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In the embryonic midgut of Drosophila, Wingless (Wg) signaling elicits threshold-specific transcriptional
response, that is, low-signaling levels activate target genes, whereas high-signaling levels repress them.
Wg-mediated repression of the HOX gene Ultrabithorax (Ubx) is conferred by a response sequence within the
Ubx B midgut enhancer, called WRS-R. It further depends on the Teashirt (Tsh) repressor, which acts through
the WRS-R without binding to it. Here, we show that Wg-mediated repression of Ubx B depends on Brinker,
which binds to the WRS-R. Furthermore, Brinker blocks transcriptional activation by ubiquitous Wg signaling.
Brinker binds to Tsh in vitro, recruits Tsh to the WRS-R, and we find mutual physical interactions between
Brinker, Tsh, and the corepressor dCtBP. This suggests that the three proteins may form a ternary repressor
complex at the WRS-R to quench the activity of the nearby-bound dTCF/Armadillo transcription complex.
Finally, brinker and tsh produce similar mutant phenotypes in the ventral epidermis, and double mutants
mimic overactive Wg signaling in this tissue. This suggests that Brinker may have a widespread function in
antagonizing Wg signaling.
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Wingless (Wg) signaling is essential at different stages
during Drosophila development. In the early embryo, wg
is expressed in segmental stripes in the epidermis, and
together with engrailed determines the parasegmental
borders (Perrimon 1994). Later, during embryogenesis,
wg has a critical function during endoderm induction:
wg is expressed in a single parasegment (ps) in the mid-
gut, in which it controls the expression of two HOX
genes, Ultrabithorax (Ubx) and labial, as well as the
formation of the middle gut constriction, which sepa-
rates the anterior and the posterior midgut (Bienz 1994).
In imaginal discs, Wg signaling controls multiple pro-
cesses, including the specification of ventral cell fates in
the leg disc (Struhl and Basler 1993), the dorso-ventral
compartment boundary, the prospective margin in the
wing disc (Klein 2001), and the formation of head cuticle
in the eye disc (Treisman and Rubin 1995; Royet and
Finkelstein 1996).

Armadillo is a key effector of the Wg pathway (Cavallo
et al. 1997). It is stabilized by Wg signaling and, conse-
quently, translocates into the nucleus, in which it acti-
vates the transcription of Wg target genes by binding to
dTCF (Brunner et al. 1997; Riese et al. 1997; van de We-
tering et al. 1997). dTCF belongs to the TCF/LEF family
of sequence-specific high mobility group (HMG) proteins

that are thought to be architectural factors mediating
assembly of multiprotein enhancer complexes (Gross-
chedl et al. 1994). In the absence of Wg signaling, dTCF
actively represses Wg target genes by binding to the co-
repressor Groucho (Cavallo et al. 1998) and the CREB-
binding protein (dCBP), which can acetylate the Arma-
dillo-binding domain of dTCF (Waltzer and Bienz 1998).
Thus, Wg signaling converts dTCF from a transcriptional
repressor to an activator (Bienz 1998).

A number of Wg target genes have been identified
whose expression is stimulated directly by dTCF/Arma-
dillo. These include Ubx (Riese et al. 1997), dpp (Yang et
al. 2000), and stripe (Piepenburg et al. 2000), each of
which contains Wg-responsive enhancers with binding
sites for dTCF. Other examples are teashirt (tsh) (Ma-
thies et al. 1994), engrailed (Hooper 1994), Dfrizzled2
(Cadigan et al. 1998), and shavenbaby (Payre et al. 1999),
but it has not been shown whether these genes are con-
trolled directly by dTCF. Furthermore, Wg signaling can
also repress target genes, for example the HOX genes
Ubx and labial in the embryonic midgut (Hoppler and
Bienz 1995; Yu et al. 1998). Similarly, Wg represses its
own expression in the midgut (Yu et al. 1998) and in the
wing imaginal disc along the margin (Rulifson et al.
1996). dpp is antagonized by Wg in multiple embryonic
and larval tissues (Ma and Moses 1995; Treisman and
Rubin 1995; Brook and Cohen 1996; Jiang and Struhl
1996). Notably, in some tissues, Wg signaling acts at
multiple threshold levels to control the expression of its
target genes, for example, in the embryonic midgut. In
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this issue, Ubx and labial are stimulated by low Wg
levels and repressed by high Wg levels (Bienz 1997). Wg
also acts at multiple thresholds in the wing (Zecca et al.
1996; Neumann and Cohen 1997) and in the leg imaginal
discs (Lecuit and Cohen 1997).

