the epidermal cells, it
requires an additional input from Wingless signalling.

Overexpression of Dishevelled in  wg mutant
embryos is not sufficient to rescue polarity defects

To analyse the possibility of a contribution of the PCP pathway
in DC, we tested the ability of Dsh to rescue g mutant
phenotype. In these experiments, we overexpressed Dsh with the
ubiquitous driver daGal4wg>da>Dsh). We first assessed the
ability of Dsh to rescue the naked cuticle and the expression of
En inwg- embryos. Although overexpression of either Wg or
Arma°trestored naked cuticle and exhibited a dominant effect,
the overexpression of Dsh exhibits a partial rescue and only
restores some naked cuticle (compare Fid,BBFig. 2). A
similar effect is observed with regard to the expression of En,
which is fully rescued by ubiquitous expression of Wg or &km

but only weakly rescued by the ubiquitous overexpression of
Dsh (compare Fig. BBC", Fig. 2). Thus, overexpression of Dsh

in a wg- embryo partly rescues the ‘canonical’ pathway, as
assessed by the naked cuticle and En expression.

We then turned our attention to the process of dorsal closure.
The cuticle of thevg>da>Dsh embryos is longer and its pattern
much improved relative to that afflg- embryos (compare
Fig. 6A,B with Fig. 6A,B). However, these embryos also
show some ‘warts’ on the dorsal side, which are not observed
following the overexpression of Wg or A#f) and which
probably result from cell sorting defects associated with the
defects of En expression (Fig. 5CAnalysis of these embryos
) ) ) ) at the cellular level reveals that most of the DME cells show a
Fig. 4. Rescue oﬂppex_pressmn levels following overexpression of \weak elongation in the DV direction, which is badly
Wg or Amret Lateral view of stage 13 embryos stained by in situ - qinated along the LE (Fig. 6B Their polarity, as assessed
hybridisation againslecapentaplegidppis expressed in the DME by the subcellular localisation of Fmi, is rescued (Fig!)6B

cells of wild-type embryos (A), and in one or two additional cells per : :
segment vent%/rglly Iocaﬁsed( c)ompare with the LBty (B) Perand the microtubule bundles are correctly oriented (not shown).

expression levels are lower adplpexpression is often lost in the However, the Myosin concentration at the LE is very delayed
posterior DME cells. After ubiquitous overexpression of Wg (C) or and is observed only very late while the zippering process is
Armact(D), dppexpression levels are restored to normal. well advanced (data not shown). Dsh is thus not potent to
Interestingly, although the overexpression is ubiquitous, the rescue all the polarisation features of the DME cells in these
expression pattern in stage 13 embryos is not altered. (E) In experimental conditions.

wg>AS>Wg embryodppexpression levels are rescued, in contrast e wondered if this might reflect low expression levels of

to wg>AS> ArmPetembryos (F), which show a weak expression of  psh in  our experimental conditions. However, these

dppsimilar to the levels observedvg™embryos. experimental conditions providdsh activity to rescuedsh
mutant embryos (Fig. 7A,B), and cuticles wiy>da>Dsh
embryos made at 29°C, a temperature at which the Gal4 is

effects of Wingless are mediated indirectly by Dpp. To test thisnore active, did not show an improvement of the naked cuticle

we increased the levels of Dpp signalling by overexpressing gshenotype compared with the experiments carried out at 25°C

activated form of the Dpp receptor Thick-veins (®Ry  (not shown).

(Nellen et al., 1996) iwg-embryos. These levels of signalling  These results indicate that there are some important

are sufficient to cause a dorsalisation of the epidermis (Nellegifferences between the activities of Wg, &fand Dsh in

et al., 1996) but only lead to a mild rescue of DME cellthese rescue experiments. Some of these effects could be due

polarisation. Fmi localises to the membrane and is excluded interactions between the ‘canonical’ and PCP signalling

from the LE inwg>da>TkWP embryos. This localisation is pathways.

