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SUMMARY

The maternal Dorsal nuclear gradient initiates the
differentiation of the mesoderm, neurogenic ectoderm and
dorsal ectoderm in the precellular Drosophila embryo.

Each tissue is subsequently subdivided into multiple cell
types during gastrulation. We have investigated the
formation of the mesectoderm within the ventral-most

expression ofsimin the neurogenic ectoderm where there
are low levels of the Dorsal gradientsimis not activated in
the ventral mesoderm, due to inhibition by the localized
zinc-finger Snail repressor, which is selectively expressed in
the ventral mesoderm. Additional studies suggest that the
Snail repressor can also stimulate Notch signaling. A

region of the neurogenic ectoderm. Previous studies suggest stripe2-snailtransgene appears to induce Notch signaling

that the Dorsal gradient works in concert with Notch
signaling to specify the mesectoderm through the activation
of the regulatory genesim within single lines of cells that
straddle the presumptive mesoderm. This model was
confirmed by misexpressing a constitutively activated form
of the Notch receptor, NotcH©, in transgenic embryos using
the eve stripeZnhancer. The Notctf stripe induces ectopic

in ‘naive’ embryos that contain low uniform levels of
Dorsal. We suggest that these dual activities of Snalil,
repression of Notch target genes and stimulation of Notch
signaling, help define precise lines afim expression within
the neurogenic ectoderm.
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INTRODUCTION al., 1998). Twist-binding sites in trem 5’ regulatory region
might work in concert with Dorsal to activate gene expression
Dorsal is a maternal regulatory protein that is distributed in éasai et al., 1998). Dorsal-Twist synergy has been implicated
broad dorsoventral gradient in the precellurosophila in the formation of the sharp lateral borders of #mail
embryo (reviewed by Drier and Steward, 1997). It initiates thexpression pattern that define the boundary between the
differentiation of the mesoderm, neurogenic ectoderm andchesoderm and mesectoderm (Ip et al., 1992). The Dorsal and
dorsal ectoderm by regulating a variety of target genes in Bwist gradients extend several cell diameters beyond this
concentration-dependent manner (reviewed by Rusch armbundary, yetsim is activated in only a single line of cells
Levine, 1996). Two lines of cells that straddle the presumptivéKosman et al., 1991). Recent studies suggest that Notch
mesoderm express the regulatory geineand ultimately form  signaling helps restricsim expression to the mesectoderm
derivatives of the mesectoderm at the ventral midline ofHartenstein et al., 1992; Martin-Bermudo et al., 1995; Menne
advance-stage embryos (Crews et al., 1988; Nambu et and Klambt, 1994; Morel and Schweisguth, 2000).
1990; Nambu et al.,, 1991). Perhaps as little as a twofold The activation of the Notch receptor triggers the conversion
difference in the levels of Dorsal determines whether a naivef the Su(H) transcription factor from a repressor into an
embryonic cell adopts a mesodermal or mesectodermal fagéetivator (reviewed by Artavanis-Tsakonas et al., 1999; Bray,
(Gonzalez-Crespo and Levine, 1993; Ip et al., 1992; Kosmah998; Kadesch, 2000; Mumm and Kopan, 2000). Su(H) is
et al., 1991). We have investigated the basis for this preciseaternally expressed and uniformly distributed throughout the
regulatory switch in cell fate. early embryo (Lecourtois and Schweisguth, 1995). It is initially
Previous studies suggest thsitn responds directly to the associated with a co-repressor complex consisting of Hairless
Dorsal gradient through high-affinity Dorsal-binding sites in(H) and possibly dCtBP (Bang and Posakony, 1992; Bray and
the B cisregulatory region (Kasai et al., 1998). In principle, Furriols, 2001; Morel et al., 2001). Upon signaling, the Notch
high and intermediate levels of Dorsal can actigatein the  intracellular domain (Notcf) enters the nucleus and interacts
presumptive mesoderm and mesectoderm, but high levels with Su(H) (Kidd et al., 1998; Rebay et al., 1993; Struhl and
Dorsal also lead to the activation of the Snail repressor in th&dachi, 1998; Struhl et al., 1993). The resulting Su(H)-N6&tch
ventral mesoderm (Gonzalez-Crespo and Levine, 1993; Ilpomplex functions as a transcriptional activator (Bailey and
et al,, 1992). Snail repressessm in the mesoderm, and Posakony, 1995; Fortini and Artavanis-Tsakonas, 1994;
thereby restricts expression to lateral regions that form theecourtois and Schweisguth, 1995). It has been suggested that
mesectoderm (Kasai et al., 1992; Kasai et al., 1998; Nibu &u(H)-H repressesim in the neurogenic ectoderm, but