Transcriptional repression mediated by Wg is not well
understood. Perhaps the best-studied model is the mid-
gut enhancer of Ubx, called Ubx B (Thüringer et al.
1993), which is repressed by high levels of Wg signaling
in the posterior embryonic midgut (Yu et al. 1998; Fig.
1A). This repression is conferred by the WRS-R (Yu et al.
1998), a sequence that is distinct from the WRS, that is,
the dTCF-binding site that confers Wg-mediated stimu-
lation of this enhancer (Riese et al. 1997; Fig. 1B). The
WRS-R coincides with the DRS, a tandem of binding

sites for the Dpp effector Mad that mediates transcrip-
tional stimulation by Dpp signaling (Kim et al. 1997;
Szüts et al. 1998). Furthermore, it has been shown that
Tsh acts through the WRS-R to repress Ubx B in re-
sponse to high Wg levels (Waltzer et al. 2001). However,
Tsh does not bind to the WRS-R directly (Waltzer et al.
2001), so the DNA-binding protein conferring the Wg-
mediated repression remained elusive.

Brinker was initially discovered as an antagonist of
Dpp signaling (Campbell and Tomlinson 1999; Jazwin-
ska et al. 1999a; Minami et al. 1999). It is a sequence-
specific DNA-binding protein with a distantly related
homeodomain (Sivasankaran et al. 2000; Rushlow et al.
2001; Zhang et al. 2001) and functions as a transcrip-
tional repressor (Sivasankaran et al. 2000; Hasson et al.

Figure 1. Gene expression in the midgut and signal-responsive sequences in Ubx B. (A) Expression of HOX proteins (top), Wg and Dpp
in the midgut mesoderm (Bienz 1996) in relation to Tsh expression and estimated domains of brk expression (Jazwinska et al. 1999b;
E. Saller and M. Bienz, unpubl.). Expression of tsh in ps8 requires wg and dpp (Mathies et al. 1994). Midgut limits, positions of gastric
caeca (in ps3) and of the gut constrictions are indicated above parasegments (ps); note that the middle gut constriction bissects the
midgut into anterior and posterior. Critical regulatory interactions between the genes in the middle midgut are shown (arrows,
stimulatory; barred line, repressive). (B, top) Signal-responsive sequences within the Ubx B midgut enhancer, with the WRS, DRS, and
WRS-R indicated. These include binding sites for the Wg effector dTCF, the Dpp effector Mad, and the cAMP response element
(CRE)-like sequence. Note that the three Brinker-binding sites coincide with the Mad sites (Saller and Bienz 2001). (Bottom) Sequence
of the BM2 enhancer with mutations in the Mad/Brinker-binding sites.

Brinker-mediated transcriptional repression

GENES & DEVELOPMENT 1829



2001; Kirkpatrick et al. 2001; Rushlow et al. 2001; Zhang
et al. 2001). Recently, we have discovered that Brinker
binds to the Mad-binding sites within Ubx B to antago-
nize Dpp-mediated stimulation of this enhancer (Saller
and Bienz 2001). Because these overlap the WRS-R (see
above), we asked whether Brinker might be involved in
Wg-mediated repression. This is the case. Here, we show
that brinker is required for repression of Ubx and wg by
high levels of Wg signaling in the embryonic midgut.
Furthermore, Brinker competes efficiently with Wg sig-
naling, blocking Wg-mediated stimulation of Ubx B. We
provide evidence that Brinker can recruit Tsh to the
WRS-R to form a repressor complex, and that the two
proteins can recruit the corepressor dCtBP. This suggests
a mechanism by which Brinker can block dTCF/Arma-
dillo-mediated stimulation of Wg target genes. Finally,
we show that Brinker also antagonizes wg in the ventral
epidermis of Drosophila embryos.

