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SUMMARY

Differential activation of the Toll receptor leads to the signaling. These studies suggest that an anteroposterior
formation of a broad Dorsal nuclear gradient that specifies gradient of Pelle kinase activity is sufficient to generate all
at least three patterning thresholds of gene activity along known Toll-Dorsal patterning thresholds and that Twist
the dorsoventral axis of precellular embryos. We can function as a gradient morphogen to establish at least
investigate the activities of the Pelle kinase and Twist two distinct dorsoventral patterning thresholds. We discuss
basic helix-loop-helix (bHLH) transcription factor in how the Dorsal gradient system can be modified during
transducing Toll signaling. Pelle functions downstream of metazoan evolution and conclude that Dorsal-Twist
Toll to release Dorsal from the Cactus inhibitor. Twist is an  interactions are distinct from the interplay between Bicoid
immediate-early gene that is activated upon entry of Dorsal and Hunchback, which pattern the anteroposterior axis.
into nuclei. Transgenes misexpressing Pelle and Twist were

introduced into different mutant backgrounds and the

patterning activities were visualized using various target Key words: Dorsoventral patterningrosophilaembryo, Dorsal,
genes that respond to different thresholds of Toll-Dorsal Pelle, Twist, Gradient thresholds

INTRODUCTION et al., 1995; Towb et al., 1998). A constitutively activated form
of Pelle was created by fusing the Pelle kinase catalytic domain
Dorsal is distributed in a broad concentration gradient in theo the signal peptide, the extracellular domain and the
precellular Drosophila embryo (reviewed by Belvin and transmembrane peptide of a constitutively activated form of the
Anderson, 1996; Rusch and Levine, 1996). It establishe®orso (Tor) receptor, Té#21(Y327C) (Sprenger and Nusslein-
dorsoventral patterning by regulating a number of target gena&®lhard, 1992). The resulting ‘Pelle-T8#2 chimera caused a
in a concentration-dependent fashion. At least five thresholdi®minant ventralized phenotype when its RNA was injected
of gene activity have been described (Huang et al., 1997). Petikkoughout the embryo in a manner independent of both Toll
levels of Dorsal are required for the activation ofgheailgene  receptor and Tube adapter protein (Grosshans et al., 1994;
in the presumptive mesoderm in ventral regions of the earl@alindo et al., 1995). This is consistent with the idea that
embryo (Ip et al., 1992a), whereas progressively lower levelactivation of Pelle leads to efficient degradation of Cactus, so
of Dorsal activateingle-mindedsim), ventral nervous system that Dorsal can enter nuclei in both dorsal and ventral regions
defectivglvnd), rhomboid(rho) andshort gastrulation(sog in of the mutant embryo. However, mutant phenotypes were
the neurogenic ectoderm (Kasai et al., 1998; Ip et al., 1992hssessed predominantly on the basis of cuticular defects.
von Ohlen and Doe, 2000; Francois et al., 1994). Thes€onsequently, it is not known whether physiological levels of
differential patterns of gene activity subdivide the embryo intactivated Pelle kinase are sufficient for the activation of type |
three primary tissues: mesoderm, neurogenic ectoderm atafget genes, such &sist and snail, which depend on peak
dorsal ectoderm. concentrations of the Dorsal gradient (Huang et al., 1997). It
The restricted activation of the Toll receptor results from theés conceivable that the Toll-Dorsal signaling pathway is
localized processing of the Spatzle (Spz) ligand in ventrabranched. For example, activation of the Toll receptor might
regions of the precellular embryo (Mizuguchi et al., 1998; Seimduce Pelle and an additional kinase, which together activate
et al., 1998). Toll signaling is transduced by the Pelle kinasgype | target genes (e.g. Karin, 1999).
which causes the direct or indirect phosphorylation and twistis one of the first genes activated by the Dorsal gradient
degradation of Cactus, so that Dorsal is released from tH@hisse et al., 1991; Jiang et al., 1991). It encodes a bHLH
cytoplasm and enters nuclei (Grosshans et al., 1994; Galindegulatory protein implicated in mesoderm differentiation in a
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broad spectrum of animals (Reuter and Leptin, 1994; Bayliesansformation vector P(Twist-bcd). The construction  of
and Bate, 1996; Harfe et al., 1998). This conservation of Twidk(bcdToll%%cd) and P(hspTdittbcd) P-element transformation
contrasts with the apparently specific use of Dorsal as ‘ectors have been previously described (Huang et al., 1997) which
dorsoventral determinant in insect embryos (Chen et al., 200d)aces the Tolf® sequence under control of thecd 3UTR
Thus far, Rel-containing transcription factors have not beefgcalization sequence and thedandhsp83promoters, respectively.
implicated in the dorsoventral patterning of vertebratq he bcd promoter mediates maternal expression at levels lower than

b th h f d f b | he hsp83 maternal promoter. P-element mediated transformation and
embryos, even though Ty and Irog embryos employ Many, gy, nypridization using digoxigenin-labeled RNA probes were

common signaling components such as transforming growtfirtormed as described previously (Jiang et al., 1991).
factor3 (TGF3) and Chordin/Sog inhibitors (Ferguson, 1996).

