Development 127, 3305-3312 (2000)
Printed in Great Britain © The Company of Biologists Limited 2000
DEV7787

Dpp signaling thresholds in the dorsal ectoderm of the

Hilary L. Ashe, Mattias Mannervik* and Michael Levine  *

3305

Drosophila embryo

Department of Molecular and Cell Biology, Division of Genetics and Development, 401 Barker Hall, University of California,

Berkeley, CA 94720, USA

*Present address: Department of Molecular Biology, Stockholm University, S-106 91 Stockholm, Sweden

*Author for correspondence (e-mail: levine@zool.unizh.ch)

Accepted 22 May; published on WWW 10 July 2000

SUMMARY

The dorsal ectoderm of the Drosophila embryo is
subdivided into different cell types by an activity gradient
of two TGFJ signaling molecules, Decapentaplegic (Dpp)
and Screw (Scw). Patterning responses to this gradient
depend on a secreted inhibitor, Short gastrulation (Sog)
and a newly identified transcriptional repressor, Brinker
(Brk), which are expressed in neurogenic regions that abut
the dorsal ectoderm. Here we examine the expression of a
number of Dpp target genes in transgenic embryos that
contain ectopic stripes of Dpp, Sog and Brk expression.
These studies suggest that the Dpp/Scw activity gradient
directly specifies at least three distinct thresholds of gene

expression in the dorsal ectoderm of gastrulating embryos.
Brk was found to repress two target genestailup and
pannier, that exhibit different limits of expression within
the dorsal ectoderm. These results suggest that the Sog
inhibitor and Brk repressor work in concert to establish
sharp dorsolateral limits of gene expression. We also
present evidence that the activation of Dpp/Scw target
genes depends on th&rosophila homolog of the CBP
histone acetyltransferase.

Key words: Dpp thresholds, Brinker, CBP, SBgosophila
melanogaster

INTRODUCTION

and Ferguson, 1998; Nguyen et al., 1998), which is related to
the Chordin inhibitor oXenopugHolley et al., 1995). Sog is

The maternal Dorsal (DI) gradient initiates the differentiationexpressed in broad lateral stripes in the presumptive neurogenic
of the mesoderm, neurogenic ectoderm and dorsal ectodermeantoderm (Francois et al., 1994), possibly in direct response to
the precellulaDrosophilaembryo. DI establishes these tissuesthe DI gradient. This localized source of Sog is thought to
through the differential regulation of various target genesinhibit and enhance Dpp/Scw signaling (reviewed by Podos

including snail (mesoderm)rho (neurogenic ectoderm) and

dpp (dorsal ectoderm) (reviewed by Mannervik et al., 1999)stripes completely block Dpp/Scw activity
Subsequent signaling interactions subdivide each tissue inteurogenesis.

and Ferguson, 1999). Peak levels of Sog within the lateral
to permit

Intermediate levels of Sog secreted into

multiple cell types during gastrulation. For example, Dppdorsolateral regions attenuate Dpp/Scw signaling to specify the
secreted from the dorsal ectoderm induces the underlyindprsal epidermis (Biehs et al., 1996; Marqués et al., 1997).
mesoderm to form the heart and gut muscles. In contraggjnally, low levels of Sog secreted into the dorsalmost regions

noninduced mesoderm gives
(Staehling-Hampton et al.,, 1994; Frasch, 1995).

rise to somatic musclesomehow enhance Dpp/Scw signaling to give a peak threshold
Theesponse and formation of the amnioserosa (Ashe and Levine,

neurogenic ectoderm forms the ventral epidermis and CN3999).

including three distinct rows of neurons in the ventral nerve A number of marker genes have been shown to exhibit
cord and a specialized row of mesectodermal cells at thdistinctive patterns of expression in response to the Dpp/Scw
ventral midline (Weiss et al., 1998; McDonald et al., 1998)activity gradient. For exampleRace is expressed in the
The dorsal ectoderm is subdivided into at least two tissues, tld@rsalmost regions in response to peak Dpp-Scw activity

amnioserosa and dorsal epidermis (reviewed by Rusch aifusch and Levine, 1997).

Levine, 1996; Podos and Ferguson, 1999).