Results

brinker is required for Wg-mediated repression
of Ubx and wg

In wild-type embryos, Ubx B directs �-galactosidase
(lacZ) expression in the middle midgut, between the an-
terior and the posterior midgut constriction (ps6-9) (Fig.
2A). In brinker mutants, Ubx B is derepressed at both
ends of the midgut, approximately in ps2 and ps12 (Saller
and Bienz 2001; arrowheads in Fig. 2B). If Wg is overex-
pressed throughout the midgut, lacZ staining is strong
anterior to the middle gut constriction (i.e., to the left of
the vertical bar in Fig. 2C), but is much reduced posterior
to this constriction (Fig. 2C, open triangle; Yu et al.
1998). The stimulation in the anterior midgut is partly
due to the overexpressed Wg, and partly to endogenous

Dpp, which is ectopically activated throughout this re-
gion by constitutive Wg signaling (Yu et al. 1996). The
lack of staining posterior to the middle gut constriction
reflects repression of Ubx B by Wg signaling, which
reaches particularly high levels near the Wg source (in
ps8, indicated by asterisks in Fig. 2; Yu et al. 1998). How-
ever, if Wg is overexpressed in brinker mutant embryos,
lacZ staining is evenly strong throughout the midgut,
from ps2 to ps12 (Fig. 2D). Thus, brinker is required in
the posterior midgut for the repression of Ubx B in re-
sponse to high Wg levels.

We asked whether brinker mutation affects Ubx itself.
Ubx is expressed in ps7 of the midgut, with a sharp pos-
terior expression limit coinciding with the middle gut
constriction (Bienz and Tremml 1988). Although Ubx is
derepressed in the posteriormost region of the midgut in
brinker mutants, we could not detect any Ubx derepres-
sion into ps8 (Saller and Bienz 2001), probably because
Ubx is repressed in this region by the HOX gene ab-
dominal-A (presumably independently of Brinker; Bienz
and Tremml 1988). We thus used an extended Ubx en-
hancer, called RP9, which faithfully mimics Ubx expres-
sion in the midgut, but which is less efficiently repressed
by abdominal-A than Ubx itself (Thüringer and Bienz
1993). Like Ubx itself, RP9 directs lacZ expression in ps7
of the visceral mesoderm (Fig. 2E) in response to Dpp and
low levels of Wg signaling, but is repressed posterior to
the middle gut constriction in response to high Wg levels
(in contrast to Ubx B, which has lost much of its respon-
siveness to high Wg levels, and thus mediates broader
expression; Yu et al. 1998). In brinker mutant embryos,
RP9-mediated lacZ staining extends clearly beyond the
middle gut constriction and is strong in ps8 (Fig. 2F;
Saller and Bienz 2001). Furthermore, in brinker mutants,
RP9 responds to ubiquitous Wg in the posterior midgut
by conferring lacZ staining in this region (arrow-

Figure 2. brinker is required for Wingless-mediated repression of Ubx and wg. Side views of 12-to-14-hour-old embryos, wild-type or
brk mutant, bearing Ubx reporter genes and hs-wg as indicated, stained with antibody against lacZ (A–H) or Wg (I,J); (bottom) an
enlarged section is shown that spans the relevant gut region (ps6–ps9). (*) Wingless sources in the wild type; (�) point to transcriptional
repression due to high Wg levels, arrowheads to stimulation and derepression in response to ectopic Wg. Note the absence of
Wg-mediated repression posterior to the middle gut constrictions in brk mutants. These constrictions are indicated by vertical lines
in this and all subsequent figures; anterior to the left, dorsal up.
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head in Fig. 2H), although there is no trace of RP9-me-
diated staining in this region in a wild-type embryo that
expresses ubiquitous Wg (open triangle in Fig. 2G). These
results indicate that brinker is required for repression of
RP9—and by extrapolation of Ubx—posterior to the
middle gut constriction, near the Wg source.

Next we asked whether brinker also controls wg,
which, at late embryonic stages, autorepresses itself in
ps8 (Yu et al. 1998). In wild-type embryos, wg is initially
expressed in ps8 (Bienz et al. 1988), but subsequently,
when the middle gut constriction forms, shifts slightly
toward anterior, so it is expressed at this stage in a band
of 6–8 cells wide spanning this constriction (Fig. 2I).
However, in brinker mutant embryos, there is a clear
posterior expansion of Wg staining that is now detect-
able in a band of ∼8–12 cells wide (Fig. 2J, arrowhead).
Thus, brinker is required for autorepression of wg in this
region of the midgut.