Linearity in the Toll-Dorsal signaling pathway was analyzedGenetic crosses
by creating ectopic anterior-posterior gradients of Twist andll mutant fly stocks were obtained from the Bloomington Stock
activated Pelle kinases (Pelle-i&# and Pelle-Tor). Twist- and Center (Indiana) and wild-type embryos correspond toythely
Pelle-coding sequences were attached tbitwd (bcd) 3UTR ~ stock, unless otherwise noted. The ectopic 1%9llPelle-Tof02%
promoter (Huang et al., 1997). The Pellef@usion gene is examined in the absence of the endogenous dorsoventral Dorsal

- : : S gradient by introducing the Té#°, Pelle-Tof92 Pelle-Tor and Twist-
suficient to establish sequential patternsmi, sim vndand bcd transgenes into embryos homozygous for a null mutation in

sog expression across the anteroposterior axis of _transge% strulation defectivgégd?) (Konrad et al., 1988). Male flies from
embryos. These results suggest that the levels of activated Peli§eral independent lines carrying these P-element transposons were
kinase determine dorsoventral patterning thresholds, and argwividually crossed taqgd7/FM3 femalesgd’;(P-element)/+ males
against branching in the Toll signaling pathway. Tiést  were crossed togd’/FM3 females and embryos fromd’/gd’;
transgene was able to activateil, simandvnd expression in  (P-element)/+ females were collected for analysis by in situ
mutant embryos containing low, uniform levels of the Dorsahybridization.

protein. However, gene expression supported by Twist in the The ectopic Tol% anteroposterior Dorsal gradient was examined

absence of a Dorsal gradient is erratic, in that expression pattefighe absence of Twist by crossing the P(hspdditd) transgene

are out of order or are incorrect. These observations contrast wifiio @ twist-/twist- mutant background. Sp/CyO; P(hsp®bcd)/+
ales were crossed ton twit bw/CyO females obtained from

the recent demonstration that most Bicoid gradient threshol oomington stock center. Virgin females of the genotgpetwit

are gener_ated also by Hunchbac_k, an immediate target of t /CyO; P(hspTofOtbcd) were mated ten twit bw/CyO males.
Bicoid activator. As Twist largely fails to compensate for the l0Sgist /twist-mutant embryos represented one fourth of the embryos
of the Dorsal gradient, we conclude that Dorsal and Twiséxamined. Similar crosses were done to introduce the P(Twist-bcd)
function in a highly interdependent manner to specify theransgene into @nail mutant backgroundyg; snail'G%/CyO ftz-
mesoderm and ventral regions of the neurogenic ectoderm. lacZ; kindly provided by Tony Ip).

The ectopic Twist anteroposterior gradient was examined in a
background of low uniform Dorsal levels by misexpressingwhst-
bcd transgene in embryos homozygous for a partially activating
mutation of Toll (Schneider et al., 1991). Male flies from several
) ) . ) independent lines in which the P(Twist-bcd) insertion was mapped to
Plasmid constructions, P-element transformation and in the second chromosome and balanced by CyO were individually
situ hybridization crossed to Sp/CyO;TONYTM3 females, which were isolated by
The construction of Pelle-T#21 and Pelle-Tor fusion proteins in crossing ToM9¥TM3 males to double balancer Sp/CyO; PrDr/TM3
PSELECT vector (Promega) have been described previously (Galindemalesiwist-bcdCyO; TolmYTM3 males were crossed to ToHY
et al., 1995). The chimeric proteins contain the extracellular an@M3 females, and embryos framist-bcd+; Toll™m9Toll™10females
transmembrane domains of Tor and“&tresidues 1-455 fused to were collected from at least three individual lines for analysis by in
residues 163-501 of Pelle. To generate anteroposterior Pelle-Tor asidu hybridization.
Pelle-Tof021 gradients, we placed these fusions under the control of
the hsp83 promoter and regulation by thel 3UTR as follows.  Whole-embryo extracts and western blotting
BluntedNcd/Sad fragments containing the Pelle-Tor- and Pelle- Flies were allowed to deposit eggs on fresh apple juice agar plates
Tor*9?Lcoding sequences were cloned into the bluhtedHll/Sad  with yeast paste for 2 hours, and then removed. Embryos were
digested hsp83/pUC19 (Huang et al., 1997). A three-way ligation afollected after aging an additional 2 hours at room temperature and
aKpnl/bluntedSad digested fragment containing hsp83-Pelle-Tor orhomogenized in RIPA Buffer [50 mM TrisHCI (pH 8.0), 150 mM
hsp83-Pelle-Td¥?%, bluntedSadl/Xba fragment containing thecd ~ NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS and protease
3UTR, and Kpnl/Xba-digested Casper AUGB-gal P-element inhibitors]. Extracts were centrifuged at 16,@pfor 15 minutes. The
transformation vector (Huang et al., 1997) generated the Peflé2Tor clear protein supernatant was carefully separated from floating lipid
and Pelle-Tor P-element transformation vectors used in this study. &nd precipitate, and quantified by Bradford assay. Equivalent amounts
blunted Hindlll/Hincll fragment containing the entiravist open  of embryo extracts were subjected to SDS-PAGE and western blotting
reading frame (ORF) and a[5-globin leader was isolated from the using an affinity-purified, rabbit polyclonal antibody to Pelle protein
Twist/pNB40 plasmid (kindly provided by Maria Leptin) and cloned at a 1:2000 dilution (kindly provided by James Manley) (Shen and
into the EcaRV site of pBSK+Kpnll, creating TwistKpnll/SK+. Manley, 1998).
pBSK+Kpnll is pPBSK+ (Stratagene), which was modified to contain
an additionaKpnl site in place ofSad. A Kpnl fragment containing
the twist ORF fromtwist-Kpnll/SK+ was inserted into thEpnl site
of the pCASPER-hsp8Rpnl-bcd3UTR vector (a modified form RESULTS
of pCAS-AUGBgal obtained from Hailan Zhang)twist was
thereby placed under the control of the hsp83 maternal promotdrhe snail, sim vndandsogexpression patterns represent four
and bcd3UTR localization sequence to generate P-elementifferent Toll-Dorsal signaling thresholdsnail is activated