This subdivision of the dorsal ectoderm requires a Dpgxpressed

In contrasterknullt (zen
(Rushlow et al., 1987) amtho (Bier et al., 1990) appear to be
in somewhat broader patterns that span the

activity gradient in the dorsal half of the precellular embrycamnioserosa and extend into the presumptive dorsal epidermis
(Ferguson and Anderson, 1992; Wharton et al., 1993). Tha dorsolateral regions. Finally, the GATA-related geme
gradient is dependent on the activity of a second ffGF(Ramain et al., 1993; Winick et al.,, 1993) is activated
signaling molecule, Screw, which potentiates Dpp signalingthroughout the dorsal ectoderm; the lateral limits of the pattern
Both Scw and Dpp are required to achieve a peak signalirgppear to abut the lateral stripessofjexpression within the
threshold in the presumptive amnioserosa (Arora et al., 1994)eurogenic ectoderm (Winick et al., 1993; Heitzler et al.,
Scw activity is modulated by the secreted Sog protein (Neul996).
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A putative transcriptional repressor, Brk, might helpRESULTS
establish different Dpp signaling thresholds (Campbell and
Tomlinson, 1999; Jazwinska et al., 1999a; Minami et al.Different dorsal ectoderm genes were examined in a variety of
1999). Brk is expressed in lateral stripes in the neurogenimutant and transgenic embryos using digoxigenin-labeled
ectoderm in early embryos. These stripes are established by fRBIA probes and in situ hybridization (Jiang et al., 1991). The
maternal DI gradient, and subsequently maintained by Dppormal expression patterns suggest the occurrence of at least
signaling, which suppressdsk transcription in the dorsal three thresholds of gene activity in response to the Dpp/Scw
ectoderm. Thus far, just one putative Dpp/Scw target geme, activity gradient (Fig. 1). ThRaceandhntgenes are expressed
has been shown to be repressed by Brk (Jazwinska et ah,narrow strips in the dorsalmost regions of the embryo (Fig.
1999b). It is therefore unclear whether Brk is required to yield A,B, respectively), although the anteroposterior limits of the
multiple patterning thresholds in response to Dpp signaling. two patterns are distinct. It is conceivable that early-acting

In the present studgpp, brk andsogwere misexpressed in segmentation genes are responsible for repredRae in
transgenic embryos using tleeestripe 2 enhancer (Kosman posterior regions andint in anterior regions. Somewhat
and Small, 1997). A number of target genes were analyzetlroader expression patterns are observetufpandush(Fig.
including Race rho, pnr and members of the ‘ush-group’ of 1C,D). These patterns encompass the presumptive amnioserosa
genes required for amnioserosa maintenance (Frank amaed dorsal regions of the dorsal epidermis.
Rushlow, 1996), such dsndsight(hnt) (Yip et al., 1997)u- Broad staining patterns are observed for two genes encoding
shapedush (Cubbada et al., 1997) atallup (tup) (Thor and  GATA transcription factorsy GATAc(Lin et al., 1995) ang@nr
Thomas, 1997). The stripdzk transgene was found to repress (Fig. 1E,F, respectivelypnris expressed throughout the dorsal
pnrandtup, which are activated by low and intermediate levelsectoderm in the presumptive thorax and abdomen (Fig. 1F).
of the Dpp/Scw activity gradient, respectivelijhe lateral dGATAcexhibits a nearly reciprocal pattern in anterior and
limits of the pnr expression pattern are established by higlposterior regions; staining is mainly excluded from regions
levels of the Brk repressor, whereas tingpattern appears to expressingonr, although a weak patch of staining is detected
depend on lower levels of Brk. Evidence is also presented that a portion of the presumptive amnioserosa. Most of the
the Drosophilahomolog of the CBP histone acetyltransferasesubsequent analyses on gradient thresholds focus on the
is specifically required for the activation of Dpp/Scw targetregulation ofhnt (Fig. 1B),tup (Fig. 1C) andpnr (Fig. 1F).
genes at the onset of gastrulation.

Manipulating dpp dose

All of the aforementioned genes are virtually silent in the

MATERIALS AND METHODS dorsal ectoderm afpp/dpp- embryos (data not shown), while
] changes inpp" gene dose cause altered patterns of expression
Drosophila stocks (Fig. 2). For example, increasing the numbedpf* copies

The fly stocks used were as followsrinker, yw b_fW‘SS/FM;C from two (Fig. 2A) to three (Fig. 2B) to four (Fig. 2C) results
fiz-lacz_(Jazwinska et al., 1999aidecapentaplegic dpp™™" iy a sequential expansion of thetexpression pattern, whereas
GlaDp(2;2)DTDA48; gastrulation defectivegd/FM3; nejire, nef* o) hresgion is lost idpp+ heterozygotes (data not shown). In

FRT/FM7c (Akimura et al., 1997b)nefl germline clones were : .
induced using the Flp-DFS technique (Chou and Perrimon, 1996 ontra_st,ush is expressed |_ridpp"+ heterozygote's, although
here is a marked narrowing in the expression pattern as

Briefly, neft FRT/FM7c females were mated withoD1FRT; hs-FLP . ) . .
males. Larvae were heat shocked for 3 hours at 37°C on days 3, 4 dfgmpared with wild-type embryos (Fig. 2G, compare with H).
5 after egg laying to induce expression of the FLP recombinasd.nfee copies otlpp™ cause an expansion of thish pattern
Females lacking the Bar mutation present on the balancdFig. 2I). Similarly, thetup expression pattern is narrower in
chromosome were mated wiglv males, and embryos were collected dpp/+ heterozygotes and expanded in embryos with three
and fixed for in situ hybridization. copies ofdpp (data not shown).

