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SUMMARY

A key step in development is the establishment of cell type
diversity across a cellular field. Segmental patterning
within the Drosophila embryonic epidermis is one

by the EGF receptor (DER), which is required
autonomously in the Engrailed cells to trigger the Rasl-
MAP kinase pathway. Localized activation of DER is

paradigm for this process. At each parasegment boundary,
cells expressing the Wnt family member Wingless confront
cells expressing the homeoprotein Engrailed. The
Engrailed-expressing cells normally differentiate as one of
two alternative cell types. In investigating the generation of
this cell type diversity among the 2-cell-wide Engrailed
stripe, we previously showed that Wingless, expressed just

accomplished by restricted processing of the activating
ligand, Spitz. Processing is confined to the cell row
posterior to the Engrailed domain by the restricted
expression of Rhomboid. These cells also express the
inhibitory ligand Argos, which attenuates the activation of
DER in cell rows more distant from the ligand source.
Thus, distinct signals flank each border of the Engrailed

anterior to the Engrailed cells, is essential for the specifi-
cation of anterior Engrailed cell fate. In a screen for ad-
ditional mutations affecting Engrailed cell fate, we identi-
fied anterior open/yan a gene encoding an inhibitory
ETS-domain transcription factor that is negatively
regulated by the Ras1-MAP kinase signaling cascade. We
find that Anterior Open must be inactivated for posterior
Engrailed cells to adopt their correct fate. This is achieved

domain, as Wingless is produced anteriorly and Spitz pos-
teriorly. Since we also show that En cells have the capacity
to respond to either Wingless or Spitz, these cells must
choose their fate depending on the relative level of activa-
tion of the two pathways.

Key words:wingless anterior openyan DER, Spitz, Rhomboid,
MAP kinase Drosophila

INTRODUCTION a member of the Wnt gene family (Cabrera et al., 1987;
Rijsewijk et al., 1987; Baker, 1988). It is expressed just
The establishment of pattern across a cellular field requires tlaaterior to cells expressing the homeoprotein Engrailed (En;
generation of a restricted signaling source. InRDnesophila  Ingham et al., 1988). We are focussing on the establishment
embryo, cellular fields are initially established with the subdi-of subfates within the En expression domain as a model for
vision of the body plan into parasegments (Martinez Arias anthe generation of cell type diversity across an embryonic
Lawrence, 1985). Signals emanating from cells at the boundaparasegment.
between adjacent parasegments guide cellular patterningThere are two phases to patterning in the embryonic
across each parasegment in the embryonic epidermis (Bakepidermis. First, reciprocal signaling occurs between Wg-
1988; Martinez Arias et al., 1988; Heemskerk and DiNardoand En-expressing cells, serving to consolidate the subdiv-
1994; Bokor and DiNardo, 1996). Similar mechanisms also adsion of the body plan into parasegments. (DiNardo et al.,
in patterning the imaginal discs, as signals emanate from cori988; Martinez Arias et al.,, 1988; Bejsovec and Martinez
partment boundaries, which are inherited from the embryoniédrias, 1991; Heemskerk et al., 1991; Cumberledge and
parasegment boundaries (Basler and Struhl, 1994; CapdevKaasnow, 1993; Ingham, 1993). Subsequent to this early
and Guerrero, 1994; Tabata and Kornberg, 1994; reviewed phase of signaling, the fates of cells across the parasegment
Lawrence and Struhl, 1996). are established (Bejsovec and Martinez-Arias, 1991; Dougan
In both the embryo and imaginal discs, these signals aeind DiNardo, 1992; reviewed in DiNardo et al., 1994). In the
to establish cell type diversity across the field. In theventral epidermis, although Wg signaling is required to
embryonic epidermis, one of these signals is Wingless (Wggstablish some cell fates, the interactions that establish most
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of the diversity of cell types are not fully understood MATERIALS AND METHODS

(Bejsovec and Martinez-Arias, 1991; Bejsovec and

Wieschaus, 1993; Lawrence et al., 1996). Previously, w&tocks

showed that Wg helps to generate cell type diversity withimopP, aop's, flb3F andwgl (wgS) were from Tibingen. Df(2L)dp-
the En domain by directing anterior En cells to adopt one of9b was from Bloomingtorargos’ was from Freeman et al. (1992).
two alternate fates (Dougan and DiNardo, 1992). HowevelVild type and constitutively active UAS-Aop are described in Rebay
the question remained as to what specifies posterior En Cé’tﬂld Rublp (1995); UAS-secreted Spi, UAS-Rhomboid are described
fate. in Schweitzer et al. (1995b) and Golembo et al. (1996a); UAS-Arm-

: : . . 0 is described in Pai et al. (1997). UAS-R&$2 and En-GAL4
Here we show that a second signal, Spitz (Spi), eStabIIShév%re generous gifts from C. Klambt (Scholz et al., 1997) and A.