MATERIALS AND METHODS
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ventral mesoderm of wild-type embryos (Mellerick and
Nirenberg, 1995; Rusch and Levine, 1996).

The activated Pelle-Té#21 kinase also directs sequential
anteroposterior patterns ehail, vnd andsog expression in
gd/gd- mutant embryos (Fig. 2C-E). As in the case of 18|l
the activated Pelle kinase was misexpressed at the pole using
thebcd3 UTR. Thesnail, vndandsogexpression patterns are
similar to those obtained with thElI1%P transgene (see Fig.
1D-F). Thevnd and sog expression patterns are probably
repressed at the anterior pole by Snail (Fig. 2D,E). These
results suggest that the levels of Pelle kinase activity are
sufficient to determine different Dorsal transcription
thresholds.

Similar experiments were carried out witPealle-Torfusion
gene that contains the Tor signal peptide, extracellular domain
ectopic, anterior-posterior Dorsal nuclear gradient. Cellularizing and .transmembrane .pept|de, bzult Iack_s the amino acid
mutant embryos were collected from females homozygous for a nullsybs‘t'.tum.)n (Y.327C) in_the T& protelp that |nduqes
mutation in thegastrulation defectivégd) gene. Mutant embryos dimerization (Fig. 2F-H). The Pelle-Tor fusion protein fails to
lack a dorsoventral Dorsal nuclear gradient. The embryos were  inducesnail expression (Fig. 2F), but succeeds in activating
hybridized with different digoxigenin-labeled antisense RNA probes,vnd (Fig. 2G) andsog (Fig. 2H). The activities of the Pelle-
and visualized by histochemical staining. Each image is Tor*921and Pelle-Tor proteins are summarized in Fig. 2B.
representative of the predominant pattern exhibited in the majority of Western assays were carried out to determine whether the
embryos stained. In addition, at least three independent transgenic different activities of Pelle-T8P21and Pelle-Tor might result
lines were analyzed for this and subsequent figures. Embryos are from the differential stability of the two fusion proteins (Fig.
oriented with anterior to th_e left and dorsal up. (Asﬁau_l, vnd, an'd_ 2A). The normal Pelle kinase has a molecular weight of ~75
sogpatterns, respectively, in mutant embryos. There is no staining kDa (lane 1, Fig. 2A), whereas the Pelle4P8tand Pelle-Tor
above background levels. (D-ghail vnd andsogpatterns, fusion proteins are considerably larger, ~140 kDa (lanes 2 and

respectively, in mutant embryos that containToioP transgene ) ; ) )
[P(bcdToll%cd)]. snail expression is detected at the anterior pole, a 3@ feéspectively). The Pelle-Tor fusion protein (lane 3) is

band ofvndstaining is detected in anterior regions (E), and a broad €xpressed at somewhat higher levels than the Pelfé2%or
band ofsogstaining is detected in the anterior third of the embryo ~ protein, but nonetheless fails to activat&il expression. One
(F). The absence ehdandsogexpression at the anterior pole is interpretation of these results is that recruitment to the plasma
probably due to repression by Snail (D). membrane is not sufficient for the induction of peak Pelle
kinase activity. Rather, full induction might require both
recruitment and protein dimerization, which is achieved with
only by peak levels of the Dorsal gradient (Ip et al., 1992akhe PelleTot9%2! fusion protein, but not with Pelle-Tor
simandvnd are activated by intermediate levels (Kasai et al.(Grosshans et al., 1994; Galindo et al., 1995). The Pef&for
1998; von Ohlen and Doe, 2000), ssmfis activated by the protein is constitutively activated in the absence of the Tor
lowest levels of the gradient (Francois et al., 1994). Thesigand, whereas full activation of Pelle-Tor might require
expression patterns were visualized in mutant and transgerigand (see Discussion).
embryos via in situ hybridization using digoxigenin-labeled

Fig. 1.sna vndandsogexpression in transgenic embryos with an

antisense RNA probes (Huang et al., 1997). Synergistic activities of Dorsal and Twist

) ) There are several similarities between Dorsal and the major
Activated Pelle generates multiple Toll-Dorsal determinant of anteroposterior patterning, Bicoid, even though
patterning thresholds the two morphogens are unrelated. Both gradients activate