Brinker repressor blocks Wg-induced stimulation
of target genes

Our results suggest that the Brinker repressor may be
able to overcome Wg-mediated target gene activation in
the middle midgut. To test this hypothesis, we moni-
tored the activity of Ubx B after simultaneous overex-
pression of Brinker and Wg in the mesoderm. As men-
tioned above, Wg overexpression alone leads to strong
staining in the anterior part of the midgut (ps3–ps7) and
substantial reduction of staining posterior to the middle
gut constriction (Figs. 2A,C and 3A,C). However, ectopic

Brinker repressed Ubx B virtually throughout the mid-
gut, whether or not Wg was present (Fig. 3B,D). This
shows that Brinker can repress a Wg-responsive en-
hancer even in the presence of strong Wg stimulation.
Evidently, the Brinker repressor is dominant over the
stimulatory dTCF/Armadillo transcription complex.

Brinker targets the WRS-R to repress Ubx B
in response to Wg

A mutant Ubx B enhancer that lacks functional Mad-
binding sites (BM2) directs weak lacZ expression poste-
rior to the middle gut constriction (in ps8 and ps9),
which reflects its responsiveness to Wg stimulation but
not to Dpp (Szüts et al. 1998; Fig. 3E). As expected, BM2
is much less responsive to overexpressed Brinker than
the wild-type enhancer (Saller and Bienz 2001), although
we noted earlier that there is still a residual Brinker re-
sponse of BM2 (as indicated by the slight difference in
lacZ staining between Fig. 3F and E). This residual re-
sponse could be due to a fortuitous Brinker-binding site
elsewhere in the plasmid (Saller and Bienz 2001).

Ectopic Wg causes an expansion of BM2-mediated
lacZ staining in cells scattered throughout the midgut
(including the posterior midgut, in which Wg represses
Ubx B; Fig. 3G). This confirms that this mutant en-
hancer can be stimulated, but no longer repressed, by Wg
signaling (Yu et al. 1998). Simultaneous overexpression
of Brinker and Wg also allows activity of BM2 in indi-
vidual cells throughout the midgut (Fig. 3H). This lacZ-
staining pattern is similar to that due to ectopic Wg
alone (Fig. 3G), although, again, there is less lacZ stain-
ing in the presence compared with the absence of ubiq-
uitous Brinker, indicating a residual Briner response of
BM2 also under these conditions. Nevertheless, these
experiments indicate that Brinker depends on the
WRS-R sequence to fully antagonize Wg-mediated
stimulation of Ubx B.

Brinker recruits Tsh and dCtBP to the WRS-R

We asked whether Brinker might recruit Tsh to the
WRS-R. We thus expressed Tsh in bacteria as a GST
fusion protein and tested its binding to radioactively la-
beled in vitro-translated Brinker by pull-down assays.
This revealed binding between the two proteins in vitro
(Fig. 4A, lanes 1–3). This was confirmed by the converse-
binding experiment based on GST–Brinker and radioac-
tively labeled Tsh (Fig. 4A, lanes 4–6).

Next, we performed gel-shift assays to test whether
Tsh can bind to Brinker when the latter is bound to the
WRS-R. We have shown previously that the amino-ter-
minal homeodomain of Brinker (amino acids 44–99)
binds to the Mad-binding sequence within Ubx B,
whereas a carboxy-terminal fragment of Brinker lacking
this domain does not (Saller and Bienz 2001). We now
find that GST–Tsh produces a super-shift if added to full-
length Brinker (Fig. 4B, lanes 10 and 11) or to an amino-
terminal fragment of Brinker (spanning amino acids

Figure 3. Brinker blocks Wg-induced transcriptional stimula-
tion by targeting the WRS-R. Side view of ∼14-hour-old embryos
bearing Ubx B or BM2 as indicated, stained with antibody
against lacZ. (�) Indicates lack of lacZ staining due to ectopic
Wg or Brinker; residual staining is indicated by arrowheads.
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1–360; Fig. 4B, lanes 6 and 7), but fails to produce a super-
shift if added to a minimal Brinker fragment spanning
the homeodomain (Fig. 4B, lanes 4 and 5). This indicates
that Brinker can recruit Tsh to the WRS-R.