_postenor E.n cell fate. We find t.hat Spi is generated by ceI.I rand, respectively. Two criteria demonstrate that En-GAL4
just posterior to the En cells, since they express Rhomboidypression is restricted to the En cells: the expressitatzf(using
which is essential for production of the secreted, active formy Uasiacz transgene) driven by En-GAL4 (not shown), and that the
of Spi. Spi is a ligand for thBrosophilaEpidermal Growth effect of activated Armadillo is restricted to the En cells (see Fig. 4),
Factor Receptor (DER; Rutledge et al., 1992; Schweitzer &tnce it is known that activating the Wg signaling pathway in other
al., 1995b). We show that DER is required cell autonomouslgells is sufficient to change their fates (Pai et al., 1997). To construct
for the establishment of posterior En cell fate. Finally, we findt dominant negative version of DER, a type | DER cDNA (Schejter
that both rows of En cells are competent to respond to eith&f &l-, 1986) was inserted into the pUAST vector, with a termination
Wg or Spi. If DER signaling is hyperactivated in the En cellscfgtznnltf‘ asmg)r:g da‘i'gj ﬁ;fﬂrﬁénigéléhé ttroa’f‘jmqemggi.”z g?’nrqn;g" T.tr;]e
. : - in thu u [ inactive di wi
b.Oth rows assume t_he denticle fate. Reciprocally, if W He endogenous wild-type receptor (see Freeman, 1996).
signaling is hyperactivated, both rows assume the smoo
fate. Thus, in each row of cells within the En domain, theCuticle screen
relative strengths of two opposing signals, Wg and Spi, act te screened existing mutant collections (Nusslein-Volhard et al.,
establish proper subfates. 1984; Bier et al., 1989; Karpen and Spradling, 1992) by analyzing at
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Fig. 1. Extra denticles are producedanpmutants. Cuticle pattern; dark field (A,D); phase contrast (B,E,G—I); Nomarski optical sections
of one denticle belt (C,F), where En-expressing cells are visualizBayblactosidase activity produced bjaaZ reporter. Anterior is up in
all panels except in C and F, where it is to the left. (A) Wild type. (B) Wild type; the first denticle row (white arrowlseaal),ipointing
anteriorly. (C) Wild type, longitudinal optical section; thick clear horizontal line is the cuticle layer with denticles atsibe and
epidermal cells just below. Some denticles are slightly out of focus. Anterior En cell underlies smooth cuticle (arrondieedy; o cell
underlies a first row denticle (arrow). Blue signal below hypodermis is irrelevant CNS expression. Note that the En stiyipeaaetum
width from two to three cells, with only the posteriormost cell adopting a denticle fate. Due to the variability in widltle, @iffcculty in
capturing all cells in the same focal plane due to their hexagonal packing, throughout the text we consider it as a ZtcgewiDgaop
/Df(2L)dp-79b. (E)aop/Df(2L)dp-79b; extra denticles anterior (arrow) to the normal first row (white arrowhea@dogHpngitudinal
optical section; anterior En cell (arrowhead) forms a denticle. (G) UASN&m-GALA4. First row denticles are missing (arrowhead),
indicating that posterior En cells adopt smooth fate. (H) UAS4RHENh-GAL4. Denticles (arrow) appear anterior to first row (white
arrowhead), indicating that anterior En cells adopt denticle fate. (1) UASPIMER-GAL4. A dominant negative form of DER cell
autonomously blocks posterior En cells from adopting denticle fate (white arrowhead). Embryos carrying only URSiBER0
phenotype. Bar, 5m in A,D; 10pm in B,C,E-I.
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least 50 larval cuticles (van der Meer, 1977) from each line for ectc
denticles. Other mutants with specific pattern defects will be descri
elsewhere. To correlate cuticle pattern with En-expressing cells,
performedpB-galactosidase activity stains (Heemskerk and DiNart
1994) using an EfacZ reporter construct for wild type ameys (line
F; Kassis, 1990), and leedgehogacZ reporter foraop (Gaul et al.,
1992), sincehh andenare co-expressed (Tabata et al., 1992).

Antibodies and probes

RNA in situ antibody double labeling was carried out as in Doug
and DiNardo (1992). Antisense, digoxigenin-labeled RNA prok
were made from cDNAs for Wg, Hh, Rhomboid and Argos (Bak
1987; Bier et al., 1990; Freeman et al., 1992; Lee et al., 1992). A
En MAb4D9 hybridoma supernatant was used undiluted (Patel et
1989); polyclonal anti-Wg was used 1:100 (R. Nusse); rgtdac-
tosidase (Cappel) was used at 1:1,000; monoclonal anti-diphos
ERK was used 1:1000 (Gabay et al., 1997; Yung et al., 1997; Si
cat. #M8159); biotinylated antibodies (Vector) and horse radish
oxidase conjugated streptavidin (Chemicon) were used at 1:400;
orescein- and Rhodamine-labeled secondary antibodies (Jack
were used at 1:300. Stained embryos were equilibrated in ¢
glycerol and photographed as whole mounts or as fillets.

RESULTS

MAP kinase-induced inactivation of Aop determines
En cell fate

The larval cuticle comprises a repeated array of precis
patterned denticle belts interspersed with smooth cuticle (|
1A). In abdominal segments, each of these belts is made L
6 rows of denticles, where each row is of a characteristic !
and orientation reflecting fate decisions made by the unde
ing cells (Fig. 1B). Using lcZ reporter gene expressed in th
En cells, we demonstrated that the anterior En cells norm
produce smooth cuticle (Fig. 1C, arrowhead), while t
posterior En cells produce denticles and, thereby, form the
row of each belt (Fig. 1C, arrow; Hama et al., 1990; Dougan ) o ) )

and DiNardo, 1992). Thus, cells in the En domain adopt eithdp9: 2-A switch from midiine to transverse DER signaling.

a smooth or denticle fate depending on their position. Tﬁ":) Wild type, doubly labeled for En protein (brown) and either

. h ) . . homboid RNA (A,C and E; blue), or Argos RNA (B,D and F; blue).
identify genes involved in specifying En cell fates, we screene

- . - ; . ) 5 hours AEL. Rhomboid is expressed in ventral midline cells
existing collections of mutants for those in which anterior EQarrow), perpendicular to segmental En stripes (arrowhead). (B) 5

cells inappropriately produce denticles. We found that ectopigours AEL. Argos is expressed in cells flanking ventral midline
denticles are observed immediately anterior to the denticlgirrows), perpendicular to segmental En stripes (arrowhead). (C,E) 9
belts inaop mutants (Fig. 1E, arrow). The extra denticles arenours AEL. Rhomboid expression has switched to a transverse
located at the lateral edges of denticle belts, and are mopettern (arrow), just posterior to each En stripe (arrowhead). Some
commonly observed in the posterior segments (see Discutgsidual Rhomboid expression is observed near ventral midline
sion). To determine whether the En cell fates were altered fgotted line) within and anterior to En stripe. (D,F) 9 hours AEL.
these mutants, we visualized the En cells witacZ reporter ~ Argos expression has switched to a transverse pattern (arrow), just
construct. We found that the anterior En cells produce denticl@9Sterior to each En stripe (arrowhead). Some Argos expression is
instead of the normal smooth cuticle (Fig. 1F arrowheadwsple within En cells (white arrow), |nclyd|ng those away frqm
NS o . S idline. (G-I) 9 hours. AEL, Confocal micrographs. (G,H) Wild
Thus, aop function is required for some anterior En cells totype; (G) anti-dp-ERK (green): (H) anti-En (red) merged with Anti
adopt the smooth cell fate. ) o dp-ERK (green) image in G. Activated MAP kinase is present in a
aop is allelic to yan an ETS-domain containing DNA- stripe (arrow) just posterior to the En domain (arrowhead; magnified
binding protein (Rogge et al., 1995). Sira@p was the first in inset in H). Note that activated MAP kinase is visible within the
described mutation at this locus, we retain this designation fdn cells also. (jIb3F, lateral view (germ-band is not retractedlin
the gene and refer gan mutants as alleles @fop (aop/a”).  mutants). Transverse stripes of dp-ERK are missing (arrow),
Aop represses the transcription of target genes during phgemonstratlng that activated Map _Kmase at the Segmen.t border
toreceptor development and during the specification ofepends on DER. Arrowheads point to tracheal expression of dp-

dorsoventral cell fates in the embryonic ectoderm (Lai andR< Which is dependent dneathlesRTK activity. (J)argo™
note de-repression of dp-ERK, signifying increased intensity and