Dorsal target genes are essentially silent in mutant embryesgulatory genes that are essential for patterning the early
that lack an endogenous dorsoventral Dorsal nuclear gradiesminbryo. Bicoid activates the zinc finger gene Hunchback,
(Fig. 1A-C). Mutant embryos were collected from females thatvhile Dorsal activates the bHLH gene Twist. It has recently
are homozygous for a null mutation in thlgastrulation been shown that the loss of the normal Bicoid gradient can be
defectivg(gd) gene, which blocks the processing of the Spatzléargely compensated by an anteroposterior Hunchback gradient
ligand and the activation of the Toll receptor. These mutan@Vimmer et al., 2000). Hunchback restores posterior head
permit the analysis of ectopic, anteroposterior Dorsal andegments and the thoracic segments losbi@oid7/bicoid-
Twist gradients in ‘apolar’ embryos that lack dorsoventraimutant embryos. We have investigated the possibility that
polarity. snail (Fig. 1D),vnd, (Fig. 1E) andsog (Fig. 1F) are  Twist plays a similar role in dorsoventral patterning.
sequentially expressed along the anteroposterior axis of mutantDorsoventral patterning genes exhibit abnormal patterns of
embryos that contain a constitutively activated form of the Tolexpression intwist/twist- mutant embryos (Fig. 3). For
receptor (Tofi%) misexpressed at the anterior pole using thesxample,snail expression is reduced, and the residrail
bicoid (bcd) promoter and '3UTR (Fig. 1). These expression pattern exhibits periodicity along the anteroposterior axis (Fig.
patterns depend on an ectopic anteroposterior Dorsal nuclea,D; compare with 3A,B). The activities of the constitutively
gradient (Huang et al., 1997). The repression ofvittband  activated Tof% receptor are significantly impaired in
sogpatterns at the anterior pole is probably mediated by Snatiwist/twistt mutant embryos (Fig. 3E,F). This experiment
which normally excludes expression of these genes in thevolved the use of an hsp83-T&#-3' bcd UTR transgene,
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Fig. 2. Activated Pelle kinases generate multiple dorsoventra A i 2 3 B

patterning thresholds. Mutant embryos at the cellular blastoc

stage were collected from females homozygous for a null

mutation ingd. The embryos lack an endogenous dorsoventr. 134kDa= -2

Dorsal nuclear gradient. The embryos in C-E contain the Pe

Tor4021transgene, while the embryos in F-H contain a Pelle- PR—— Pelle-Toreei

fusion gene. Both transgenes were expressed at the anterio 85KDa - =
of mutant embryos using thed3 UTR. Embryos were staine( s 2

with snail (C,F),vnd(D,G), andsog(E,H) hybridization probes. % l noench
(A) Total protein extracts from wild-type and transgenic emb 43kDa= no snail

were fractionated on a polyacrylamide gel, transferred to a
membrane, and then incubated with an anti-Pelle antiserum
1 contains an extract from wild-type embrygw) The Pelle
kinase has an apparent molecular weight of ~75kDa. Lanes
3 contain extracts from transgenic embryos carrying either tt
Pelle-Tof%21(lane 2) or the Pelle-Tor (lane 3) fusion protein.
Both full-length proteins have an apparent molecular weight
~140kDa (the band at ~95kDa is a putative degradation proc
There are slightly higher levels of Pelle-Tor (lane 3) than Pel
Tor4021(lane 2). (B) The diagram depicts a precellular embry
that contains either tHeelle-Tof%21 or thePelle-Tortransgene.
Pelle-Tof0?1|eads to the activation shail at the anterior pole,
whereas even high levels of the Pelle-Tor transgene fail to in
snail expression. (C3nail expression in mutant embryos that
contain thePelle-Tor%21 transgene. Staining is restricted to
anterior regions containing peak levels of the transgene/n@)
expression pattern. Staining is detected in a stripe just poste.._.
to thesnail expression pattern. (Bpgexpression pattern. Staining is detected in a broad band in the anterior third of the embryndBoth v
sogare repressed at the anterior pole, probably by Snash@)is not expressed in mutant embryos that contaifPéfie-Tortransgene.

(G) vndis activated only at the very anterior tip of embryos that expresZtleeTortransgene. (H3ogexhibits a broader pattern of
expression in these embryos.

which induces a broad anteroposterior Dorsal nuclear gradiea” B
(Huang et al., 1997). This transgene is similar to the one use¢g -
in Fig. 1D-F, except that T3 was expressed using the
strongethsp83promoter rather than th®coid promoter. In an
otherwise normal genetic background, the 8ltransgene
leads to the ectopic activation ehail expression in the € D
presumptive head and anterior thorax (Fig. 3E). However, i
twist/twist- embryos there is reduced expression of both th:
endogenousnail expression pattern, and the ectopic pattern ir
anterior regions (Fig. 3F). Thus, even abnormally high level
of Toll signaling cannot compensate for the loss of Twist. Th(E
gap insnail expression seen at the boundary between th
ectopic and endogenous patterns (arrow, Fig. 3E) may be d
to an unknown repressor that is regulated by low levels of th
Dorsal gradient. This gap is more pronouncethiist7/twist =
mutants (5!”0‘_"” Fig. 3F), sug_gestl_ng that Twist is not reqUIreFjig. 3. Twist is required for Dorsal gradient thresholds. Embryos were
for the activation of the putatinail repressor. hybridized with a digoxigenin-labeleshail antisense RNA probe.