observed with some delays compared with wild type and does

not correlate with any elongation of the DME cells in the DVDIX and the DEP domains of Dishevelled have

direction (data not shown). Similarly, activating tlgp  different contributions to DC

pathway in the lateral epidermal cells does not result in thelDsh contains three highly conserved domains, the DIX, PDZ
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Fig. 5. Contribution of the Dsh
domains to the rescue of
‘canonical’ features imvg-
embryos. (A-E') Magnification
of the ventral side of the
cuticle shown in A-E.
(A",B",C",E") Lateral views;
(D") dorsal view. Cuticle (A-A
and En expression pattern"(fof
wild-type embryos. (B-B) wg~
embryos show a short cuticle (B) =
and a lawn of denticules on the -
ventral side (B. The expression
in stripe of En in the lateral and
dorsal ectoderm is lost, except for |
very few cells (B). Upon
ubiquitous overexpression of Dsh |
(C,C) or DSM\DEP (D,D), the (:
length of the cuticle and the
presence of naked cuticle on the
ventral side are rescued. A mild
rescue of En expression is
observed iwg>da>Dsh embryos
(C") and to a lesser extent in
wg>da>Dsi\DEP (D'). No

rescue of either the length of the
cuticle (E), the presence of naked
cuticle (E) or the expression of
En (E') is observed after
ubiquitous overexpression of
DshADIX. Moreover, the cuticle

of wg>da>Dsi\DIX embryos is
shorter than the cuticle ofg-
embryos (compare E with B).

and DEP domains (for a review, see Wharton, 2003). The DE& the membrane and accumulates at the level of the ANCs
domain mediates interaction of Dsh with the cell cortex and i§~ig. 6C'). Although no clear elongation of DME or ventral
required for PCP but not ‘canonical’ Wg signalling (Axelrod, epidermal cells is observed, DC process is improved as two
2001; Axelrod et al., 1998; Rothbacher et al., 2000), while theippers, at the anterior and posterior ends of the embryo, are
DIX domain is required for the ‘canonical’ Wg signalling but initiated, whereas only the posterior one is observedgn
seems dispensable for PCP (Axelrod, 2001; Penton et aémbryos (not shown). By contrasig>da>DsIADIX embryos
2002). To investigate further an involvement of the PCFhave a shorter cuticle thavg mutants and show a more severe
pathway in the activities of the DME cells during DC, wepuckering and hole on the dorsal side (compare Fig. 6A,D with
repeated the rescue experiments wof- embryos using Fig. 6A,D'). Furthermore, neither the shape nor the
truncated forms of Dsh deleted for either the DEP (DdEP)  polarisation of DME cells is improved in these embryos (Fig.
or the DIX (DslDIX) domain. Although overexpression of 6D").
DsMDEP leads to the partial rescue of naked cuticle (compare Thus, although DgkDEP can rescue partially the DC
Fig. 5B,D') and of En expression (compare Fig."dB'), no  defects ofwg mutants, ubiquitous overexpression of DEHX
naked cuticle nor rescue of En expression are observed dmes not rescue any of the observed features confirming the
wg>da>Dsi\DIX embryos (Fig. 5EE"). We thus confirm that requirement for the Wg ‘canonical’ pathway during DC.
DshADEP is able to signal within the ‘canonical’ Wg pathway
but not DsSADIX. The activity of Dsh is not required for dorsal closure

We then tested the ability of either protein to rescue DC idvhen the Wg ‘canonical’ pathway is constitutively
wg- embryoswg>da>DsMDEP embryos are longer tharg ~ activated
mutants and their dorsal cuticle is improved as no hole idlthough overexpression of DADEP inwg mutant embryos
observed and only occasional warts can be seen (Fig.T6@ leads to a rescue comparable with the one observed with
DME cells are oriented in the DV direction and most of thenoverexpression of Dsh, one cannot exclude the possibility that
show a slight elongation in the DV direction when thethe PCP pathway plays a role in this process. Dsh function is
zippering process has started. Simultaneously, Fmi is observadt affected invng- embryos and the endogenous Dsh protein
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Fig. 6.Contribution of the Dsh domains to the
rescue of dorsal closure featuresvir
embryos. (A-D) Dorsal view of the cuticles
shown in Fig. 5. Confocal high magnification
pictures of late stage 13 embryos ®',D")
and early stage 14 (¢ oriented dorsal
upwards and anterior leftwards. (A)ACuticle A
of awg-embryo showing an anterior and a
anterodorsal hole (arrowheads), as well as a
short and folded cuticle on the dorsal side.
After ubiquitous overexpression of Dsh (B) or
DsMDEP (C) inwg-embryos, the length of

the dorsal side of the cuticle is rescued and the
anterodorsal hole suppressed. The dorsal
cuticle ofwg>da>Dsh embryos (Bshows

some warts in addition to a puckering on the
midline, while the dorsal cuticle of
wg>da>DsIMDEP embryos (§is