Rubin, 1992; Tei et al., 1992; O'Neill et al., 1994; Rebay anq) der d in of DER sianali B i G-l 30um in C.D
Rubin, 1995; Rogge et al., 1995; Gabay et al., 1996). Repregy m in A B E F. signaling,. Bar, i@ In G-1; 30um in C.D;
sion of target genes by Aop is relieved through phosphoryla- T
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tion by MAP kinase, which, in turn, is under the control of(Rutledge et al., 1992). A processing event, which requires
Rasl (Rebay and Rubin, 1995). Rhomboid (Rho) activity, releases active ligand. Thus, the
Sinceaop activity is required for anterior En cells to adopt spatially regulated expression of Rho marks cells that are the
the smooth cell fate, we tested whether Aop activity was sufsource for active, secreted Spi (Schweitzer et al., 1995b; Gabay
ficient to force posterior En cells to produce smooth cuticlet al., 1996, 1997). These cells can trigger activation of DER
instead of first row denticles. We used a constitutively activin adjacent cells. For example, between 3 and 5 hours after egg
form of Aop, where all eight MAP kinase consensus phoskying (AEL), Spi activity emanating from the ventral midline
phorylation sites were mutated and drove its expression in thlepecifies ventral cell fates (Golembo et al., 1996a). At this time,
En cells using the UAS/GAL4 system (Brand and Perrimona stripe of Rho is visualized along the ventral midline, per-
1993; Rebay and Rubin, 1995). While En-GAL4 embryogpendicular to the En stripe (Fig. 2A; Bier et al., 1990).
carrying UAS-Aop'T exhibit normal denticle pattern, such Later (8 to 9.5 hours AEL) a stripe of Rho RNA appears pos-
embryos carrying UAS-Adit are missing the normal first teriorly adjacent to the En cells (Fig. 2C,E; Bier et al., 1990).
denticle row of each belt (Fig. 1G, arrowhead). Thus, ifEn cells adopt their final fates during this period (Dougan and
posterior En cells express a form of Aop that can not bBiNardo, 1992). Thus, the expression of Rhomboid suggests
inhibited by MAP kinase, then these cells adopt the smootthat there is a novel source of active Spi ligand at the appro-
fate. This suggests that, normally, Aop must be inactivated ipriate time and place to influence En cell fate.
the posterior En cells for them to adopt denticle fates. To test directly whether the DER pathway was activated in
Given that the Ras1-MAP kinase cascade is responsible ftrese transverse stripes, we examined the spatial distribution
inhibiting Aop function in other tissues, it was a goodof activated MAP kinase, using an antibody that is specific to
candidate for inactivating Aop in the posterior En cells. If thishe di-phosphorylated (active) form of MAP kinase (dp-ERK;
pathway was indeed involved, then inappropriate activation dbabay et al., 1997; Yung et al., 1997). In late stage embryos
the pathway should mimic thaop mutant phenotype and (9.5 hours AEL), we detected a stripe of activated MAP kinase
allow anterior En cells to incorrectly produce denticles. To testFig. 2G,H; arrow) just posterior to the En cells (Fig. 2H,
this, we examined embryos expressing a constitutively activerrowhead). This stripe is dependent on DER, since it is selec-
form of Ras (UAS-Rag#"1?9) in the En cells. We found that tively removed irflo mutant embryos (Fig. 2I, arrow). In wild
these embryos have an ectopic row of denticles anterior to tlgpe, active MAP kinase is detectable within the En cells them-
normal first row, corresponding to the location of the anterioselves, although at low levels (Fig. 2H, arrowhead and inset).
En cells (Fig. 1H, arrow). Thus, the anterior En cells are misThus, it appears that DER activation indeed spreads into the
specified by ectopic Ras1-MAP kinase activity, similar to theEn cells. We could not determine whether there is a difference
effects of loss ofiop function. This suggests that Ras1-MAP between the anterior and posterior En cells.
kinase activity may normally be responsible for inactivating We confirmed activation of the DER pathway by testing for
Aop in the posterior En cells, allowing them to adopt thethe induction of a DER target gersggos the expression of

denticle fate. which is closely correlated with regions of maximal DER acti-
) ] vation (Gabay et al., 1996; Golembo et al., 1996b). For
En cell fate requires the  Drosophila EGF Receptor instance, during earlier ventral-to-lateral patterniagos is

Since the Ras1-MAP kinase cascade is activated by recep&xpressed in the ventralmost 1- to 2-cell rows (Fig. 2B), the
tyrosine kinases, we tested whether such a receptor could peint of highest DER activation. However, at later stagges
involved in specifying En cell fate. For several reasons, the beRNA is expressed in a stripe of cells posterior to the En cells
candidate was therosophilaEGF Receptor (DER). Firstly, in  (Fig. 2D,F), coincident with the expression of Rho and the
the eye, an allele chop/a" was isolated as an enhancer ofhighest levels of activated MAP kinase. Taken together, these
mutations inEllipse, a gain-of-function allele of DER (Rogge data demonstrate that a secreted DER ligand (probably secreted
et al., 1995). Secondly, DER is ubiquitously expresse&pitz), produced by cells just posterior to En cells, activates
epidermis throughout embryogenesis and is required early f@ER. Furthermore, it appears that the activation of DER is
ventral-to-lateral patterning, as is Aop (Raz and Shilo, 1993jraded, highest posterior to En cells and at lower levels within
Schweitzer et al., 1995b; Gabay et al., 1996; Golembo et athe En cells. This signaling corresponds to the time when fates
1996a). Finally, at later stages, DER is required for cells tof the En cells are being determined, which is consistent with
adopt denticle fates (Clifford and Schupbach, 1992; Raz aralrole for DER in determining the fates of En cells.
Shilo, 1993; reviewed in Schweitzer and Shilo, 1997). _ )

To address whether DER function was required for posterighnterior En cells can respond to Spitz
En cells to adopt their correct fate, we expressed a dominaspitz mutants lack row one denticles (Mayer and Nusslein-
negative form of DER specifically in En cells. These embryo&olhard, 1988), supporting the role for Spitz in assigning
lack the first denticle row, corresponding to the position of th@osterior En cell fate. This phenotype is variable and dependent
posterior En cells (Fig. 11). Therefore, DER is autonomouslypon position within the embryo (Mayer and Nisslein-
required for the posterior En cells to adopt a denticle fate. Weolhard, 1988; L. O'K. and S. D., unpublished observations;
next determined whether there was a source of DER ligargke also Szuts et al., 1997). Thus, for the remainder of the work,

positioned appropriately to signal to the En cells. we consider Spitz the likely ligand, although another DER
) ) ) . ligand may also be involved.
The Spitz source is posteriorly adjacent to En cells Since Spi instructs posterior En cells to adopt denticle fates,

It seemed likely that DER would be activated by Spi, its ligandve wanted to test why it does not normally affect the anterior
in many other contexts. Spi is ubiquitously expressed as dn cells, instructing them to adopt denticle fates as well. We
inactive membrane-bound molecule with homology to TGF- have shown that anterior En cells can adopt denticle fates if
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Spitz and Wingless signaling have competing
affects on En cell fate