The misexpression constructs contain a FRT-transcription stop-FRT Further evidence thantandushare early targets of the Dpp
activated using a transgenic line homozygous formgB-tubulin-  ~ empryos that contain thdpp-coding sequence attached to the
flp] insertion as described previously (Ashe and Levine, 1999). Aﬁeévestripe 2 enhancer (Fig. 2E). These embryos exhibit both

removal of theflp-out cassette, it was found that expression of th .
stripe2brk, stripe2sog and stripedpp transgenes is not lethal. To FThe endogenowdpppattern in the dorsal ectoderm (St Johnston

introduce striperk and stripeZppinto the same embryo, females and Gelbart, 1987) as well as an ectopic stripe of expression.
containing the stripeBpp transgene were crossed to males carrying! Nedppstripe results in an expansion in both lime(Fig. 2D)

the stripe2ork transgene. andush(Fig. 2F) expression patterns. The broadening of these
_ ) ) _ patterns is particularly evident in anterior regions in the vicinity

Plasmid construction, P-element transformation and in of the evestripe. Increases idpp* gene dose do not expand

situ hybridization thepnr expression pattern (data not shown). For example, four

A Dral-Hindlll (465-2740) fragment of thbrk cDNA and aNdé- copies ofdpp* result in augmented levels phr expression,
Ssp (1190-3090) of thedpp cDNA from KSdppNde (Rusch and i the dorsoventral limits of expression are essentially normal.

Levine, 1997) were blunt-end ligated irtiindllI- Not-digested SK+ : :
which hasAsd sites engineered into ti®adl and Sal sites of the The St(rjlgekZGpp tran.Sgenetthas nodothIOutS (;ffect on the early
polylinker. Thebrk and dpp cDNAs were then transferred &sd sogandbrk expression patterns (data not shown).

fragments intoAsd-digested 22FPE (Kosman and Small, 1997). P-_ .
element-mediated transformation and in situ hybridizations usin&rlnker represses  pnrand tup

digoxigenin-labeled RNA probes were performed as described (Jiarlgrevious studies have shown that gre expression pattern
et al., 1991). expands into neurogenic regionshirk- mutant embryos. No
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A B such expansion was observed for other Dpp/Scw target genes
that were previously examined, includinsh(Jazwinska et al.,
W ‘ “"*“". 1999b). To test the role of the Brk repressor in establishing the
different responses of Dpp target genes, brk-coding
Race hnt sequence was attached to #westripe 2 enhancer.
c D Transgenic embryos carrying the strig@R- transgene
exhibit both the normal pattern (lateral stripes) in the
‘ neurogenic ectoderm (Jazwinska et al., 1999b) as well as an
ectopic stripe of expression (Fig. 3B, compare withphy.is
ush normally expressed in a series of 5 stripes in the dorsal
ectoderm (Fig. 3C; Winick et al.,, 1993). The anteriormost
. o | m stripe is lost in transgenic embryos carrying the stripe-
” 1 fusion gene (Fig. 3D, compare with C). This result suggests
that Brk is sufficient to repregsir in an ectopic location in the

dGATAc pnr embl’yo.
Fig. 1. dpptarget genes. Dorsal views of wild-type embryos at the Additional Dpp/Scw target genes were examined for
initial phase of gastrulation. Embryos were hybridized with repression by the stripd#k transgene. Those showing altered

digoxigenin-labeled antisense RNA probes and are oriented with  patterns of expression inclutigp, rho, hntandRace(Fig. 3F,
anterior to the left. (ARacehybridization probe. Staining is detected data not shown). The normalup expression pattern

in a strip of cells along the dorsal midine. Staining in anterior regiongncompasses both the presumptive amnioserosa and dorsal
corresponds to the presumptive brain and optic lobe, while the —regions of the dorsal epidermis (Figs 1C, 3E). In transgenic
harrower strip in posterior regions corresponds to the developing o mpyvos, there is a gap in the pattern in regions where the
amnioserosa. (B)nt hybridization probe. Staining is restricted to a stripe2br'k fusion gene is expressed (Fig. 3F). These results

narrow strip at the dorsal midline. The dorsolateral limits of hat Brk h h i
expression are similar to those observedace but staining is suggest that Brk repressésp, even though it appears to

excluded from anterior regions and extends to the posterior pole.  f€spond to a different threshold of Dpp/Scw signaling firan

(C) tup hybridization probe. Staining is detected in the developing Additional experiments were done to determine whether Brk
amnioserosa and also extends into dorsal regions of the presumptivélirectly repressesup expression, or works indirectly by
dorsal epidermis. (D)shhybridization probe. Staining is detected in inhibiting Dpp signaling.