The preceding results suggest that Twist is necessary fghey are oriented with anterior to the left. (A,B) Lateral (A) and
specifying Dorsal gradient thresholds. To determine whethefentral (B) views of wild-type embryosnail staining is restricted to
Twist might be sufficient, awist-bcdtransgene was introduced the ventral mesoderm. (C,D) Lateral (C) and ventral (D) views of
into a number of genetic backgrounds. In wild-type embryogwist/twist- mutant embryos. Thenail staining pattern is diminished
the twist-bcdtransgene induces ectopic activation of ¢im  and exhibits periodic repression along the anterior-posterior axis.
gene in anterior regions (Fig. 4D; compare with 4A). This(E.F) Wild-type (E) and mutant embryos (F) expressifigla®
activation is more easily visualized Bnait/snait mutant ~transgene [P(hspTéffbed)], which produces a broad ectopic Dorsal
embryos because Snail repressiesexpression in the ventral nuclear gradient along the anterior-posterior axis. In a wild-type

: . . background the transgene produces uniformly intense activation of
mesoderm (Kasai et al.,, 1992). There is a delay in the onset ailin the anterior third of the embryo, in addition to the endogenous

sim expression insnaif/snail- embryos (Fig. 4B,C), and pajtern in the ventral mesoderm (E). There is a gap in staining where
staining is sporadic n ventral regions where the gene ifhe ectopic and endogenarsail patterns intersect (arrow). There is a
normally repressed (Fig. 4C; compare with 4A). However, th@evere reduction in both the endogenous and ectopitexpression
twist-bcdtransgene, when introduced irgioail/snail- mutant  patterns intwist/twist- mutant embryos (F).
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Fig. 4. An anterior-posterior Twist
gradient induces ectopic expressic
of sim Embryos were hybridized
with a digoxigenin-labeledim (A-F)
or Sex-lethal(G-I) antisense RNA
probe and are oriented with anteric
to the left. (A,D) Wild-type embryos
that lack (A) or express (D)tavist-
bcdtransgenesimis normally
expressed in two lines that straddle
the presumptive mesoderm (A).
Staining does not extend to the
anterior pole. In contrast, theist-
bcdtransgene induces ectopic
expression osimat the anterior pole
(D). This staining is first detected in
precellular embryos (not shown), and persists during cellularization (D) and gastrulation (not showsngB/e)ail- mutant embryos that

lack thetwist-bcdtransgene. There is a delay in the onset of expression, and staining is not detected in advanced cellularizing embryos (B).
Sporadic and weak expression is first detected at the onset of gastrulation in ventral regions (C). B and C displayJeteral gieds,
respectively. (E,F¥nail/snail- mutant embryos that express thést-bcdtransgene. There is strong activatiorsiofiin anterior regions of
cellularizing embryos (E and F display lateral and ventral reviews, respectively). Strong ectopic expression persistethaind g/engation

(not shown). (G-ISex-lethakxpression in wild-type embryos and those expressingvisebcdtransgeneSex-lethals ubiquitously

expressed in female embryos (H) and is not expressed in male embryos (G). In embryos from females contaisirgctiteansgeneSex-
lethalis repressed at the anterior end of the embryo (1) in the domain that coincides with ectopic Twist expreSsgrethhexpressing
embryos exhibit this repression, which accounts for the daughterless phenotype exhibited by females contaiisingdtiteansgene.

embryos, induces strong expressiorsiofiin anterior regions precellular embryos (Fig. 5B); however, this staining pattern is
(Fig. 4E,F), although staining is largely restricted to ventratefined into a broad anterior stripe after cellularization (Fig.
regions where there are high levels of the Dorsal gradief®C). This ectopicsnail expression pattern exhibits a sharp

(Fig. 4F).

In addition, females containing thivist-bcd transgene
exhibit a daughterless phenotype as only male progeny a
observed. We examine8ex-lethalexpression in embryos
obtained from these femaleSex-lethalis required for sex
determination in females, and this gene is expressed in feme
but not male embryos (Fig. 4H,G, respectively) (Bopp et alB
1991). Sex-lethalexpression is repressed in the anterior of
embryos obtained from females containing tiast-bcd
transgene (Fig. 41). This result suggests that Twist may forr
heterodimeric complexes with Daughterless/Scute, two bHL}c
proteins required fdBex-lethaexpression, thereby titrating the =
levels of these proteins and making them unable to activa \"’-
Sex-lethal The ability of Twist to form homodimeric as well
as heterodimeric complexes with other bHLH proteins presel

in the early embryo may regulate its own dorsoverltraIliig 5.An anterior-posterior Twist gradient specifies two
patterning activities as well (see Discussion). dorsoventral patterning thresholds in the absence of a Dorsal

