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The HMG-box transcription factor SoxNeuro acts with Tcf to
control Wg/Wnt signaling activity
Anna T. Chao, Whitney M. Jones and Amy Bejsovec*
Wnt signaling specifies cell fates in many tissues during vertebrate and invertebrate embryogenesis. To understand better how Wnt
signaling is regulated during development, we have performed genetic screens to isolate mutations that suppress or enhance
mutations in the fly Wnt homolog, wingless (wg). We find that loss-of-function mutations in the neural determinant SoxNeuro (also
known as Sox-neuro, SoxN) partially suppress wg mutant pattern defects. SoxN encodes a HMG-box-containing protein related to
the vertebrate Sox1, Sox2 and Sox3 proteins, which have been implicated in patterning events in the early mouse embryo. In
Drosophila, SoxN has previously been shown to specify neural progenitors in the embryonic central nervous system. Here, we show
that SoxN negatively regulates Wg pathway activity in the embryonic epidermis. Loss of SoxN function hyperactivates the Wg
pathway, whereas its overexpression represses pathway activity. Epistasis analysis with other components of the Wg pathway places
SoxN at the level of the transcription factor Pan (also known as Lef, Tcf) in regulating target gene expression. In human cell culture
assays, SoxN represses Tcf-responsive reporter expression, indicating that the fly gene product can interact with mammalian Wnt
pathway components. In both flies and in human cells, SoxN repression is potentiated by adding ectopic Tcf, suggesting that SoxN
interacts with the repressor form of Tcf to influence Wg/Wnt target gene transcription.

INTRODUCTION
The Wnt gene family encodes cysteine-rich secreted growth factors
that are highly conserved throughout the animal kingdom (reviewed
in Dierick and Bejsovec, 1999; Logan and Nusse, 2004). In
vertebrate embryos, different Wnt proteins promote a variety of cellfate decisions, including the patterning of the limbs, brain and other
organs. In Drosophila, a single Wnt molecule, encoded by the
wingless (wg) gene, directs a remarkably similar set of patterning
events. Excess Wnt pathway activity in vertebrate tissues is
associated with a variety of cancers, particularly colorectal tumors
(reviewed in Bienz and Clevers, 2000; Polakis, 2000). Although
excess Wg activity in flies does not create tumors, it does produce
profound tissue alterations that are easily detected. All of the cell
surface and intracellular Wnt pathway components are highly
conserved between vertebrates and Drosophila, and many were first
identified in Drosophila through mutational disruptions of
patterning (reviewed in Bejsovec, 2006).
At the end of Drosophila embryogenesis, epidermal cells secrete
a highly patterned cuticle layer. The ventral surface displays
segmental denticle belts, which are ‘tractor tread’ arrays of hooked
elements interspersed with ‘naked’ cuticle. wg loss-of-function
mutant embryos secrete a uniform lawn of denticles, lacking the
naked cuticle that should separate the belts (Fig. 1C, Fig. 2A). High
levels of Wg signaling convert all of the ventral epidermis to the
naked cuticle cell fate (Noordermeer et al., 1992; Hays et al., 1997).
Mutations in downstream components that positively activate the
pathway show a wg-like phenotype, whereas mutations in negative
regulators show an excess-naked-cuticle phenotype (reviewed in
