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SUMMARY

Decapentaplegic (Dpp), a homolog of vertebrate bone
morphogenic protein 2/4, is crucial for embryonic
patterning and cell fate specification inDrosophila Dpp
signaling triggers nuclear accumulation of the Smads Mad
and Medea, which affect gene expression through two
distinct mechanisms: direct activation of target genes and
relief of repression by the nuclear protein Brinker (Brk).
The zinc-finger transcription factor Schnurri (Shn) has
been implicated as a co-factor for Mad, based on its DNA-
binding ability and evidence of signaling dependent
interactions between the two proteins. A key question is
whether Shn contributes to both repression obrk as well
as to activation of target genes. We find that during
embryogenesis, brk expression is derepressed inshn
mutants. However, whileMad is essential for Dpp-mediated

repression ofbrk, the requirement for shnis stage specific.
Analysis of brk; shn double mutants reveals that
upregulation of brk does not account for all aspects of the
shn mutant phenotype. Several Dpp target genes are
expressed at intermediate levels in double mutant embryos,
demonstrating that shn also provides abrk-independent
positive input to gene activation. We find that Shn-
mediated relief ofbrk repression establishes broad domains
of gene activation, while thebrk-independent input from
Shn is crucial for defining the precise limits and levels of
Dpp target gene expression in the embryo.

Key words:Drosophila BMP, TGR, Smad co-factor,
Transcriptional regulation

INTRODUCTION

growth and patterning (reviewed in Neumann and Cohen,

1997). Like other ligands of the BMP family, Dpp signals
Positional information along the dorsoventral (D/V) axis of thethrough a complex of type | and type Il transmembrane serine-
Drosophila embryo is assigned by the activity of two signalinghreonine kinases that trigger the translocation of a receptor-
pathways, one maternal and the other zygotic. The materngpecific Smad/co-Smad complex from the cytoplasm to the
pathway culminates in a nuclear gradient of the morphogenucleus (Hoodless et al., 1996; Newfeld et al., 1997; Das et al.,
Dorsal (DI) that activates target gene expression in distinct998; Hudson et al., 1998; Wizotskey et al., 1998). Smads can
domains in the ventral half of the embryo. In addition, Dldirectly activate transcription of downstream target genes but
directly represses expression of genes sudeeapentaplegic bind DNA with weak affinity. Furthermore, the consensus
(dpp) andzerknullt restricting their transcription to the dorsal Smad-binding site is of low complexity and is predicted to
region of the pre-cellular blastoderm (reviewed in Rusch andccur approximately once every kilobase. As a result, it is
Levine, 1996). Dpp, a secreted growth factor related taovidely believed that association of Smads with other DNA-
vertebrate bone morphogenetic protein (BMP) 2/4, is a kekinding proteins is essential for pathway- and promoter-
component of a zygotic activity gradient of BMP signaling thatspecific gene activation (reviewed in Massagué and Wotton,
patterns the dorsal side of the embryo (Ferguson and Anders@00).
1992; Wharton et al., 1993). During early development a Dpp signal transduction was initially thought to consist of a
second BMP-related ligand Screw (Scw) acts with Dpp tdinear pathway culminating in the direct activation of gene
achieve peak levels of signaling. The gradient of Dpp/Scvexpression by the BMP-specific Smitbthers against dpp
activity results in the establishment of distinct thresholds ofMad) and the co-Smaklledea(Med) (reviewed in Raftery and
gene activation that are required for the differentiation of dorsa&dutherland, 1999). However, Dpp signaling also negatively
tissues such as the amnioserosa and the dorsal ectodeegulates transcription of the repressor Brinker (Brk), which
(Nguyen et al., 1998; Neul and Ferguson, 1998). Dpp is aldahibits Dpp target gene expression. Analysis of imaginal
essential for cell fate specification later in embryogenesis, ardisc clones in which inputs from both Dpp and Brk were
in the larval imaginal discs, where it plays an important role irsimultaneously removed has indicated that Dpp-responsive
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genes can be grouped into three categories (Campbell antechanisms. We find thahnis essential both for repression
Tomlinson, 1999; Jazwinska et al., 1999a; Minami et al.pf brk as well as activation of specific Dpp target genes during
1999). The first class of genes depends entirely on Madate stages of embryogenesis. Our results indicate that Shn may
mediated relief ofbrk repression. Promoters for the secondregulate transcription by promoting interactions between Mad
class of targets incorporate both positive inputs from Mad aand DNA and/or the transcriptional machinery. These findings
well as negative inputs from Brk. Finally, genes belonging tgrovide new insights into the role of Smad-interacting factors
the third class are directly activated in response to Mad but aeexd suggest thashn activity is crucial in establishing
not repressed by Brk. Recent studies have highlighted a similbiologically relevant thresholds of gene activation.
differential requirement fobrk and Mad in activating Dpp
target genes in early embryonic patterning (Jazwinska et al.
1999b; Ashe et al., 2000). Thus, the transcriptional response WTERlALS AND METHODS
Dpp depends on the balance between signaling-mediated
activation and antagonism of target gene expression. Mutant stocks o

A number of transcription factors are known to lendThe mutant stocks employed in this stustyP#"3CyQ, brk”™™, FRT
specificity to activin and TGFsignaling by interacting with 301/5;\/'7' bri&-29FM7; brkMO¥EM7; thvi/CyQ, tk¥/CyQ, and
Smads. However, the only DNA-binding partners to be pp*48/CyO, P{dpp-P23 are all null or severe loss-of-function alleles

: o . . . . . - (NUsslein-Volhard et al., 1984; Padgett et al., 1993; Nellen et al.,
identified in BMP signaling are the zinc-finger proteins OAZ1994: Arora et al., 1995 Campbell and Tomlinson, 1999). The P-

in vertebrates and Schnurri (Shn) Dmosophila (Dai et al.,  gjement insert ibrk3-20driveslacZ expression (Minami et al., 1999).
2000; Hata et al., 2000; Udagawa et al., 2000). Anothefomozygous mutant embryos were distinguished from their
Drosophila protein, Tinman, has been shown to potentiatéheterozygous siblings by using marked balancer7( B, sn, ftz-
Mad/Medea activity, but it is not known if this involves directlacz, CyO, wg-lacZ CyO, hb-lac2. TheMad!2null allele was used
protein-protein interactions (Xu et al., 1998). Several lines ofor generating germline clones (Das et al., 1998).

evidence implicate Shn in the nuclear response to Dp[?. . o o

Mutations inshnaffect the expression of a wide range of Dpp-"* SItu hybridization and visualization of - /acZ reporters
inducible genes in the embryo as well as in the wing imagina‘}gﬁf2lzengg?grr?ﬁ:fso‘l’l‘ﬂ?ngng’r?el;r(ognn?igﬁ”&gpi’:gafr:g%@g”ts or
?:;((:),ramecilgal‘.t,lr:}_%;g?tGlrtieISefreutcil, ]:CLogrQg?sgtggﬂﬁﬁg?lj;n:gt&p%é\m in situ hybridization was carried out with modifications, as

. . scribed (Manoukian and Krause, 1992). Td&Z reporters used
al., 1995; Torres-Vazquez et al., 2000). Shn is localized to thgere brk38§20, brk*47 a viable enhance)r trap (Eampbell and

nucleus and associates directly with Mad in a signalingTomlinson, 1999), anBad1883 a recessive-lethal enhancer trap line
dependent fashion (Dai et al., 2000; Udagawa et al., 200Q)rsuneizumi et al., 1997). FdBcr we used the midgut reporter
Furthermore, we have identified Shn-binding sites in a DppP{HZR+0.8X/H} located on theTM6B balancer (Newfeld et al.,
responsive enhancer from th#trabithorax (Ubx) gene that 1997).