: ; ; gradient. Embryos were hybridized with a digoxigenin-labstel
A Twist gradient can generate multiple dorsoventral antisense RNA probe, and are oriented with anterior to the left and

patterning threShOIdS_ ) ) ... dorsal up. (Apnailis not expressed in mutant embryos derived from
In order to determine whether Twist patterning activitiestolm9Toll™m10transheterozygous femalaimis also silent in these

require a Dorsal gradient, thewist-bcd transgene was mutants (data not shown). (Bjail staining pattern in a mutant
introduced into mutant embryos derived frd@mll™9Toll™10  embryo that contain thevist-bcdtransgenesnailis broadly
transheterozygous females. This mutant Toll receptor igctivated in ant_erior_ r_egions of ceIIuIarizing_ embryos_ (compare with
defective and partially active in a Spéatzle-independent fashiofy- (C) Thesnailstaining pattern sharpens in cellularized mutant
(Schneider et al., 1991). Consequently, mutant embryo%mbryos that express theist-bcdtransgene. Staining is lost at the

. . N ' U i i 9 10
contain uniform, low levels of the Dorsal protein in both dorsafMerior pole. (Dpogis expressed throughatiolI™™/ Toll"™ .
and ventral nuclei. Thisvist-bcdtransgene causes a substantia™m"tant with the exception of the termini. @gstaining pattern in

ization in th tterni f tant b Fia. 5 mutant embryos that contain ttveist-bcdtransgene. Staining is
reorganization in the patterning of mutant embryos (Fig. 5). repressed in anterior regions (compare with D) where the Snail

The low, uniform levels of Dorsal p“_asent-_“(_’”rmg/ Toll™m10 repressor is ectopically activated (see B).sif)staining pattern in
mutant embryos are insufficient to activateilin precellular  mutant embryos that express tagst-bcdtransgene. Expression is
or newly cellularized embryos (Fig. 5A). Thivist-bcd  restricted to the anterior pole, in regions where the Snail repressor is
transgene activatesnail throughout anterior regions of lost (C).
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stronger staining o¥nd (Fig. 6D) at the anterior pole. The
activation ofvnd in mutant embryos is comparable with the
expression seen in wild-type amoll™Toll™10embryos (Fig.

6E; data not shown). However, in both wild-type and mutant
embryos thevnd pattern is transient, and lost after the
completion of cellularization (Fig. 6F; data not shown). These
results indicate that Twist can activate dorsoventral patterning
genes in the absence of Dorsal.

DISCUSSION

Linear signaling

The demonstration that the Pelle-¥Bt fusion protein can
generate most or all dorsoventral patterning thresholds

are oriented with anterior to the left and dorsal up. (A,B) Mutant sug__gests that. the. levels of Pelle kmas.e activity detgrmlne
embryos were obtained frogu/gd- females and completely lack Spatzlg—To_II signaling thresholds. There is no need to |nv.oll<e
Dorsal nuclear protein. There is taistexpression in these mutants ranching in the Toll pathway upstream of Pelle, although it is

Fig. 6. Twist can activatendandsimwithout Dorsal. Embryos were
stained withtwist (A,B), sim(C), andvnd (D-F) RNA probes, and

(A), buttwist exhibits intense expression in anterior regions of possible that branching exists downstream of Pelle. For
mutant embryos that contain ttvéist-bcdtransgene (B). (C,D§im example, there is emerging evidence that IkB kinases might
(C) andvnd (D) staining patterns igd/gd- mutant embryos that trigger the degradation of Cactus in the immune response
contain thewist-bcdtransgene. Staining is detected in anterior (Rutshmann et al., 2000; Silverman et al., 2000; Lu et al.,
regions where there are high levels of Twist. (E,F) Vit 2001). It is currently unclear whether these kinases are also

expression pattern in precellular (E) and cellularized (F) wild-type  required for dorsoventral patterning and, if so, whether they are

embryos that contain thwist-bcdtransgenevnd expression is in Pelle or ratel iV inr n Toll
induced at the anterior pole in early embryos bythst-bcd duced by Pelle or separately activated esponse to To

. . oS ; ignaling.
transgene (E), but this anterior expression is lost during the onset ois . . - .
the endogenous expression pattern (ventral stripes) after Multiple patterning t_hre_sholds are als_o specified by different
cellularization (F). levels of kinase activity in the Tor, epidermal growth factor

receptor (EGFR) and Sevenless (Sev) signaling pathways
(Greenwood and Struhl, 1997; Halfar et al.,, 2001). In the

posterior border, suggesting that the Twist gradient is sufficierembryo, low levels of Rasl are sufficient to activate the Tor
for the on/off regulation ofnail in the absence of a Dorsal target gendailless whereas higher levels are required for the
gradient (see Discussion). induction of hiickebein (Greenwood and Struhl, 1997).