Dierick and Bejsovec, 1999).
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Epistasis experiments with these mutations have shown that the
pathway hinges on the regulation of Armadillo (Arm), which is the
fly beta-catenin homolog (reviewed in Bejsovec, 2000; Peifer and
Polakis, 2000; Jones and Bejsovec, 2003). In the absence of Wg
signaling, Arm levels are kept low by a set of proteins known
collectively as the destruction complex. These proteins, which
include the Axin and Apc scaffolding molecules and the serinethreonine kinase Shaggy (also known as Zeste-white3, Zw3; GSK3␤
in vertebrates), target Arm for destruction via ubiquitylation. When
Wg binds to its receptor complex, which consists of Arrow (LRP5/6
in vertebrates) and Frizzled, this inactivates the destruction complex
and allows Arm to accumulate. In the simplest view, Arm
accumulation drives its interaction with Tcf, an HMG-box
transcription factor, in the nucleus. Tcf can bind DNA in the absence
of Arm and represses Wg target gene expression in conjunction with
Groucho (Gro), a transcriptional co-repressor (Cavallo et al., 1998;
Roose et al., 1998). When Arm binds to Tcf, it displaces Gro and
recruits other proteins to form a transcriptional activation complex
that promotes Wg target gene expression (Brunner et al., 1997; van
de Wetering et al., 1997; Kramps et al., 2002; Daniels and Weis,
2005).
The balance between repression and activation properties of the
Tcf complex is crucial for Wnt target gene regulation. Recent work
suggests that some negative regulators, such as Apc and GSK3␤, may
act in the nucleus in regulatory complexes at the promoters of Wnt
target genes (Sierra et al., 2006), and that these complexes act at least
in part through chromatin remodeling. However, the mechanism that
switches Tcf from repressor to activator is still unclear. To identify
new molecules that regulate Wg/Wnt pathway activity, we have
performed genetic screens in Drosophila for mutations that suppress
weak wg loss-of-function phenotypes. Here, we describe a strong
suppressor mutation that partially rescues both hypomorphic and null
mutant alleles of wg. This mutation is allelic with previously isolated
mutations in SoxNeuro (SoxN), a gene that is required for the
specification of neural progenitors in the embryonic central nervous
system (Buescher et al., 2002; Overton et al., 2002).
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Fig. 1. SoxN loss of function suppresses wg
mutant phenotypes. (A) Hypomorphic wgNE2
mutation reduces the zones of naked cuticle,
which separate denticle belts, on the ventral side
and disrupts dorsal patterning, resulting in strong
curvature of the embryonic cuticle. (B) SoxNNC14
mutation rescues wgNE2 ventral patterning to
almost wild type (compare with Fig. 2A), without
rescuing dorsal patterning. (C,D) The RNA-null
wgCX4 allele produces a ‘lawn of denticles’
phenotype (C), which is partially suppressed by
the SoxNNC14 mutation (D). (E) wgCX4 mutant
embryos lose epidermal expression of the Wg
target gene en before stage 10 (compare with wild-type pattern in Fig. 2G). (F) wgCX4, SoxNNC14 double-mutant homozygotes retain some
epidermal en expression (arrows) even at late stages. SoxNNC14 is linked to wg on the second chromosome; single and double homozygotes
are recognized by the absence of GFP from a marked balancer chromosome. Embryos are oriented with anterior to the left and dorsal side up.

