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SUMMARY

The Rho subfamily of Ras-related small GTPases appears to have conflicting roles during dorsal closure:
participates in a variety of cellular events including establishment and/or maintenance of the leading edge
organization of the actin cytoskeleton and signalling by c- cytoskeleton versus its down regulation. Down regulation
Jun N-terminal kinase and p38 kinase cascades. These of the leading edge cytoskeleton may be controlled by the
functions of the Rho subfamily are likely to be required in  serine/threonine kinase DPAK, a potential Drac1/Dcdc42
many developmental events. We have been studying the effector. RhoA is required for the integrity of the leading
participation of the Rho subfamily in dorsal closure of the edge cytoskeleton specifically in cells flanking the segment
Drosophilaembryo, a process involving morphogenesis of borders. We have begun to characterize the interactions of
the epidermis. We have previously shown that Dracl, a Rho the various small GTPases in regulating dorsal closure and
subfamily protein, is required for the presence of an find no evidence for the hierarchy of Rho subfamily activity
actomyosin contractile apparatus believed to be driving the described in some mammalian cell types. Rather, our
cell shape changes essential to dorsal closure. Expression ofresults suggest that while all Rho subfamily p21s tested are
a dominant negative Dracl transgene causes a loss of this required for dorsal closure, they act largely in parallel.
contractile apparatus from the leading edge of the

advancing epidermis and dorsal closure fails. We now show

that two other Rho subfamily proteins, Dcdc42 and RhoA,  Key words:Drosophila Rac, Cdc42, Ras, Rho, Small GTPase,

as well as Ras1 are also required for dorsal closure. Dcdc42 Dorsal closure, Cytoskeleton, Morphogenesis

INTRODUCTION terminal structures and photoreceptor identityDiosophilg

and vulval development i€. elegangreviewed by Dickson
A vast body of work, largely on mammalian cells, hasand Hafen, 1994).
demonstrated the involvement of the Rho subfamily of Ras- The Rho subfamily members have essential roles in
related small GTPases (p21s) in a wide range of cellulatevelopment. Dracl participates in myoblast fusion and the
processes, including regulation of the actin cytoskeleton anoutgrowth and guidance of axons durinBrosophila
signalling through protein kinase pathways (for reviews seembryogenesis (Luo et al., 1994; Kaufmann et al., 1998) and,
Lim et al., 1996; Van Aelst and D’'Souza-Schorey, 1997). Thén the wing disc epithelium, is involved in the recruitment of
Rho subfamily members Rac and Cdc42 bind to and activatectin to adherens junctions and hair outgrowth (Eaton et al.,
the STE20/PAK family of serine/threonine kinases, and als@995, 1996). Expression of RacV12 in the Purkinje cells of
induce signalling through the mitogen-activated proteirtransgenic mice affects axons and dendritic spines (Luo et al.,
kinases (MAPKs) p38 and c-Jun N-terminal kinase (JNK)1996). Dcdc42, @rosophila Cdc42 homologue, is required
Modification of the actin cytoskeleton and activation of MAPK for the proper outgrowth of dendrites and axons (Luo et al.,
cascades are likely to be key modulators of development, boi®94), is involved in determining the shape of both muscle
in the determination of cell identity and in the movement andibres (Luo et al., 1994) and wing disc epithelial cells (Eaton
morphogenesis of cells. Genetic studies have demonstrated #ieal., 1995), and participates in wing hair outgrowth (Eaton et
requirement for signalling by the extracellular signal-regulateal., 1996). Dcdc42, Dracl, and a new member of the Rho
kinases (ERKs), which are members of the MAPK family, insubfamily, RholL, have cell type-specific functions in
a number of developmental events. Ras-activated ERKBrosophila oogenesis (Murphy and Montell, 1996).
signalling is required for the determination of embryonicDrosophilaRhoA (Rhol) regulates tissue polarity (Strutt et al.,
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1997), participates in gastrulation (Barrett et al., 1997) and itsIATERIALS AND METHODS

overexpression can cause a defect late in eye deVelc’pmq\ﬁltjilecular biological techniques were performed using standard

(Hariharan et al., 1995). _ ) procedures (Sambrook et al., 1989).
We are interested in understanding how the various cellular

roles of the Rho subfamily contribute to tissue morphogenesfdy strains

during development. We have previously reported a role forA-tagged wild-type, activated and dominant negative versions of a
Rac in dorsal closure (DC), a morphogenetic proces@“ma“ RhoA cDNA (Leung et al., 1995, 1996) were exuse@ from the
occurring duringDrosophila embryogenesis (Harden et al., pXJ40 vector through aBcaRI/Bglll digestion and cloned into the
1995). Following germband retraction, a hole is left in th coRl and Bglll sites of the vector pUAST (Brand and Perrimon,

- . D - 993). The RhoA pUAST constructs were injected iBtigl)yw
dorsal epidermis of the embryo which is occupied by the Iarg%’mbryos as described by O’Connor and Chia (1993) and transgenic

flat cells of the amnioserosa. Beginning at stage 14 there iSifes established. Flies bearing dominant negative and activated forms
dorsally directed movement of the lateral epidermis from botf prac1 andDcdc42in pUAST were from L. Luo (Luo et al., 1994),
sides of the embryo. The two migrating flanks of the epidermigominant negativédrosophila RhoA in pUAST from M. Mlodzik
move over the amnioserosa and meet up along the dorg&trutt et al., 1997), dominant negative Ras1 in pUAST from T. Lee
midline, completely sealing the hole by stage 15 (CampogLiee etal., 1996), and activated Ras1 in pUASAZ-Ras1Q13(I1)B)
Ortega and Hartenstein, 1985). During DC the leading edgéom B. Noll. The various p21s were expressed using the GAL4
of the advancing epidermis, comprised of the dorsal most engystem of Brand and Perrimon (1993). Femal_es f_rom GALA4 lines were
of the epidermal cells flanking the amnioserosa, shows goSsed to males from the pUAST transgenic lines and the progeny
dramatic accumulation of filamentous actin (F-actin) angX@mined as embryos. The GALA liM@AL4®% Hs-GAL4™, and
: . s-GAL4977 were provided by E. Knust, J. Roote, and the

nonm_uscle myosin heavy chain (hereafter referre_d to oomington Stock Center, respectively. Expression of the human
myosin). The leading edge cells undergo an elongation along
the dorsoventral axis, and as DC proceeds a similar elongati
is seen in more ventrally located epidermal cells. It has bee A
proposed that the accumulation of F-actin and myosin at tt ]
leading edge forms an actomyosin contractile apparatt
driving the elongation of the leading edge cells (Young et al
1993). More ventrally located epidermal cells are ther
passively elongated as a result of the contractions at tt +
leading edge, and DC proceeds through a stretching of ti B
epidermis over the amnioserosa. We have shown thi
expression of dominant negative Rac causes a failure of Dt
accompanied by impaired epidermal cell elongation and a los
of both F-actin and myosin from the leading edge (Harden ¢
al., 1995). We have also demonstrated that phosphotyrosin +
rich nodes and DPAK, a member of the PAK family, are founc C
along the leading edge, and that these leading edc¢ ‘
components are lost following dominant negative Rac Ilﬁﬁ R
expression (Harden et al., 1996). In addition to Rac, membe
of a JNK signalling pathway (Glise et al., 1995; Riesgo-
Escovar et al.,, 1996; Sluss et al., 1996; Glise and Nosell
1997; Hou et al.,, 1997; Riesgo-Escovar and Hafen, 199 D
Kockel et al., 1997) are required for DC. Thus, DC is ar
excellent system for analyzing the integration of Rho
subfamily-mediated cytoskeletal regulation and signa o
transduction. The process of DC is presented schematically ~ Dorsal midline
Fig. 1.