1786 J. Cowden and M. Levine

activation of the Notch receptor in the presumptiveselected for subsequent matings. Thefegeny derived from these
mesectoderm permitsim expression, owing to disruption of males have ectopisnail or NotcHC expression that is due to the
the Su(H)-H repressor complex (Morel and Schweisguthrearrangement of the frt-stop-frt cassette.

2000). We have investigated the basis for localized Notc

signaling in the mesectoderm. . _
9 9 The Toll'm9 and Toll™10 mutations cause constitutive, low levels of

N '?[‘ ﬁco n;iltu:]l;/elty Iac%%téad form IOf (tjhe (Ij\lotctzlr: recetptcl)r, orsal nuclear transport in affected embryos (Anderson et al., 1985).
otch™ (Struhl et al., ), was placed under the control o ollm9Tollm10females were obtained by matifigli™9TM3, Sb, Ser

the even-skippedeve stripe 2 enhancer. Thigripe2-Notch  ajes with Tol™9TM3, Sbfemales. NorSh nonSer Fr females
transgene induces ectopic activatiorsoiandm8 The latter  were collected and mated wittw, flipped stripe2-snail or flipped
gene is a member of the Enhancer of split [E(spl)] complextripe2-Notcl males. Embryos from this cross were then collected
that encodes Notch-responsive HES-family transcriptionalor in situ hybridization. All crosses and collections were conducted
repressors, which inhibit neurogenesis through the silencing af 25°C.
achaete-scutgroneural genes (Bailey and Posakony, 1995; Thegd’ allele was used to genergé/gd-females (Konrad et al.,
Lecourtois and Schweisguth, 1995; Nakao and Campog988), which were mated witjw, flipped stripe2-snailor flipped
Ortega, 1996; Nellesen et al., 1999). Both sheandm85' ﬁtrl%ezf-thcl*P_maLesb .Embf.yos f;\?lm this cross (;Nere”CO”eCted and
cis-regulatory regions contain optimal, Su(H) binding sites">% ccicreolmatsét;(:y ridization. All crosses and collections were
(Morel and Schweisguth, 2000; Nellesen et al., 1999). '
Nonetheless, thestripe2-Notck transgene differentially
regulates the two genes. It induces a stripm®expression,
but causes a ‘pyramid’ pattern of ectopien staining that RESULTS
corresponds to the spatial intersection between Notch signaling
and the Dorsal gradient. Ectopic activationsohandm8is  Notch signaling activates m8 and sim expression
inhibited in the ventral mesoderm by the Snail repressoPrevious studies have indicated a role for Notch signaling in the
However, Snail also appears to stimulate Notch signalingegulation ofsim expression (Hartenstein et al., 1992; Martin-
When introduced into mutant embryos that contain lowBermudo et al., 1995; Menne and Klambt, 1994). Removal of
uniform levels of Dorsal, stripe2-snaitransgene activatsm  maternaNotch™ gene activity results in a losssimexpression,
andm8 expression. These results suggest that Snail functionghile overexpression of aJAS-NotcH transgene with
both to generate a Notch signal and repress Notch target gengsiquitous GAL4 driver lines expands thin pattern (Morel
thereby restricting mesectodermal fate to a precise line of celland Schweisguth, 2000). The importance of Notch signaling for
We discuss the basis for this dual activity of the Snail repressemiesectodermal specification was confirmed usingjripe2-
and consider other cases where Snail and Snail-relategbtcHC transgene that produces a localized source of Notch
repressors might localize Notch signaling. signaling in the early embryo (Figs 1-3).
Theevestripe 2 enhancer directs early expressiaNattHC
at the boundary between the presumptive head and thorax.