a broad band that encompasses the developing amnioserosa and

extends into dorsolateral regions of the dorsal ectoderm. This patter8og inhibition versus Brk repression

is similar to that observed feup (C) except that theup pattern To examine the relative contributions of the Sog inhibitor and

extends into more anterior regions. @&atachybridization probe. - e .
A broad band of staining is detected in anterior regions. There is a the Brk repressor in establishing different thresholds of

stripe near the posterior transverse furrow, and a patch of staining DPP/Scw signaling activity, target genes were analyzed in

that includes an anterior portion of the amnioserosar{F) gastrulation defective(gd) mutants that express either a
hybridization probe. A series of broad stripes are detected throughostripe2sog (Ashe and Levine, 1999) or stripépk transgene
the dorsal ectoderm in the posterior half of the embryo. (Fig. 4). Mutant embryos collected froga/gd™ females lack
Fig. 2. Altered expression pattern: A D — G

in response to alteretpp* gene

dose. Dorsal views (except E) of
embryos at the initial phase of
gastrulation. A lateral view of the
embryo in E undergoing wi
cellularization. The embryos B
contain different doses app* or

¢ vl T -9
express a stripe@pptransgene. q“
They were hybridized with differel

digoxigenin-labeled RNA probes

and are oriented with anteriortot ~ $xdep
left. (A-C) hnthybridization probe. €
Staining is restricted to the dorsal
midline in wild-type embryos
containing two copies afpp*

(A; see Fig. 1B). The pattern is
broader in embryos carrying thre¢
copies ofdppt (B) and perhaps even
slightly broader in embryos carrying four copiesipft (C). (D-F) Transgenic embryos carrying the striggpfusion genehnt (D), dpp (E)
andush(F) expression patterns. Thatandushpatterns are substantially broader than those seen in normal embryos, particularly in anterior
regions in the vicinity of the stripe@ppexpression pattern. These transgenic embryos contain both the endatmmgatsern in the dorsal
ectoderm and the ectopic stripe 2 pattern (E). (Githybridization probe. The embryos contain different copies ofipipe gene. (G) app/+
heterozygote; (H) wild-type (2 copiesdyp"); (I) embryo contains three copiesdgp*. There is a progressive expansion oftiebexpression
pattern. Thalpp'+ heterozygote (G) exhibits an abnormally narrow expression pattern. Genes requiring higher dpgéladaiivity, such as
hntandRace are not expressed in these embryos (data not shown).

4 x dpp st2-dpp 3 x dpp
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Fig. 3.Brk repressepnr andtup. A c
Cellularizing embryos were
hybridized withbrk, pnrandtup
RNA probes and are oriented with
anterior to the left. (A,Bprk
expression in a wild-type embryo
(A) and transgenic embryo (B)
carrying the stripebrk transgene. I

l% :
prr \ tup
F
both cases, staining is observed in

'
lateral stripes within the neurogeni

ectoderm. In addition, there is an brk pnr tup
ectopic stripe2 pattern detected in .

transgenic embryo (B). (C,[pnr expression in a wild-type (C) and transgenic embryo (D) carrying the stiigénsgene. The anteriormost
pnr stripe is lost in the transgenic embryo (D, compare with C), indicating repression by thelstkifies?on gene. (E,Rup expression in a
wild-type (E) and transgenic embryo (F) carrying the stripgransgene. The transgene creates a gap in the nippelttern (F, compare
with E).

a DI nuclear gradient and therefore lack ventral tissues such a

D
the mesoderm and neurogenic ectoderm. All tissues along t ‘ :
dorsoventral axis form derivatives of the dorsal ectoderrr ] , 3
mainly dorsal epidermis (e.g., Roth et al., 1989). Hereafter, w : '
shall refer to such embryos agl. These mutants lack e

E

endogenousogandbrk products, so that the stripe2 transgenes;’:

represent the only source of expression. Although the stripe:

sog transgene inhibits Dpp signaling, it does not caust | i

activation ofbrk (data not shown). -
The pnr andtup expression patterns are derepressegtin

mutants, and exhibit uniform staining in both dorsal ancg?™s@k

ventral regions (Fig. 4A,D). These expanded patterns correla©

with the expanded expression dpp which is normally

repressed in ventral and lateral regions by the DI gradient (e.