Anterior En cells assume a denticle fate whenfunction is

A . ' 7 NS eliminated at 8 hours AEL (Fig. 4C, arrow; (Dougan and
'w“_" AR ey DiNardo, 1992). Wg is expressed just anterior to the En

' y* rUASSShi- domain, in a region of smooth cuticle (Fig. 4A, arrowhead).
Thus, while Wg input instructs cells to adopt the smooth fate,
activation of DER instructs cells to adopt denticle fates. The
opposite response of En cells to these two signals raises the
guestion of what fate these cells would adopt in the absence of
both signals. To determine this, we blocked DER signaling by
expressing Aofftin En cells while concomitantly removing
wg function using a conditional allele. Whewvg's embryos
carrying both En-GAL4 and UAS-ASf were shifted to non-
permissive temperature at 8 hours AEL, the En cells now adopt
smooth fates (Fig. 4D, white arrowhead). This suggests that
Fig. 3. Anterior En cells can respond to Spi, but are blocked from smooth cuticle is the default cell fate. Wg signaling in this
doing so byargos (A) Wild type. (B) UAS-sSpi/En-GAL4. o g;ggﬁ;;;?npg;;p;gg for antagonizing DER the effect

Denticles (arrow) appear anterior to first row (white arrowhead). . - . .
These embryos have about two ectopic rows of denticles presumabl The posterior En cells, which adopt a denticle fate, either

because the efficient production of secreted Spi influences all En c@nnot respond to Wg due to the absence of key signal trans-
cells. (C) UAS-Rho/En-GALA4. Anterior En cells to switch to denticle ducers, or they do not see effective concentrations of Wg. In
fate (arrow), although less robustly than in B. &Bjosmutant. An fact, our previous work suggested strongly that the posterior
extra row of denticles (arrow), made by anterior En cells, indicates En cell did not receive Wg input (Dougan and DiNardo, 1992).
that Spi reaches anterior En cells but the response is normally We tested more precisely whether downstream signal trans-
inhibited byargosactivity. Bar, 10um in all panels. ducers are present in posterior En cells. Cells expressing either
an activated form of Armadillo or higher levels of wild-type
] ) ] ) ) Disheveled respond as if they have received the Wg signal
Rasl is activated (Fig. 1H). Thus, signal transduction compqaxelrod et al., 1996; Pai et al., 1997). In embryos carrying
nents downstream of Rasl are present in these En cells. Thisth En-GAL4 and UAS-Ar$i9 the expression of activated
implies that anterior En cells either do not receive sufficienprmadillo causes the posterior En cells to inappropriately
Spi to activate the pathway, or activation is blocked upstreaiidopt the smooth cell fate (Fig. 4E, white arrowhead). We
of Ras1. To distinguish between these possibilities, we ectopsbtained identical results expressing Disheveled (data not
cally expressed the secreted form of Spi directly in En cellshown). Thus, Wg signal transducers downstream of
exposing them to high levels of ligand. If anterior En cells wergpisheveled are present in posterior En cells. During normal
unable to respond to Spi, then they would still adopt theipatterning, these cells are probably not exposed to sufficient

normal smooth fate. We found, however, that these embryagyg levels to antagonize the effects of DER in these cells.
have ectopic rows of denticles anterior to the normal first row,

indicating that the anterior En cells have incorrectly adopted a
denticle fate (Fig. 3B, arrow). Similar results were obtained bypISCUSSION
expressing Rho in En cells (Fig. 3C, arrow). These results
indicate that, if exposed to secreted Spi, anterior En cells caells within the En domain can adopt one of two alternate
respond by adopting denticle fates. This implies that normallfates. Here we have shown that the this domain is flanked by
Spi does not reach anterior En cells at sufficiently high contwo sources of secreted signaling molecules: Wingless at the
centration to activate DER, or some factor antagonizes the Sginterior, and Spitz at the posterior. Each signal is responsible
DER interaction in these En cells. for a particular fate, and, furthermore, the En cells can respond
A likely candidate is the secreted factor Argos, which weo either signal. We conclude that proper patterning across the
find is expressed just posterior to En cells, and which waBn domain requires a balance between these two antagonistic
shown to antagonize the response to secreted Spi in oth&gnals.
tissues by preventing DER activation (Freeman et al., 1992; This novel aspect of ventral epidermal patterning makes use
Schweitzer et al.,, 1995a; Golembo et al., 1996b). If thi®f an emerging strategy recently appreciated in patterning
inhibitory feedback loop acts in patterning the ventralcellular fields. Distinct signals are emitted from sources estab-
epidermis, then one would expect secreted Spi to have lished at the boundaries of the field. Since cells located
broader influence iargos activity were removed. Indeed, in between the sources can respond to either signal, their fates are
argosmutants anterior En cells assume a denticle fate (Fig. 3bnfluenced by proximity to the source. For instance, in the ver-
arrow). This suggests that, in the absence of Argos, the levdlsbrate neural tube, cells can respond to either ventralizing
of Spi that normally reach the anterior En cells are morsignals, such as Sonic Hedgehog or dorsalizing signals, such
effective in their capacity to activate DER. Indeed, active MARas the TGH3 family member dorsalin-1 (Basler et al., 1993;
Kinase is present at apparently higher levels, and over a slightichelard et al., 1993; Krauss et al., 1993; Riddle et al., 1993).
broader domain irargos mutant embryos (Fig. 2J), directly Proximity of cells to the floor plate or roof plate, the respec-
demonstrating effects on the DER pathway. tive signaling sources, accounts for the correct pattern of cell

b
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Ingham et al., 1991). Only after the action of these two regu-
latory circuits does Wg act to specify En cell fate (Bejsovec
and Martinez-Arias, 1991; Dougan and DiNardo, 1992).

Less is known of the regulatory circuits that control the
expression of Rho, thus generating a source of secreted Spi.
However, the control over Spi production is likely to be as
elaborate as that for Wg, since there is a switch in the axis
being patterned. Early, DER signaling is required for dorsoven-
tral patterning in the epidermis, with the ventral midline as the
source of secreted Spi (Raz and Shilo, 1993; Schweitzer et al.,
1995b; Gabay et al., 1996; Golembo et al., 1996a). Just a few
hours later, DER signaling is required for anteroposterior
pattern, with cells just posterior to the En domain as the source
of secreted Spi. One obvious possibility for the regulation of
late Rho expression is that Hedgehog (Hh), which is produced
by En cells, signals posteriorly to induce Rho. However, late
Rhomboid expression was not affected by removing Hate
function (S. D., unpublished results). We do find that boosting
the level of Hh production can expand the domain of
Rhomboid expression (data not shown). Thus, in late embryos
Hh can modulate, but does not initiate Rhomboid expression.
This suggests that the expression of Rhomboid, like Wg, will
be controlled by multiple regulatory circuits.