mediates weak activation in vivo. Co-expression of Shn an
Mad synergistically stimulates transcription of this reporter i
cell culture assays (Dai et al., 2000). Taken together the
results argue that Shn is involved in the regulation of Dpp targ f

genes and acts as a DNA-binding co-factor for Mad. In ligh 984) and monoclonal arffigal (1:2000: Promega). Primary

of these findings, it is striking that absenceshf activity  gntihodies were detected using the appropriate alkaline phosphatase-
during embryogenesis has markedly less severe consequenggsugated secondary antibody (1:5000; Promega) or Vectastain kit
than loss ofdpp. Embryos homozygous for strong loss-of- (Vector Laboratories).

function alleles oshnare defective in dorsal closure and are _
weakly ventralized, but differentiate a normal amnioseroséuticle preparations _ _
(Arora et al., 1995; Grieder et al., 1995; Staehling-Hampton éippropriately aged embryos were dechorionated and cleared in a
al., 1995). In contrast, embryos that latgp, Mad, Medor the Hoyers-lactic acid 1:1 mixture at 65°C, and photographed using dark-
type | receptothickveing(tkv), do not differentiate any dorsally field optics.
((jserligedt sltgusc;urgs and Iar? sltrorlugalg4 vcle\lntlrlalizec: (IlrisqggzﬂNA injections

elbar ; Brummel et al. ; Nellen et al. ; ;

' . ! A ! recellular blastoderm stage embryos carrying th&47 reporter

Das et al,, 1998; Hudson et al., 1998; Wizotskey et al., 1998)ere injected under halocarbon oil using a Narishige IM300
Formally, three potential mechanisms could 'e>_<pla|'n the mildemicroinjector  (60-70 pL/embryo). A modifiedtkv cDNA
phenotype oshnmutant embryos. One possibility is that Shncorresponding to a constitutively activated form of Tkv (TkvA) was
acts with Mad exclusively in gene activation and is therefor@sed for in vitro transcription reactions (Nguyen et al., 1998). Injected
only required for one aspect of Dpp function. A second modetmbryos were maintained at 25°C until the required stage, recovered
is that Shn is dedicated to Mad-mediated repressibrkaind ~ from the halocarbon oil, fixed and processed to visuakoZ
thus makes an indirect contribution to the activation of a subs8¢Pression.
?f dbpprgarget g(_enes% A third alternative ilietlgat Shn ?s reguireg'eat_shock experiments
or kOt aICtlvatlon Ott%rgt.et genes as v(\;e _thr&prgssmn, ut To induce expression of P{H&pBP} 0-15 hour egglays of the
MAaxEs a lesser contribution compared wi ad. . appropriate genotype were subjected to two 1 hour heat shocks at

We describe results showing tr&in plays a dual role in - 37°c separated by a 1 hour recovery at 25°C (Twombly et al., 1996).

mediating Dpp sjgnaling d_uring _embryogenesis. Thus, OUEollowing this, the embryos were aged 3 hours and stained to visualize
data favor the third model in which Shn affects target geneitherbrk-lacZ or snaexpression. ThérkX47, brk*4%: shr4738 and

expression throughbrk-dependent andbrk-independent brkXH; shif4738stocks carried one copy of P{H#pBP}.

mmunohistochemistry

tibody staining was carried out as previously described (Torres-
zquez et al., 2000), using rat anti-dCreb-A (1:15,000; Andrew et
, 1997), monoclonal FP3.38 anti-Ubx (1:20; White and Wilcox,
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RESULTS The larval cuticle provides excellent markers for cell fate

along the D/V axis that are sensitive to alterations in Dpp
shn is required for repression of  brk in late activity. Peak levels of Dpp signaling result in specification
embryogenesis of the amnioserosa, while intermediate levels promote

In the embryobrk transcription is restricted to a broad stripedevelopment of the dorsal ectoderm and suppress
of ventrolateral cells on either side of the prospectivedifferentiation of the ventral neurogenic ectoderm. In the larval
mesoderm by two distinct regulatory mechanisms. Initimlly ~ cuticle the dorsal ectoderm can be distinguished by the
is activated in a localized manner by the maternal morphogdiesence of fine dorsal hairs, while the ventral ectoderm is
DI, while in a later zygotic phase it is ubiquitously activatedcharacterized by heavily pigmented denticles (Fig. 2A). The
but confined to ventrolateral cells as a result of Dpp-mediate@reater efficacy of Dpp signaling in the absence of the
repression in dorsal cells. Thus, @pp-null embryos,brk  repressorbrk results in an expansion of dorsal fates and a
expression is initiated correctly but becomes derepressé@ncomitant loss of ventral ectoderm that is reflected in the
throughout the dorsal region by stage 8 (Fig. 1A,B; stagingeduced width of the ventral denticle belts (Fig. ZB;'J'azwmska
according to Campos-Ortega and Hartenstein, 1985; JazwinsRhal., 1999b; Lammel et al., 2000). In contrast, aboliticshof

et al., 1999b). At cellular blastodershnis transcribed in the activity results in loss of dorsally derived ectoderm and a
dorsal half of the embryo in a pattern similar to thatmand ~ modest expansion of ventral cell fates. The mis-specification
complementary to that drk (Arora et al., 1995). To test Of the dorsalmost epidermal cells sn mutants causes a
whether shn activity is required forbrk repression, we failure of dorsal closure and a ‘dorsal open’ phenotype in
examined the distribution obrk mRNA in shn mutant ~Which the internal organs are often extruded (Fig. 2C;
embryos_ We found that the upregu|ati0rbd{ expression in N[]SSIeln-Volhard etal., 1984; Arora et al., 1995, Grieder et al.,
shnmutants occurs only at late stage 10/stage 11 (Fig. 1C,D3995; Staehling-Hampton et al., 1995). A striking aspect of the
Ectopicbrk transcript is first detected in a subset of dorsal cell®rk; shndouble mutant phenotype is that the dorsal closure
in a segmental repeat pattern, in addition to its normaliefect is ameliorated and the dorsal epidermis is contiguous
expression in the ventral neurogenic ectoderm. By late stagEig. 2D). Based on this criteriorhrk function appears

11 this periodicity is obscured atmk mRNA is uniformly ~ epistatic toshn However, a detailed analysis reveals stat
distributed throughout the mutant embryo in both dorsal antp epistatic in other aspects of the cuticle phenotype. We find
ventral ectodermal cells (Fig. 1E,F). The delay brk thatinbrk; shndouble mutants the dorsal epidermis is reduced
derepression ishnmutants compared witlippnulls indicates ~ and the ventral denticle belts are wider comparebrkaull

that although shn is required for Dpp-dependent embryos (Fig. 2B,D). Thus, the double mutants are more
downregulation ofbrk, it may not be essential early in ventralized tharbrk™ embryos, but less ventralized thahn
development. mutants. This intermediate phenotype is remarkably similar to
We next examined the requirement fshn activity in  that caused by the partial loss-of-functishriM>¢ allele at
restricting brk transcription in the developing gut. In 18°C (Arora et al., 1995). We used the location of the
germband-retracted embrydsk expression can be detected bilaterally symmetric Keilin's organs (KO) and the ventral
in three distinct sites in the gut visceral mesoderm an8lack dots (VBDs), sensory organs that differentiate at specific
endoderm, that are broadly complementary to sitegppi  Positions on either side of the ventral midline, to estimate
expression in parasegment 3 (ps3) and ps7 (Fig. 1G; Jazwinskaanges in the size of the ventrolateral ectoderm (Fig. 2E-G;
et al., 1999b). At this stageshn mRNA is distributed ~Campos-Ortega and Hartenstein, 1985). Consistent with the
throughout the gut but is enriched in regions that show higlpss of ventral fates ibrk mutants, the paired KOs and the
levels of dpp transcript (Arora et al., 1995). Analysis of VBDs are approximately 50% closerbink™ larvae compared
homozygous shnnull embryos revealed uniformbrk  With wild type (Fig. 2E,F). The ventralization dirk; shn
expression along the entire length of the visceral mesoderfipuble mutants is apparent in the increased distance between
and endoderm, indicating that Shn is also involved in negativiée KOs, relative to botbrk mutant and wild-type larvae (Fig.