In this study, we extend our characterization of the
participation of small GTPases in DC. We show that all Rho
subfamily members tested, and Ras1, are required for DC. Wey. 1. Schematic diagram of the leading edge during dorsal closure
have found that Dracl is essential for the formation and/qDC) illustrating features of interest to this study. Red lines represent
maintenance of the cytoskeleton all along the leading edg&ading edge F-actin and myosin, green lines leading edge DPAK,
whereas RhoA function is required for the leading edgeegment border cells are shaded. (A-C) Lateral views (D) a dorsal
cytoskeleton specifically in groups of cells flanking theview. (A) At the beginning of DC F-actin and myosin are present
segment borders. Dcdc42 and Ras1 appear to be involved m@tend the leading edge and DPAK levels are high in the segment
in regulation of the leading edge cytoskeleton. We have begutfrder cels. (B) During DC there is transient loss of the leading edge
to address the issue of how the different p21s interact with ea toskeleton in segment border cells, and this is the likely reason for

. - . se cells remaining less elongated than their neighbours. (C) Later
other through co-expression studies. Most importantly, our daig p there are no gaps in the leading edge cytoskeleton, as

indicate that the hierarchy of Rho subfamily activationcyioskeletal losses in the segment border cells are transient. DPAK
described in fibroblasts (Nobes and Hall, 1995) andevels are now elevated all along the leading edge. (D) At the end of
macrophages (Allen et al., 1997) does not occur in the leadimC the leading edge cells from each side of the embryo meet along
edge cells during DC. the dorsal midline and the leading edge cytoskeleton is disassembled.
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RhoA transgenes was confirmed by crossing males from the vario@nnioserosa morphology can cause a pronounced DC defect

transgenic lines tbls-GAL4"-4 females and testing their progeny for (Wodarz et al., 1995). In order to exclude Dracl from the

heat-shock induction of the HA tag by western analysis (data ngfmnioserosa, we expressed various UAS-coudlzdcl

shown). _ _ transgenes (Luo et al., 1994) using GAL4 driven by the
Flies bearing dominant negati@ZRacAunder heat-shock control atched(ptc) promoter GAL#59- Hinz et al., 1994). Prior to

(line N17-104) were as previously described (Harden etal., 1995). Fof. o .ommencement of DC in,the stage ’10 embpyo is

U\ﬁdely expressed in the ectoderm, occupying the posterior

Hs-Drac1N17-104 as theDRacAgene is the same gene Bmcl
g g three-quarters of each parasegment (Nakano et al., 1989). By

(Luo et al., 1994). Flies bearing an activated versiobrosophila

Raslin the pCaSpeR-hs vectdis-Ras1Q13-9.4-M12Lu et al, Stage 12 this expression is reduced to two narrow stripes per

1993) were a gift from B. Noll. segment, and this pattern is maintained throughout DC. There
are no detectablptc transcripts in the amnioserosa.

Heat-shock expression of transgenes A UAS-Drac1N17 transgene was expressed using the

Unless otherwise stated, the following protocols were used. EmbrydSAL4%9-1 driver or by heat-shock using thes-GAL4M-4

were collected and aged at 25°C until 8 to 12 hours after egg layingriver. In both cases, embryos showed a cuticle phenotype very

(AEL). They were then placed in vials and heat-shocked for 1 houwimilar to that seen with heat-shock inductionsDofic1N17

in a water bath set at 37°C. Following heat-shock, embryos were eithg[oned into the pCaSpeR-hs vector (Harden et al., 1995), and

aged aszfloc for: at least 48 hours;?d S(‘;bfjemed to C”Ede p;’]eparati%d dorsal holes ranging in size from a small ‘scab’ to a wide

or aged for 7 hours at 21°C and fixed for immunohistochemistry, : 4.

Control embryos were collected from all crosses and were maintainé)aDen dorsal _Sl,!rface (Fig. 2Ajs-GALA*4UAS-DracIN17

at 25°C prior to cuticle preparation or immunohistochemistry. embfYOS exh|.b|ted complete or a]most complete losses .Of’
myosin, F-actin and phosphotyrosine nodes from the leading

Immunohistochemistry edge (data not shown). GAL£>9-:UAS-DracIN1Z&mbryos,

All procedures were carried out at room temperature, unless otherwigaese cytoskeletal components were similarly lost from the

stated. Embryos were dechorionated in 50% household bleach ieading edge. However, patches of all three were found at

0.01% Triton X-100, washed in 0.01% Triton and fixed for 25 minutegegular intervals along the leading edge, extending from the

in 4% paraformaldehyde in PBS (0.1 M NaCl, 10 mM phosphateniddle of segments towards the posterior of segments. (Fig.

buffer, pH 7.4)/heptane. Viteline membranes were removed bgp.G). These regions of undisrupted leading edge structure

Wr?SITIr'](?' with mgthgnogy or 80% etha?]0|d n; embryohs were to b%oincided well with areas that would not have expregsged

pnhalioidin stained. Em ryos were wasnhe Or one nour In sever H H

changes of PBT (PBS with 0.1% Triton X-100), and blocked for oneDerlgng 1|r; edxi)vrilsc,)spignner[])tr,i ora ?g Dtgl_JSD o‘ﬁ’g:{eldl atr; gll\lliﬁ 9 e;ﬁg%esd

hour in PBT containing 1% bovine serum albumin (BSA). Primary. dicated that wh f the leadi d t
antibody incubations were done overnight at 4°C in PBT containing ICated that where one orf the leading edge components

1% BSA. Following overnight incubation, embryos were washed folersisted, the others also remained (data not shown).
one hour in PBT. Fluorescent detection of primary antibodies waxamination of phosphotyrosine-labelled embryos revealed
done using either biotinylated secondary antibodies and streptavidifiat those cells which retained the leading edge cytoskeleton
labelled with Texas Red or FITC, or secondary antibodies directlyvere narrower along the anterior-posterior axis than their
labelled with Texas Red or FITC (all materials from Vector neighbours (Fig. 3D,E).

Laboratories). All secondary antibodies were diluted 1:200 in 1% To see the effects on DC of excessive Dracl signalling, we
BSA in PBT. Secondary antibody incubation was done for two hoursexpressed a constitutively active version of Drac1, Drac1V12,
Embryos were then washed for one hour in several changes of PRKjng theGAL459-1 and Hs-GAL4"4 drivers. Expression of
and incubated with a 1:1000 dilution of labelled streptavidin in PBSy.551\v12 with either driver had a drastic effect on the

for one hour. When F-actin staining was required, FITC-labelled o : : : :
TRITC-labelled phalloidin (Sigma) was added to a final concentratiogMPTYONIC cuticle, with most embryos producing only small

of 1 ug/ml half an hour into the streptavidin incubation. Embryos wer leces of cuticle. Sta‘”‘?d embryos exhibited a dramatic
washed for 20 minutes in several changes of PBS, mounted nching of the lateral epidermis around the amnioserosa and

Vectashield and viewed on a Bio-Rad MRC 600 confocal laseft Was not possible to evaluate the effects of Drac1V12 on the

scanning microscope. leading edge (N. Harden and M. Ricos, unpublished
observations).