Ely strains

MATERIALS AND METHODS Expression is initially detected by the onset of nuclear cleavage
cycle 14 (Fig. 1A) and persists during gastrulation (data not
In situ hybridization shown). In situ hybridization assays also detect the endogenous

Embryos from wild-type, mutant, and transgenic lines were collectedVOtCh RNA, which is distributed throughout basal regions of
fixed and then hybridized with dioxygenin-UTP labeled antisenséhe cytoplasm. Thestripe2-Notc transgene induces an
RNA probes as previously described (Jiang et al., 1991)shaié  ectopic stripe ofm8 expression (Fig. 1B). Staining might
sim and T3 cDNAs used to produce these probes were previousipe initially asymmetric, but the stripe becomes uniformly
described (Gonzalez-Crespo and Levine, 1993; Ip et al., 1992ntense in lateral and dorsal regions by the completion of
Kosman et al., 1991). The8cDNA used to generate antisense RNA cellularization (Fig. 1B and data not shown). However, the

by E. Lai. sufficient to inducem8 expression, probably due to repression
P-element transformation vectors by Snail asm8 expression expands into ventral regions of
The construction of thiesp83-Tolt%B-bcd3'UTR has been previously snall'/sna]I' mutant embryos (data not .shown). .

described (Huang et al., 1997). For the construction obtitge2- The stripe2-Notch- transgene also induces expression of

NotcHC transformation vector, a genomic fragment containing theSim (Fig. 1C), and, likem8 ectopic expression is excluded
intracellular domain of Notch (a gift from G. Struhl) (Struhl et al., from the ventral mesoderm. However, unlike simis not

1993) was placed under the control of gwestripe 2 enhancer by activated in the dorsal-most regions, but is restricted to a
cloning it into theAsd site of a modified pCasPeR injection vector. pyramid pattern in ventrolateral regions. This pyramid is
This injection vector contains two tandem copies of an augmentegletected before the expression of the endogenous pattern (Fig.
Strlpe 2 enhancer Upstream of a frt—StOp-fI’t cassette (Kosman a%), and mlght reﬂect a requ”'ement for both Notch S|gnal|ng
Small, 1997). Thestripe2-Notcl transformation vector was then and Dorsal + Twist activators in the regulation sifm
injected intoyw embryos as previously described (Kosman and Sma“expression. Occasionally,stripe2-NotcK  induces sim

1997). The construction of theripe2snail, stripe2snail/hairy and . in d | . duri trulati ith h
stripe2snailM1M2has been described previously (Nibu et al., 1998)_expre53|on In-dorsal regions during gastruiation, aithoug

Transgenic females carrying thetripe2-snail and stripe2-Notck®  Staining is stronger in ventral regions containing the Dorsal and
transgenes were mated with males homozygous for the yeast FIWist activators (Fig. 2B). This ‘Notch-onlysim activation
recombinase under the control of a sperm-specific tubulin promoteay depend on high levels of Notch signaling, as it is not seen
F1 males containing both the transgene and the Flp recombinase wéretransgenic lines that express low levelNotcHC.
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ectopicsimexpression in the ventral nerve cord is probably the
result of Sim autoregulation (Morel and Schweisguth, 2000;
Nambu et al., 1991).

Differential regulation of m8 and sim

The differential response ai8andsimto thestripe2-NotcH
transgene might reflect the difference between a ‘hard-wired’
target genen8) that is activated primarily by Notch signaling,
and a conditional target gengnf) that is jointly regulated by
Notch and the Dorsal gradient. This issue was examined by
comparing the ability of two separatetripe2-NotcK
transgenic lines to induce ectopic expressiosimfandma8in
mutant backgrounds. One of the lines directs strong expression
of stripe2-NotcH, while the other directs much lower levels
of NotcHC expression based on in situ hybridization assays
(data not shown). Each line was introduced into mutant
embryos derived fronToll™9Toll'10 females. Owing to the
mutant Toll receptor, these embryos contain low, uniform
levels of Dorsal that are insufficient to activatést or snail
Neithersimnor m8expression is detected in central regions of
Toll'™9/Toll'™10 mutant embryos, though there is staining at the
anterior and posterior poles (Fig. 3A; Fig. 5G,J). Introduction
of the strongstripe2-NotcK transgene into this mutant

Fig. 1. NotcHC induces ectopic activation sfmandma background induces strong expression sifv (Fig. 3B),
Cellularizing embryos expressstipe2-Notch transgene and are whereas the weaker line leads to low levels of expression (Fig.
oriented with dorsal upwards and anterior towards the left. 3C). However, botktripe2-NotcHk lines are capable of driving
Transgenic embryos were hybridized with digoxigenin-labbletth  strong ectopic expression mi8 (data not shown). The absence
(A), m8(B) andsim(C) antisense RNA probes, and stained to of the Snail repressor probably accounts for the uniform
visualize the indicated gene expression patterns. (ANHteh induction of sim and m8 expression across the dorsoventral

probe detects an ectopic stripeNaitcHC expression. General

staining of the wild-typ&lotchRNA is detected throughout the basal . - . ; -
cytoplasm. (B) Then8gene exhibits endogenous lateral lines of sufficient to activatsimandms8in the absence of Twist.