Brinker and Tsh both contain a motif (P-DLS-K)
known to interact with Drosophila CtBP (dCtBP) (Nibu
et al. 1998b). Human CtBP was first identified as a pro-
tein that binds to the carboxyl terminus of the adenovi-
rus E1a oncoprotein and functions as a tumor suppressor
(Boyd et al. 1993). Furthermore, CtBP proteins are tran-
scriptional corepressors (Turner and Crossley 1998;
Criqui-Filipe et al. 1999). dCtBP was isolated in a two-
hybrid screen for proteins that bind to the transcriptional
repressor Hairy (Poortinga et al. 1998; Zhang and Levine
1999; Phippen et al. 2000). It mediates transcriptional
repression by the short-range repressors Knirps, Krüppel,

Snail, and Giant in the Drosophila embryo (Nibu et al.
1998a; Nibu and Levine 2001). We thus tested in vitro
binding between Brinker and dCtBP, and between Tsh
and dCtBP.

In vitro-translated Brinker binds to bacterially ex-
pressed GST–dCtBP in pull-down assays (Fig. 4C, lane 3).
As expected, an amino-terminal fragment of Brinker
spanning amino acids 1–376 fails to bind in vitro-trans-
lated dCtBP (Fig. 4C, lane 6). However, a carboxy-termi-
nal fragment of Brinker spanning amino acids 377–704,
and to a lesser extent, full-length GST–Brinker, bind to
dCtBP (Fig. 4C, lanes 7 and 8). Further pull-down assays
show direct binding between dCtBP and Tsh (Fig. 4D).
These results suggest that Brinker and Tsh may be able
to recruit the corepressor dCtPB, individually or to-
gether.

Figure 4. Direct binding between Brinker, Tsh, and dCtBP. (A,C,D) In vitro pull-down assays with equimolar amounts of GST fusion
protein and in vitro-translated radioactively labeled protein as indicated; 10% of the total reaction was loaded in the input lane (*). (B)
Gel-shift assays with GST fusion proteins as indicated at top (1 µg per assay for Brinker–GST or fragments thereof; 15 µg per assay for
Tsh–GST). The positions of the Brinker/DNA complex and of the ternary Tsh/Brinker/DNA complex are indicated at right.
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The repressor activity of Tsh in the midgut
depends on brinker

We tested whether Brinker and Tsh interdepend on each
other in the transcriptional repression of Ubx B. tsh mu-
tant embryos are easily recognized by their lack of the
anterior and middle gut constrictions (Mathies et al.
1994), but the staining pattern of Ubx B in tsh mutant
embryos is the same as the pattern seen in wild-type
embryos (Fig. 5A). Ectopic Brinker repressed Ubx B
throughout the midgut, regardless of whether Tsh was
present or not (Fig. 5B,C). Thus, Brinker can repress the
Ubx B enhancer in the absence of Tsh.

We then asked whether Tsh can repress transcription
in the absence of Brinker. Overexpression of Tsh
throughout the mesoderm causes repression of Ubx B
anterior to the middle gut constriction (in ps6 and ps7),
but not in ps8, in which the levels of endogenous Wg and
Tsh are high (Waltzer et al. 2001; Fig. 5E). However, Tsh
cannot repress Ubx B in brinker mutant embryos; the
lacZ staining pattern is the same in these mutants,
whether or not they also overexpress Tsh (Fig. 5, cf. F
with D). Thus, Tsh depends on brinker to repress Ubx B
in the midgut.

Brinker and Tsh antagonize Wg signaling
in the ventral embryonic epidermis

brinker was identified originally in a screen for mutants
that affect Dpp signaling in the ventral epidermis (Jaz-
winska et al. 1999a). These authors described the brinker

mutant phenotype of the larval cuticle, and interpreted
this to reflect an expansion of the dorsal epidermis at the
expense of the ventral epidermis—consistent with an an-
tagonistic effect of brinker on dorsal Dpp signaling.

However, when we re-examined the cuticles of brkM68

mutants (the allele described by Jazwinska et al. 1999a),
we found that these primarily show a segment polarity
phenotype in the ventral epidermis. Wild-type cuticles
show segmental stretches of naked cuticle alternating
with denticle belts (Fig. 6A, left). In the abdomen, the
latter consist of six characteristic rows of denticles,
small denticles with hooked ends and flat bases in rows
1–4, large tapered denticles that are less hooked in row 5,
and tiny tapered denticles in row 6. The denticles of each
row have a characteristic polarity with denticles in rows
1 and 4 pointing toward the anterior, whereas the others
point toward the posterior (Fig. 6A, right). brinker mu-
tant larvae show narrowed denticle belts (Fig. 6B, left) of
about three disordered rows of tapered denticles, all of
which point toward the posterior, usually one row of
large denticles followed by two rows of tiny denticles
(Fig. 6B, right). Another brinker allele (brkF124; Lammel
et al. 2000), which is less strong than brkM68 shows es-
sentially the same mutant phenotype as brkM68, except
that the residual denticle belts are slightly broader (data
not shown). Therefore, brinker loss clearly causes a ma-
jor change in the structure and organization of each in-
dividual segment in the larval abdomen. Interestingly,
this phenotype is also caused by ectopic Wg signaling,
which antagonizes epidermal growth factor receptor
(EGFR) signaling in the embryonic epidermis (O’Keefe et
al. 1997; Szüts et al. 1997).