regu|ation ofork transcription in the midgut (F|g 1H) ZF,G) The expansion of ventral fates in the double mutants is
) o ) associated with a coordinate reduction in the dorsal ectoderm

Phenotypic analysis indicates a role for  shn in the compared withbrk-null embryos. In addition we observe a

absence of brk activity partial loss of the dorsolaterally derived Filzkérper in the

We have previously shown that Shn can directly stimulatelouble mutant, a defect that also occurshim but notbrk~
transcription of a Dpp target gene (Dai et al., 2000). Thembryos (Fig. 2B-D). Thus, our data indicate that specification
derepression obrk in shn mutants indicates that another of dorsal cell fates requires a contribution fram that is
mechanism by which Shn could induce target gene expressiamdependent obrk function.

is by eliminating Brk. To test whetheshn provides a o
significant positive input tadpp signaling through ark- ~ shn does not regulate dpp target gene expression in
independent mechanism we examined the phenotype 6frly embryogenesis

embryos lacking botshnandbrk function. If shnacts solely The intermediate phenotype of the double mutants suggested
by inhibiting brk, the brk; shn double mutants would be thatbrk andshndo not act in a linear pathway and tkhhis
expected to resemblerk mutants, i.e., loss a$hn activity  involved in induction of Dpp target genes independently of its
should have no additional consequenceshrkabackground. role in mediatingork repression. In order to address this issue
Alternatively, if Shn affects patterning independentlybdk, at the level of gene regulation, we examined the transcription
the double mutants would be predicted to have an intermediabé several Dpp-responsive genes in the ectoderm at different
phenotype. stages of embryogenesis. We first assayed the expression of
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two genes,u-shaped(ush and pannier (pnr), which are pnrandDad in the dorsal ectoderm was also recovered in the
differentially regulated bydpp signaling in the early double mutants, although the domains are narrownrkirshn
blastoderm (Winick et al., 1993; Cubadda et al., 1983 embryos relative tbrk mutants (Fig. 4H,L; compare with Fig.
MRNA is restricted to a small group of cells straddling thedG,K). This effect is readily apparent in ventral views of stage
dorsal midline, where it is activated in response to peak levels3 embryos. Irshnmutants, the two bands Blad-expressing

of dpp and is insensitive to loss or overexpression of Brk. Ircells that flank the ventral neurogenic ectoderm are located
contrast, the wider domain @r expression requires both further apart compared with wild type, consistent with their
positive input from Dpp signaling as well as relief of repressiorpartially ventralized phenotype (Fig. 4M,N; Arora et al., 1995).
by brk (Jazwinska et al., 1999b; Ashe et al., 2000). We findConversely, in embryos that ladirk activity, the ventral
that loss oshndoes not affect expression of eithushor pnr ectoderm is significantly reduced owing to expansion of dorsal
at the blastoderm stage. lrk; shn double mutants, the cell fates (Fig. 40). It is evident that iork; shn double
expression of these genes is essentially similar to that seennnutants, the distance between the two domainsDadl
brk~animals, i.eushis unaltered angdnris expanded ventrally expression is midway between that observed in either single
relative to wild type (Fig. 3A-C; and data not shown). Thesenutant, and equivalent to wild-type embryos (Fig. 4P). Thus,
results indicate thathnmay not contribute to Dpp-mediated the alterations in gene expression in dorsal cells are correlated
specification of dorsal cell fates prior to gastrulation, and arerith corresponding changes in the size of the ventral region.

consistent with the fact thahnmutant embryos do not display Collectively, these data show a differential requiremenstior

defects in early D/V patterning.

shn and brk provide differential inputs to Dpp-
responsive gene expression during germband
extension

At later stages of embryogenesis Dpp signalin
required for the maintenance of dorsal ectodermal
as well as for patterning larval and adult precur:
Mutations inshn affect the expression of several L
target genes during this period and result in
specification of dorsolateral cell fates, similar to
caused by zygotic loss of the Dpp receptkvsaandpunt
(put) (Affolter et al., 1994; Brummel et al., 1994; Ar(
et al., 1995; Grieder et al., 1995; Letsou et al., 1
Ruberte et al., 1995; Staehling-Hampton et al., 1!
We therefore assayed the requirementsion and brk
activity in these Dpp-mediated events.

In stage 11 embryos, the expression patternsgpp
and its target genegqnr and daughters against df
(Dad), define three overlapping domains of increa
width in the dorsal ectoderm (Fig. 4A,E,Qlpp is
transcribed in a single row of cells at the border bet
the epidermis and the amnioserosa providing a cel
marker for the ‘leading edge’ of the dorsal ectod
during germband extension. $him mutants the level «
dpp mRNA in these cells is severely reduced (Fig. -
Likewise, pnr expression is correctly initiated a
refined, but the transcripts are lost prematurely (se¢
3B; Fig. 4F; Grieder et al., 1995). In additi@ad-lacZ
expression in the dorsal ectoderm is seen in fewer
compared with wild-type embryos (Fig. 41,J). Abse
of brk activity affected transcription of two of the th
marker genes. lbrk null mutants the dorsal stripe aybp
expression appears unaltered, but tire and Dad
expression domains are wider relative to wild type |
4C,G,K). Analysis of embryos lacking babink andshn
function revealed a differential requirement fehn
activity in the regulation of these markers. We obse
that dpp transcription in the ‘leading edge’ cells
restored to near wild-type levels in the double mt
(Fig. 4D). This is striking given the premature los:
dpp mMRNA in these cells irshrm embryos (Fig. 4B’
and suggests thatpp transcription at this location
primarily dependent on repressionlwk. Expression ¢

and brk function in the regulation of three Dpp-responsive
genes in the dorsal ectoderm. While the absenbekalctivity
is sufficient for dpp expression in the ‘leading edge’,

|

G H
< = <»