transcription, and we find no evidence for an interaction of SoxN
with Arm. Instead, we detect a strong genetic interaction with Tcf,
suggesting that SoxN is involved in the delicate balance between the
repressor and activator functions of Tcf.
MATERIALS AND METHODS
Drosophila stocks and culture conditions

All deficiencies and P-element insertions used in mapping NC14 are from
the Bloomington Stock Center. wgNE2 is a missense mutation that disrupts
cell-to-cell movement of Wg ligand without abolishing its secretion or
signaling capacity (Dierick and Bejsovec, 1998). wgCX4 is an RNA-null
allele (Baker, 1987). Existing SoxN mutations (SoxNGA1192, SoxNC463 and
SoxNC2139) and UAS-SoxN flies were kindly provided by G. Tear and S.
Russell, respectively (Seeger et al., 1993; Overton et al., 2002). UAS-Tcf and
UAS-TcfDN (also known as ⌬N) are as described by van de Wetering et al.
(van de Wetering et al., 1997). Ubiquitous embryonic expression of UAS
transgenes was achieved with either the E22C-Gal4 or the arm-Gal4 driver
lines (both from the Bloomington Stock Center). dpp-blink-Gal4 drives UAS

Fig. 2. SoxN regulates Wg pathway activity.
(A) Wild-type cuticle pattern shows a normal
expanse of Wg-specified naked cuticle
separating denticle belts. (B) SoxNNC14 single
mutants produce excess naked cuticle. (C) Wildtype stripes of en expression span 2-3 cells in
each segment. (D) en-expressing stripes in
SoxNNC14 are broadened, similar to known
phenotypes produced by ectopic Wg signaling.
(E) Ubiquitous expression of wild-type SoxN
with the arm-Gal4 driver rescues the excessnaked-cuticle phenotype in SoxNNC14
homozygotes. This treatment does not rescue
embryonic lethality. (F) Overexpressing SoxN at
higher levels, using the E22C-Gal4 driver in an
otherwise wild-type embryo, affects Wgmediated cuticle patterning. Ectopic denticles
replace some of the ventral and ventrolateral
naked cuticle (arrows), and dorsal patterning is
disrupted, leading to curvature of the embryo. We observe an average of 12 ectopic denticles within the naked cuticle zone of a typical abdominal
segment (n=100). (G) Stripes of en expression extend evenly from the ventral midline to the edge of the dorsal epidermis in wild-type stage-10
embryos. (H) These stripes are narrowed, particularly in the dorsolateral regions (arrow), when UAS-SoxN is driven with E22C-Gal4. Ventrally,
expansion of en expression in the underlying central nervous system (bracket) can be seen; this en expression is not under the control of Wg
(Bejsovec and Martinez Arias, 1991; Heemskerk et al., 1991) and presumably reflects the role of SoxN in specifying neuronal fates. (I) Side-by-side
comparison showing no difference in anti-Arm staining between a SoxNGA1192 mutant (bottom) and a wild-type sibling (top). (J) Anti-GFP staining
reveals the presence of the twist-GFP balancer chromosome in a wild-type sibling and its absence in the homozygous mutant embryo.
(K) Quantitative immunoblot of lysates from hand-selected embryos shows equivalent Arm levels in homozygous mutants for SoxNGA1192 and
SoxNNC14 compared with their wild-type CyO-GFP-bearing siblings. When normalized to the tubulin loading control, there is no detectable
difference among the first three lanes. By contrast, Arm levels are 25% higher in RacGap50CAR2 mutant homozygotes. Embryos are oriented with
anterior to the left and dorsal side up.
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Sox proteins, like Tcf proteins, contain HMG domains, which
bind DNA. SoxN is most closely related to vertebrate Class B Sox
family members – Sox1, Sox2 and Sox3 (Cremazy et al., 2000;
Cremazy et al., 2001) – which control cell-fate decisions in
developmental processes ranging from sex determination to
chondrogenesis (reviewed in Kamachi et al., 2000; Wilson and
Koopman, 2002). In addition, Xenopus XSox3, as well as XSox17␣
and XSox17␤ (Zorn et al., 1999; Sinner et al., 2004), and the mouse
Sox9 protein (Akiyama et al., 2004) interfere with Wnt signaling by
physically interacting with beta-catenin through their C-termini.
However, other work suggests that the interaction with beta-catenin
is not sufficient to explain the in vivo Wnt-modulating function.
Zhang et al. (Zhang et al., 2003) found that the DNA-binding
domain, rather than the beta-catenin-binding region, is crucial for
the influence of XSox3 proteins on Wnt target expression. Our data
support the idea that Sox proteins act as true repressors in vivo. We
show that SoxN strongly represses Wg/Wnt-mediated target gene
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Isolation and characterization of the NC14 mutation

Details of the EMS mutagenesis are described by Jones and Bejsovec
(Jones and Bejsovec, 2005). The NC14 mutation was mapped by standard
meiotic recombination with adult-visible mutations. The Bloomington
Deficiency Kit stocks Df(2L)N22-14 and Df(2L)N22-2 uncover the genetic
interval containing the mutation, which was refined further by its
complementation of Df(2L)Exel7039 and failure to complement
Df(2L)Exel7040.
Male site-specific recombination (Chen et al., 1998) was used to pinpoint
the mutation with respect to molecularly characterized P-element insertions.
A marked NC14 mutant chromosome crossed into a ⌬2-3 background was
placed in trans to P-bearing chromosomes. Males were crossed back to flies
with the same marked NC14 chromosome to score viable recombinant
progeny. For candidate genes within the refined interval, the complete
sequence of all exons was analyzed to locate the EMS-induced NC14
mutation. A single-nucleotide change in SoxN alters glutamine 351,
according to the FlyBase annotated sequence AAF52712.1.
Antibody staining and western blotting