-':'.'J"i"/';: by gy Pk r.-“.'r k:i
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Fig. 4.Wg input also specifies En cell fat@) Wild type,
longitudinal optical section. Wg expressing cells, as revealed by Wg€ontrol of signal spread

LacZ enhancer trap (arrowhead), are anterior to the En domain ;
Compae win i 10). Ao s o el ow 1 @ vild | RECET! analyses have suggested hat boh the g and
type. (C)wgs, 8hour AEL inactivation; an extra denticle row (arrow) g ( ’ ! y
appears anterior to the normal first row (white arrowhead). There arél-» 1996; Lawrence et al., 1996; Zecca et al., 1996; Neumann
also extra denticles posterior to (black arrowhead) and within belt. and Cohen, 1997). Thus, since all En cells can respond to either
(D) wgSEn-GAL4MgS; UAS-Aop’ct/+; 8 hour AEL inactivation, as  Signal, the proper allocation of En cell fate may require
revealed by excess denticles (black arrowheads). En cells (white  restricted spread of these signals across the En domain. In con-
arrowhead) adopt smooth fate in the abseneegalctivity if Aop sidering the role of Spi, we find that expression of the DER
cannot be inactivated. (E) UAS-ARH/En-GAL4. Activating the Wg  target gene Argos is largely confined to cells posterior to the
signal transduction pathway by expression of constitutively active En domain, confirming that DER activation is highest at the
Armadillo (Arm-S10) in En cells causes the posterior En cells o gqyrce of Spi. However, we find that there is also activation in
adopt smooth cell fate (white arrowhead). Barpi0in all panels. the En cells, although at lower levels, as revealed by following
the active state of the DER signaling pathway with dp-ERK
antibodies. This is consistent, in fact, with finding low levels
fate. Similarly, during patterning of the fly leg, cells canof Argos gene expression in En cells. It is likely that the
respond to either Wg or Decapentaplegic, signals governingathway is more active in posterior compared with anterior En
ventral and dorsal fates, respectively (Struhl and Basler, 1998ells, although we did not have enough sensitivity with the dp-
Basler and Struhl, 1994; Diaz-Benjumea and Cohen, 199£RK antibodies to judge this directly. Whether or not there is
Wilder and Perrimon, 1995). In this particular case, to ensura differential in DER activation, it appears that low levels of
that cells will largely come under the influence of only onesecreted Spi normally reach the anterior En cell. Support for
signal, Wg and Decapentaplegic antagonize the expressiontbfs comes from removingargos activity, which allows
each other (Brook and Cohen, 1996; Jiang and Struhl, 1998ensitive detection of which cells are exposed to Spi. Under

Theisen et al., 1996). this condition, anterior En cells adopt a denticle fate. Thus, we
) . . o conclude that Spi spreads across the En domain, but its

Patterning requires the establishment of distinct inhibitor controls signaling efficacy such that only posterior En

flanking signals cells normally respond (Fig. 5). This is strongly supported by

The En cells can respond to transduction of either the Wg @he change in dp-ERK level observedangos mutants.

Spi signals. This suggests that control over pattern within the Since we find that posterior En cells can respond to Wg
En domain must be exercised by controlling ligand expressiosignaling, the posterior En cells must normally not encounter
or processing of these ligands. Indeed, two successive reguasfficient Wg to adopt smooth cell fate (Dougan and DiNardo,
tory circuits act to ensure that Wg is expressed anterior to tH€992). This is consistent with the distribution of Wg antigen,
En domain. While the pair-rule gene hierarchy acts early twhich is skewed away from the En cells in late embryos (van
establish Wg and En expression, this pattern is consolidated dgn Heuvel et al., 1989; Gonzalez et al., 1991), and suggests
later cross-regulatory interactions between the En and Wiat some mechanism exists for regulating the diffusion, accu-
expressing cells (DiNardo and O’Farrell, 1987; DiNardo et al.mulation or transport of the Wg ligand. Interestingly, there is
1988; Ingham et al., 1988; Martinez Arias et al., 1988gvidence that transcytosis may facilitate the spread of Wg
Bejsovec and Martinez-Arias, 1991; Heemskerk et al., 199XBejsovec and Wieschaus, 1995). Perhaps transcytosis is
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our observation that activation of the pathway represses, at
least in some cells, the inhibitory ETS domain protein, Aop.
Reciprocally, the induction of smooth cell fate by Wg signaling
also appears to require transcriptional induction, as mutations
in the HMG-box protein DTcf-1/Pangolin, recently implicated
in Wg signaling, affect En cell fate (Brunner et al., 1997; van
de Wetering et al., 1997).

Although most elements of the conserved DER signaling
Fig. 5.Wingless and Spitz cooperate to specify Engrailed cell fate. cassette are involved in En cell fate specification, we have
The En-expressing cells are flanked anteriorly by a cell row noted some differences involving the ETS-domain transcrip-
producing Wg (green) and posteriorly by a cell row expressing tion factors. First, in all reported cases, the proteins Pointed
Rhomboid (blug), which pro_duces s_ecreted Spitz (re_d). The En cell and Aop work as an antagonistic pair, competing for binding
T o e DR pomacy Sty o pecly o 2 a1ge genes, In clls induced by DER. MAP kinase phos-

us ac . , horylation inhibits Aop, allowing Pointed to act positively in
Reciprocally, En cell nearest the Wg source receives a higher anscription of target genes (O'Neill et al., 1994: Rebay and

concentration of Wg and adopts a smooth fate. Spi also activates th - . .
DER pathway in the Rho-expressing cell, which therefore produces RUbin, 1995; Gabay et al., 1996). This seems not to be the case

and secretes Argos (purple). Argos can inhibit Spi activation of the here, since Pointed is expressed anterior to the En domain,
DER pathway at a distance. This is depicted as Argos diffusing rather than in the En cells in which Aop is inactivated by DER

farther than Spitz, although other mechanisms are possible. As a  signaling (data not shown). In addition, ectopic expression of
consequence, the DER pathway is not sufficiently activated in the Pointed P1 did not activate the pathway in the En cells, but

anterior En cell to compete out Wg signaling in this cell, and it rather induced the same phenotype as activated Aop (data not
adopts a smooth fate. Ligand distribution away from the En domain shown). Thus, in the En cells, Aop may act by competing for
is omitted for clarity (see also Szits et al., 1997). binding with a novel unknown positively acting ETS protein.