Cuticle preparations ] '

Cuticles were prepared as described by Ashburner (1989), but wifACdC42N17 disrupts the accumulation of

the fixation step removed. At least 100 embryos were examined fytoskeletal elements and DPAK at the leading edge
each experiment. and can cause misregulated contraction of the

lateral epidermis
Previous studies iDrosophilahave indicated that the closely

RESULTS related molecules Dracl and Dcdc42, while participating in

) ) shared developmental events, have separable functions (Luo et
Expression of DracIN17 using  patched (ptc) al., 1994; Eaton et al., 1995, 1996; Murphy and Montell, 1996).
promoter-driven GAL4 causes DC defects similar to To determine if Dcdc42, like Dracl, participates in DC,
heat-shock expression dominant negative Dcdc42N17 was expressed using the same

We wondered to what degree the leading edge effects and Qitivers as with DracIN17. There is a high frequency of dorsal
defects caused by heat-shock induction of Drac1N17 (Hardesuticle defects amon@GAL459-tUAS-Dcdc42N17embryos.

et al., 1995, 1996) might be due to expression of DracIN17 idnlike GAL#59-1UAS-DracIN17 embryos, which show
the amnioserosa, as this tissue is a likely source of inductivansiderable variation in the size of the dorsal hole, the dorsal
signals regulating the leading edge, and disruption ophenotype ofGAL459-1UAS-Dcdc42N17embryos is more
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Fig. 2. Effects of p21 transgene expression on tML4 [‘. J
dorsal cuticle. Dorsolateral (A,D-F,H) or dorsal S—
(B,C,G) views of cuticle preparations of embryosE

and first instar larvae. Anterior is left. (Ms-
GAL4-4UAS-Drac1N1®mbryo showing hole
in dorsal cuticle. (B) Wild-type first instar larva.
(C) Hs-GAL4"4, UAS-Dcdc42N1 Tirst instar
larva with mild dorsal pucker.

(D) GAL#59-UAS-Dcdc42N12mbryo with
large dorsal hole towards posterior. HS-
GAL#497"UAS-Dcdc42N1embryo showing
hole in dorsal cuticle. (AYs-GAL4M-4;UAS-
Dcdc42V1Zzmbryo with pronounced puckering |
of dorsal cuticle. (GHs-GALA4UAS-
DRhoAN1%mbryo with dorsal hoIe (H)s-

Ras1Q13-9.4-M12mbryo showing strong dorsal %
pucker. IHS'GAL zs

uniform, with most showing a large hole towards the posterioof DC several cells flanking each segment border (Fig. 4A)
of the embryo (Fig. 2D). Manys-GALM4UAS-Dcdc42N17 show elevated DPAK staining. As DC proceeds high levels of
embryos survived to the first instar larval stage, and phenotyp&AK appear all along the leading edge (Fig. 4G). In HeLa
were generally limited to a mild puckering of the cuticle, withcells, mammaliara-PAK is recruited to focal complexes by
very few dorsal holes occurring (Fig. 2C). During the courseonstitutively active Cdc42 (Manser et al., 1997), and we
of this work Riesgo-Escovar et al. (1996) reported thatvondered if Dcdc42 would contribute to DPAK localization.
expression oJAS-Dcdc42N11sing the epiderm#@AL4-69B  To examine this, we staing®AL459-XUAS-Dcdc42N1and
driver caused a DC defect. This DC defect is very similar tdds-GAL4"4,UAS-Dcdc42N17 embryos with  anti-DPAK
what we see iIIGALS9-LUAS-Dcdc42N12mbryos. (Harden et al., 1996). It is difficult to evaluate DPAK levels at
Embryos in whicHJAS-Dcdc42N1had been induced with the leading edge in heat-shockeHis-GALAM4UAS-
the GAL£59-1 driver or by heat-shock with thes-GAL444  Dcdc42N17embryos due to elevated levels of DPAK staining
driver were fixed and stained for F-actin, myosin, andnthe amnioserosa (Fig. 4B). This Cdc42N17-induced increase
phosphotyrosine. With both drivers partial losses of thesan DPAK levels will be the subject of a future communication.
leading edge components were seen as compared to cont@AL£>%-LUAS-Dcdc42N17embryos do not exhibit DPAK
embryos (Fig. 3H-J), although many embryos had levels dflevation in the amnioserosa and the leading edge can be
leading edge components comparable to controls (data netaluated. Late in DC many are found to be lacking the normal
shown). GAL#9-:UAS-Dcdc42N17 embryos showed accumulation of DPAK along the leading edge (Fig. 4H),
persistence of leading edge components in the same segmemtaspite often having near normal levels of phosphotyrosine
regions as seen INGAL#59-:UAS-DracIN17 embryos. (Fig. 4l). This is in contrast to our earlier results with
Elsewhere along the leading edG&L4%%-XUAS-Dcdc42N17 Drac1N17, where DPAK is only lost from the leading edge in
embryos showed decreases of leading edge componentsthgse areas severely depleted for the other leading edge
compared with control embryos, but did not exhibit thecomponents (Harden et al., 1996).
complete or near complete losses seen in the correspondingVe have expressadAS-Dcdc42and UAS-Dracltransgenes
regions of GAL4%9-2UAS-DracIN17 embryos (data not using a second heat-shock GAL4 drivés;GAL£977, Based on
shown). These results indicate that Dcdc42N17 can only cautiee phenotypes caused BAS-Dracltransgene expression we
a partial loss of the leading edge cytoskeleton in regions whehave determined thats-GAL4%77 is a weaker driver thaHs-
it is expressed and that its effects are clearly less severe thamL4"-4 (data not shown). Surprisingly, expressionUsS-
those produced by Drac1N17. Dcdc42N17with Hs-GAL4£977 produced a greater number of
During DC, the putative Dracl/Dcdc42 effector DPAK dorsal holes than withs-GAL44 (Fig. 2E). To understand
becomes enriched in the leading edge epidermal cells (Hardaow a weaker driver could produce a more severe defect, we
et al., 1996; shown schematically in Fig. 1). In the early stagesxaminedHs-GAL4%7%UAS-Dcdc42N1Zmbryos furtherHs-
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GAL£077UAS-Dcdc42N17  embryos stained for Dcdc42, Dcdc42V12, using the same drivers as in the above
phosphotyrosine exhibited a dramatic change in the lateratudies. Most of the cuticles GAL#5%LUAS-Dcdc42V12
epidermis at the leading edge. Most embryos had at least oembryos were either badly distorted or missing, whereas
and usually several instances of the dorsal ends of segmehts-GAL4"4UAS-Dcdc42V12 and  Hs-GALAO77.UAS-
being pulled together at the leading edge into bunches (Fi@cdc42V12embryos exhibited a high frequency of puckers in
5A,B). In many cases it appeared that adhesions had forméue dorsal surface (Fig. 2F). These puckers were more severe
between cells brought into apposition by this bunchinghan inHs-GAL4M-4,UAS-Dcdc42N1Zmbryos, and very few
(arrowheads in Fig. 5A,B). The bunching of the epidermis, rarelgf these individuals hatched.
seen withHs-GAL4"4, is likely to be the reason for the serious Examination of fixed embryos in whiddAS-Dcdc42V12
DC defects seen in cuticle preparationdHstGALA07%.UAS-  expression had been induced with either@#d 4591 or Hs-
Dcdc42N17embryos, as it prevents proper sealing of the twaGAL4-4 driver, revealed an extremely varied effect on leading
leading edges at the end of DC (data not shown). Examinati@tge components. F-actin, myosin and phosphotyrosine levels
of the leading edge cytoskeleton is difficult in these embryos duanged from complete absence to normal levels, while DPAK
to the bunching. The overall impression gained from examiningtaining ranged from complete absence to dramatic elevation.
Hs-GAL497%UAS-Dcdc42N17embryos is that the bunches As most GAL459-XUAS-Dcdc42V12embryos were badly
represent regions of excessive contraction of the leading edgelistorted we restricted further analysis of UAS-Dcdc42V12-
induced phenotypes tés-GALAM-4UAS-Dcdc42V12mbryos.