Antibody staining was as described by Dierick and Bejsovec (Dierick and
Bejsovec, 1998). Mutant chromosomes were maintained over balancer
chromosomes marked with twist-Gal4 UAS-green fluorescent protein
(GFP), to identify homozygotes by their failure to express GFP. Anti-En
antibody was used at 1:50, and anti-Arm and anti-GFP at 1:500 [anti-En and
anti-Arm from the Developmental Studies Hybridoma Bank (DSHB), antiGFP from Chemicon]. Immunoblots were performed as previously
described (Chao et al., 2003) with embryos that were hand-selected for the
appropriate GFP genotype. Filters were stained with anti-Arm protein
(DSHB) at 1:100 and anti-Tubulin at 1:5000 (Lab Vision). Cross-reacting
proteins were detected and quantified using the Odyssey infrared imaging
system and reagents (Li-Cor Technologies).
Cell-culture conditions and luciferase assays

The intronless SoxN sequence was cloned by PCR from genomic fly DNA
to create pcDNA-SoxNflag. pcDNA-Tcf4myc and pcDNA-beta-cat⌬phos
were gifts from P. Casey (Duke University Medical Center, Durham, NC).
TOP-⌬L and FOP-⌬L were generated by deleting the 1.681 kb XbaI
fragment containing most of the luciferase gene from the TOPflash- and
FOPflash-reporter plasmids (Upstate). HEK293T cells were grown in
DMEM medium supplemented with 10% FBS. TOPflash-reporter plasmid
(0.1 g), 0.25 ng phRG-B (Promega) internal control and a total of 0.5 g
expression plasmid was used for each transfection with lipofectamine2000
(Invitrogen). TOPflash expression was induced by co-transfection with 0.25
g of pcDNA-beta-cat⌬phos or by culturing cells in conditioned media from
a Wnt3A stably transfected L-cell line (gift from P. Casey). Un-induced
cultures were similarly treated using conditioned media from untransfected
L-cells. Luciferase activities were determined 24-48 hours post-transfection
using the Dual-luciferase reporter assay system (Promega). Duplicate
transfections were made for each experiment and at least two independent
experiments were performed.
For immunoprecipitation, antibody-conjugated beads were prepared by
mixing 20 l ProtG beads (Zymed) with 1 l antibody [either anti-Myc
(Cell Signaling) or anti-Flag M2 (Sigma)] in 1 ml PBS with protease
inhibitors (Roche mini tablets) at 4°C overnight. Cell lysates were added to
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the prepared beads and treated following standard protocols (Sambrook et
al., 1989). Immunoblots were stained with anti-Myc (1:10,000) or anti-Flag
M2 (1:10,000) and anti-beta-catenin (1:1000).