Alternatively, Aop could bind to sites that partially overlap
spatially regulated in late embryos to restrict Wg from reachingvith another family of transcriptional activators (Riesgo-
posterior En cells. Note that the visualization of Wg ligand i€Escovar and Hafen, 1997). A second difference is revealed by
not sensitive enough to reflect the domain over which it acthe fact that theop mutant phenotype is restricted to lateral-
(Nellen et al., 1996; Neumann and Cohen, 1997). Thus, it most En cells, yet expression of an activated form of Aop can
also possible that posterior En cells are exposed to Wg, but theffect the fate of all En cells. This suggests that another nega-
active DER signaling in posterior En cells blocks the responsévely acting ETS-domain protein is expressed in the ventral
to Wg. Such an antagonistic interaction between the effects epidermis. The identification of Wg and DER pathway target
the Wg and DER pathways, superimposed on the graded digenes that regulate En cell differentiation should address these
tribution of the activating ligands, will ensure the proper ordeguestions.
of cell fates across the En domain (Fig. 5). @mgosmutant Several discrete temporal requirements for DER in pattern-
phenotype supports this model. Although we observe no lossg the ventral epidermis are revealed by temperature shifts
of Wg expression iargosmutants, anterior En cells switch to using the DERIb'S allele, including dorsoventral, CNS pat-
denticle fate. Thus, the boost in DER activation must béerning and proper expression of theoseberryand patched
competing out the effect of Wg signal transduction in thegenes (Clifford and Schupbach, 1992; Raz and Shilo, 1992,
anterior En cells. The mechanism by which the Wg and Sdi993; E. R. and B.-Z. S., unpublished observations). In
ligands compete could be through cross inhibition at the levelddition, although we have focussed only on En cell fate, tem-
of one of their respective signal transducers, or competitioperature shifts show that formation of all denticle cell types
farther downstream, perhaps at or after target gene inductionequires activation of DER between 5 and 7 hours AEL

Competition between these two pathways also explain&lifford and Schupbach, 1992; Raz and Shilo, 1992). It is at
specific patterning errors that are observed in wild-typehe end of this requirement that DER activity is necessary for
embryos. Occasionally, anterior En cells at the ventral midlin€n cell fate, as stripes of Rho expression first appear at about
adopt a denticle fate. This correlates nicely with some residu8l hours AEL. In addition, enhanced levels of DER signaling
Rho expression we see in late embryos near the ventrabrrelate with the specification of the middle rows within each
midline, just anterior to the En cells (Fig. 2E). As a consedenticle belt (S.D., B.-Z. S. and L.O’K., unpublished observa-
guence these cells probably produce some secreted Spi. Ttiens). Contemporaneously, Szits et al have elegantly shown
in turn activates the DER pathway, which competes with Wghat DER activity is responsible for the anterior four rows
signaling, thereby occasionally causing En cells to adopt within each abdominal denticle belt (Sziits et al., 1997).

denticle fate. The requirement for DER activity for several denticle cell
o _ types suggests that signaling is permissive, telling a cell to

The specification of Engrailed cell fate and the DER make a denticle, rather than instructive, telling a cell to make

pathway a particular denticle type. If this is true, then denticle type is

We do not know how En cells respond to DER activation ta@onveyed by other characteristics of that cell. In the case of En
differentiate cuticle with a denticle. Since activation of thecell fate, we suggest that this is due to the transcription factor
DER pathway leads to transcriptional responses, and since \&#a. This situation is reminiscent of the repeated use of DER
have shown that DER is required autonomously in En cells, weuring successive recruitment of different photoreceptor cells
surmise that an undefined target gene(s) causes this resporiseeye patterning (Freeman, 1996). The distinct outcome at
The involvement of transcriptional regulation is supported byach stage is determined by the biological context of the cells
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signaling pathways that synergize with or antagonize DER segmental pattern in the Drosophila embryo: spatial control of engrailed
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DiNardo, S., Sher, E., Heemskerk-Jongens, J., Kassis, J. A. and O’Farrell,

. - i . P. H. (1988). Two-tiered regulation of spatially patterned engrailed gene
We thank Andrea Brand, Mark Peifer, Christian Klambt for stocks; expression during drosophila embryogendsigure332, 604-609.

and are especially grateful to Mariann Bienz for open interactiongyougan, S. T. and DiNardo, S(1992).winglessgenerates cell type diversity
Rob Saint is graCIOUS'y acknowledged for aIIowmg L. OK. to amongengrailedexpressing cellsNature360, 347-350.
complete some experiments, with support of the Australian Resear@ehelard, Y., Epstein, D. P., St-Jacques, B., Shen, L., Mohler, J., McMahon,
Council. We thank members of S.D.'s lab for critical comments. B. J. A. and McMahon, A. P.(1993). Sonic hedgehog, a member of a family of
Z.-S. was funded through the Tobacco Research Council and the US-utative signaling molecules is implicated in the regulation of CNS polarity.
Israel Binational Science Foundation; S. T. D. received NIH traininq: Cell 75, 1417-1430.

r

rant 2-T32-GM07082: S. D. A rant RPG-93- -05-DDC. eeman, M. (1996). Reiterative use of the EGF receptor triggers
grant 32-GM07082; S CS grant G-93-039-05 c differentiation of all cell types in the Drosophila e¢ell 87, 651-660.

Freeman, M., Klambt, C., Goodman, C. S. and Rubin, G. M(1992). The
argos gene encodes a diffusible factor that regulates cell fate decisions in the

REFERENCES Drosophila eyeCell 69, 963-975.
Gabay, L., Scholz, H., Golembo, M., Klaes, A., Shilo, B. Z. and Klambt, C.
Axelrod, J. D., Matsuno, K. Artavanis-Tsakonas S. and Perrimon, N. (1996). EGF receptor signaling induces pointed P1 transcription and
(1996). Interaction between Wingless and Notch signaling pathways inactivates Yan protein in the Drosophila embryonic ventral ectoderm.
mediated by dishevelled [see commer8sjence271, 1826-1832. Development 22, 3355-3362.