Dcdc42V12 can result in increased DPAK at the While control embryos early in DC show heavy leading edge
leading edge but can also cause loss of leading DPAK staining only at the segment borders (Fig. 4A), about
edge components, including DPAK 50% of Hs-GAL4"-4UAS-Dcdc42V12mbryos at this stage

We have assessed the effects on DC of excessive DcdcdRow heavy DPAK staining extending along the leading edge
signalling by expressing a constitutively active version ofbeyond the segment borders (Fig. 4C), a DPAK distribution that

' GAL4%%%1.DradiN17

~ 'mypsin
-1"_1

PO At
' ]

wlid

Fig. 3. Effects on the leading edge cytoskeleton of expressing various p21 transgenes. Confocal fluorescent micrographs showthe boundar
between the amnioserosa (top of each micrograph) and the epidermis during early stages of DC. Anterior is to the feftsnlibeqaent
figures. Embryos were stained with anti-phosphotyrosine antibodies, anti-nonmuscle myosin antibodies (Kiehart and Feglhali, 1986)
phalloidin to detect F-actin. (A) Control staining of unheat-shoél@GALAM4,UAS-Dcdc42N1Embryo showing triangular nodes of
phosphotyrosine (PY) staining along the leading edge. (B) Control staining of unheat-dhec&édl4-4;UAS-Dcdc42N1Embryo showing
punctate distribution of myosin along the leading edge. (C) Control staining of unheat-sHeekéd 41-4;UAS-Dcdc42V12mbryo showing
F-actin accumulation along the leading edge. (5B).459-tUAS-Drac1N17%mbryo showing a segmentally reiterated pattern of patches of
phosphotyrosine (arrowheads). (FAL£59-LUAS-Drac1N17mbryo showing a segmentally reiterated pattern of patches of myosin
(arrowheads). (GBAL#59-LUAS-Drac1N1mbryo showing a segmentally reiterated pattern of patches of F-actin (arrowheaHs). (H)
GALAM-4UAS-Dcdc42N1Embryo showing partial loss of leading edge phosphotyrosine nodes-@AL4M4UAS-Dcdc42N1Embryo
showing partial loss of leading edge myosin H§)GAL4-4;UAS-Dcdc42N1embryo showing partial loss of leading edge F-actinH&)
GAL4-4UAS-Dcdc42V12mbryo showing loss of leading edge phosphotyrosine nodeds{GALAM4,UAS-Dcdc42V12mbryo showing

loss of leading edge myosin. (Ms-GAL4M-4,UAS-Dcdc42V12mbryo showing loss of leading edge F-actin. An anti-DPAK staining of the
same embryo is shown in Fig. 4D.
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Fig. 4. Effects of p21
transgene expression on
leading edge DPAK staining.
Embryos were stained with
anti-DPAK antibodies 4
(Harden et al., 1996) or anti-
phosphotyrosine antibodies.
(A) Wild-type embryo early
in DC showing elevated
DPAK at the leading edge in #&
cells flanking the segment &8
borders. (BHs-
GALM-4UAS-Dcdc42N17
embryo showing elevated
DPAK in the amnioserosa.
(C) Hs-GALAM-4,UAS-
Dcdc42V12mbryo early in
DC showing elevated DPAK
at the leading edge as
compared to the control
embryo in A. Arrowheads
show patches where DPAK is absent. A phalloidin staining of the same embryo shows loss of leading edge F-actin in ttensaasdirege
deficient in leading edge DPAK (data not shown). KB)GAL4-4,UAS-Dcdc42V12mbryo showing lack of DPAK along the leading edge
(arrowheads). A phalloidin staining of the same embryo is shown in Fig. 3Mis(Rps1Q13-9.4-M1@mbryo early in DC showing elevated
DPAK at the leading edge as compared to the control embryo in A. (F) Wild-type embryo late in DC showing strong phosplktajnivgine
along the leading edge. (G) Same embryo as in F, stained to show DPAK accumulation along the leading@alg@58+UAS-Dcdc42N17
embryo late in DC, showing lack of DPAK along the leading edge (arrowheads). (I) Same embryo as in H, showing phosphatyiogine s
along the leading edge.

normally occurs only later in DC (Fig. 4G). Leading edge levelgxoenzyme is a Rho-specific inhibitor that has been widely
of F-actin in theséds-GALAM4UAS-Dcdc42Vi2zmbryos are  used to characterize Rho-function (reviewed by Narumiya et
comparable to controls (data not shown). Interestingly, patched., 1997), These data indicate that dominant negative human
of leading edge can be found in these embryos that are deficidriioA is disrupting Rho function in the embryo.

in both DPAK and F-actin (Fig. 4C, arrowheads, data not WhenUAS-RhoAN1%r UAS-RhoAV14vere expressed by
shown). About 10% ofis-GAL4"4,UAS-Dcdc42Vi2mbryos  heat-shock using thds-GAL4"-4 driver, cuticle preparations
are lacking in DPAK all along the leading edge, and thigevealed many first instar larvae with dorsal puckers (data not
deficiency is accompanied by severe reductions in the amoustiown). These mild DC defects are very similar to those seen
of leading edge F-actin (Figs 3M, 4D). Similarly, about 10% ofin Hs-GAL44;UAS-Dcdc42N1hdividuals (Fig. 2C). During
Hs-GAL4"4UAS-Dcdc42V12embryos double stained for the course of this study, Strutt et al. (1997) reported the
phosphotyrosine and myosin have deficiencies of thessolation of mutants in th®rosophila RhoA(Rhol) gene.
components at the leading edge (Fig. 3K,L). We have looked taterestingly, null alleles obrosophila RhoAcan cause DC
see if the frequency of embryos missing DPAK and othedefects. Strutt et al. (1997) have made transgenic flies bearing
leading edge components can be higher than 10% at any tirmelominant negative versionB@fosophila RhoAn the pUAST

after the heat-shock induction &fAS-Dcdc42V12Embryos  vector. Expression of this transgendAS-DRhoAN19 in
were fixed at half hour intervals between 6 and 8.5 hours aftembryos using théds-GAL4-4 driver also causes a high
UAS-Dcdc42V1nduction and stained for F-actin and DPAK, frequency of dorsal defects, although they tend to be more
but no increase in the frequency of leading edge deficiesievere than those induced by the huRamAtransgenes, as
embryos was seen (data not shown). By 8.5 hours post heatany embryos have holes in the dorsal surface (Fig. 2G).
shock, neither elevated DPAK levels nor embryos deficient in Mutant humanRhoA transgene expression produced no