Fig. 1.shnis required for repression bfk transcription. Distribution olbrk
mRNA in wild type (A,C,E)dpp48 (B) andshrP4738(D,F) mutants. All
embryos are oriented with their anteriors towards the left. (A,B) At stage 8,
brk expression is restricted to the ventrolateral region in wild-type (A)
embryos, while irdppmutants (B)ork transcripts are distributed throughout
the ectoderm. Ventral views of wild-type embryos at (C) early and (E) late
stage 11, showingrk expression in the ventral neuroectoderm and in a
segmentally reiterated pattern corresponding to cells surrounding the tracheal
pits. (D)shnmutant embryos at early stage 11 initially sHank

derepression in a small subset of dorsal cells in each segment, and (F)
eventually expresisrk throughout the embryo by late stage 11. (GoHk}

lacZ expression in the dissected gut. (G,H) In wild type (G), three distinct
domains of expression can be detected in the gut visceral mesoderm and
endoderm, while ishnmutants (H)prk-lacZ expression is contiguous along
the length of the gut.
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Fig. 2.shnandbrk make distinct
contributions to patterning the
ectoderm. (A-D) Dark field images
showing lateral views of larval
cuticles oriented with their anteriol
towards the top and ventral towarc
the left. (A) Wild-type larva showin
strongly pigmented denticle belts
that derive from the ventral
ectoderm, while the dorsal ectode
is characterized by fine dorsal haii
The dorsolaterally derived
Filzkérper are marked with white
arrows. (B) InbrkXH mutants the
dorsal ectoderm is expanded and
there is a corresponding loss of
ventral epidermis that is apparent
the reduced width of the denticle
belts. Filzkorper differentiate
normally. (C)shrP4738mutants
display a ‘dorsal open’ phenotype,
owing to loss of dorsal cell fates al
are partially ventralized. (YrkXH;
shrP4738double mutant embryos
have an intermediate phenotype. -
dorsal hole typical ahnmutants is
rescued, but the dorsal ectoderm i
significantly reduced compared wi
brk-null animals and the cuticle is
relatively more ventralized. Both ir
shnas well as irbrk; shnlarvae the
Filzkorper are reduced. (E-G) Higt
magnification views using phase
contrast optics to detect changes in size of the ventral ectoderm in wild type{E)(F) andbrkXH; shriP4738(G) larvae. The third thoracic
segment (T3) and the first abdominal segment (A1) are in view. The black arrows mark the paired Kielin’s organs, whiléé&aelsipoimt
to the ventral black dots (VBDs) that are located anterior to T3, but are absent from the abdominal segmelniti iit)tants (F), the
distance between these bilaterally symmetrical sense organs indicates the loss of ventral cell fates due to expansisal epiblerdus.
(G) By comparison, thbrk; shndouble mutant larva is relatively ventralized. In addition, the first row of anterior facing denticles in A1
(typically absent irbrk mutants) is recovered in the double mutants.

T3

| A1

T3

A1l

T3

Al

expression opnr andDad reveals an additional positive input of Dpp signaling in the dorsal most cells within these domains

from shn These results support our analysis of the cuticleesult in induction of the disc primordia that are marked by

phenotype of the double mutant and suggest thatotke expression of the transcription factmail (sng in T2 and T3,

independent contribution fronshn may be crucial for respectively (Fig. 5E; Goto and Hayashi, 1997). Disruption of

achieving the threshold response in cells that receive low levetipp signaling at late stages, such as in zygtkicmutants,

of dpp signaling, rather than for maximal levels of expressiorresults in loss ofna expression and the failure to specify

(see Discussion). imaginal disc cells (Goto and Hayashi, 1997). In situ
At late stages of embryogenesidpp is involved in  hybridization experiments showed that these domairshaf

establishing the anlagen of structures such as the salivagxpression are absent in mutants laclshgactivity, but are

glands and the imaginal discs. Dpp signaling restricts thenlarged inbrk~ embryos (Fig. 5F,G). Strikingly, ibrk; shn

salivary gland primordia to a small group of ventrolateraldouble null embryosnaexpression is essentially abolished in

ectodermal cells in ps2, and lossdpip or shnactivity results  the imaginal disc primordia, similar st embryos (Fig. 5H).

in dorsal expansion of genes such dGreb-A (CrebA — These data provide evidence thgtin contributes abrk-

FlyBase) that mark the salivary glands (Fig. 5A,B; Hendersomdependent input to activation &ha transcription and is

et al.,, 1999). Conversely, loss ofk activity leads to a necessary for specification of the wing and haltere discs, even

reduction in the size of this domain (Fig. 5C; Lammel et al.in the absence of repression by Brk.

2000). brk; shndouble mutant embryos display a phenotype _ o )

essentially similar to that dfrk mutants (Fig. 5D), indicating Dpp-responsive gene expression in the visceral

that the correct spatial restriction @Ereb-Adoes not require Mesoderm incorporates  brk-dependent and  brk-

a brk-independent input fronshn Next we examined the independentinputs from  shn

requirement foshnandbrk in specification of the wing and In addition to its role in specification of ectodermal cell fates,

haltere disc primordiadpp expression in a cluster of lateral dppis involved in patterning both the visceral mesoderm and

cells in the second and third thoracic segments (T2 and T3) ke underlying endoderm of the embryonic midgut. Dpp

crucial for allocation of these imaginal discs. The highest levelsignaling in these tissues is implicated in regulation of its own
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Fig. 3. Dpp-responsive gene activation in early embryogenesis.
Distribution ofpnr mRNA in stage 7 embryos arranged with anterior
towards the left and dorsal side upwards. (A) In wild-type embryos,
Dpp signaling initiatepnr transcription in the dorsal blastoderm
cells. (B) InshrP4738mutants pnr expression is unaltered, while in
brk~ embryos (not shown), and lmk*XH; shriP4738double mutants

(C), pnris upregulated in ventrolateral cells.

expression as well as that of genes sudbtasandSex combs
reduced(Scr) (reviewed by Bienz, 1997). The upregulation of
brk throughout the visceral mesodermshn embryos (Fig.
1H), raises the possibility that the loss of Dpp-responsive gene
expression in the midgut (Arora et al., 1995; Grieder et al.,
1995: Staehling-Hampton et al., 1995) could be at least
partially due to repression by Brk. We therefore assayed the
relative contribution obrk andshnto regulation of gut-specific
target genes.

In germband retracted embryafpis expressed at several
sites in the gut including the visceral mesoderm of ps3 and ps7
where its transcription is subject to autoregulation (Fig. 6A;

brk’; shn™

Fig. 4. Expression of ectodermal markers in embryos lackimgandbrk activity. (A-L) Lateral views of germband extended embryos at stage
11 and (M-P) ventral views of stage 13 embryos after germband retraction. The genotype of the embryos is indicatethdtttine ¢eftner

of each row and the top right corner in each column indicates the marker assayed. Boxed areas are shown at high madinéioes@in in

(A) In wild-type embryosdpptranscripts can be seen in a single row of cells at the ‘leading edge’ of the dorsal ectoderm, as well as in a
reiterated pattern in lateral celtppexpression in the ‘leading edge’ is not maintaineshirP4738mutant embryos (B), but is unaltered in

brkXH embryos (C)brkXH; shif4738double mutants (D) show wild-type levelsdgipexpression at the ‘leading edge’. {Er mRNA is

present at high levels in the dorsal epidermis in wild-type animals. @nimutantspnr is initiated correctly but is eventually lost at

germband extension. (G) brk mutants, the domain @inr expression is expanded relative to wild-type animals, while (Hjknshndouble
mutantspnr is localized to a narrow region when compared Wwitbmutants. In wild-type embryos, expressiorDafd-lacZcan be detected
throughout the dorsal ectoderm and amnioserosa at germband extension (1), as well as after germband retracsiomniMbaribembryos at
comparable stages (J,NDad expression in the dorsal ectoderm is severely reduced (staining in the amnioserosa persists). In embryos lacking
brk (K,0), the dorsal ectodermal domain is expanded relative to wild type. This expansion is not maintained in double muta(it,®yirasl

is evident in ventral views of embryos at stage 13. The bilateral domdeidacZ expressing cells are expanded (and hence closer together)
in brk~ animals (O), compared withrk; shndouble mutants (P).