sog is normally activated throughout the neurogenicSimilarly, in the eye, different levels of EGFR and Sev
ectoderm by the lowest levels of the Dorsal gradient (Francosignaling lead to different levels of MAPK activity: low levels
et al., 1994; Markstein et al., 2002). The low levels of Dorsapermit the differentiation of R8 photoreceptor cells, whereas
present inToll™9Toll™10 mutant embryos are sufficient to higher levels (or more persistent expression) of MAPK activity
activatesogeverywhere except the extreme termini (Fig. 5D).leads to the specification of an R1-R7 fate (Halfar et al., 2001).
Thetwist-bcdtransgene leads to the losssofyexpression in  In the present study it has been possible to link the levels of
anterior regions (Fig. 5E), probably because of repression n activated cytoplasmic kinase (Pelle) with the expression of
Snail. As mentioned earlier, Snail also appears to repress well-characterized target genes that are regulated by different
and sog expression in anterior regions of transgenic embryosoncentrations of the Dorsal gradient. It is conceivable that the
that contain th@oll1% or Pelle-Torf21 transgenes (see Figs 1 MAP and Pelle kinases exist in multiple states, which help
and 2). establish different thresholds of gene activity. For example,

The low levels of Dorsal present Tol™9Toll™10 mutant  even high concentrations of membrane-localized Pelle-
embryos are insufficient to activatm, although there is Tor fusion protein fail to activatsnail. While the Tof021
occasional staining in the posterior pole (data not shown). Theceptor domain of Pelle-T#9! induces ligand-independent
twist-bcdtransgene leads to the efficient activationsioh in dimerization, the wild-type Tor receptor domain contained
anterior regions (Fig. 5F). Staining appears to be restricted toithin the Pelle-Tor fusion might mediate only low levels of
those regions wherenail expression is lost (Fig. 5C). These dimerization because of competition with the endogenous Tor
results suggest that a Twist gradient is sufficient to generateceptor for binding to the Trunk ligand (Casali and Casanova,
multiple dorsoventral patterning thresholds{andsnail) in 2001). Full activation of the Pelle kinase might depend on
the presence of low, uniform levels of Dorsal. recruitment to the plasma membrane and dimerization

The twist-bcd transgene was introduced into mutant(Grosshans et al.,, 1994; Galindo et al., 1995), while
embryos that completely lack Dorsal (Fig. 6). Without therecruitment to the membrane alone may produce only partial
transgene these mutants do not expneisd, snail, sim, vndor  activation of kinase activity. The induction of full Pelle kinase
sog (Fig. 6A; data not shown). Introduction of theist-bcd  activity, and ultimately the activation shail expression, might
transgene causes intense expressidwisfin the anterior 40% requiretransphosphorylation induced by dimerization of the
of the embryo (Fig. 6B; compare with 6A). This broad TwistToll receptor (Shen and Manley, 1998). In the context of the
gradient fails to activatenail (data not shown), but succeeds normal Toll-Dorsal signaling pathway, the transition between
in inducing weak expression sfm (Fig. 6C) and somewhat a partially activated Pelle kinase and a fully activated kinase
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. . . . Dorsal Twist
Fig. 7. Dorsal-Twist patterning activities.

(A) Previous studies identified a cluster
three low affinity Dorsal operator sites in
distal region of thenail 5' cis-regulatory
region. The proximal regulatory region
contains two Twist binding sites. The Tow uniform Dorsal
diagrams above the representation of th \ / +1 ¢
snail gene depict cross sections of embr snail
with Dorsal (left) and Twist (right) proteir QOO L I snail

gradients (there are peak levels in ventr:
regions). The diagram to the far right
summarizes a mutant embryo derived fr
Toll'™m9TollM10females that contains a B

twist-bcdtransgene. Normally, these
embryos laclsnail expression, but the P .
twist-bcdtransgene leads to the activatio ' sim

of snailin anterior regions. These results wild-type Twist -bcd in wild-type Twist -bcd in sna-
suggest that Twist plays a critical role in
the on/off regulation a$nail expression

since the mutant embryos lack a Dorsal
gradient. (B) Summary of Dorsal/Twist-
regulated expression ehailandsim We
find that high amounts diwist-bcdsupport
ectopicsimexpression (blue) that require

no snail

at least low levels of nuclear Dorsal and
repressed by Snail. High levels of ectopi
nuclear Dorsal supported by tfiell1%*-bcd
transgene produces only very low levels
shail expression (red) and rsim
expression (data not shown) in the abse
of Twist. We conclude that Dorsal and
Twist transcription factors function interdependently in order to generate multiple thresholds of gene exprasina.gnail proteingd- no
nuclear Dorsal proteiriwi— no Twist proteinToll'm®M10 |ow levels of nuclear Dorsal protein).

Toll*%-pcd Toll%-bcd Twist -bcd Twist -bcd
in gd- in twi- in Tol| memo in gd-

might help generate a sharp on/off pattersrdil expression.  snail expression (e.g. ventral region of wild-type embryos),
Perhaps the Pelle kinase is converted into the fully activateahile low levels of Dorsal + high levels of Twist repress
form (required forsnail expression) when Toll signaling expression (e.g. anterior region ©lI'™9Toll"™10 embryos

exceeds a certain minimal threshold. containing thetwist-bcd transgene). The ratio of Dorsal to
) . Twist might keep Twist patterning activity under control, such
Twist gradient thresholds that high levels of Twist specify mesodermal targetsgnail),