expression in the mesectoderm, as well as an ectopic stripe. _To determine if Notch signaling was sufficient to activate
(C) Ectopicsimexpression is restricted to a pyramid pattern in the ~Simor m8in the absence of both Twist and Dorsal, strgpe2-
neurogenic ectoderm. NotcHC lines were crossed into mutant embryos derived from
gd7/gd- females. These embryos fail to process the Spatzle
ligand, and there is a block in Dorsal nuclear transport (Drier
Ectopicsimexpression persists in ventrolateral regions, theand Steward, 1997). As a result, there is no expressionsf
presumptive neurogenic ectoderm, during gastrulation anshail or sim in central regions (data not shown, Fig. 3D).
germ band elongation (Fig. 2C). Marker genes that arlowever, mutant embryos exhibit weak, broad expression of
expressed in the CNS exhibit gaps in the vicinity of this ectopin8 probably owing to the derepression of the dorsal ectoderm
sim pattern (Fig. 2D), which may reflect a transformation ofpattern (Fig. 3G);m8 is normally expressed both in the
neurogenic ectoderm into mesectoderm. The persistence wfesectoderm and the dorsal ectoderm of wild-type embryos

axis. These results also suggest that Notch signaling is

Fig. 2. NotcHC induces cell fate changes il
the neurogenic ectoderm. Transgenic
embryos express trstripe2-Notck fusion
gene and were hybridized wigimor snail
antisense RNA probes. (A) The transgent
induces the ectop&impyramid pattern pric
to the onset of the endogenous pattern in
mesectoderm. (B) The ectomitnpattern is
maintained during gastrulation. By this st
simexpression extends into dorsal region
The endogenous expression pattern is al
observed. (C) After gastrulation, the two
lines ofsimexpression converge at the
ventral midline to form the mesectoderm.
There is also a broad domain of ectopic
staining that probably arises from the ectopic
pyramid seen in younger embryos. Ectapinexpression leads to a loss of identifiable neurons, as judged &yaihexpression pattern (D).

(D) Thesnail expression pattern is altered in delaminating neuroblasts during germ band elongation. There is a gap in the presurhptive ventra
nerve cord that coincides with the ectogiimexpression pattern (see C).
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Fig. 3. Symmetric stripes afimandm8are induced in embryos lacking Dorsal gradients. Embryos were collecte@dhdni/ Toll™10 (A-C)

or gd-/gd-females (D-I). The former mutants contain low, uniform levels of Dorsal in all nuclei. The latter embryos completely lack nucle
Dorsal protein. Differenstripe2-NotcH transgenes were introduced into the mutant backgrounds, and stained with either a digoxigenin-
labeledsim (A-F) or m8probe (G-1). (A-C)Toll'™m9Toll™10embryos. (A)simexpression is restricted to the termini of mutant embryos that lack
astripe2-NotcH transgene. (B) A strong stripe simstaining is induced by a strongly expressggpe2-Notck transgene. (C) A fairgim

stripe is induced by the weakly expresstihe2-Notck transgene. These mutant embryos kawil expression (Fig. 4E), which might

explain why the ectopisimstripes are symmetrically expressed in dorsal and ventral regions.g@®/g- embryos. (Dsimexpression is
essentially absent in mutant embryos lackisyipe2-Notcl transgene. A weakimstripe (see arrowhead) is induced by the strongly
expressestripe2-Notcl transgene (E), whereas the weakly expressed transgene fails tosimdagpression (F). (G-lyd/gd-embryos.

There is general, weak expression ofriifggene throughout mutant embryos (G). This staining might be due to the derepression of the
staining pattern that is normally restricted to the dorsal ectoderm. Both the strong (H) and steigle 2PN otcH transgenes induce stripes of
m8expression.