Huang et al., 1993). As seen in wild-type embryos (Fig. 3), th

stripe2brk transgene represses the anterior portion optite g™+ st2-sog

expression pattern (Fig. 4B, compare with A). In contrast, the _ _

stripe2sog transgene has virtually no effect on the patterrf9- 4-pnrandtupexpression patterns gu- embryos. Embryos

(Fig. 4C). These observations suggest that Brk is the ke:%fare (;ollected frongd/gd- females and subsequently hybridized

determinant in establishing the lateral limits of pime pattern ith either thepnr probe (A-C) or theup probe (D-F). (A) Thepnr

staining pattern is derepressedydt embryos. Equally intense
at the boundary between the dorsal ectoderm and neuroqegiﬁining is observed in dorsal and ventral regions. Staining is

ectoderm. The failure of stripesbgto inhibit pnr expression  excluded from head regions, as seen in wild-type embryos (e.g., Fig.
might be due to redundancy in the action of the Dpp and Scyf). (B) Same as A, except that the mutant embryo contains the
ligands. Perhaps either Scw alone or just one coplppfis  stripe2brk fusion gene. The ectopic Brk stripe represses the anterior
sufficient to activatepnr. This would be consistent with the portion of thepnr pattern (compare with A). (C) Same as A, except
observation that the initiginr expression pattern is essentially that the mutant embryo contains the strisegfusion gene. The
normal indpp/dpp- andscw/scw mutant embryos (data not ectopic stripe of the Sog inhibitor has little or no effect orptire
shown). pattern (com_pare _W|th A). (D)_Thep staining pattern in gd- _

The limits of thetup expression pattern seem to depend orﬁmbryc." Staining is detected in both dorsal and ventral regions.
both Sog and Brk (Fig. 4D-F). The introduction of the stripe2; here is small gap in the pattern in the vicinity of the cephalic

brk lead | . . furrow. (E) Same as D, except that the mutant embryo expresses the
rk transgene leads to a clear gap inttheexpression pattern stripe2brk transgene. The ectopic stripe of Brk creates a broader

(Fig. 4E), although there is a narrow stripe of repressigain  gap in thetup expression pattern (compare with D). (F) Same as D
mutants lacking the transgene (Fig. 4D). The strfg@f- except that the mutant embryo expresses the stsipgansgene.
transgene causes a more extensive gap itufheattern (Fig.  The ectopic Sog stripes creates a broad gap itufrexpression
4F). The stripedrk transgene was also found to repriesse, pattern.
hntandrho in this assay (data not shown).
In principle, the gap in thieip pattern caused by the stripe2
brk transgene (Figs 3F, 4E) could be indirect, and caused tyk~ mutant embryos (Fig. 5C). However, this expansion is
the repression oflpp. Previous studies have shown that theonly seen in early embryos, prior to the completion of
earlydppexpression pattern expands into the ventral ectodermellularization. By the onset of gastrulation, the pattern is
in brk- mutant embryos (Jazwinska et al., 1999b). Toessentially normal (Fig. 5B, compare with A). The stripe?
investigate this possibilityyup expression was monitored in transgene creates an early gap in the nodpplexpression
brk= embryos, and in wild-type embryos carrying both thepattern in wild-type embryos (Fig. 5D). This observation raises
stripe2brk and stripedpptransgenes (Fig. 5). the possibility that the repressiontap (Figs 3F, 4E) andho
Thetup expression pattern exhibits a transient expansion ifdata not shown) is indirectly mediated by the inhibition of Dpp
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A D A B
» o oo » | @
wt st2-bri - - I i ir
: hnt rho
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" "'* *"’ y
brk st2-dpp
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bric” st2-dpp + st2-brk Fig. 6.hnt, rho, ushandpnr patterns imejt embryos. Embryos were
collected from females that were induced to prodegegermline
clones using thép-FRT method. Mutant embryos were hybridized
with different digoxigenin-labeled antisense RNA probes. (A) Lateral
view of anef mutant embryo stained with tihat hybridization

probe. Expression is restricted to the posterior pole. There is no
staining detected in the amnioserosa. (B) Lateral viewnefla

mutant embryo stained with thieo probe. Normal staining is

Fig. 5.Brk directly repressesip. Embryos were collected from
wild-type, mutant and transgenic strains and stained after
hybridization with either &up (A-C,E,F) ordpp (D) probe. Embryos
are oriented as described previously. (A) Dorsal view of a wild-type
embryo at the onset of gastrulatitmp expression is detected in the
presumptive amnioserosa and dorsal regions of the presumptive
dorsal epidermis (see Fig. 1C). (B,C) Dorsal views of gastrulating detected in the lateral, neurogenic regions. However, there is a virtual

(B) and cellularizing (Cprk mutant embryos. Thieipstaining . loss of the dorsal staining pattern. (C) Dorsolateral view of a mutant
pattern may be slightly brpader in the mutant as compared with W"démbryo stained with theshprobe. There is a gap in the staining
type embryos at g;igtrulatlon (B, compare with A).' However, a pattern in central regions, and the remaining pattern is narrower than
number of cellularizing embryos exhibit a dramatically expartded normal. (D) Dorsal view of a mutant embryo stained withgthe

staining pattern (C). This expansion is transient and not detected in probe .There is a narrowing of the pattern as compared with wild-
older embryos. (Djippexpression pattern in a precellular, transgenict e émbr os (see Fig. 1F)

embryo that contains the stripbgk fusion gene. There is a gap in yp Y 9 '

the dpppattern in regions where the transgene is expressetipgE)

expression pattern in an early gastrulating embryo that contains thecan repressup even in regions containing high levels of Dpp
stripe2édpptransgene. Theup pattern is expanded in anterior regions signaling. Similar assays suggest tRate hntandrho are not
where the transgene is active (compare with Fig. 2D,FJufF) directly repressed by Brk (data not shown).