An anteroposterior Twist gradient generates at least twlmwer levels specify neurogenic targets (8&nandvnd) and
thresholds of gene activity in mutant embryos that contaithe expression of genes such as Sxl remain unaffected.
decreased levels of Dorsal (summarized in Fig. 7B). High Alternatively, Twist may differentially interact with a number
levels of Twist activatsimat the anterior pole, whereas lower of bHLH proteins that are present in the early embryo (Moore
levels are sufficient to induce the expressiomsrmdil in more et al., 2000) to affect its patterning activity. For example, Twist
posterior regions of embryos containing low, uniform levels ofs thought to form a heteromeric activation complex with other
the Dorsal protein (Fig. 5C,F). These results demonstrate theHLH proteins including the ubiquitous, maternal bHLH
twist gene activity is not dedicated to mesoderm formationprotein Daughterless (Da) (Gonzalez-Crespo and Levine, 1993;
Instead, Twist supports expression of two regulatory gsiras, Castanon et al., 2001). The lossSeix-lethalexpression at the
and vnd which pattern ventral regions of the neurogenicanterior pole otwist-bcdembryos (Fig. 41) may result from a
ectoderm (Crews et al., 1988; McDonald et al., 1998). Théailure of Twist-Daughterless heterodimers to activate this gene.
twist-bcdtransgene was shown to induce weak expression df has been demonstrated that Twist-Daughterless heterodimers
both genes even in mutant embryos that completely lack Dorspbssess a different patterning activity from Twist-Twist
(Fig. 6C,D). homodimers (Castonon et al., 2001). It is possible that Twist-
The Twist gradient exhibits some unexpected activities iDaughterless heterodimers formed twist-bcd embryos
Toll™9/Toll™10 mutant embryos. In particular, both high andactively repressSex-lethal expression. Alternatively, Twist
intermediate levels of the gradient initially activateilin a  might titrate Daughterless levels by forming a sterile
broad domain of precellular embryos (Fig. 5B). Howeverheterodimeric complex that is not able to activaex-lethal.
during cellularizationsnail is repressed at the anterior pole However,Sex-lethals normally expressed in ventral regions of
where there are high levels of Twist (Fig. 5C). Thus, it wouldwild-type embryos that contain both Twist and the ubiquitous
appear that high levels of Dorsal + high levels of Twist activat®aughterless, therefore regulation of bHLH patterning activities
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must be more complex. In relation to dorsovental patterningrom the interplay between Bicoid and Hunchback (Wimmer
Twist-Twist complexes might be favored in anterior regions okt al., 2000). It has been suggested that the Bicoid gradient is
embryos that express thwist-bcd transgene, while Twist- a relatively recent evolutionary innovation for patterning the
bHLH complexes are formed away from the anterior pole wheranterior-posterior axis of long germband insects (Dearden and
expression of the transgene is decreased. These compleXdsam, 1999). By contrast, Hunchback is ancient and is used
might fail to activatesnail, or even actively repress transcription in the patterning of short germband insects such as
as it has been demonstrated that several bHLH proteins cgrasshoppers. Most of the patterning activity controlled by the
function as repressors of transcription (Brentrup et al., 2000Bicoid gradient appears to be mediated by Hunchback, which
Regardless of mechanism, the Twist gradient inverts the order a direct target of the Bicoid activator. Only the patterning of
of the sequentially expresseshail and sim genes, when the anteriormost head structures requires Bicoid and cannot be
compared with the patterns obtained with the normal Dorsalompensated by high levels of Hunchback (Wimmer et al.,
(and Twist) gradient. In the presence of low, uniform levels 02000). Thus, the patterning activity of the Bicoid gradient can
Dorsal, high concentrations of Twist specify mesectodsim ( be explained by the regulation of several target genes, which
expression), while lower levels specify mesodersmafl is consistent with its recent evolution. By contrast, either
expression). These observations raise the possibility dborsal or Twist protein alone produces only a small subset of
evolutionary plasticity in the use of Twist in tissue specificationthe five or six dorsoventral patterning thresholds generated by
. the concerted action of both proteins. We conclude that Dorsal
Dorsal-Twist synergy and Twist work in a highly interdependent and synergistic
snailis activated by Dorsal and Twist in cellularizing embryosfashion to regulate a large number of target genes involved in
(Ip et al.,, 1992a). The sharp lateral limits of teeail patterning the dorsoventral axis.
expression pattern establish the boundary between the
presumptive mesoderm and neurogenic ectoderm (Kosman et/Ve thank Tony Ip for providingnail mutant flies, Maria Leptin for
al., 1991; Leptin, 1991). It has been suggested that the crug@énding a full-lengthtwist cODNA plasmid, James Manley for
Dorsal gradient triggers a somewhat steeper Twist gradie g’l}gd'Tr;? ;rr]l?j gg“j%&%?;?n?%yé {%rnh?ssvci\rllf v\\’l\;isienrg“ez”b‘;o; nggt'”g
a’nq the two activators functlon synergistically within sinauil _ from the NIH (GM46638) A. S. is supported by a postdoctoral
5' cis-regulatory DNA to establish the sharp, on/off EXPressiOlg|oship from the NIH (GM20352)
pattern (Ip et al., 1992a). Dorsal-Twist transcription synergy '
may provide a means for ‘multiplying’ the Dorsal and Twist
gradients to produce the sharmil pattern (see Summary, Fig.
7A). This model suggests that both proteins must be present'ﬁEFERENCES
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