F-actin/DPAK were seen. discernible effect on the leading edge distribution of F-actin,
] ) phosphotyrosine, myosin or DPAK (data not shown). However,
Drosophila RhoAN19 causes loss of the leading embryos expressing any one of the muf@hbAtransgenes
edge cytoskeleton in cells flanking the segment show some bunching of the lateral epidermis and their dorsal
borders holes tend to be considerably larger than control embryos of

We first investigated the potential involvement of Rho proteinsimilar age, indicating that DC is impaired (data not shown).
in DC by expressing human RhoA transgenes duringdeat-shock expression dJAS-DRhoAN1%has a dramatic
embryogenesis. Previous studies have indicated that expressiffect on the leading edge cytoskeleton, as visualized by
or injection of dominant negative or activated forms ofstaining for myosin (Fig. 5C). There is a segmentally repeated
mammalian p21s can disrupt signalling by tHemsophila loss of myosin from the leading edge at each segment
homologues (Lu et al., 1993; Lee et al., 1996). Injection oboundary. Myosin levels elsewhere along the leading edge
dominant negative human RhoA into cellularizing embryosappear normal. WheHs-GAL4"-4,UAS-DRhoAN1®mbryos
results in the same phenotype as injection of C3 exoenzynage stained for phosphotyrosine, the same pattern of loss is
from Clostridium botulinum(Crawford et al., 1998). C3 seen, with phosphotyrosine nodes being lost from the leading
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edge in groups of between two and four cells flanking theompare to Fig. 4A); this increase in leading edge DPAK
segment borders, and leading edge phosphotyrosine nodesmused by Ras1Q13 expression was generally weaker than that
elsewhere being unaffected (Fig. 5D). Embryos fixed in theesulting from Dcdc42V12 expression. Unlike the Dcdc42V12
later stages of dorsal closure show anterior-posterianductions, there were no deficiencies in leading edge F-actin,
contraction of those cells with phosphotyrosine nodes, whilewyosin, phosphotyrosine or DPAK following Ras1Q13
the segment border cells are not contracted and tend to brpression in embryos. Many embryos in which Ras1Q13 had
splayed out (Fig. 5D). The overall effect is an unevenljbeen expressed exhibited a bunching of the lateral epidermis
contracted leading edge distinct from the uneven leading edgémilar to that seen inHs-GAL4977.UAS-Dcdc42N17
contractions generated by Cdc42N17 expression (Fig. 5A,B)embryos, although the bunching tended to be less severe and

] . occurred at a lower frequency (data not shown).
Ras1N17 can cause partial losses of the leading

edge cytoskeleton The frequency of Drac1N17-induced DC defects can

Evidence from work on mammalian cells indicates that the Rhbe reduced by co-expression with  Dcdc42

subfamily is involved in the cytoskeletal changes andransgenes

transformation mediated by Ras (reviewed by Symons, 1996Fiven the evidence of a Rho subfamily hierarchy of p21
Therefore, we wondered if Ras might be required for DC. Aactivity, we were interested in looking at the interactions
dominant negative version @frosophilaRasl cloned into the among the Rho subfamily p21s participating in DC. We began
PUAST vectorUAS-Ras1N1{Lee et al., 1996), was expressedby evaluating the effects of expressing the various p21
during embryogenesis using tts-GAL4"4 driver and the transgenes on the leading edge losses and DC failure caused
embryonic cuticles examined. Expression of Ras1N17 resulted by Hs-Drac1N17-104

many first instar larvae with mild puckering of the dorsal cuticle, As expected Dracl1V12 was able to override the Drac1N17
a phenotype very similar to those generated by Dcdc42N17 apthienotype an#is-GALA4Hs-Drac1N17-104JAS-Drac1V12

the humanRhoA transgenes (data not shown). Mahls- embryos exhibited a range of phenotypes similarHs
GAL44UAS-Ras1IN12mbryos exhibited partial losses of F- GALAM4UAS-Drac1V12embryos (data not shown). We next
actin, myosin, and phosphotyrosine from the leading edge, whikvaluated the effects on the Drac1N17 phenotype of expressing
DPAK levels remained unaffected (data not shown). The partimlominant negative or constitutively active Dcdc42 (Table 1).
losses of leading edge cytoskeletal components were reminiscéticle preparations indicate that if DracIN17 and Dcdc42N17

of these seen iHs-GAL4"4,UAS-Dcdc42N12mbryos. are co-expressed before the commencement of DC (4 to 8 hours
) o AEL), the DC phenotype is more severe, both in terms of

Ras1Q13 expression can result in increased DPAK numbers and type of defects, than that seen when either transgene

at the leading edge is expressed alone at this time. In contrast, if DracIN17 and

We have characterized the effects of excessive Rasl signallidgdc42N17 are co-expressed during DC (8 to 12 hours AEL)
in DC using two transgenes bearing constitutively activeahe DC phenotype is weaker than Drac1N17 expressed alone but
Ras1(Ras1Q13)UAS-Ras1Q13(Il)Band Hs-Ras1Q13-9.4- stronger than Dcdc42N17 expressed alone. Thus, there is a
M12 (Lu et al., 1993). Expression of Ras1Q13 by either heatemporal shift from Dcdc42N17 worsening the effects of
shock or using theGAL4%91 driver resulted in a high Drac1N17 to partially rescuing the effects of Drac1N17.
frequency of defects in the dorsal cuticle (Fig. 2H). For both When Dcdc42V12 was co-expressed with Drac1N17, most
forms of Ras1Q13 induction there was, relative to controls, af the resulting cuticles were too severely disrupted to evaluate,
clear increase in DPAK at the leading edge of many embryaand we have only examined cuticles of embryos in which the
in the early stages of DC. As with Dcdc42V12, this increaséransgenes were induced 10 to 12 hours AEL. Even in this case,
was in the form of a premature accumulation of DPAK all60% of the cuticles are uninterpretable. However, there is
along the leading edge at a developmental stage when DPAdidence of some rescue of the DRaclN17 phenotype by
is normally elevated only in the segment border cells (Fig. 4H)cdc42V12, as there are greater numbers of wild-type and

Fig. 5.Dcdc42N17 and DRhoAN19 both cause
abnormal contractions of the leading edge but the
phenotypes are distinct. (A,B)s-GAL£%7%UAS-
Dcdc42N17embryos stained with anti-phosphotyrosin
antibodies, showing dramatic bunching of segments : _
the leading edge. Arrowheads indicate adhesion of cNSEs IR ), T S
brought together by bunching. (Es-GAL4-4,UAS- Y e 6 ALM 2207 DedcazNt 7
DRhoAN1%mbryo stained for myosin, showing 10ss Opg ; .

leading edge myosin in cells flanking the segment
borders (arrows). (Djis-GALA-4UAS-DRhoAN19 5
embryo at a later stage of closure than that in C, stai s
for phosphotyrosine. Cells flanking segment borders [
lack leading edge phosphotyrosine nodes and are R
splayed out, not showing the normal anterior-posteriogca

contraction. Arrows indicate two examples of splayecdkui

cells, each in a group of four such segment border cells.