RESULTS
SoxN is a wg suppressor

In an EMS mutagenesis designed to recover mutations that suppress
the hypomorphic wgNE2 phenotype (Fig. 1A), we isolated NC14, a
linked second-chromosome mutation that showed significant rescue
of patterning in homozygous mutant embryos (Fig. 1B). Standard
meiotic recombination was used to map this mutation with respect
to wg and also to generate recombinant chromosomes that bear the
NC14 mutation without the wgNE2 mutation. The NC14 mutation on
its own caused embryonic lethality, with a pattern defect showing
slightly greater expanses of naked cuticle than is observed in wildtype embryos (Fig. 2A,B). Excess naked cuticle specification is
diagnostic of ectopic Wg signaling. For example, maternal loss of
the destruction-complex components Axin, Apc2 or zw3 artificially
stabilizes Arm in the resulting embryos, which show an excessnaked-cuticle phenotype (Peifer et al., 1994; Hamada et al., 1999;
McCartney et al., 1999). Only two known fly genes produce an
excess-naked-cuticle phenotype in zygotically mutant embryos: the
original segment polarity gene, naked cuticle (Jürgens et al., 1984),
and the recently characterized RacGap1 ortholog, RacGap50C
(Jones and Bejsovec, 2005). Although the exact mechanisms of
action for these two cytosolic gene products are still not clear, in both
cases the phenotype reflects inappropriate activation of the Wg
pathway.
The NC14 zygotic phenotype also indicates ectopic Wg
pathway activity. We recombined the NC14 mutation onto a
chromosome bearing a null allele of wg, wgCX4, and found that it
was also suppressed, although to a lesser degree than the
hypomorphic allele (Fig. 1C,D). Thus, NC14 rescues segmental
patterning in a ligand-independent fashion. Rescue could also be
detected at the molecular level. The epidermal expression of
engrailed (en), in stripes of cells immediately posterior to the wgexpressing stripes of cells, is dependent on Wg signal transduction
(DiNardo et al., 1988; Martinez Arias et al., 1988). In the absence
of Wg activity, epidermal en expression was initiated normally by
pair-rule-gene transcription factors but decays by developmental
stage 9. In wgCX4, NC14 double-mutant embryos, however, some
epidermal en expression continued to be detected throughout later
stages of development (Fig. 1E,F). This derepression of Wg target
gene expression is reminiscent of the derepression observed in
wgCX4; gro and wgCX4; Tcf double-mutant embryos (Cavallo et al.,
1998). On its own, the NC14 mutation produced an expansion of
the en expression domain (Fig. 2C,D). Wild-type stage-10
embryos expressed en in stripes that ranged from 2 to 3 cells wide,
whereas NC14 homozygotes consistently showed stripes ranging
from between 3 and 5 cells wide. This degree of expansion is
similar to that produced by hyperactivating the Wg pathway
within each segment, either by overexpressing wild-type Wg or
by removing a known negative regulator, such as naked cuticle
(Noordermeer et al., 1992). The NC14 mutation did not affect wg
gene expression (data not shown) and partially restored target
gene expression in a wg-null mutant (Fig. 1F); therefore, it is
likely to disrupt a negative regulator downstream of Wg receptor
activation.
To determine the molecular identity of the mutated gene, we
subjected the NC14 mutant chromosome to higher-resolution
mapping techniques, including deficiency analysis and male sitespecific recombination. In testing deficiencies that span the meiotic-
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transgene expression in a stripe along the anteroposterior boundary of each
imaginal disc (Johnston and Schubiger, 1996). Epistasis experiments were
performed with the strong arm4 allele (armYD35) and were verified with the
weaker arm8 (armH8.6) allele (Peifer and Wieschaus, 1990) and the strong
Tcf2 allele (van de Wetering et al., 1997). The gro deficiency groBX22
(Cavallo et al., 1998) is also known as Df(3R)Espl22.
Most Gal4-UAS experiments were conducted at 28°C to allow maximal
activity of the Gal4 protein. Experiments involving the dpp-Gal4 driver were
performed at 25°C because of increased lethality at the higher temperature.
Hatching efficiencies and cuticle preparation were performed as described
by Jones and Bejsovec (Jones and Bejsovec, 2005), except that all hatched
larvae were also mounted for scoring. Because balancer chromosomes can
introduce non-specific cuticle pattern defects, epistasis crosses were
performed without marked balancers.
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map position of NC14, we identified several deficiencies that fail to
complement the embryonic lethality of the mutation. Embryos transheterozygous for NC14 and these deficiencies show an epidermal
pattern with excess naked cuticle, identical to that of NC14homozygous embryos (compare Fig. 3A with Fig. 2B). Thus, the
NC14 allele appears to be amorphic according to the classical
definition for null alleles (Muller, 1932).
Male site-specific recombination (Chen et al., 1998) was used to
force recombination at the position of molecularly defined Pelement insertions. Candidate genes within the refined interval were
then sequenced and a nonsense change at glutamine 351 in the
SoxN gene was found in the NC14 line. We performed
complementation tests with existing SoxN mutations, which were
isolated in a screen for nervous system disruption (Seeger et al.,
1993; Buescher et al., 2002), and found that NC14 was allelic with
these mutations. We therefore refer to the NC14 mutation as
SoxNNC14. A cuticle pattern defect has been noted previously for
SoxN mutants (Buescher et al., 2002), but it has not been
characterized in any detail. Our finding suggests that SoxN plays a
role in regulating Wg pathway activity in addition to its role in
neuroblast formation. Wg is known to control cell-fate choice in the
developing nervous system (Chu-LaGraff and Doe, 1993), and,
therefore, some of the neuronal defects of the SoxN mutants may be
a secondary consequence of ectopic Wg pathway activation.
However, the effects of SoxN loss of function on neuroblast
formation and specification (Buescher et al., 2002; Overton et al.,
2002) occur at earlier times and are more severe than those
observed for ectopic Wg expression (Bhat, 1996), indicating that
SoxN is likely to have separate roles in the two processes.