expression pattern in an early gastrulating embryo that contains both

the stripe2dppand stripeZerk transgenes. There is a broad gap in -~ The CBP coactivator is required for Dpp signaling

the expandetlip expression pattern in regions where the transgenesthresholds

are co-expressed. The gap is more pronounced than the one obtainsgevious studies have identified mutations in Biesophila

with the stripe2brk transgene alone (Fig. 3F) since the strigpp- . -
transgene directs a broad domain of enhanced Dpp/Scw signaling. "omolog of the mammalian CBP histone acetyltransferase
gene, nejire (Akimaru et al., 1997a).nej is maternally

expressed so that the detection of early patterning defects
signaling. To test this, thap pattern was examined in embryos depends on the analysis of embryos derived from females
carrying both the stripeirk and stripezdpp transgenes (Fig. containing nej germline clones. The complete loss rodj
5F). As expected, the stripelpp transgene alone causes aactivity results in a failure to make mature eggs. However, it is
local expansion of th&up pattern in the vicinity of the stripe possible to obtain embryos from a strong hypomorphic allele,
2 pattern (Fig. 5E). However, the simultaneous expression ofejl. These embryos exhibit dorsoventral patterning defects
both stripe2dppand stripezbrk leads to a clear gap inthg  (Akimura et al., 1997b). Recent studies have shown that CBP
expression pattern (Fig. 5F). Thus, it would appear that Brinteracts with Smad proteins (Feng et al., 1998; Janknecht et

al., 1998; Topper et al., 1998) including wsophilaprotein

Fig. 7.Summary of Dpp signaling thresholds. The Dpp/Scw activity Mad (Waltzer and B'?nz' .1999)’ a transcription factor
gradient presumably leads to a broad nuclear gradient of Mad and downstream of Dpp signaling (reviewed by Raftery and
Medea across the dorsal ectoderm of early embryos. It is conceivable

that the early lateral stripes lofk expression lead to the formation of o

an opposing Brk repressor gradient through the limited diffusion of Dorsal ,mldhne

the protein in the precellular embryo. We have presented evidence Brk Brk

that the Dpp/Scw activity gradient might generate as many as four r r
different thresholds of gene activity in the dorsal ectoderm. Peak
levels of Dpp and Scw activity lead to the activatiofRateandhnt

at the dorsal midline. Thieip andushpatterns represent a third
threshold of gene activity. The similar patterns might involve
different mechanisms of Dpp signaling sitiepis repressed by Brk,
whereasishis not (data not shown). Finally, the brgat pattern
represents the fourth threshold of gene activity. It is not inhibited by
Sog but is repressed by Brk. It is possible thpandpnr are mm hnt/Race
differentially repressed by a Brk gradient. Low levels of Brk might tuo/ush
be sufficient to direct the lateral limits of thep pattern, whereas up/iu