Hursh et al., 1993). Embryos mutant &mlack dpp mRNA
at both these locations (Fig. 6B). In contrastk mutant
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of tkv function that result in a mutant phenotype very similar
to that ofshnnull embryos (Fig. 7A). In situ hybridization

embryos show expandelbp expression in ps7 (Fig. 6C). We experiments revealed thiaitk transcription was upregulated in
did not observe a comparable expansion in ps3, although tliesr mutants at stage 11 comparable vgitimnull animals (data
small size of this domain may preclude detection of a modesiot shown). We also analyzed the phenotype resulting from

increase in the number of cells that exprésg In brk; shn

simultaneous loss dbrk and tkv, both at the level of the

embryos,dpp expression in both domains is affected. This isdifferentiated cuticle and gene activation. Interestingly, we find
most striking in ps3, whempptranscription is essentially lost that brk; tkv larvae resemblédrk; shn animals, in that the

in the double mutant. Expression in ps7 is significantlydorsal open’ phenotype typical of zygottkv mutants is
reduced, not only compared witink mutants but also relative rescued, the Filzkorper are reduced, and the ventral ectoderm
to the levels encountered in wild-type animals (compare Figs expanded compared witik mutants (Fig. 7B; see Fig. 2D).

6A with Fig. 6D). The changes dpp expression in ps7 were The restoration of dorsal closure and the differentiation of a
guantified using a micrometer reticule. Analysis of at least 3@ontiguous dorsal ectoderm in thek; tkv double mutants is

embryos of each genotype revealed thatbik~ animals

notable because it suggests that in this aspespmfunction

expression in ps7 was increased by 15%, while in the doublak is epistatic not only with respect shn but also totkv.
mutants the domain was reduced by 22% compared with wilflhis was confirmed by examinindpp transcription in the

type. The compromisedpp expression in the doukt

mutant demonstrates thgtinactivity is required for wild
type levels ofipptranscription, even in the absence of |
It is well documented thalpp expression in ps7 promot
the transcription of the DNA-binding protein Ubx (F
6E), that in turn stimulates transcription dpp (Bienz,
1997). In embryos mutant fshn Ubx fails to accumula:
in ps7 (Fig. 6F; Grieder et al., 1995; Dai et al., 2C
Analysis of embryos that lack botirk and shn activity
revealed lower levels of Ubx expression compared
brk mutant and wild-type embryos (Fig. 6G,H), furt
implicating Shn in the direct induction &fbx by Dpp
signaling.

We also assayed expressionSiufr in the gut viscer
mesoderm, where it is restricted to ps4 owing to nec
regulation by Dpp signaling in ps3 (Fig. 61; Newfeld et
1997). InMad mutants anddpp alleles that specifical
affect gut developmen§crexpression expands anteric
to include cells of ps3. Conversely ectopic activation ¢
Dpp pathway eliminateScrexpression in its endogenc
domain in ps4 (Newfeld et al., 1997). UsingPegal
reporter we find that in embryos lackibgk activity, Scr
expression in ps4 is severely reduced (Fig.
Interestingly, inshnas well asbrk; shndouble mutant:
Scris expressed in a larger domain that includes ps:
ps4, indicating that Shn function is epistatic with res
to this Dpp target gene as well (Fig. 6J,L). As it is
known whetheScris directly repressed hypp signaling
our data could reflect an essential requiremenstiorin
activation of a Dpp target gene in ps3 that in
downregulatesScr transcription. In summary, analysis
Dpp-responsive genes at different embryonic stages
different tissues provides compelling evidence thiat
contributes ark-independent input to gene regulatior
a stage and promoter-specific manner.

tkv makes a greater contribution to gene
activation relative to  shn

We wished to assess the input to dorsal patte
mediated byhnrelative to the total contribution from D
signaling at comparable stages of development. This

straightforward, as the requirement fipp in early D/V
patterning prevents the use of null alleles to analyze it
in late embryogenesis. One way to circumvent

problem is by examining the consequences of zygotic

sna

A dCreb-A E

¥

’»

brk~

brk~; shn™

Fig. 5. Analysis ofdCreb-A(CrebA— FlyBase) andnaexpression irshn

andbrk mutant animals. (A-D) Lateral views of stage 11 embryos stained

with antibody against dCreb-A, and (E-H) ventral views of stage 13

embryos hybridized with probe fanamRNA. The genotype is indicated

in the bottom left-hand corner of each row and the top right-hand corner in

each column indicates the marker assayed. Boxed areas are shown at high

magnification in the inset. (A) Expressiondreb-Ain the ventrolateral

region marks the salivary gland primordia in wild-type embryos.

(B,C) dCreb-Aexpression domain is enlarged (BsimT4738mutants and

reduced (C) ibrkXH embryos. (D) IrbrkXH; shriP4738embryosdCreb-A

expression is essentially similar to thabik mutants. (E) In wild-type

embryossnaexpressing cells in the second and third thoracic segments

mark the wing and haltere disc primordia, respectively. (F) Embryos that

lack shnactivity fail to expressnaat these locations, while (®&yk

mutants show an increase in the size of these domainsnéli)

expressed at extremely low levels in double mutant embryos that lack both
._brk andshnactivity.
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midgut incorporatérk-dependent

andbrk-independent inputs from 2 -
shn.(A-L) Dorsal views of f
germband retracted embryos at st - El

13 displaying Dpp-responsive gen

expression in the visceral mesode wt | -
The genotype of the embryos is

indicated in the bottom left-hand B

corner of each row, and the top ric

hand corner in each column

indicates the marker assayed. Bo» LR o 3T
areas are shown at high & I:l g
magpnification in the inset. (A-D) In e

situ hybridization to visualizdpp shn |
mRNA. (A) In wild-type embryos, c G
dpptranscription in ps3 and ps7 ol

the midgut is maintained through ¢ -

indirect autoregulatory loop, and ( e
expression at both sites is lost in > - @
shrP4738embryos. (C) IrbrkXH ittty _ -
animals the ps7 domain is expand brk~ l'
while expression in ps3 is essenti :
unaffected. (D) In embryos that lac D H
brk andshnactivity, dpp
transcription in ps7 is detected in ; -
smaller domain and at lower level: £ 8 8 -
compare with wild type, while ‘\-g}E .
expression in ps3 is invariably 2 Z o
reduced and sometimes brk’; shn ;
undetectable. (E) Ubx protein is

present in the visceral mesoderm of ps7 as well as in the ectoderm in wild-type embryos. Expressiorsisostamts (F), marginally
increased ibrkXH embryos (G), and can be detected at intermediate levels in the double mutant (H). (If-gAhstaining to visualize
expression of agcrreporter in the midgut. (I) In wild-type animaf¢r-lacZexpression is restricted to ps4 of the midgut, owing due to
downregulation by Dpp signaling in ps3. §hrexpression is expanded anteriorly in the absensbro{K) In brk mutant animals, th8cr
domain is reduced, btrkXH; shi4738double mutants (L) expreSger-lacZin a broader region, as seershmmutants.

Fig. 6. Dpp target genes in the A dpp E

Fig. 7.Elimination ofbrk function partially compensates .y
for the loss ofkv activity. (A-B) Dark field images of
larval cuticles fromtky8 andbrkXH: tkv8 double mutant
animals. Anterior is towards the left and dorsal is upwarg
(A) The loss of zygotitkv activity results in a ‘dorsal
open’ cuticle phenotype that closely resembles thsiiof
null animals (see Fig. 2C). Failure of dorsal closure res
in a prominent dorsal hole, which is rescuebrk tkv =

double mutants (B). Double mutant larvae differentiate a'-c dpp D dpp
contiguous dorsal epidermis, but display reduced v Ll AT . - W o

Filzkorper (arrow) and are more ventralized theaonull . “5h -

animals (see Fig. 2B). (C-F) Expression of Dpp- g Sy - . t 2 : Al . S |
responsive genes brk; tkvdouble mutants. The marker * -..“‘9 R i ”
assayed is indicated in the top right corner in each column. .&.@'

(C) dpptranscription is restored to near wild-type levels in

cells at the leading edge of the dorsal ectoderonkii58; E Ubx F sna
tkv/ mutants. (D) In contrastippmRNA in ps3 and ps7 - B ;
and (E) Ubx expression in ps7 of the gut visceral L
mesoderm is at residual levels in the double mutants. \“
(F) Likewise,snatranscription is essentially abolished in
the second and third thoracic segments of double mutant
embryos. For expression in wild-type amét mutant
controls refer to Figs 4-6.