Figure 5. Tsh-mediated repression of Ubx B depends on
brinker. Side view of ∼14-hour-old mutant embryos as indi-
cated, bearing Ubx B and stained with antibody against lacZ. (�)
Indicates lack of lacZ staining due to ectopic Brinker or Teash-
irt; derepression of staining is indicated by arrowheads. Note
the absence of the anterior and middle gut constrictions in tsh
mutants (Mathies et al. 1994) and the absence of the anterior
constriction in UAS.Tsh embryos (Waltzer et al. 2001).

Figure 6. brk and tsh antagonize Wg signaling in the ventral
embryonic epidermis. Ventral views of larval cuticles, wild type
or mutant as indicated, viewed by dark field illumination (left)
or by Nomarski optics at high magnification (right; abdominal
denticle belts shown). Arrowheads point to denticle rows 1 and 4.
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Notably, tsh mutant embryos also retain residual den-
ticle belts with only tapered denticles of the row 5 and 6
type (Gallet et al. 2000; Fig. 6C). The phenotypic simi-
larity between brinker and tsh mutant embryos in the
ventral epidermis suggests that both proteins may be in-
volved in the same pathway. To test this hypothesis, we
constructed a double-mutant brinker tsh strain and ex-
amined their ventral cuticles. These clearly look more
severe than either single mutant; they do not show any
residual denticle belts (Fig. 6D, left), and only single tiny
denticles can be observed occasionally scattered in the
posterior abdomen (Fig. 6D, right). In other words, these
embryos essentially show the naked cuticle phenotype
that results from ubiquitous Wg expression in the em-
bryonic epidermis (Perrimon 1994). This indicates that
Brinker and Tsh synergize to promote the formation of
ventral denticle belts. In support of this, both brinker
and tsh single mutants show loss of segmental rhomboid
expression in the trunk of the embryonic epidermis (data
not shown), implying that EGFR signaling is not acti-
vated in these mutants (O’Keefe et al. 1997; Szüts et al.
1997). As a consequence, shavenbaby fails to be acti-
vated (data not shown). Because the latter is a Rhomboid
target gene that cell autonomously directs denticle for-
mation (Payre et al. 1999), this explains why the denticle
belts do not develop normally in brinker and tsh mu-
tants.

The cuticle phenotype of the brinker tsh double mu-
tants suggests that Brinker and Tsh act together to an-
tagonize Wg signaling in the ventral epidermis. There-
fore, the function of Brinker in antagonizing Wg does not
appear to be limited to the embryonic midgut.

Discussion

Previous analyses have suggested that Brinker may be
dedicated to antagonizing Dpp signaling (Campbell and
Tomlinson 1999; Jazwinska et al. 1999a; Minami et al.
1999; Ashe et al. 2000; Sivasankaran et al. 2000; Hasson
et al. 2001). This appeared particularly likely, given that
the Brinker repressor was found to bind to the same sites
as the Dpp effector Mad, and thus to compete with ac-
tivated Mad for binding to Dpp target genes (Kirkpatrick
et al. 2001; Rushlow et al. 2001; Saller and Bienz 2001;
Zhang et al. 2001).

We have now discovered that Brinker also antagonizes
Wg signaling in two embryonic tissues. However, the
underlying repressive mechanism appears to be distinct,
as the Brinker repressor binds to a site distinct from that
occupied by the Wg effector, the dTCF/Armadillo acti-
vator complex. Brinker thus acts at short range to block
the activity of this complex.