high levels may be required to repress. pnr
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Sutherland, 1999). Inejmutant embryos, there is a loss of theamnioserosa, can be discerned on the basis of analyzing cuticle
amnioserosa and other derivatives of the dorsal ectoderm (Figreparations. It is possible that staggered patterpsmoénd
6). The expression of target genes requiring peak levels of Dpfshexpression define a domain in dorsolateral regions where
signaling is essentially abolished. For exampigexpression sensory organs can form. This would be analogous to the
is lost in the presumptive amnioserosa (Fig. 6A), but persistpecification of the Do sensory bristle in the adult notum. Pnr
at the posterior pole where it might be separately regulated man activate the pro-neural genashaeteandscute in a broad
the torso signaling pathway (see wild-type pattern in Fig. 1B)egion of the notum, but expression is restricted to the Do
There is a similar loss of the dorshab pattern in mutant primordium byush which inhibits Pnr through direct protein-
embryos (Fig. 6B). In contrast, the lateral, neurogenic stripgsrotein interactions (Cubbada et al., 1997; Haenlin et al.,
are unaffected, indicating that tinej mutant does not cause 1997).
defects in the patterning of the neurogenic ectoderm. Moreover, o ] . .
the fact that theho stripes are excluded from ventral regions, Transcriptional repression and Dpp signaling
as seen in wild-type embryos, suggests that the patterning of thgesholds
mesoderm is also normal. Thus, thej mutation does not At least two of the transcription thresholds that are specified
appear to cause a general loss of transcriptional activation, oy the Dpp/Scw activity gradient depend on the Brk repressor
instead results in specific patterning defects in the dorséFig. 7). In principlepnr can be activated throughout the dorsal
ectoderm. Target genes that are activated by lower levels of Diyalf of the embryo but expression is restricted to the
signaling such asish and pnr are also affected by theej  presumptive dorsal ectoderm by high levels of the Brk
mutation (e.g., Fig. 6C,D). In the caseush there is a loss of repressor (Jazwinska et al., 1999b; Figs 3, 4 of the present
staining in central regions of the dorsal ectoderm. Moreover, thetudy). In contrast, lower levels of Brk might work together
residual staining pattern is narrower than the wild-type patterwith the Sog inhibitor to specify sharp lateral limits of thp
(Fig. 6C; compare with Fig. 2H). This is reminiscent ofukh  expression pattern (Figs 4, 5). Perhaps the early lateral stripes
pattern seen idpp'+ heterozygotes (Fig. 2G). However, tteg  of brk expression permit limited diffusion of the Brk protein
mutation also causes a narrowing of ime pattern (Fig. 6D), in the syncitial nuclei of precellular embryos. Such diffusion
whereas expression is normal dpp+ embryos (data not might produce a Brk repressor gradient that is complementary
shown). to the Dpp/Scw signhaling gradient. Presumably, Sog-Dpp/Scw
interactions create a gradient of activated Mad/Medea
complexes in the nuclei of the dorsal ectoderm (reviewed by
DISCUSSION Raftery and Sutherland, 1999; Fig. 7). Perhaps the lowest levels
of Brk that can repredsip correspond to the lowest levels of
We have presented evidence that the Dpp/Scw activity gradietite Mad/Medea gradient that can activate it. According to this
specifies at least three distinct thresholds of gene activity in theew, the Brk gradient functions redundantly with the
dorsal ectoderm of the earliprosophila embryo. These Mad/Medea gradient to specify the lateral limits of thp
thresholds depend on the interplay between broadly distributezkpression pattern. This would be similar to the specification
Mad/Medea transcriptional activators and the spatiallyof the posterior border @vestripe 2. This border depends on
localized Brk repressor (Fig. 7). Different levels of the Brkboth limiting amounts of the anteroposterior gradient of Bicoid
repressor help establish distinct limits @hr and tup  (Bcd) activator and on the Krippel (Kr) repressor gradient
expression. We have also presented evidence that the genemalanating from central regions of the embryo. StripeZ-
CBP coactivator protein plays a surprisingly specific role in théusion genes lacking critical Kr repressor sites exhibit only a
patterning of the dorsal ectoderm, and is particularly importarglight posterior expansion of the stripe border due to limiting
for the regulation of target genes that depend on high armmounts of Bcd. The interplay between Bcd and Kr helps
intermediate levels of Dpp/Scw signaling. Despite the facproduce a sharp stripe border (Stanojevic et al., 1991; Small et
that CBP has been implicated as a general transcriptional., 1992). Similarly, it is conceivable that Mad/Medea and Brk
coactivator (e.g., Mannervik et al., 1999), specification of th@produce sharp borders wfp expression (see Fig. 3E).
mesoderm and neurogenic ectoderm appears normal in mutaniThus, the situation we observe in the dorsal ectoderm of early

embryos derived fromej germline clones. embryos is quite similar to the patterning of wing imaginal
disks. A Dpp activity gradient at the A/P compartment
How many thresholds? boundary of the wing disk establishes different limitsjodlt

The distinct patterns dfint, tup and pnr expression (Fig. 1) (sal) andoptomotor blind (ombgxpression. High levels of the
suggest that the Dpp/Scw activity gradient specifies at leaBirk repressor specify the lateral limits of the broatbpattern,
three thresholds of gene activity. These genes exhibiwhereas the combination of low levels of Brk and intermediate
differential responses to Dpp dose (Fig. 2) and to the Sdgvels of Dpp signaling regulate the narrowsal pattern
inhibitor (Fig. 4) and Brk repressor (Figs 3-5). It has beerfCampbell and Tomlinson, 1999; Jazwinska et al., 1999a). A
previously shown that Brk represses the early patterasrpf difference between the wing disk and embryo is that there are
tld anddppexpression (Jazwinska et al., 1999b). However, théarget genes in the embryo which are activated by peak levels
initial activation of these genes depends on the maternal Ff Dpp signaling (e.g., Race and hnt) but not repressed by Brk.
gradient and, consequently, they probably do not representSaich genes have not yet been described in the wing disk.
distinct readout of the Dpp/Scw activity gradient. ) o ) )