disorganised with occasional warts. By
contrast, the dorsal cuticle of

wg>da>DsIi\DIX embryos is very short and a
strong dorsal hole is observed (D-D

arrowheads). The cell organisation, as revealecc
by Fmi (green) and Dlg (red) staining"@®"),
is partially rescued after overexpression of Dsh
(B") or DSADEP (C'), with DME cells

showing a mild elongation in the DV direction £
and accumulation of Fmi at the membrane and
weakly at ANCS. No rescue of cell shape or
Fmi localisation is observed following D
overexpression of DADIX (compare D,A"). i

is potent to mediate PCP. Thus, it is possible that in many @romotes the formation of filopodia and lamellae during the
our experiments some of the observed rescue is due to &inal phases of the process. A functional link between the
activity of the endogenous Dsh induced by interactions of thpolarisation and the assembly of the cable of actin is supported
overexpressed forms with other regulatory proteins. To rule odty the observations that in mutants in which the DME cells do
this possibility, we generatetshmutant embryos in which the not elongate, there is no actin cable and no dynamic protrusions
‘canonical’ Wg signalling pathway is constitutively activated (Kaltschmidt et al., 2002). As a consequence, these embryos
through a loss of function &igg(sgg,dskLC). display defects and delays in the closure process. Embryos
In agreement with a role for the ‘canonical’ Wg pathway inmutant forwg anddshare good examples of this class.
DC, the cuticle of thesgg,dsfL-C embryos is improved o o
compared with that ofishr embryos. The embryos exhibit a Transcriptional control of the polarisation of the
severe defect in germband retraction but no dorsal hole [BME cells and DC by the [-catenin-dependent Wg
observed and the dorsal cuticle appears severely puckerathway
(compare Fig. 7A,C with Fig. 7AC'). Furthermore, although The polarisation of the DME cells occurs in the plane of the
in dsh mutants the DME cells do not elongate in the DVepithelium and can be seen as a manifestation of the
direction and show a ‘dotty’ cytoplasmic localisation of Fmiphenomenon of planar cell polarity (PCP). As a specific branch
(Fig. 7A"), in embryos derived fromgg,dskLC females DME  of Wg signalling has been implicated in PCP and there is
cells are elongated in the DV direction and Fmi localises to thevidence for an interaction between Dishevelled and JNK
cell membrane as it does in the wild type (Fig'YOhese signalling during dorsal closure (Boutros et al., 1998), we tested
observations show that the function of Dsh is dispensable favhether there is a role for this mode of Wg signalling in the
the organisation of the DME cells when the ‘canonical’ Wgprocess of DC. Our results clearly show that the ‘canonical’ Wg
pathway is activated. They also indicate that the rescugyof signalling pathway that leads to activation of Armadillo and of
mutants by Armadillo is due to an activation of the ‘canonicalthe transcription of target genes is necessary and sufficient to
Wg signalling pathway without a major contribution of therestore the polarity of the DME cells and to promote a normal
PCP pathway. process of dorsal closure inngy mutant embryo. Surprisingly,
we find that the PCP pathway does not appear to play a major
. . role in DC or the polarisation of the DME cells as activation of
Discussion the ‘canonical’ pathway in the absencedshactivity rescues
The initiation of DC inDrosophilaembryos correlates with the the polarity and function of the DME cells. This conclusion is
elongation and polarisation of the DME cells in the DV axissupported by the observation that although a moiety of
of the embryo. In parallel with this polarisation, a cable of F-Dishevelled that promotes Armadillo signalling is capable of
actin assembles on the dorsal-most surface of these cells amdcuing the defects wfg mutants, a moiety that promotes JNK
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Fig. 7.Dsh is not required for dorsal closu
to proceed when the ‘canonical’ Wg pathv
is activated. Cuticles (A-QG Fmi (green) an
Dlg (red) antibody staining (AC") of
dsHBLC (A-A"), dsHPLC>da>Dsh (B-B) and
sgg,dskLC (C-C") embryos. The cuticle of
dsHLC embryos presents an anterodorsal
hole (A, arrowheads) and is very short wit
most of the dorsal epidermis missing (A).
dsHLC>da>Dsh embryos, the length and 1
hole of the cuticle are rescued (B) and a
strong puckering is now observed dorsally
(B"). The cell morphology and polarity in
dsHLC embryos is very similar to that
observed iwg-embryos (compare "Awith
Fig. 1B): the DME cells are stretched in tr
AP direction while the other dorsal
epidermal cells present a rather isotropic
shape. Fmi does not localise at the memt
but shows a ‘dotty’ localisation in the
epidermis. Upon ubiquitous overexpressic
of Dsh indsHLC, the DME cells elongation
in the DV direction is rescued (B Fmi doe:
not localise at the membrane in stage 13
embryos (not shown), but shows membrane localisation and ANCs accumulation in late stage 13-early stage 14 ‘embhgosutile of
sgg,dskLC embryos (C), which lacks bottshandsggfunction, presents a strong retraction defect and a ventral naked cuticle characteristic of
the constitutive activation of the ‘canonical’ Wg pathway associated with the lsggfahction. They present an anterior hole (arrowhead)