SoxN influences epidermal patterning
The patterning defect of SoxNNC14 mutant embryos can be rescued
by the expression of a UAS-SoxN transgene (Fig. 2E), confirming
that SoxN is the gene responsible for the mutant phenotype.
Although SoxN expression shows a pattern of ectodermal stripes
during the late stages of embryogenesis (Cremazy et al., 2000;
Buescher et al., 2002), rescue of SoxNNC14 pattern defects can be
achieved by uniform expression with either the arm-Gal4 or E22CGal4 driver lines. Therefore, segmentally striped expression of
SoxN is not required for its role in regulating Wg pathway activity.
There did not appear to be a significant maternal contribution of
SoxN (Fig. 3B). Embryos derived from homozygous mutant
germline clones showed cuticle pattern defects indistinguishable
from the zygotic mutant embryos (Fig. 3B). Likewise, homozygous
mutant clones of adult tissue did not show any evidence of disrupted
pattern, indicating that SoxN does not play a significant role in
regulating Wg signal transduction in the imaginal disc (data not
shown). We also tested for possible redundancy of SoxN with
Dichaete (D), a second closely related SoxB-class gene in the fly
genome (Nambu and Nambu, 1996; Russell et al., 1996). This gene
has been found to function redundantly with SoxN in patterning the
embryonic nervous system (Overton et al., 2002), but did not appear
to influence the role of SoxN in Wg signaling (see Fig. S1 in the
supplementary material).
Driving high levels of wild-type SoxN can produce profound
disruptions in embryonic patterning, without affecting wg
expression or Arm stability (see Fig. S2 in the supplementary
material). In otherwise wild-type fly embryos, ectopic SoxN
interfered with the normal specification of naked cuticle, resulting
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Fig. 3. Epistatic relationships of SoxN with the Wg
pathway. (A) The SoxNNC14 mutation placed in trans
with a small deficiency for the region, Df(2L)Exel7040,
shows no change from the homozygous mutant
phenotype (compare with Fig. 2B), indicating that
SoxNNC14 behaves as a null allele. (B) Removing
maternal SoxN does not increase the severity of the
mutant phenotype; therefore, SoxN acts zygotically.
(C) Dorsal patterning elements show mild disruptions in
some segments of SoxNNC14/Df-mutant embryos
(arrow; compare with more anterior segments, which
have normal dorsal pattern elements).
(D) Overexpressing SoxN in embryos derived from
mothers that were heterozygous for groBX22, a
deficiency removing the locus, produces milder pattern
disruptions both dorsally and ventrally (compare with
Fig. 2F). (E,F) Double homozygotes for arm4 and either
SoxN allele show the arm ‘lawn of denticles’ phenotype
(E), but embryos are smaller and have stronger dorsal
pattern disruptions than do arm4 single mutants (F)
(data shown in Table 2). (G) Mutants homozygous for
SoxN that were derived from groBX22 heterozygous
mothers show increased naked cuticle (n=140).
(H,I) SoxN; Tcf2 double-mutant embryos also show
increased naked cuticle (H). Thus, the SoxN mutant
phenotype is epistatic to the Tcf ‘lawn of denticles’
phenotype (I) (data shown in Table 2). (J) E22C-Gal4driven ubiquitous expression of dominant-negative Tcf
produces a ‘lawn of denticles’ phenotype and severely
reduces the size of the embryonic cuticle.
(K) Segmental patterning and body size of TcfDN-expressing embryos are partially rescued when SoxN dosage is reduced. The SoxNNC14 mutation is
linked to the E22C-Gal4 insertion in this experiment, so that all embryos ubiquitously expressing UAS-TcfDN are also heterozygous for SoxN. All
show a milder phenotype regardless of whether the SoxN mutation was introduced from the mother or the father (n=205). Embryos are oriented
with anterior to the left and dorsal side up.
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Table 1. Ectopic expression of SoxN and Tcf in embryos or imaginal discs affects viability
Driver line
⫻ arm-Gal4
Transgene