(Wech et al., 1999) (Fig. 5A). In this background, only theneurogenic ectoderm, includingpomboid and Brinker. An
strongstripe2-Notck transgene induces weak expression ofexample of ectopic repression is shown $og (Fig. 4C,D).

sim (Fig. 3E), while the weaker line fails to induce anyThere is a gap in the pattern that corresponds to the location
expression whatsoever (Fig. 3F), suggesting that Dorsal @f the ectopic Snail stripe (Fig. 4C,D). A mutant form of Snall
necessary fasimexpression. By contrast, battripe2-NotcH  that lacks the two dCtBP co-repressor interaction motifs
lines induce strong stripes wiBexpression in mutant embryos (PxDLSxK and PxDLSxR) fails to repressog (data not

(Fig. 3H,). shown) (see Nibu et al., 1998).
) ) ) The stripe2snail transgene causes complex alterations in
Snail regulates  sim and m& expression the simandm8 expression patterns. There is an initial gap in

stripe2-NotcH transgenes fail to inducen8 and sim the earlym8pattern (Fig. 5B), followed by ectopic staining in
expression in ventral regions of wild-type embryos (Fig. 1B,Cthe neurogenic ectoderm (Fig. 5C). The ectopic ventrolateral
Fig. 2A,B), but cause uniform expression in mutant embryostaining persists in advanced-stage embryos and is associated
lacking Snail (Fig. 3B,H). Similarly, botsim and m8 are  with a gap in the developing ventral nerve cord (data not
derepressed in ventral regionssofil/snail- mutant embryos shown). Thestripe2snail transgene causes the same type of
(Hemavathy et al., 1997) (data not shown). These results aadteration in thesimexpression pattern. There is an initial gap
consistent with earlier models suggesting that the Snaih the pattern (Fig. 5E), but in older embryos ectopic
repressor forms the ventral border of $hmexpression pattern expression is detected in one or two cells in the neurogenic
(Gonzalez-Crespo and Levine, 1993; Kasai et al.,, 199Zctoderm (Fig. 5F). These alterationssim and m8 depend
Kosman et al., 1991; Nibu et al., 1998; Rusch and Levingyjpon the ability of Snail to function as a transcriptional
1996). To test this idea, Snail was misexpressed in transgemigpressor, as neither pattern is altered when the dCtBP
embryos by placing thesnail coding sequence under the interaction motifs are removed from Snail (data not shown).
control of theevestripe 2 enhancer (Figs 4, 5). The preceding results suggest that Snail both represses and
snail is normally expressed in the ventral mesoderm, buactivatessim and m8 expression. Additional evidence for this
exhibits an ectopic stripe in transgenic embryos carrying dual activity was obtained by crossing tlséripe2-snail
stripe2-snail fusion gene (Fig. 4A,B). This ectopic stripe transgene into mutant embryos derived fréail™9/Toll'™m10
represses several target genes that are expressed in fémmales. The uniform, low levels of Dorsal that are present in
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Fig. 4. Snail repressesogexpression. Wild-type
(A-D) andToll™m9/Tollm10 mutant (E-H) embryos
were stained with eithersmail (A,B,E,F) orsog
(C,D,G,H) hybridization probe. The embryos in
D and F,H contain stripe2-snaittransgene.
(A,B) Lateral and ventral views of wild-type
embryos that containstripe2-snailtransgene. An
ectopic stripe ofnail expression is detected in
addition to the normal pattern in the ventral
mesoderm. (C,D) Lateral and ventral views of
wild-type embryos expressing te&ipe2-snail
transgene. There are gaps in $bhgexpression
pattern within the lateral, neurogenic ectoderm
near the position of the Snail stripe.

(E,F) Toll'™9/Toll'm10 mutant embryos that lack (E
or contain (F) &tripe2-snailtransgene. Mutant
embryos that lack the transgene exhibit residue
snail staining at the poles (E). Tsiipe2-snail
transgene provides the sole sourceril
expression in middle body regions (F). This stri
is transiently expressed and rapidly disappears
older embryos (data not shown). (G gt)gstaining
patterns irloll™9Toll™10 mutant embryos that
either lack (G) or express (H)s&ripe2-snailtransgene. In mutant embryos lacking the transgatgs uniformly expressed along the
anteroposterior axis, with the exception of the extreme termini (G)sffipe2-snailtransgene creates a gap in sogpattern (H).