and a puckering of the dorsal midling\Q\lthough the retraction defect makes the observations difficult, the cuticle is longer tisfiin
embryos (compare with A). Fmi localises at the membrane and concentrates at AYG.8$ff-C embryos (C) and the main direction of

DME cells is restored to the DV axis.

signalling and PCP does not. Altogether, these results indicaiigput is less significant than has been reported before (McEwen
that the polarisation and activity of the DME cells during dorsaét al., 2000). Altogether, these observations suggest that some
closure requires ArmadillBfcatenin-dependent Wg signalling. of the activity of Wingless during DC is mediated by Dpp.
Furthermore, this requirement is restricted to the epidermis asdeed, when we ubiquitously activated the Dpp pathway by
activation of Wg signalling in the amnioserosa has no effect othe means of an activated form of its receptor Tkv, we observe
the epidermis. some rescue of the polarity of the DME cells. However,
The polarisation of the DME cells and subsequent dynamicalthough in this case the DME cells orient themselves in the
of actin at the LE can be construed as the development of ti®/ direction and Fmi localises as it does in wild type, neither
leading edge of a motile cell and to a certain extent is akin tithe DME nor the ventral epidermal cells elongate, and the DC
an epidermal/mesenchymal transition (EMT), as one of thprocess is not substantially improved. This contrasts with the
features of this process is the reorganisation of the actiiull rescue of both the polarisation of DME cells and the DC
cytoskeleton and the acquisition of motility by the cells. In thigprocess following ubiquitous activation of tH&catenin-
regard, it is interesting to note thaicatenin-dependent Wnt dependent Wg pathway. Thus, if Dpp contributes to DC, it is
signalling has been implicated in EMT both in normal andchot as the only target of Wg signalling.
cancerous cells (Martinez Arias, 2001; Muller et al., 2002) and Expression of Wingless from the amnioserosawg
that therefore there are precedents for the involvement efutants induces high and continuous leveldpgfin the DME
the [B-catenin-mediated transcriptional regulation in thecells together with some rescue of the polarity of the DME
development of actin dynamics. However, the targets of theells but without any effect on the elongation of these or the

Whnt pathway mediating this process are not known. more ventral cells. This rescue is very similar to the one
observed with ubiquitous expression of the activated Tkv.

Dpp is not the central target of the  B-catenin- These results indicate that Dpp does not act as a long-range

dependent Wingless signalling signal for the elongation of the more ventral epidermal cells

It has been suggested that tBesophila BMP homologue as rescue of Dpp expression in the DME cells or activation of
Dpp is a central effector of dorsal closure (Affolter et al., 1994Dpp signalling throughout the epidermisvig mutants does
Glise and Noselli, 1997; Hou et al., 1997; Zeitlinger et al.not lead to the elongation of the more ventral cells. A similar
1997). Embryos mutant faipp signalling exhibit defects in conclusion had been suggested from the observation that
dorsal closuredppis expressed in the DME cells and has beerepidermal cells initially elongate in the absence of Dpp
proposed to act as a long range signal for the elongation of tegnalling but resume their polygonal shape soon after (Ricos
more ventral cells (Glise and Noselli, 1997; Hou et al., 1997¢et al., 1999; Zeitlinger et al., 1997). However, an alternative
Riesgo-Escovar and Hafen, 1997). Here, we show thatxplanation for our observations is that the elongation of the
Wingless is required for the correct maintenancedpp  ventral epidermal cells requires inputs from both Dpp and
expression in the DME cells, although in our experiments th&vingless signalling.
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Altogether, these observations indicate that Dpp is not thdistributed between the proximal and distal membranes of the
only effector of Wingless during DC and indicates thatepidermal cells. Thus, while Flamingo becomes localised
Wingless signalling via Armadillo controls genes that act eitheequally between the proximal and the distal sides of the cell
in parallel or together with those regulated by JNK and Dpp.(Usui et al., 1999), the distal side of the cell accumulates a

complex composed of Frizzled and Dishevelled (Axelrod,

B-catenin dependent Wg signalling plays a 2001; Shimada et al., 2001; Strutt, 2001) and the proximal side
permissive role for the polarisation of the DME cells accumulates a complex formed by Strabismus and Prickled
and dorsal closure (Bastock et al., 2003; Tree et al., 2002). Genetic analysis of