Elsewhere along the leading edge, phosphotyrosine nodes are present and cells are contracted in the anterior-postemdreads)(ar
These cells form segmentally reiterated patches of leading edge contraction.

* “miyosin Lf
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Table 1. Effects of co-expression of Dracl and Dcdc42  cytoskeleton and tissue morphology in DC, an example of
transgenes on dorsal cuticle phenotype frequencies epithelial morphogenesis occurring durin@prosophila

Puckerin Holein  Dorsal  Wild type embryonic development. These results and our interpretation

dorsal  dorsal cuticle dorsal of them are summarized in Table 2. This work is the most

cuticle cuticle unscoreable cuticle  extensive study to date of the participation of all three major

(%) (%) (%) (%) classes of Rho subfamily protein in a single developmental
Hs-GAL4"-4:Hs-Drac1N17-104 process. Comparative studies in cultured mammalian cells have
4 to 8 hours AEL* 14 36 33 17 demonstrated a hierarchy of Rho subfamily activity in
8 t0 12 hours AEL 16 51 14 19 regulating the actin cytoskeleton and cell morphology (Kozma
Hs-GALA*4UAS-Dcdca2N17 et e_ll., 1995, 1997; Nobes and Hall, 1995; Allen et al._, 1997).
4 10 8 hours AEL 34 2 37 27 In fibroblasts, macrophages, and neuroblastoma cells it appears
8 to 12 hours AEL 46 1 17 36 that Cdc42 can activate the formation of Racl-mediated

lamellipodia. Racl in turn can induce the formation of RhoA-

- -4. - _ . . . . . .
Hs-GALAHs-Drac1N17-104; dependent focal adhesions and actin stress fibres in fibroblasts,

UAS-Dcdc42N17

4 to 8 hours AEL 8 48 35 9 and RhoA-dependent actin cables in macrophages. Thus, it has
810 12 hours AEL 18 32 16 38 been proposed that a cascade of Rho subfamily activity in the
He GALA HeDraciN17-104 L(\)I[m: (Ed(|:421+;a;(;1—>ﬁnoA r(]a>;ihsts (Nobg(js, andf HaII,t 1995;

- s i enetal., , although there is evidence for antagonism
100 12 hours AEL 10 65 16 o between Cdc42/Racl and RhoA (Lim et al., 1996; Kozma et
Hs-GAL44UAS-Dcdca2Vvi2 al., 1997; Allen et al., 1997), and any one of these p21s can be
10 to 12 hours AEL 46 1 24 29 activated directly by extracellular molecules. Our examination

M, _ of the requirements for Dcdc42, Dracl and RhoA during DC
O o oractL 104, does not support the existence of such a cascade in regulating
10 to 12 hours AEL 20 1 60 19 the cytoskeleton and morphology of the leading edge

epidermal cells. Rather, our results indicate that while all these
*Ages of embryos at time of heat-shock induction of transgenes are showiRho subfamily proteins are required, they may be functioning
largely in parallel.
) ) ) ) Dcdc42 is unlikely to be a major activator of Dracl in our
mild DC defective embryos than seen with expression ofystem as Dcdc42N17 has a much milder effect on the leading
Drac1N17 alone. edge cytoskeleton than Drac1N17, although it is possible that the
Having seen that both Dcdc42N17 and Dcdcd2V12 coulgyeaker phenotype of Dcdc42N17 is due to a lower level of
cause some rescue of the DracIN17 DC phenotype, we staingghsgene expression than DracIN17. Dcdc42V12 can induce the
embryos bearing these transgenes to look at the status of #umulation of phosphotyrosine nodes and DPAK in the
leading edge componentsHs-GALA*%Hs-DracIN17-104 presence of DracIN17, suggesting that Dcdc42 need not act
embryos stained for phosphotyrosine and myosin had complefi&ough Drac1 in its regulation of the leading edge. Finally, Dracl

or nearly complete losses of the leading edge accumulations @bes not appear to act through RhoA in its regulation of the
these, as seen with previous Drac1N17 inductions (Fig.H&\).

GAL44Hs-Drac1N17-104JAS-Dcdc42N17embryos in the
early stages of DC were similarly deficient in leading edge
phosphotyrosine and myosin. However, embryos were found
the later stages of DC with reasonable quantties ©
phosphotyrosine and myosin at the leading edge (Fig. 6B). TI JEEtSEEE.
presence of such leading edge cytoskeleton is a likely explanati [P RS
for the partial rescue of DraclN17-induced DC defects whe s
Drac1N17 is co-expressed with Dcdc42N17 8 to 12 hours AEL
Staining ofHs-GAL4%4;Hs-Drac1N17-104JAS-Dcdc42V12 :
embryos for phosphotyrosine and DPAK also revealed leve ; e
of leading edge components not found following expression ¢ i
Drac1N17 alone, in fact DPAK levels in excess of controls LSl

were found in patches along the leading edge, reminiscent gfy 6 Both Dcdc42V12 and Dedc42N17 can partially rescue the
Dcdc42V12 expression alone (Fig. 6C,D). These resultgading edge disruption caused by Drac1N7. Embryos were stained
suggest that in the absence of Dracl signalling, Dcdc42V12 igith anti-phosphotyrosine antibodies or with anti-DPAK antibodies.
capable of causing the accumulation of cytoskeletalA) Hs-GAL4"-4;Hs-Drac1N17-10embryo, late in DC, showing
components and DPAK at the leading edge. loss of phosphotyrosine nodes from leading edge. The same embryo
showed loss of leading edge myosin (data not showrji¢B)
GAL4M-4Hs-Drac1N17-104JAS-Dcdc42N1embryo, late in DC,
showing some phosphotyrosine nodes at the leading edge. The same
. . L embryo also showed some accumulation of myosin at the leading

A hierarchy of Rho subfamily function is not edge (data not shown). (C,Bls-GALA4:Hs-DracIN17-104JAS-
apparent during DC Dcdc42V1Zmbryo double stained for phosphotyrosine (C) and

We have demonstrated the involvement of four members of tiBPAK (D) showing excessive accumulations of both in patches along
Ras superfamily of small GTPases in the regulation of théhe leading edge.

| Iy iy l
3 W ‘e i !
Hs:DracTN17§ Hs-GAL4M-4* Dcdcd2N17

Hs-DraciN17} 24 Me-DracIN1T;
" Dcdg42y12 | Hs-GAL4M Dcdca2viz

DISCUSSION
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Table 2. Proposed roles of small GTPases in DC based on phenotypes caused by expression of mutant transgenes