mutant embryos fail to activasnail expression (Fig. 4E), so regions ofsna/sna mutant embryos (data not shown). The
that thestripe2-snailtransgene encodes the sole source of thetripe2snail transgene causes a subtle attenuation in the Delta
Snail repressor (Fig. 4F). Though unable to indsoail expression pattern (Fig. 6B, compare with 6A). There is
expression, the low levels of Dorsal present in the mutanteduced staining in the vicinity stripe2-snail particularly in
embryos are sufficient to induce nearly ubiquitous expressioone or two cells straddling the presumptive mesoderm/
of sog (Fig. 4G). When introduced into this mutant mesectoderm boundary (arrowhead, Fig. 6B). It is conceivable
background,stripe2snail is still capable of repressingog that this slight reduction iDelta expression helps trigger
(Fig. 4H). Mutant embryos that lack te&ipe2snailtransgene Notch signaling (see Discussion).

do not exhibit eithem8 (Fig. 5G) orsim (Fig. 5J) expression The activation of Notch leads to the inductionEfspl)

in middle body regions, although there is residual staining ajenes such am8 which encode transcriptional repressors
the anterior and posterior poles. Téieipe2snail transgene that block the expression of proneural genes in the Achaete-
leads to ectopic induction @f8 (Fig. 5H) andsim (Fig. 5K)  Scute complex (Bailey and Posakony, 1995; Lecourtois and
expression. In both cases, staining is detected in the vicinity &chweisguth, 1995; Nakao and Campos-Ortega, 1996;
theevestripe 2 pattern, but expression is not uniform. Instead\ellesen et al., 1999)I'3, or lethal of scutgis normally

both genes, especiallsim, exhibit patchy ‘salt and pepper’ expressed in a series of lateral stripes in the neurogenic
staining patterns (Fig. 5H,K). ectoderm of wild-type embryos (Kosman et al., 19913.

The induction ofsim and m8 expression depends on the stripes are expressed throughout mutant embryos derived
ability of Snail to function as a transcriptional repressorfrom Toll™9Toll'™10 females (Fig. 6C). Thestripe2snail
Mutant proteins that lack the dCtBP interaction motifs weakljtransgene creates a gap in this staining pattern (Fig. 6D),
activatem8and altogether fail to activaggmin Tollm9/Toll"™10  which might help define a zone of Notch signaling, as
mutants (data not shown). Converselystepe2-snail/hairy  Achaete-Scute activators can inhibit Notch target genes
transgene that contains the Hairy repression domain continu@geitzler et al., 1996).

to inducesimandm8in mutant embryos (Fig. 51,L). snail is initially expressed in a relatively broad pattern that
extends into ventral regions of the presumptive neurogenic

Snail represses potential regulators of Notch ectoderm. This pattern is refined during cellularization, and the

signaling final borders coincide with the boundary between the

It is possible that thestripe2-snail transgene establishes a presumptive mesoderm and mesectoderm (data not shown).
domain of Notch signaling by repressing regulators of th&he refinement process is also observed in transgenic embryos
Notch pathway. One candidate is the Notch ligand Delta, whicthat contain an ectopic anterior-posterior Dorsal nuclear
is broadly expressed in lateral and dorsal regions afradient (Fig. 7A-C). Before nuclear cleavage 14, ghail
cellularizing and gastrulating embryos (Fig. 6A). There is littleexpression pattern exhibits a ‘fuzzy’ border (Fig. 7A). This
or no expression in the ventral mesoderm, probably owing tborder is refined by the completion of cellularization (Fig. 7B),
repression by Snail, as tielta pattern expands into ventral and sim expression is detected shortly thereafter (Fig. 7C).
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Fig. 5. Thestripe2-snailtransgene induces complex changes imiBandsimexpression patterns. Wild-type (A-F) afoll™9/Toll™10 (G-L)

were stained witm8(A-C;G-I) or sim(D-F;J-L) hybridization probes. (A-C) Lateral views of wild-type embryos that either lack (A) or carry
(B,C) thestripe2-snaiftransgene. In early embryos (just after cellularization), the transgene creates a gap in the normal lateral lines within the
presumptive mesectoderm (arrowhead, B; compare with A). In older embryos (gastrulation) there is both a gap in the pattgric and
staining in lateral regions (arrowhead, C). (D-F). Lateral views of wild-type embryos that either lack (D) or carry @ripethsnail

transgene. There is a gap in the pattern in early embryos (arrowhead in E; compare with D), but the top of the gapisdilled o