Baker, N. E.(1987). Molecular cloning of sequences from wingless a segmenfgabay, L., Seger, R. and Shilo, B.-Z(1997).In situ activation pattern of
polarity gene in Drosophila: the spatial distribution of a transcript in DrosophilaEGF receptor pathway during developmetience277, 1103-
embryosEMBO (Eur. Mol. Biol. Organ.) B, 1765-1773. 1106. _ _

Baker, N. E.(1988). Embryonic and imaginal requirementsvigr a segment ~ Gaul, U., Mardon, G. and Rubin, G. M. (1992). A putative Ras GTPase

polarity gene irDrosophila Dev. Biol.125 96-108. activating protein acts as a negative regulator of signaling by the Sevenless
Basler, K., Edlund, T. Jessell, T. M. and Yamada, T1993). Control of cell receptor tyrosine kinas€ell 68, 1007-1019.
pattern in the neural tube: regulation of cell differentiatiomlbysalin-1 a ~ Golembo, M., Raz, E. and Shilo, B. Z(1996a). The Drosophila embryonic
novel TGRB family memberCell 73, 687-702. midline is the site of Spitz processing, and induces activation of the EGF
Basler, K. and Struhl, G.(1994). Compartment boundaries and the control of _ receptor in the ventral ectoderBevelopment 22, 3363-3370.
Drosophilalimb pattern byredgehogrotein.Nature368 208-214. Golembo, M., Schweitzer, R., Freeman, M. and Shilo, B. 1996b). Argos
Bejsovec, A. and Martinez-Arias, A.(1991). Roles ofvinglessin patterning transcription is induced by the Drosophila EGF receptor pathway to form an
the larval epidermis dbrosophila Development13 471-485. inhibitory feedback loofDevelopment 22, 223-230.
Bejsovec, A. and Wieschaus, §1993). Segment polarity gene interactions Gonzalez, F., Swales, L., Bejsovec, A., Skaer, H. and Martinez-Arias, A.
modulate epidermal patterning Brosophilaembryos.Developmentl19, (1991). Secretion and movementwihglessprotein in the epidermis of the
501-517. Drosophilaembryo.Mech. Dev35, 43-54.

Bejsovec, A. and Wieschaus, £1995). Signaling activities of the Drosophila Hama, C., Ali, Z. and Kornberg, T. B.(1990). Region-specific recombination
wingless gene are separately mutable and appear to be transduced at the cénd expression are directed by portions of Bmesophila engrailed
surface Geneticsl 39 309-320. promoterGenes Dew, 1079-1093.

Bier, E., Jan, L. Y. and Jan, Y. N.(1990). Rhomboid a gene required for Heemskerk, J. and DiNardo, S.(1994). Drosophilahedgehogacts as a
dorsoventral axis establishment and peripheral nervous system developmenimorphogen in cellular patterningell 76, 449-460.

in drosophila melanogast&enes Dewv, 190-203. Heemskerk, J., DiNardo, S., Kostriken, R. and O'Farrell, P. H.(1991).

Bier, E., Vaessin, H., Shepherd, S., Lee, K., McCall, K. Barbel, S., Multiple modes ofengrailedregulation in the progression towards cell fate
Ackerman, L., Carretto, R., Uemura, T., Grell, E., Jan, L. Y. and Jan, Y. determinationNature352, 404-410.
N. (1989). Searching for pattern and mutation in the Drosophila genome wittngham, P., Taylor, A. and Nakano Y(1991). Role of th®rosophila patched
a P-lacZ vectoiGenes De\8, 1273-1287. gene in positional signallinglature353 184-187.

Bokor, P. and DiNardo, S(1996). The roles of hedgehog, wingless and lines inIngham, P. W. (1993). Localizechedgehogactivity controls spatial limits of
patterning the dorsal epidermis in DrosopHilavelopment 22, 1083-1092. winglesgranscription in th&rosophilaembryo Nature366, 560-562.

Brand, A. H. and Perrimon, N.(1993). Targeted gene expression as a meandngham, P. W., Baker, N. E. and Martinez-Arias, A. A(1988). Regulation of
of altering cell fates and generating dominant phenotypaslopment 18 segment polarity genes in the Drosophila blastoderm by Fushi Tarazu and
401-415. Even SkippedNature331, 73-75.

Brook, W. J. and Cohen, S. M.(1996). Antagonistic interactions between Jiang, J. and Struhl, G. (1996). Complementary and mutually exclusive
wingless and decapentaplegic responsible for dorsal-ventral pattern in theactivities of decapentaplegic and wingless organize axial patterning during
Drosophila legScience73 1373-1377. Drosophila leg developmeriell 86, 401-409.

Brunner, E., Peter, O., Schweizer, L. and Basler, K1997). pangolin encodes Karpen, G. H. and Spradling, A. C. (1992). Analysis of subtelomeric
a Lef-1 homologue that acts downstream of armadillo to transduce the heterochromatin in thBrosophilaminichromosome Dp1187 by single P-

Wingless signal in Drosophil&lature385, 829-833. element insertional mutagenesieneticsl32 737-753.

Cabrera, C. V., Alonso, M. C., Johnston, P., Phillips, R. G. and Lawrence, P. Kassis, J. A.(1990). Spatial and temporal control elements of the Drosophila
A. (1987). Phenocopies induced with antinsense RNA identifwihgless engrailed genésenes Dew, 433-443.
geneCell 50, 659-663. Krauss, S., Concordet, J.-P. and Ingham, P. W1993). A functionally

Capdevila, J. and Guerrero, 1.(1994). Targeted expression of the signaling  conserved homolog of the Drosophila segment polarity gene hedgehog is
molecule decapentaplegic induces pattern duplications and growth expressed in tissues with polarising activity in zebrafish embGels75,
alterations iDrosophilawings.EMBO J.13, 4459-4468. 1431-1444.

Clifford, R. and Schupbach, T.(1992). The torpedo (DER) receptor tyrosine Lai, Z. and Rubin, G. M. (1992). Negative control of photoreceoptor
kinase is required at multiple times during Drosophila embryogenesis. development irDrosophilaby the product of thgangene, an ETS domain

Development 15 853-872. protein.Cell 70, 609-620.
Cumberledge, S. and Krasnow, M. A.(1993). Intercellular signalling in  Lawrence, P. A., Sanson, B. and Vincent, J. R1996). Compartments,
Drosophilasegment formation reconstructedsitro. Nature363, 549-552. wingless and engrailed: patterning the ventral epidermis of Drosophila

Diaz-Benjumea, F. J. and Cohen, S. M(1994). wingless acts through the =~ embryosDevelopment22, 4095-4103.
shaggy/zeste-white 3 kinase to direct dorsal-ventral axis formation in theawrence, P. A. and Struhl, G.(1996). Morphogens, compartments, and
Drosophila legDevelopment 20, 1661-1670. pattern: lessons from Drosophil@ell 85, 951-961.

DiNardo, S., Heemskerk, J., Dougan, S. and O’'Farrell, P. H1994). The  Lee, J. J., von Kessler, D. P., Parks, S. and Beachy, P(2992). Secreton and
making of a maggot, patterning the Drosophila embryonic epidermis. localized transcription suggest a role in positional signaling for products of
Current Opinions in Genetics & Developmdnb29-534. the segmentation gehedgehogCell 71, 33-50.



Wingless and Spitz instruct Engrailed cell fate 4845

Martinez Arias, A., Baker, N. E. and Ingham, P. W,(1988). Role of segment exons and tissue-specific expression of Dmsophila EGF receptor
polarity genes in the definition and maintenance of cell states in the homolog transcript<ell 46, 1901-1101.