‘leading edge’ of the dorsal ectoderm. Althouglpp  as observed ibrk; shnmutants (Fig. 7C; see Fig. 4D). We next
expression at this site is abolishedtkm mutants (Affolter et analyzed expression of three genes that requirerka
al., 1994), it is restored to wild-type levelsdrk; tkvanimals, independent positive input froshn It has been previously
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Oz

Fig. 8. Regulation obrk by ectopic Dpp signaling.

(A,B) Ubiquitous Dpp cannot indu@naexpression in the
absence o$hnactivity. Embryos are oriented anterior to the

left and viewed ventrally. Genotypes are as marked.

Induction of Dpp results in expansionsnfaexpression in

the imaginal disc primordia in T2 and T3 in a stage 13 Wl|d-w-l
type embryo (A), but is ineffective in inducisga

expression in ark; shndouble mutants (B). E
(C,D) Downregulation obrk in response to ectopic Dpp
signaling in extended germband embryos at stage 11. Heat-
shock induction of Dpp results in almost complete loss of
brk-lacZreporter gene expression in wild-type animals (C),

but not inshrP4738mutants (D). (E-H) Response luk to

ectopic Dpp signaling in stage 5/6 embryos. Embryos are = Wt

oriented anterior to the left, ventral up. (E) Expression of a

brk-lacZ reporter can be detected in two ventrolateral stripe ;ﬁ H

of cells that flank the presumptive ventral mesoderm (not | IS~ . A
stained) in a control animal. Injection of constitutively

activated Tkv receptor (TkvA) mRNA at 10 pgis equally ‘

effective in repressingrk-lacZ expression in wild-type (F)

andshrr (H), but not inMad-null embryos (G). Embryos ‘Mad~ shn™ /

were always injected laterally on the same side (arrow

marks site of injection), thus the opposite uninjected side || A

serves as an internal control. Interestingly, both in wild type —

(I andshnmutants (J), injection of higher concentrations of P ‘* 1
TkvA mRNA (50 ngfil) results in localizedbrk activation at . b
the site of injection (below the plane of focus). In both ’ ‘ “

backgroundshrk-lacZexpression in its endogenous domain
(in the plane of focus) continues to be repressed. wt

shown thattkv- embryos lack expression afpp and Ubx in T2 and T3 in wild-type embryos (Fig. 8A). In contrast,
expression in the gut (Affolter et al., 1994). In thd; tkv  excess Dpp was unable to indumetranscription in double
double mutants, only residual expression of these genes cantbgtant embryos that lacked boshnand the repressdirk
detected (Fig. 7D,E). Likewise, expression @ifa in the  (Fig. 8B). This result demonstrates thsiin is obligately
primordia of the wing/haltere imaginal discs is losttikv  required for activation ofnaby Dpp.

mutants, and is only marginally recovered in embryos that lack We used a similar approach to determine whether Shn was
brk andtkv (Fig. 7F; Goto and Hayashi, 1997). Although theseessential for repression bfk. Overexpression of Dpp after
Dpp-inducible genes were expressed at low levelwknshn  gastrulation is sufficient to repress endogenksin a wild-
double mutants as well, the loss is more severbriintkv  type background (Fig. 8C). However, shn mutants, brk
animals, indicating a greater contribution frokw relative to  continues to be expressed widely even after induction of Dpp
shnin gene activation. This is in contrastdpp expression in  (Fig. 8D). From this experiment we conclude #tatis strictly

the ‘leading edge’ cells, wheskinandtkv appear to contribute required for Dpp-mediated repression btk during late

equally to relief ofork repression. embryogenesis. In light of the above data, the fact lihat
derepression occurs at an earlier stagédgpnull embryos

Shn is essential for Dpp-mediated activation of sna (stage 8) compared wighnmutants (stage 11), was puzzling

and repression of  brk (see Fig. 1B,D). To test whethshnis redundant for Dpp-

We have shown that Shn contributes to gene expressignediated repression dirk during early development, we
through bothork repression and direct activation. However, aninjected mRNA encoding an activated form of the Dpp type |
important question is whether Shn is essential in either of th@ceptor Tkv (TkvA) into precellular blastoderm stage
mechanisms by which Dpp-responsive genes are induced. ®nbryos (Nguyen et al, 1998), and analyzed-lacZ
assess the requirement min gene activation, we examined expression at stage 5/6 (Fig. 8E-H). Embryos were always
expression ofsng a gene that shows severely reducednjected ventrolaterally on one side, allowing reporter gene
transcription inbrk; shndouble mutants compared with wild- expression on the opposite side to serve as an internal control.
type embryos (see Fig. 5). Ubiquitous expression of Dpp usings seen in Fig. 8F, ectopic activation of the Dpp pathway in
a heat-shock promoter results in expansiosrnzfexpression  wild-type embryos results in inhibition dfrk expression
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Fig. 9. Shn affects Dpp target genes through a dt

mechanism. (A) Binding of Dpp to Tkv triggers A Dpp B

Mad phosphorylation and accumulation of Mad/

in the nucleus where they interact with Shn. The E m
tripartite complex is involved both in repression ¢ Tkv ’///////

brk transcription as well as in activation of Dpp Mad |\ _Shn

target genes. Downstream responses can be as:

to three classes based on their requiremergtfor Mad - Medea - Shn

andbrk activity. shncontributes indirectly to the
expression of class A genes, through relidbrif
repression. Promoters belonging to class B and
incorporate inputs from Brk as well as Shn/Mad
activation, but can be distinguished based on the
level of contribution from Shn. liork; shndouble A
mutants, the expression of class B genes is L Targetgene
comparable with that in wild-type animals, - =
indicating that in the absence of both factors, Me

mediated signaling is sufficient for expression wi......

the normal domain. However the wider domain of expression encountdymddhiutants is not sustained by Mad in the double mutants,
suggesting that Shn activity may be crucial in cells that are exposed to minimal levels of Dpp signaling. In contragar@&tssdGplay a
pronounced reduction both in the size of the domain and levels of gene expression in the double mutant, not onl\br&faweatso
compared with wild-type animals. Thus, Shn makes a signifimérihdependent positive input to regulation of these genes in the endogenous
domain. (B) Shn may facilitate Mad activity, perhaps by enhancing interaction of Mad with DNA and/or components of theitraascrip
machinery, such as co-activators (Co-A) and co-repressors (Co-R) in a promoter-specific manner. Additional DNA-bindingaydteins
involved in recruiting the Co-R.

:

A

unilaterally from the side into which TkvA was injected. We  Table 1. Response dirk to ectopic Dpp signaling in

wished to ascertain whether repression bok by TkvA different genetic backgrounds
requires Mad activity. As in the case dpp mutants,brk Response dbrk-lacZreporter
expression in embryos lacking both maternal and zydeid TkvA dose

is initiated correctly but is upregulated at stage 8 (data nc Genotype  (ngll)  Noeffect Repression Activation*
shown). Significantly, TkvA was ineffective in repressbrg- wild type 10 12% 69% 19%
lacZ expression ifMad null embryos, indicating that Mad is shrP4738 10 9% 57% 34%
essential for repression ofk (Fig. 8G). In contrast, irshn \'\/’\'ﬁgltz g% 100% 2o 619
mutant animals TkvA was able to inhilitk-lacZ expression Sh'ﬂ%g%e 50 _ 1 4%‘: 86%‘:

in a localized manner (Fig. 8H). The incidence of inhibition a Madi? 50 100% - -

10 ngful of TkvA was similar in embryos lackinghnactivity
and in wild-type controls, underscoring the fact that Mad cal *Note that all embryos that display ectopic activation of reporter at the site
repressbrk in the absence of Shn. These results suggest thof injection, also show repressmnh)k—lachn the endogenous domain of

e expression. For each set of experiments, more than 50 embryos of the relevant
Shn may play a stage- or enhancer-specific rolebr  genotype were injected and scored.
repression, rather than having a mechanistically essenti
function.