continuous bump of staining in older embryos (arrowhead, F). The asterisk indicates a gapripaitern that is due to normal

discontinuities in the initiadim pattern, not to thetripe2-snaitransgene. (G-1) Mutant embryos obtained ffioH™9Toll™10females. There

is nom8expression in middle body regions of mutant embryos (G), although there is expression at the posterior pole. Mutantsstila expre
stripe2-snailtransgene exhibit broad stripesn8staining (H). Mutants that express gtape2-snail/hairtransgene also exhibit ectopi3
staining (1). (J-L) Mutant embryos derived fréRall™9Toll™10 embryos simexpression is restricted to the termini of mutant embryos lacking
the stripe2-snailtransgene (J). By contrast, patchy stripesimfexpression are observed both in mutants that contastripe2-snail

transgene (K) and th&ripe2-snail/hairytransgene (L).

Perhaps the earbnail refinement process serves to control theembryos that contain low, uniform levels of Dorsal. We discuss
temporal onset okim expression. When broad, the Snail how Snail induces Notch signaling and also represses Notch
repressor keepsim off, but after refinemensim can be target genes, and thereby specifies localized linessno&nd
activated in the domain wheseail was transiently expressed. m8expression in the mesectoderm.

Competition between the Snail repressor and Notch

DISCUSSION signaling produce sharp stripes

A crucial finding of this study is thatsripe2snail transgene
This study provides further evidence that Notch signaling isnduces ectopic expressionraBandsimin both wild-type and
essential for the formation of the mesectoderm at the boundaTll™9Toll™M10 mutant embryos, suggesting that the Snail
between the mesoderm and neurogenic ectoderm. Twepressor is actually playing a positive role in Notch signaling.
different Notch target genes were examinei® expression Importantly, this stimulatory activity depends on the ability of
appears to depend almost exclusively on Notch signalingnail to function as a transcriptional repressor. Mutant forms
whereasimis a conditional Notch target gene that is activatedf the stripe2snail transgene that contain single amino acid
only in cells containing Dorsal. Evidence is presented thagubstitutions in the two repression domains (PxDLSxK and
Snail functions as both a repressor and an indirect activator BXxDLSXR) fail to inducesimandm8expression in either wild-
Notch signaling. In particular, a transient stripe of the Snaitype orToll"™9Toll™10 mutant embryos (data not shown). By
repressor creates a domain of Notch signaling in apolatontrast, atripe2snail/hairytransgene that contains the Hairy
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Fig. 6. Snail represses potential inhibitors of Notct
signaling. Wild-type (A,B) andoll™9Toll'™m10(C,D)
mutant embryos were stained with eith@edta

(A,B) or T3 hybridization probe (C,D). Embryos ha Delta
B D
Delta

completed cellularization and are oriented with
anterior to the left. (A,BDeltais expressed in latere
and dorsal regions of wild-type embryos (A). Stair
is excluded from the ventral mesoderm, possibly t
the Snail repressor as tbelta pattern is derepresse
in sna/sna mutant embryos (not shown). The
stripe2-snailtransgene (B) causes a slight weaken
of the normal Delta pattern (arrowhead). (CJB)is
expressed in a series of stripes along the entire dorsoventral @ri§®YToll"™10 mutant embryos (C). Thetripe2-snailtransgene (D) creates
a gap in the T3 expression pattern (arrowhead).

O

repression domain continues to activate b&th and m8in (Bailey and Posakony, 1995). The localized expression of the
mutant embryos (see Fig. 5I, L). Snail repressor in delaminating neuroblasts might help ensure
The localized Snail repressor restricts Notch signaling to theeuronal differentiation by inhibiting Notch-specific target
mesectoderm of early embryos, presumably by directlgenes. Removal agnail along with two related linked zinc-
repressing Notch target genes. Indeed,sihe5' regulatory  finger repressors (Worniu and Escargot) leads to a reduction in
region contains a series of high-affinity Snail repressor sitethe number of CNS neuroblasts (Ashraf et al., 1999; Cai et al.,
(Kasai et al., 1992). It is conceivable that Snail restricts NotcR001).
signaling in other developmental processes. For example, after )
its transient expression in the ventral mesoderm of earlnail as a gradient repressor
embryossnailis reactivated in delaminating neuroblasts at théVe propose that Snail functions as a gradient repressor to
completion of germ band elongation (see Fig. 2D). At thigestrict Notch signaling (summarized in Fig. 7D). In precellular
stage, Notch signaling subdivides the neurogenic ectodersmbryos, the initialsnail expression pattern is broad and
into neurons and ventral epidermis. Notch is selectivelyxtends into the future mesectoderm. During cellularization,
activated in epidermal cells, where it induces the expression tiie pattern is refined ansnail expression is lost in the
E(spl) repressors that silence Achaete-Scute proneural gemassectoderm and restricted to the mesoderm. The early, broad