Drosophilaembryo.Development03 157-170. Scholz, H., Sadlowski, E., Klaes, A. and Klambt, C(1997). Control of

Martinez Arias, A. and Lawrence, P. A. (1985). Parasegments and midline glia development in the embryommeosophilaCNS.Mech. Dev62,
compartments in the Drosophila embriature313 639-642. 79-91.

Mayer, U. and Nusslein-Volhard, C.(1988). A group of genes required for Schweitzer, R., Howes, R., Smith, R., Shilo, B. Z. and Freeman, [1995a).
pattern formation in the ventral ectoderm of the drosophila em@goes Inhibition of Drosophila EGF receptor activation by the secreted protein
Dev.2, 1496-1511. Argos.Nature376, 699-702.

Nellen, D., Burke, R., Struhl, G. and Basler, K(1996). Direct and long-range  Schweitzer, R., Shaharabany, M., Seger, R. and Shilo, B. Z1995b).
action of a DPP morphogen gradigdell 85, 357-368. Secreted Spitz triggers the DER signaling pathway and is a limiting

Neumann, C. J. and Cohen, S. M(1997). Long-range action of Wingless component in embryonic ventral ectoderm determinati®enes Dev9,
organizes the dorsal-ventral axis of the Drosophila wirayelopmeni24, 1518-1529.

871-880. Schweitzer, R. and Shilo, B.-Z(1997). A thousand and one roles for the

Nusslein-Volhard, C., Wieschaus, E. and Kluding, H(1984). Mutations DrosophilaEGF receptofTrends in Genetict3, 191-196.
affecting the pattern of the larval cuticle in Drosophila melanogaster Btruhl, G. and Basler, K. (1993). Organizing activity of wingless protein in
Zygotic loci on the second chromosorf®aux’s Arch. Dev. Bioll93 267- DrosophilaCell 72, 527-540.

282. Szits, D., Freeman, M. and Bienz, M(1997). Antagonism between EGFR

O’Neill, E. M., Rebay, ., Tijan, R. and Rubin, G. M.(1994). The activities of and Wingless signaling in the larval cuticleybsophila. Developmerit24,
two Ets-related transcription factors required for Drosophila eye 3209-3219.
development are modulated by the Ras/MAPK path@all.78, 137-147. Tabata, T. and Kornberg, T. B.(1994). Hedgehog is a signalling protein with
Pai, L.-M., Orsulic, S., Bejsovec, A. and Peifer, M(1997). Negative a key role in patterning Drosophila imaginal disgsll 76, 89-102.
regulation of Armadillo, a Wingless effecter Drosophila Development  Tabata, T., Eaton, S. and Kornberg, T. B(1992). TheDrosophila hedgehog

124, 2255-2266. gene is expressed specifically in posterior compartment cells and is a target of
Patel, N. H., Martin-Blanco, E., Coleman, K. G., Poole, S. J., Ellis, M. C., engrailedregulation Genes Deb, 2635-2645.

Kornberg, T. B. and Goodman, C. S.(1989). Expression of engrailed Tei, H., Nihonmatsu, I., Yokokura, T., Ueda, R., Sano, Y., Okuda, T., Sato,

proteins in arthropods annelids and chord&ed.58, 955-968. K., Hirata, K., Fujita, S. C. and Yamamoto, D. (1992). pokkuri, a

Raz, E. and Shilo, B. Z.(1992). Dissection of the faint little ball (flb) Drosophilagene encoding an E-26-specific (Ets) domain protein, prevents
phenotype: determination of the development of the Drosophila central overproduction of the R7 photoreceptmoc. Natl. Acad. Sci. US29, 6856-
nervous system by early interactions in the ectodBewelopment 14, 113- 6860.

123. Theisen, H., Haerry, T. E., O’Connor, M. B. and Marsh, J. L.(1996).

Raz, E. and Shilo, B. Z.(1993). Establishment of ventral cell fates in the  Developmental territories created by mutual antagonism between Wingless
Drosophila embryonic ectoderm requires DER, the EGF receptor homolog. and DecapentaplegiDevelopment22 3939-3948.

Genes Dev, 1937-1948. van de Wetering, M., Cavallo, R., Dooijes, D., van Beest, M.,van Es, J.,

Rebay, I. and Rubin, G. M.(1995). Yan functions as a general inhibitor of  Loureiro, J., Ypma, A., Hursh, D., Jones, T., Bejsovec, A., Peifer, M.,
differentiation and is negatively regulated by activation of the Ras1/MAPK Mortin, M. and Clevers, H. (1997). Armadillo coactivates transcription

pathwayCell 81, 857-866. driven by the product of the Drosophila segment polarity gene dJ&lR88,
Riddle, R., Johnson, R. L., Laufer, E. and Tabin, C(1993). Sonic hedgehog 789-799.
mediates the polarizing activity of the ZR2ell 75, 1401-1416. van den Heuvel, M., Nusse, R., Johnston, P. and Lawrence, (R989).

Riesgo-Escovar, J. and Hafen, E(1997). Drosophila Jun kinase regulates  Distribution of thewinglessgene product irosophilaembryos: A protein
expression of decapentaplegic via the ETS-domain protein Aop and the AP-1involved in cell-cell communicatioiCell 59, 739-749.

transcription factor DJun during dorsal clos@enes Devl1, 1703-1716. van der Meer, S. (1977). Optical clean and permanent whole mount
Rijsewijk, F., Scheurmann, M., Wagenaar, E., Parren, P., Weigel, D. and preparation for phase contrast microscopy of cuticular structures of insect

Nusse, R.(1987). The Drosophila homolog of the mouse mammary larvae Dros. Inf. Sens2, 160-161.

oncogendnt-1 is identical to the segment polarity gemiagless Cell 50, Wilder, E. and Perrimon, N. (1995). Dual functions ofvinglessin the

649-657. Drosophilaleg imaginal discDevelopment21, 477-488.

Rogge, R., Green, P. J., Urano, J., Horn-Saban, S., Mlodzik, M., Shilo, B. Yung, Y., Dolginov, Y., Yao, Z., Hanoch, T., Roubini, E., Lando, Z.,
Z., Hartenstein, V. and Banerjee, U(1995). The role of yan in mediating Zharhary, D. and Seger, R(1997). Detection of ERK activation by a novel

the choice between cell division and differentiatidavelopment21, 3947- monoclonal antibodfFEBS Lettergl08 292.
3958. Zecca, M., Basler K. and Struhl, G(1996). Direct and long-range action of a
Rutledge, B. J., Zhang, K., Bier, E., Jan, Y. N. and Perrimon, N1992). The wingless morphogen gradieftell 87, 833-844.

Drosophila spitggene encodes a putative EFG-like growth factor involved in
dorsal-ventral axis formation and neurogenéaenes Deb, 1503-1517.
Scheijter, E. D., Segal, D., Glazer, L. and Shilo, B.-21986). Alternative 5 (Accepted 13 September 1997)