Another intriguing result from the mMRNA injection wild-type andshim embryos is a consequence of ‘squelching’
experiments was that under some circumstances TkvA wdxy Mad at high levels of signaling, and its enhancemesitin
capable of inducing low level activation bfk-lacZ This  mutants reflects a role for Shn in increasing the efficiency
occurred both in wild-type and ishn mutant embryos, of Mad interactions with transcriptional complexes (see
although the effect was more pronounced in the absence Discussion).

Shn. In all instancelsrk-lacZ activation was limited to a small

group of cells in the center of a domain that lacked reporter

gene expression, suggesting that activation is associated wEHSCUSSION

higher levels of Dpp signaling at the site of injection, while

comparatively lower levels of TkvA at the periphery areShn is likely to function as a transcriptional co-factor for Mad
sufficient to represbrk expression in its endogenous domain.in the nuclear response to Dpp based on its DNA-binding
Supporting this view, the percentage of embryos showingbility and the demonstration of signaling-dependent
ectopicbrk-lacZ expression increased at higher levels of TkvAinteractions between the two proteins (Dai et al., 2000;
both in wild type andghnmutants (Table 1). This expression Udagawa et al., 2000). In this study we have shown that Shn
appears to represent de novo activation rather than lack @ike Mad) contributes to regulation of Dpp target genes
repression, as it can occur even in the lateral region of thterough two distinct mechanisms: by direct activation and by
embryo in cells that do not normally exprds& (Fig. 81,J).  restricting expression of the repressor Brk. Our results indicate
Strikingly, we never observdatk activation (or repression) in that Shn acts as a facilitator of Mad activity and enhances its
Mad-null embryos in response to excess TkvA (see Table 1)nteraction with DNA or components of the transcriptional
It is possible that the dose-dependent inductiobritdacZ in machinery (summarized in Fig. 9).
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Shn is not a dedicated repressor of  brk transcription idea, injection of TkvA into embryos that lack Mad did not
Genetic evidence implicates both Shn and Maddpp  induce eithetbrk activation or repression (Fig. 8G; Table 1).
dependent repression dfrk. Cells that lackMad or shn  The increased frequency of ectofick expression inshrm
ectopically expresbrk and fail to activate the Dpp-responsive embryos could indicate that Shn stabilizes a Mad/co-repressor
genesoptomotor-blind(bifid — FlyBase)vestigial spaltand complex on théark promoter. It is worth bearing in mind that
Dad in the wing disc (Campbell and Tomlinson, 1999;even in shim embryos, ectopic activation did not occur
Jazwinska et al., 1999a; Minami et al., 1999; Marty et al., 2000ndependent obrk repression in the peripheral cells (Fig. 8J).
Torres-Vazquez et al., 2000). We have found that abolition ofhus, it appears that Shn does not determine whether Mad acts
shnor Mad activity results in upregulation dfk in the embryo  as an activator or as a repressor, but may promote its interaction
and that in the absencesifnectopic Dpp cannot supprask  with other factors that determine the polarity of Mad
expression (Figs 1, 8D; data not shown). As Shn and Mamlanscriptional activity (see below and Fig. 9).
interact directly, an attractive hypothesis is that a Shn/Mad ) _ o
complex is involved in the Dpp-dependent repressidirlofit ~ Shn is essential for  brk-independent gene activation
has recently been suggested that Dpp signaling bifurcatésalysis of Dpp-responsive gene expressiooriky shndouble
downstream of Mad/Med into a Shn-dependent pathwaynutants has allowed us to assess hifeindependent input
leading tobrk repression and a Shn-independent pathway thdtom shnto gene activation at different developmental stages
triggers gene activation (Marty et al.,, 2000). According toin a range of tissues. Although it has not been demonstrated
this model, Shn acts primarily as a dedicated repressadhat each of these markers is a direct target of Dpp signaling,
that switches Mad from a transcriptional activator to awe can distinguish three categories of responses based on these
transcriptional repressor on thek promoter (Marty et al., studies (Fig. 9A). In the first group (class A), exemplified by
2000). However several lines of evidence from our study ardppin the leading edge of the dorsal ectoderm, expression in
incompatible with such an interpretation. the double mutant is indistinguishable from that drk™

A strong argument thathnhas additional roles beyorfak  embryos (Fig. 4). Thusshn contributes to class A gene
repression comes from the fact that simultaneous losskof expression primarily by relief obrk repression. Promoters
andshnactivity results in a phenotype that is distinct from thatbelonging to class B includ®ad and pnr in the dorsal
of brk-null animals. If the sole function a&thnis to mediate ectoderm during germband extension. Expression of class B
brk repression, theehnactivity should be redundant inbek  genes is downregulated in the double mutant compared with
mutant background. However, both at the overt phenotypibrk™ embryos, but is equivalent to wild-type levels. We infer
level as well as in the regulation of individual target gelmds,  from this result that in the absence of Brk and Shn, Mad-
shndouble mutants display defects consistent with lower levelmediated activation may be sufficient for expression within the
of Dpp signhaling compared with embryos that léack alone  normal domain, but cannot sustain the lateral expansion
(Figs 2, 4-6). These results indicate tkan participates in  encountered irbrk mutants. A third category of responses
gene activation throughtak-independent mechanisms as well (class C) includedpp andUbx in the midgut, andnain the
(see below). The finding that Shn is not obligately required tprimordia of the wing/haltere imaginal discs. Genes in this
suppresbrk transcription prior to germband elongation, while class show significantly reduced levels of expression in the
Mad is essential in this process, also argues against aouble mutant, not only relative ook~ but also compared with
exclusive role for Shn as a Mad co-repressadpip andMad-  wild-type animals. Class C promoters incorporatebri-
null embryosbrk is upregulated at stage 8, while in embryosindependent positive input froshnthat is necessary for wild-
lacking shn function, derepression occurs approximately 3type levels of expression. The inability of ectopic Dpp to
hours later than the transition lofk regulation from maternal induce sna expression inshn mutants demonstrates the
to zygotic control (Fig. 1B,D,F; and data not shown). Thus, essential nature of the requirement for Shn in activation of class
transcription is insensitive to the absencestofifunction at a  C genes (Fig. 8A,B).
time when it is responsive to Dpp and Mad. This idea is Itis evident that repression bfk is crucial for expression of
reinforced by the fact that ectopic Dpp signaling (throughall three classes of genes described, and as such accounts for a
TkvA) can represérk transcription at stage 5/6 in both wild- significant part of the positive input froshnto gene activation.
type andshim animals, but not iMad-null embryos (Fig. 8F- In addition, our data suggest that Mad and Shn contribute
H; Table 1). Collectively these data provide compellingequally to repression dirk and regulation of class A genes
evidence against a model in which all aspects oftimenutant  (Fig. 7). However, the fact thdirk activity is only partially
phenotype result from derepressiornbdf transcription. epistatic with respect to class B and C promoters, indicates that