The Brinker/Tsh repressor quenches the activity
of dTCF/Armadillo

Most likely, Brinker uses a mechanism called quenching
to block dTCF/Armadillo (Fig. 7). Quenching involves
interaction of repressors (and the corepressors they re-
cruit) with activators bound to nearby sites (Gray and
Levine 1996). Brinker is known to be able to quench
target genes by recruiting the corepressor Groucho (Has-
son et al. 2001; Zhang et al. 2001), which is involved in
multiple quenching processes (Zhang and Levine 1999).
groucho antagonizes wg (Cavallo et al. 1998), and TCF

Figure 7. A morphogenetic switch in the Ubx midgut enhancer: a model. In ps7, low Wg levels synergize with high Dpp levels to
stimulate Ubx B; the WRS is occupied by dTCF/Armadillo, the WRS-R by activated Mad. In ps8, the Dpp-signaling levels are low, so
Brinker (which is expressed in ps8; Fig. 1A) displaces Mad from the WRS-R. In addition, high Wingless levels (and low Dpp) induce local
expression of Tsh in this region. Brinker thus recruits Tsh to the WRS-R, and both proteins together may recruit the quenching factor
dCtBP to block the stimulatory activity of the nearby-bound dTCF/Armadillo transcription complex. Note that, although on over-
expression, Brinker is sufficient to repress Ubx B in the absence of tsh (Fig. 5) at normal expression levels, Brinker critically depends
on tsh to repress Ubx B (Fig. 2). Thus, Tsh is the pivotal factor in this process. Tsh is up-regulated by high Wg levels and, on
recruitment by Brinker, confers repression by quenching Wg-mediated activation.
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factors can bind to Groucho proteins directly (Levanon et
al. 1998; Roose et al. 1998), so dTCF may thus be able to
recruit Groucho unassisted. However, these findings do
not rule out the possibility that dTCF relies on coopera-
tion with Brinker to achieve Groucho recruitment.

Brinker can bind to the corepressor dCtBP (Fig. 4), so
Brinker may recruit dCtBP instead of, or in addition to,
Groucho. Recall that Tsh plays a critical role in the Wg-
mediated repression in the midgut (Waltzer et al. 2001),
just like Brinker itself (Fig. 2). Moreover, Tsh can bind to
Brinker as well as to dCtBP, so it seems plausible that
Tsh plays a pivotal role in assisting Brinker in the re-
cruitment of dCtBP. Like Groucho, dCtBP is a corepres-
sor with quenching activity (Nibu et al. 1998b). In addi-
tion, Tsh may itself be involved in the quenching pro-
cess. It has been suggested that quenching may be based
on obstruction of the interaction between the activation
domain of a transcriptional activator and the general
transcription machinery (Courey and Jia 2001)—intri-
guingly, hypophosphorylated Tsh binds to the carboxy-
terminal activation domain of Armadillo to modulate
Wg signaling (Gallet et al. 1999).

Interpretation of distinct Wg-signaling thresholds:
a morphogenetic switch at the transcriptional level

The Drosophila midgut has provided a model system in
which Wg signaling regulates gene transcription in a
concentration-dependent manner; low signaling levels
activate Wg target genes, whereas high levels repress the
same genes. The discovery that Brinker confers tran-
scriptional repression by Wg completes our picture of the
DNA-binding proteins that interpret these different sig-
naling thresholds. dTCF confers Wg-induced stimulation
of target genes (Riese et al. 1997), but its activity can be
blocked by Brinker, which confers Wg-mediated repres-
sion of the same genes (Fig. 7). dTCF depends on Arma-
dillo for its activity, whereas Brinker depends on Tsh to
block the activity of the dTCF/Armadillo complex. In
turn, the availability of Armadillo depends directly on
Wg signaling, which promotes its stabilization and
nuclear translocation (Cavallo et al. 1997), whereas the
availability of Tsh depends on transcription of its gene
(which itself depends on wg; Mathies et al. 1994). In
other words, high Wg signaling induces locally the ex-
pression of the Tsh corepressor, which then cooperates
with Brinker to repress Wg target genes in the same cells
(Fig. 7). One of these targets is wg itself, so Brinker and
Tsh take part in the negative feedback loop of Wg sig-
naling in the middle midgut.