We have shown that Wingless is required in the epidermal celteese complexes has led to the formulation of a model which
but does not act as a polarising signal, as ubiquitous activatiaiescribes the propagation of the polarity from one cell to its
of the pathway rescues the defectaiginutants. An important neighbours (reviewed by Eaton, 2003), but which says nothing
observation of our experiments is that the DME cellsvgf  about the origin of the polarity that is being propagated. In
mutant embryos display a polarity and an elongation at the vetiiis model, Dsh, like Strabismus, Prickled or Frizzled, is an
final stages of DC, suggesting that the polarisation signal isssential component of the mechanism that propagates the
received correctly by the DME cells but that in the absence gfolarity.
Wingless signalling there is a delay either in its interpretation The observation of polarised distributions of Fmi, Dsh and
or in its materialisation. This, together with the lack ofFzinthe DME cells during dorsal closure has led us to suggest
importance of a fixed source of Wingless for the polarisatiom link between the polarisation of these cells and the process
of the DME cells (Kaltschmidt et al., 2002), suggests thabf PCP. However, we have not found a requirement for
Wingless makes the DME cells competent to interpret a preelements of this pathway in dorsal closure. In particular, the
existing polarisation signal. Such a permissive role of WinglesBCP function of Dsh is not required for the polarisation of the
signalling had been suggested by McEwen et al. (McEwen &ME cells and the polarised localisation of Fmi, which was
al., 2000). It has, furthermore, been emphasized in otheuite unexpected considering the interdependence of Dsh and
transcriptional events (Martinez Arias, 2003). Fmi for their asymmetric localisation in the wing cells

In the case of DC, the permissive function of WinglesgShimada et al., 2001). This asymmetric distribution of Fmi is
signalling translates itself in the correct coordination of thdikely to play a role in the polarised actin dynamics in response
different events, i.e. the cells have to elongate at the right tinte the polarity signal. Although this may appear surprising, it
and the activity of their cytoskeleton has to be properly linke@lso invites a consideration of the notion of PCP.
to other events some of which are transcriptional. Failure to do The PCP pathway has been defined in a context of
this will result in defects in dorsal closure. These observationgropagation of a polarity but not of its initial definition. In fact
raise the question of the temporal requirements for Wagone of the experiments performed in the windpajsophila
signalling during DC. address the origin of the polarity that is being propagated. In

ASGal4 drives expression of Wingless from the elongatiolDC, however, the process that we observe in the asymmetric
of the germband to the end of DC. However, when driven bistribution of proteins in the DME cells reflects the
ASGal4, Wg can only be detected over the epidermal cellsstablishment of a polarity and not its propagation. From this
during the first phase of DC. This is probably due to theerspective, the lack of a requirement for the PCP branch of
inability of Wingless to cross the deep fold existing betweewWnt signalling might not be that surprising as PCP Wnt
the AS and the epidermis during germband retraction and ttsgnalling might be related to propagation or coordination of a
zippering process. The provision of Wg from the amnioserospolarity signal that has been generated in a different manner.
rescues the defects of the DME cellsnahglessmutants but  However, the requirement for th&catenin-dependent Wg
not those of the more ventral cells. Although the DME cellspathway might be significant and indicate the requirement for
in contact with the AS, might have received Wg signal at tha transcriptional event in the establishment of PCP. This
very onset of the overexpression (around stage 9-10), the mavbservation might also apply to the wing.
ventral epidermal cells seem to see the signal too late to
elongate, suggesting that Wg signalling is required before the We thank N. Lawrence for sharing unpublished results and
beginning of DC for the cell shape and polarity changes. A hirffomments on the manuscript. We are grateful to P. Hayward for her
a ihe timing of Wit requrement for DC s provded by ITETE N e TS and o Bl B s, T e
exp_erlments using a tempgrature sensitive aIIeIw!DgleSS antibodies énd flies. V.M. is supported by the Human Frontier Science
(Bejs.ovec and Martinez Arias, 1991). Remoyalvphgless Program and AM.A. by the Wellcome Trust.
function between 4 and 4.5 hours after egg laying, i.e. at stages
9-10, affects the shape of the dorsal cuticle in a way similar to
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