The preceding arguments suggest that Dpp and Scw specify?e role of CBP in establishing Dpp/Screw signaling
three thresholds of gene activity (summarized in Fig. 7)thresholds
However, only two patterning thresholds, dorsal epidermis and remarkable number of genes are required for producing and
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receiving the Dpp/Scw gradient in the dorsal ectodernthou, T. B. and Perrimon, N.(1996). The autosomal FLP-DFS technique
(reviewed by Podos and Ferguson, 1999). It would appear thatfor generating germline mosaicsimosophila melanogasteGeneticsl44,

an increasing number of nuclear factors are also required fgr

1673-1679.
ubadda, Y., Heitzler, P., Ray, R. P., Bourouis, M., Ramain, P., Gelbart,

generatlng different _thrEShOIds of gene aCtMty,m response to W., Simpson, P. and Haenlin, M(1997).u-shapedencodes a zinc finger
this gradient. In addition to Mad/Medea and Brinker, we have protein that regulates the proneural geaebaeteand scuteduring the

obtained evidence that the general transcriptional coactivator,formation of bristles irbrosophila Genes Dev11, 3083-3095.

CBP, is essential in this process. Previous studies have shof#fg: X. H., Zhang, Y., Wu, R. . and Derynck, R(1998). The tumor

that the expression of Race-lacZfusion gene is lost in the
presumptive amnioserosa of mutant embryos derived rigin

suppressor Smad4/DPC4 and transcriptional adaptor CBP/p300 are
coactivators for smad3 in TGF-beta-induced transcriptional activation.
Genes Devl2, 2153-2163.

germline clones (Waltzer and Bienz, 1999). Here we haveerguson, E. L. and Anderson, K. V (1992).decapentaplegi@cts as a
shown that there is an extensive, but specific, loss of dorsalmorphogen to organize dorsal-ventral pattern in Din@sophila embryo.

ectoderm derivatives in these mutants. There is a loss of hig_h

Dpp/Scw signaling thresholds includirigace hnt and rho.

Cell 71, 451-361.
rancois, V., Solloway, M., O'Neill, J. W., Emery, J. and Bier, E(1994).
Dorsal-ventral patterning of tHerosophilaembryo depends on a putative

Moreover, target genes that are activated by intermediate levelsegative growth factor encoded by sfeort gastrulatiorgene.Genes Dev

of Dpp/Scw signaling, such ash exhibit abnormally narrow
patterns of expression. However, unlikgy+ heterozygotes or
scw/scw homozygotes there is also a narrowing of pine
expression pattern inej mutants.

8, 2602-2616.

Frank, L. H. and Rushlow, C. R.(1996). A group of genes required for
maintenance of the amnioserosa tissu®iasophila Developmentl22
1343-1352.

Frasch, M. (1995). Induction of visceral and cardiac mesoderm by ectodermal

These disruptions in Dpp patterning thresholds may reflect Dpp in the earlyDrosophilaembryo.Nature 374, 464-467.
relatively specific CBP-Mad interactions in the early embryoHaenlin, M., Cubadda, ., Blondeau, F., Heitzler, P, Lutz, Y., Simpson, P.

It is possible that Mad recruits CBP to the promoter regions
of Dpp target genes (Waltzer and Bienz, 1999). Alternatively,

and Ramain, P.(1997) Transcriptional activity of Pannier is regulated
negatively by heterodimerization of the GATA DNA-binding domain with
a cofactor encoded by theshapedgene ofDrosophila Genes Dev1l,

CBP-mediated chromatin decondensation may be essentiakBogs-3108.
for the binding of Mad/Medea to chromatin templates in vivo Heitzler, P., Haenlin, M., Ramain, P., Calleja, M. and Simpson, R1996).

The promoter regions dfint and rho might contain low-

A genetic analysis gfannier, a gene necessary for viability of dorsal tissues
and bristle positioning iDrosophila Genetics143 1271-1286.

affinity Mad/Medea operator sites and thereby mediat%olley S. A, Jackson, P. D., Sasai, Y., Lu, B., De Robertis, E. M.

activation only by high levels of Dpp signaling. Such genes Hoffmann, F. M. and Ferguson, E. L.(1995). A conserved system for
would be expected to exhibit particular sensitivity to dorsal-ventral patterning in insects and vertebrates involving sog and

reductions in CBP activity. Thpnr promoter region might

contain optimal, high-affinity Mad/Medea operator sites. The

narrowing of thepnr pattern innej mutants might indicate

chordin.Nature 376, 249-253.

uang, J.-D., Schwyter, D. H., Shirokawa, J. M. and Courey, A. J1993).

The interplay between multiple enhancer and silencer elements defines the
pattern of decapentaplegic expressi@enes Dev7, 694-704.

that CBP is required for the efficient occupancy of eversanknecht, R., Wells, N. J. and Hunter, T.(1998). TGF-beta-stimulated
optimal sites in dorsolateral regions where there are cooperation of smad proteins with the coactivators CBP/p386es Dev

diminishing levels of Dpp/Scw signaling.
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The Drosophila gene brinker reveals a novel mechanism of Dpp target gene
regulation.Cell 96, 563-573.
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