The link to Dpp signaling

Ubx B is not only a Wg-responsive enhancer, but it is
also stimulated by Dpp signaling (Thüringer and Bienz
1993). Furthermore, Dpp signaling antagonizes Wg-me-
diated repression (Yu et al. 1998). This can be explained
in two ways. First, high levels of Dpp-activated Mad are
expected to compete with Brinker for binding to the

WRS-R. Second, the brinker gene itself may be down-
regulated by Dpp signaling, as this is the case in other
tissues (Campbell and Tomlinson 1999; Jazwinska et al.
1999a; Minami et al. 1999; Marty et al. 2000; Sivasan-
karan et al. 2000), so Brinker may only be present at very
low levels in cells within the Dpp-signaling domain. We
cannot detect brinker expression in this domain,
whereas low levels of expression are detectable in the
neighboring Wg-signaling domain (in ps8; Fig. 1A). In
contrast, in the latter domain, in which the levels of
activated Mad are expected to be low, Brinker success-
fully competes with Mad for binding to the WRS-R and,
together with Tsh, which is present at high levels in this
domain, blocks the activity of dTCF/Armadillo (Fig. 7).
Note that Dpp signaling promotes this repression indi-
rectly, by contributing to the stimulation of Tsh expres-
sion in ps8 (Mathies et al. 1994).

Dpp and Wg signaling cooperate in multiple develop-
mental contexts. In some contexts they synergize (e.g.,
Campbell et al. 1993; Cohen et al. 1993; Thüringer and
Bienz 1993), whereas in other contexts, they antagonize
each other (e.g., Ma and Moses 1995; Treisman and Ru-
bin 1995; Theisen et al. 1996). Given that most, if not all,
Dpp target genes, and multiple Wg target genes, are re-
pressible by Brinker, this suggests that Brinker may have
a universal key role in this decision between synergy and
antagonism; absence of Brinker allows synergy between
Dpp and Wg, whereas presence of Brinker (and Tsh) me-
diates antagonism.

Materials and methods

Fly stains

The loss-of-function alleles brkF124 (Lammel et al. 2000), brkM68

(Jazwinska et al. 1999a), and tsh8 (Fasano 1991) were used for
analysis. The following lacZ reporter constructs were used:
RP9, Ubx B (Thüringer et al. 1993), and BM2 (Szüts et al. 1998).
Wg was ubiquitously overexpressed using hs-wg (Noordermeer
et al. 1992). The following Gal4 driver and producer lines were
used: 24B.Gal4 (for mesodermal expression) (Brand and Perri-
mon 1993), Arm.Gal4 (for ubiquitous expression) (Sanson et al.
1996), UAS.Wg (Lawrence et al. 1996), UAS.Tsh (Gallet et al.
1998), and UAS.Brk (Lammel et al. 2000).

Heat-shock regimes and phenotypic analyses

Standard crosses were set up, and embryos were collected at
25°C. Mutant embryos and embryos overexpressing various pro-
teins were identified by blue balancers and by their gut pheno-
types. To generate the brk; tsh double-mutant strain, GFP bal-
ancer chromosomes were used that allow unambigous identifi-
cation of double-mutant larval cuticles.

The following conditions were used to express Wg ubiqui-
tously from the hs-wg transposon: embryos were collected on
apple plates for16 h at 18°C, then immersed in a 37°C waterbath
for 30 min. Subsequently, the embryos were aged for 2 h at 25°C
prior to the next heat shock or fixation. Embryos were subjected
to three heat shocks. Staining of embryos was performed as
described (Yu et al. 1996). The following antibodies were used:
anti-lacZ (Promega), anti-Wg (Brook and Cohen 1996).

Cuticle preparations were done as described (Szüts et al.
1997).
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GST fusion proteins, pull-down, and gel-shift assays

Full-length dCtBP, full-length Brinker, and Brinker fragments
were subcloned into pGEX-2TK (Pharmacia) or pT7�link using
standard PCR-cloning procedures. Full-length Tsh subcloned
into pGEX-2T or pT7�link was a gift from Lucas Waltzer (Cen-
tre de Biologie du Dévelppemont Université Paul Sabatier, Tou-
louse, France). GST fusion proteins were produced in Escherich-
ia coli BL21, purified by affinity chromatography on GST-aga-
rose beads, and eluted for gel-shift assays as described (Saller and
Bienz 2001). Gel-shift experiments with the WRS-R probe were
performed as described (Saller and Bienz 2001). For super-shift
assays, purified GST–Tsh fusion protein was added to the DNA/
GST-Brinker incubation mix for 10 min prior to loading on the
gel. Pull-down assays were performed as described (Waltzer and
Bienz 1998).
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