GTPase Mutant expressed Degree of DC LE phenotype Proposed role of GTPase
Dracl Drac1N17 Hole in dorsal surface Loss of F-actin, myosin, PY, Establishment and/or maintenance of
and DPAK LE cytoskeleton
Dcdc42 Dcdc42N17 Hole or pucker in dorsal Partial loss of F-actin myosin, Establishment and/or maintenance of
surface and PY LE cytoskeleton
Loss of DPAK, often with Control of LE DPAK levels; DPAK may
retention of PY downregulate LE cytoskeleton

Misregulated contraction

Dcdc42Vvi12 Dorsal surface closed but Elevated DPAK
puckered Some losses of F-actin myosin,
PY, DPAK
RhoA DRhoAN19 Hole or pucker in dorsal Disruption of LE cytoskeleton Regulation of LE cytoskeleton in
surface and loss of contraction in segment border cells

segment border cells

RhoAV14 Dorsal surface closed but Distribution of LE components
puckered normal
Rasl Ras1N17 Dorsal surface closed but Partial loss of F-actin myosin Establishment and/or maintenance of
puckered and PY LE cytoskeleton
Control of LE DPAK levels
Ras1Q13 Hole or pucker in dorsal Elevated DPAK
surface

LE, leading edge. PY, phosphotyrosine.

leading edge cytoskeleton in the cells outside the segment bordeading edge, with Dcdc42N17 causing loss and Dcdc42V12
regions, as DRhoAN19 expression has no effect on these cellsausing premature accumulation. This control of DPAK
) ) ) localization at the leading edge may be analogous to the

The leading edge cytoskeleton is established and/or Cdc42/Racl-mediated associationcePAK with peripheral
maintained by Dracl and Dcdc42 actin structures and focal complexes in cultured mammalian
Of the p21s tested here, Draclis likely to be a key player in theells (Manser et al., 1997; Dharmawardhane et al., 1997), as
establishment and/or maintenance of the leading edgke leading edge represents a peripheral accumulation of both
cytoskeleton as it can cause severe disruption of this structuie.actin and focal complex-like phosphotyrosine-rich structures
This regulation of the leading edge cytoskeleton by Dracl iHarden et al., 1996). We previously noted that segment border
apparently largely carried out by a Jun amino-terminal kinaseells showed transient loss of the leading edge cytoskeleton,
(JNK) cascade required for DC, as the leading edgand that this loss was preceded by elevated DPAK levels in
cytoskeleton is lost in Djun mutant embryos, and constitutivelyhese cells (Harden et al., 1996). We speculated that elevated
active Djun can significantly rescue the DC phenotype causddPAK may lead to the down regulation of the cytoskeleton in
by Drac1N17 (Hou et al., 1997). Furthermore, Drac1V12 cathese cells. PAK's role in dissolution of the actin cytoskeleton
induce ectopic expression dpp and puc two JNK cascade has been shown in HelLa cells, where transfection of
target genes (Glise and Noselli, 1997). constitutively active PAK causes breakdown of actin stress

Dcdc42N17 can cause partial losses of the leading eddibdres and loss of focal complexes (Manser et al., 1997). We
cytoskeleton, and Dcdc42V12 can induce the accumulation dfave now demonstrated that Dcdc42V12 can increase DPAK
leading edge components in the presence of Drac1IN17. Thelswels at the leading edge during DC to levels normally seen
results suggest that Dcdc42 can contribute to the formation ohly at the end of DC. Dcdc42V12 can also cause loss of the
the leading edge cytoskeleton. Dcdc42V12, like RacV12, maleading edge cytoskeleton (including the phosphotyrosine-rich
be acting through the JNK cascade in this regulation of thstructures) and leading edge DPAK in some embryos. These
leading edge cytoskeleton, as Dcdc42V12 can induce ectopiwo seemingly opposite effects of Dcdc42V12 expression are
expression oflppandpuc(Glise and Noselli, 1997). However, not confined to separate developmental stages, as they can
Dcdc42 is less effective than DracV12 at causing these ectopiccur together in a single embryo (Fig. 3C). It is possible that
inductions in the dorsal epidermis. That Dcdc42N17 has BPAK, activated by Dcdc42, is localizing with the leading
significantly weaker effect on the leading edge cytoskeletordge cytoskeleton and phosphotyrosine-rich complexes and
than Drac1N17 may be because Cdc42 is a less effectio®ntributing to their down regulation. This breakdown is first

inducer of the JNK cascade in the leading edge. executed transiently in the segment border cells and then
) permanently all along the leading edge at the end of DC.

Dcdc42 may down regulate the leading edge Following DC the former leading edge shows no elevation of

cytoskeleton through DPAK F-actin, myosin, phosphotyrosine, or DPAK. Dcdc42V12 may

We have demonstrated that ectopic expression of Dcdc4f# capable of elevating DPAK sufficiently along the leading
mutants can have striking effects on the levels of DPAK at thedge to cause premature down regulation of the cytoskeleton,
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as seen in about 10% of Dcdc42V12-expressing embryowild-type embryos, and that when RhoA function is absent
When the cytoskeleton is lost from the leading edge, ththese losses become permanent instead of transient. We have
leading edge DPAK may be lost with it, if DPAK localization speculated that Dcdc42, acting through DPAK, may be
at the leading edge is dependent on interaction with theegulating the leading edge cytoskeleton in the segment border
cytoskeleton. In an embryo such as that shown in Fig. 4C, theells. Antagonism between RhoA and Cdc42 has been noted
patches deficient in leading edge DPAK and F-actin majn some studies in cultured mammalian cells (Lim et al., 1996;
represent regions that previously had high levels of DPAKKozma et al., 1997; Allen et al., 1997), and such antagonism
These high levels of DPAK could then have caused dowis one possible mechanism for RhoA function in the segment
regulation of the cytoskeleton, which in turn could haveborder cells. RhoA function in the segment border cells could
resulted in loss of DPAK from the leading edge. be examined further by co-expressing RhoA transgenes with
Expression of Dcdc42N17 by a weak heat-shock driveDracl or Dcdc4?2 transgenes and examining the net phenotypic
causes a pronounced bunching together of the segments at #fiects.
leading edge. This may be due to loss of the transient down ) )
regulation of the leading edge cytoskeleton that normalljasl may be acting through Dcdc42 and/or Dracl in
occurs at the segment borders, resulting in a misregulatéggulating DC
contraction of the leading edge. Our model for DPAK functiorExpression of Ras1N17 caused partial losses of the leading
during DC remains speculative in the absence of data on tleelge cytoskeleton, and Ras1Q13 increased DPAK levels at the
effects of disrupting DPAK activity during DC, but is is leading edge. Thus, Rasl has phenotypic effects similar to
consistent with the known effects of PAK on the cytoskeletothose of Dcdc42 and Dracl. There is mounting evidence that
in mammalian cells. the Rho subfamily proteins lie downstream of Ras, contributing
Dcdc42 may have two conflicting roles during DC:to its ability to cause transformation and regulate the actin
establishment and/or maintenance of the leading edggtoskeleton (Symons, 1996; Qiu et al., 1997). Our results are
cytoskeleton versus breakdown of the Ileading edgeonsistent with Rasl activating Dcdc42 and/or Dracl during
cytoskeleton through DPAK. The varying phenotypic effectdDC, although given that Rasl expression has milder
seen with Dcdc42 transgene expression by different driveqghenotypic effects than Dcdc42 or Dracl, we would not
may reflect changes in the balance of these two roles. Thpgopose it as a chief activator of either of these p21s. Our
likelihood of two opposing functions for Dcdc42 is finding that Ras1Q13 can increase DPAK levels at the leading
strengthened by the results of co-expressing Dcdc42N17 witkdge is the first demonstration of Ras having an effect on the
DracIN17, where Dcdc42N17 shows a temporal progressidmehaviour of a PAK family member. Interestingly, it has
from worsening to partially rescuing Drac1N17-induced DCrecently been shown that kinase deficient PAK1 mutants can
defects. We interpret these results as indicating that during D@hibit Ras transformation, indicating that PAK may be a
Dcdc42 shifts from positively to negatively regulating thecomponent of Ras signalling (Tang et al., 1997, 1998).
leading edge cytoskeleton. Late in DC, Dcdc42N17 may balthough Ras1Q13, like Dcdc42V12, elevated DPAK levels at
able to ameliorate the deleterious effects of Drac1N17 on the leading edge it did not cause the losses of leading edge
leading edge cytoskeleton, through reduction of leading edgeomponents seen following Dcdc42V12 expression. Looking