⫻ E22C-Gal4

⫻ dpp-Gal4

Embryonic lethal (%)

n

Embryonic lethal (%)

n

Pupal lethal (%)

n

32.9
1.0
87.6
100.0

301
394
372
345

77.7
1.8
99.6
100.0

381
496
460
300

29.4
36.7
100.0
100.0

321
291
297
218

UAS-SoxN
UAS-Tcf
UAS-Tcf;UAS-SoxN
UAS-Tcf DN

arm-Gal4 and E22C-Gal4 drive transgene expression in the embryo: arm-Gal4 is expressed throughout the embryo and E22C-Gal4 is expressed at high levels in the epidermis.
dpp-blink-Gal4 drives expression along the anteroposterior boundary in imaginal discs.

in denticles within the naked zone (Fig. 2F). The cuticle defects
produced by SoxN overexpression correlated with an inappropriate
repression of en expression (Fig. 2G,H), again supporting a role for
SoxN in the negative regulation of target gene expression. Segmental
patterning on the dorsal surface was often more severely disrupted
than on the ventral (Fig. 2F,H), leading to curvature of the cuticle.
Loss of SoxN function also had variable and mild effects on dorsal
cuticle patterning (Fig. 3C).
SoxN overexpression phenotypes are variable and dose sensitive.
Driving UAS-SoxN expression with the strong epidermis-specific
E22C-Gal4 produced stronger pattern disruptions and greater
embryonic lethality than did driving UAS-SoxN with the more
widely expressed but less potent arm-Gal4 driver (Table 1). In both
cases, those embryos that hatched often survived to become normal
adults, suggesting that ectopic SoxN plays no further role beyond
embryogenesis. Consistent with this idea, expressing ectopic UASSoxN in the imaginal disc with a dpp-Gal4 driver did not create any
apparent pattern disruption in the adult, although it did diminish
viability somewhat (Table 1). By contrast, dpp-Gal4-driven
expression of the dominant-negative form of Tcf, a known repressor
of Wg target gene expression, disrupts adult body pattern and results
in complete pupal lethality (Table 1).
Position of SoxN in the Wg pathway
To determine where in the Wg cascade SoxN acts, we performed
epistasis analysis between SoxN and known mutations in the Wg
pathway. All epistasis experiments were performed with both
SoxNNC14 and SoxNGA1192, a previously isolated protein-null allele
(Buescher et al., 2002). SoxNGA1192 in trans with the deficiency
produces the same extent of excess naked cuticle as does
SoxNNC14 in trans with the deficiency, indicating similar allele
strength (see Fig. S1 in the supplementary material). We routinely
show SoxNNC14 because this mutant chromosome was extensively
recombined to remove extraneous mutations. During random EMS
mutagenesis, such as that in which the NC14 allele was isolated,