The unexpected result that at high levels TkvA mediatethe majority of genes examined in this study integrate positive
activation of brk promoter, while at low levels it causes inputs fromshn as well as negative inputs frdok. The near
repression reveals a possible mechanism by which Shaild-type expression of class B genes in double mutant embryos
contributes to Mad activity (Fig. 8l,J; Table 1). Onesuggests that thek-independent input froshnmay be crucial
explanation for these concentration-dependent effects of Tkvat the margins of the expression domains and may be less
could be that the default mode of Mad action is transcriptionaignificant in regions of the embryo that receive moderate to
activation, and interaction with a co-repressor (perhaps presenigh levels of Dpp signaling. In contrast, the positive input from
in limiting amounts) is crucial to bring about repression. Cellshnto class C targets appears to be important throughout the
that receive very high levels of signaling could experiencelomain of expression. The observation that genes such as
‘squelching’, owing to excess nuclear Mad that binds to thelCreb-Aand Scrthat are repressed lapp signaling are also
brk promoter without recruitment of the co-repressor, thusensitive to loss dirk, raises the possibility that Dpp regulates
promoting activation rather than repression. Supporting thitheir expression indirectly. In this event, tthep target genes



1668 J. Torres-Vazquez and others

that mediate repression dCreb-Aand Scrwould belong to  signaling suggests that Shn does not confer the ability to
classes A and C, respectively. activate or repress transcription. It appears more likely that the
The partial restoration afpp target gene expression in the activity of the Mad/Shn complex is modulated in a promoter
double mutants relative hrm embryos provides a basis for specific fashion analogous to the mechanisms that convert DI
interpreting the cuticle phenotype. Homozygodmk; shn  from an activator to a repressor (Mannervik et al., 1999; Chen
animals as well adrk; tkv mutants have an intermediate and Courey, 2000). Similarly, the presence of binding sites for
phenotype in that they show rescue of the dorsal closure defdattors that bring co-repressors into proximity with Mad/Shn
observed inshn and tkv mutants, but also display a reducedcould permit inhibition of transcription at thwk promoter
dorsal epidermis compared witink-null embryos (Figs 2B-D, while target genes that lack these sites could be activated in the
7B). Bothdppandpnr have been implicated in dorsal closure,same cells (Fig. 9B). It has been shown that Smad4 interacts
which results from movement of the epidermal cells over thavith the co-repressor TGIF and the co-activator CBP in a
amnioserosa and their suturing at the midline (reviewed imutually exclusive manner (Wotton et al., 1999). Thus, the
Noselli and Agnes, 1999). In light of this, the recovery of theirbility to recruit co-activators as opposed to Smad co-
expression in the dorsalmost ectodermal cells in the doublepressors (such as c¢Ski and SnoN), or more general
mutants correlates well with the restoration of dorsal closurganscriptional repressors like Groucho or CtBP, would be
(Figs 4, 7). Likewise, the compromised expression of dorsalrucial to determining whether Dpp stimulation resulted in
ectodermal markers such Bad andpnr in brk; shnembryos  activation or repression of the target gene.
relative tobrk null animals, provides molecular correlates for It is conceivable that in addition to repressitgk

the ventralization observed in the double mutants. transcription, Shn and Mad could prevent residual Brk protein
o ) ) in the nucleus from binding to target gene promoters through
Mechanistic basis of Shn function steric hindrance or direct competition for common binding

The data presented in this study indicate that Shn can mediati¢es. Related anti-repression mechanisms have been postulated
both gene activation anlrk repression in response to Dpp for Smadl and Smad2 that interact with the transcriptional
signaling. An important question is whether Shn has a Madepressors Hoxc-8 and SIP1, respectively, triggering their
independent role in activation. Shn contains a potentiadissociation from the osteopontin and X-Bra promoters
activation domain, and the human ortholog of Shn (PRDII{Verschueren et al., 1999; Yang et al., 2000). Although such a
BF1) can elicit a 10-fold increase in gene expression imechanism could potentially enhance the efficiency with
transfection assays (Seeler et al., 1994). However, a Shn-Gal#hich Shn and Mad antagonilzek activity, it does not account
fusion protein does not activate transcription in yeast, and SHor the brk-independent input frorshn observed inbrk; shn

is only marginally effective in stimulating a Dpp-responsiveembryos, as there is no Brk protein in the double mutants.
reporter in the absence of Mad in cell culture assays (Dai et

al., 2000). Taken together these results suggest that Shn agisn activity is functionally redundant during early

by promoting Mad binding to DNA and/or its interactions with embryonic patterning

the transcriptional machinery (Fig. 9B). There is amplépegpite the fact thahntranscripts are present from precellular
precedent for such a mechanism, as several vertebrate DNfstoderm stage onwards, losssbhactivity does not affect
binding Smad partners such as FAST1, OAZ, Mixer and Milkejtherbrk repression or the expression of Dpp target genes until
do not have an innate ability to stimulate transcription, bufjermband extension. Germline clonal analysis and ds-RNAi
potentiate gene activation by Smads in a pathway specif@periments (S. P. and K. A., unpublished data) indicate that
manner (reviewed in Massagué and Wotton, 2000). Ane insensitivity of Dpp target gene expression to losshaf
prediction from our data is that promoters of class B and clagﬁmng early ‘embryogenesis is unlikely to result from

C genes are likely to contain binding sites for Shn as well gSerqurance of maternal message. Thus, the ‘weakness’ of the
Mad, and that Shn increases Mad specificity by recruiting it tghn mutant phenotype may reflect a limited temporal

a subset of promoters that contain binding sites for bOthquirement forshn in dpp signaling, rather than a lesser
proteins. Analysis of gene expression birk; tkv mutants  yequirement forshn activity throughout development. The
demonstrates that for class B and class C geleeprovides  fynctional redundancy afhnduring early patterning could be

a greatebrk-independent input compared withn consistent  qye to the presence of another protein that contributes a Shn-
with the idea that Mad plays a primary role in Dpp-dependenfxe activity to Dpp signal transduction. Alternatively, Mad
gene activation and thahnfaulngtes Mad activity. Further _ activity alone could be sufficient for induction of early D/V
support comes from the observation that deletion of Mad Sit&Satterning genes if they contain promoter elements that are
in the Ubx midgut enhancer had a more profound effect thagore sensitive to Mad. It is also possible that the higher levels
abolition of Shn binding (Szuts et al., 1998; Dai et al., 2000)of hyclear Mad resulting from the synergy between Scw and
It has been shown that Mad interacts with Nejire (Nej), theypp in early embryogenesis renders the potentiation of Mad
Drosophilahomolog of the co-activator p300/CREB binding by Shn unnecessary (Nguyen et al., 1998; Neul and Ferguson,
protein (CBP) (Akimura et al., 1997; Waltzer and Bienz, 1998)31998). Finally, given the conserved nature of the BMP signal
Reduction imejactivity affects the expressionogh pnrand  ransduction pathway and the identification of Shn homologs
Ubx, and disrupts events that atiep andshndependent, like i hymans, frogs and worms, it is possible that Shn-like

trgcheal migration and imaginal dis_c patternir_lg (Waltzer a”%roteins in other systems potentiate Smad activity in an
Bienz, 1999; Ashe et al., 2000). It is interesting to speculatgng|ogous manner.

that Shn may interact directly with Nej and stabilize complex
formation between Mad/Medea and Nej. We are grateful to D. Andrew, G. Campbell, L. Marsh, S. Newfeld,
The requirement for Shn and Mad in both aspects of Dppl. O’Connor, R. Padgett, S. Roth, C. Rushlow, T. Tabata, J. Treisman
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