DPAK levels. at these results in the context of our model for DPAK function,

_ _ _ _ ] it may be that RasQ13 does not increase DPAK accumulation
RhoA is required for the integrity of the leading at the leading edge to a level sufficient to cause down
edge cytoskeleton in cells flanking the segment regulation of the cytoskeleton.
borders

We have demonstrated that expression of either dominaRorsal closure as a system for dissecting the
negative or constitutively active mammalian RhoA disruptdegulation of epithelial morphogenesis
DC. Expression of a dominant negatigosophila RhoA Recently, DC has emerged as a very promising system for the
transgene has the same effect, and embryos transheterozygstugly of epithelial morphogenesis (reviewed by Knust, 1997;
for null alleles of theRhoAgene exhibit defects in the dorsal Martin-Blanco, 1997; Noselli, 1998). Analysis of mutants in
epidermis (Strutt et al., 1997). Dominant negafivesophila DC has revealed molecules that can be placed in three
RhoAexpression leads to loss of leading edge components andtegories. The first group consists of proteins directly
a loss of anterior-posterior contraction in several cells flankingssociated with the cytoskeleton, the second group members of
each segment border. Such losses are also seen in the segraendNK signalling cascade, the third members of a
border cells of wild-type embryos, but they occur at only a fewDecapentaplegic (Dpp) signalling cascade. Links between the
segment borders of an embryo at a given time, and appearINK and Dpp cascades have been demonstrated, but how these
be transient (Harden et al., 1996). Hs-GALA4UAS- cascades regulate the cytoskeleton to actually cause
DRhoAN19embryos the leading edge losses are present atorphogenesis is unknown (Glise and Noselli, 1997; Hou et
every segment border of each embryo examined and appearalg 1997; Riesgo-Escovar and Hafen, 1997). The Rho
persist, leading to uneven contraction of the leading edge. subfamily p21s are likely candidates for a link between
One possible explanation for théls-GAL4"4UAS- signalling to the nucleus and cytoskeletal change. In
DRhoAN19 phenotype is that RhoA is required for the mammalian cells, Rac and Cdc42 participate in JNK cascades
assembly of the leading edge cytoskeleton in the segmewhich presumably lead to transcriptional regulation. Rac and
border cells, perhaps downstream of Dracl. An alternativ€dc42 are also capable of inducing rapid changes in the
interpretation is that RhoA is functioning as a negativecytoskeleton, even when their ability to activate JNK is
regulator of the leading edge cytoskeletal losses that occur impaired (reviewed by Van Aelst and D’'Souza-Schorey, 1997).
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As discussed above, Dracl and Dcdc42 also appear to betructures and inhibits developmental cell shape chang&sosophila
components of a JNK cascade in DC and thus may beDevelopment21, 903-914.
controlling the transcriptional upregulation of various geneiaden. N., Lee, J., Loh, H-Y., Ong, Y.-M., Tan, ., Leung, T., Manser, E.

ducts. but th | b H direct! the leadi and Lim, L. (1996). A Drosophila homolog of the Rac- and Cdc42-
products, bu €y may also be acting directly on the 1€ading ;. ated serine/threonine kinase PAK is a potential focal adhesion and focal

edge cytoslfeleto_n. Myosin _prOtem levels and DPAK tranS(_?ript complex protein that colocalizes with dynamic actin structuvies. Cell.
levels are higher in the leading edge cells than elsewhere in thesiol. 16, 1896-1908. o
lateral epidermis (Young et al., 1993; Harden et al., 1996) arfdgriharan, I. K., Hu, K.-Q., Asha, H., Quintanilla, A., Ezzell, R. M. and

these increases may be mediated by the JNK cascade. Onc%ettleman,_J.(lQQS). Characterization o_f rho G_TPas_e family homologues
h proteins are manufactured in the leading edae cells. the in Drosophila melanogasteoverexpressingrholin retinal cells causes a
such p g edg » N€Y51e developmental defe®MBO J 14, 292-302.

must then be assembled into the cytoskeletal structures thahz, u., Giebel, B. and Campos-Ortega, J. A1994). The basic-helix-loop-
drive morphogenesis. It is at this point that the Rho subfamily helix domain of Drosophila lethal of scute protein is sufficient for proneural
may again be required. There is a growing family of molecules function and activates neurogenic ger@sll 76, 77-87.

that are likely to be direct cytoskeletal effectors for the Rhg!oU: X: S., Goldstein, E. S. and Perrimon, N1997).DrosophilaJun relays
the Jun amino-terminal kinase signal transduction pathway to the

SUbfam"y f”md it WI_” be of interest tF’ chara_cterlze such Decapentaplegic signal transduction pathway in regulating epithelial cell
molecules inDrosophilaand evaluate their roles in DC. sheet movemenGenes Devll, 1728-1737.

Our study has demonstrated that at least four different smadhufmann, N., Wills, Z. P. and Van Vactor, D.(1998). Drosophila Racl
GTPases are required for DC. Further study of the involvementcontrols motor axon guidancevelopmeni2s, 453-461.

; ; : jehart, D. P. and Feghali, R.(1986). Cytoplasmic myosin frorosophila
of these molecules in DC should help unravel the interactio melanogaster). Cell Biol. 103, 1517-1525.

between the many proteins participating in this process angwust, E. (1997). Drosophila morphogenesis: movements behind the edge.
provide insight into how epithelial morphogenesis is curr. Biol. 7, R558-R561.
controlled. Kockel, L., Zeitlinger, J., Staszewski, L. M., Mlodzik, M. and Bohmann,
D. (1997). Jun inDrosophila development: redundant and nonredundant
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