Fig. 7. A Snail repressor gradient helps
localize Notch signaling. Embryos were A D
collected from females that contain an
hsp83-Tol%-pcdtransgene and thereby
express a broad anterior-posterior Dorse
nuclear gradient. These embryos were
derived fromgd-/gd-females, and therefo snail(early)
lack the normal dorsoventral Dorsal
gradient. Mutants were stained with eithe
snail (A,B) or sim(C) hybridization probe.
(A,B) snail staining pattern in precellular
(A) and cellularized (B) embryosnailis
activated by high levels of the ectopic
anteroposterior Dorsal nuclear gradient i snail(late)
anterior regions of mutant embryos. The
snail pattern is initially broad and fuzzy
(A), but refines during cellularization (B)
and exhibits the very sharp border seen
the normaknail pattern at the boundary
between the mesoderm and mesectoder
(C) simexpression is not detected until tt
onset of gastrulation. Staining is detecte snail (late)

cells that reside just posterior of the sharp

snail expression pattern. Thesin-positive cells exhibited weak, transiemail expression at earlier stages (A). (D) A model for the

positioning of Notch signaling by the Snail repressor. The top and bottom circles represent cross-sections through (popgelhdar

cellularized (bottom) embryosnailis initially expressed in a broad pattern in ventral and ventrolateral regions that encompass the presumptive
mesoderm and mesectoderm. At this early stage Snail might repress a number of inhibitors of Notch signalifgekaeimd¥3. At later

stages, the snail expression pattern is refined and restricted to the mesoderm. Notch signaling is activated in thewosiénthaexpressed

the Snail repressor.

Notch
inhibitors

snail (early)

Notch
inhibitors
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snail pattern might create a broad domain of potential Notclappears to be sufficient to activaid even though it contains

signaling by repressing components of the Notch pathwayewer optimal Su(H) binding sites than gim5' cis-regulatory

such as Delta and T3. After cellularization, Notch signaling isegion (Morel and Schweisguth, 2000; Nellesen et al., 1999).

blocked in the presumptive mesoderm by sustained, high levaferhapsm8 is ‘poised’ for activation by ubiquitous bHLH

of the Snail repressor. However, Notch can be activated in thactivators that are maternally expressed and present throughout

mesectoderm because of the loss of Notch inhibitors repressedrly embryos (e.g. Daughterless and Scute). Notch signaling

by transient expression of the Snail repressor. According to thimight trigger expression upon binding of the Su(H)-Nbtch

model, the dynamisnail expression pattern determines bothcomplex. By relying on ubiquitous bHLH ‘co-factors’, Notch

the timing and limits of Notch signaling. signaling may be sufficient to activate8 in diverse cellular
The results obtained ifoll™YToll"™10 mutant embryos can contexts. Accordingly, the differential regulationsathandm8

be interpreted in the context of this Snail gradient model. Thby Notch signaling is combinatorial and depends on the

stripe2snail transgene produces transient expression of thdistribution of distinct co-factors.

Snail repressor when compared with the endogenous gene.

Consequently, thenail stripe creates an early zone of potential We thank Gary Struhl and Sarah Bray for sending Nétahd m8

Notch signaling ifoll™%Toll'M10by repressing Delta, T3, and cDNAs, respectively. We also thank Eric Lai in the Rubin laboratory

other components of the pathway (Fig. 6). Perhaps the initiall r Delta EST clones and mutant flies, Steve Beckendorf for helpful

. . . . T uggestions, and Yutaka Nibu for help with the figures. We are grateful
intense expression of traripe2snail transgene inhibits the to Angela Stathopoulos for critically reviewing the manuscript, and

. o9 ; Sor providing the embryos used in Fig. 7. This work was funded by a
expression from the transgene diminishes. Previous studlggam from the NIH (GM 46638).

lend support to the idea that low levels of Snail can repress
some target genes such as T3, while failing to repress others
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