multiple mutations may be induced on a chromosome and these will
homozygose along with the mutation of interest. Therefore, accurate
phenotypic analysis requires development of a stock where only the
gene of interest is mutationally disrupted. We know that the
SoxNNC14 lesion is the only lethal mutation on the chromosome,
because homozygous viable recombinants to the left and right of
the lesion were recovered during male site-specific recombination
mapping.
We tested SoxN mutations with strong (Fig. 3E,F; Table 2) and
weak alleles of arm, and found that, in both cases, the arm; SoxN
double mutants showed the ‘lawn of denticles’ phenotype typical
of arm mutants. Double mutants could be distinguished from arm
single mutants among the progeny of this cross because the SoxN
mutation disrupted dorsal pattern and reduced the size of arm
mutant embryos. Thus, SoxN slightly enhances the severity of the
effects of arm on overall body patterning. Because arm gene
activity is required for the specification of excess naked cuticle
observed in SoxN mutants, SoxN must act upstream or in parallel
with Arm. However, Arm protein levels are not artificially
stabilized in SoxN mutant embryos (Fig. 2I-K) like they are in
other zygotic-mutant conditions that produce excess naked cuticle,
such as RacGap50C mutants (Jones and Bejsovec, 2005). SoxN
mutant embryos showed stripes of Arm accumulation similar to
those of wild-type siblings (Fig. 2I,J), indicating that the signal
transduction machinery upstream of Arm functions properly and
that epidermal cells respond normally to the striped production of
Wg signal. This is true for both the SoxNNC14 and SoxNGA1192
(shown) alleles. Thus, SoxN is a unique zygotically acting mutation
that hyperactivates the Wg pathway without affecting Arm
stability.
By contrast, SoxN; Tcf double-mutant embryos showed the
excess-naked-cuticle phenotype of SoxN (Fig. 3H,I; Table 2),
suggesting that SoxN acts downstream of Tcf in the pathway.
However, it must be kept in mind that interpretations of Tcf
phenotypes are complicated by the dual role of Tcf in directing

Table 2. Epistasis analysis of SoxN

4

GA1192

arm /+; SoxN
/+
arm4/+; SoxNNC14/+

arm (%)

SoxN (%)

Severe arm (%)

Wild type (%)

n

2

17.4
19.9

17.6
17.5

6.8
7.4

58.2
55.2

888
922

2.21
3.60

Tcf (%)

SoxN (%)

Severe SoxN (%)

Wild type (%)

n

2

19.2
18.6

17.7
18.9

7.2
5.8

55.9
56.7

928
1019

2.08
0.43

Phenotype
Mutant
GA1192

2

SoxN
/+; Tcf /+
SoxNNC14/+; Tcf2/+

For each SoxN allele: non-balancer F1 female progeny from arm4/FM7 ⫻ SoxN/CyO were crossed to the deficiency stock +/Y; Df(2L)Exel7040/CyO; non-balancer F1 progeny
from Tcf2/eyD ⫻ SoxN/CyO were crossed to each other. All cuticles from F2-progeny, hatched and unhatched, were mounted for examination. F2 phenotypes do not deviate
significantly from numbers expected for the hypothesized double-mutant phenotypic class (18.75% for single mutant, 6.25% for double mutant). Significant deviation for 3
degrees of freedom is >7.815.

DEVELOPMENT

Phenotype
Mutant

RESEARCH ARTICLE

either repression or activation of Wg target genes, depending on its
binding partners (Cavallo et al., 1998). Surprisingly, not only was
the SoxN mutant phenotype epistatic to Tcf loss of function, but
loss of Tcf enhanced the naked cuticle specification in SoxN mutant
embryos. SoxN; Tcf double mutants showed more extensive naked
cuticle than did the SoxN single mutant (Fig. 3H, Fig. 2B, Table 2).
These data suggest that the repressive form of Tcf may act
synergistically with SoxN to downregulate Wg pathway activity.
Consistent with this idea, we found that reducing the dose of gro
also enhanced the naked cuticle specification in SoxN mutant
embryos (Fig. 2B, Fig. 3G). This effect was only observed when
the gro allele was introduced from the mother. Previous work has
shown that gro suppression of wg loss of function is also strictly a
maternal phenotype (Cavallo et al., 1998). Conversely, reducing
maternal gro reduced the severity of pattern disruptions caused by
ectopic UAS-SoxN expression (Fig. 2F, Fig. 3D). Thus, maternally
provided Gro+ functions as a Wg target co-repressor whether or not
the SoxN gene product is present, and appears to increase the
repressor activity of SoxN in a dose-dependent fashion.
Genetic interaction of SoxN and Tcf
We explored the interaction of SoxN and Tcf further by testing the
effects of SoxN on the dominant-negative Tcf molecule. The Tcf DN
transgene expresses the DNA-binding portion of Tcf, but lacks the
Arm-binding domain that would allow it to switch from repressor to
activator (van de Wetering et al., 1997; Cavallo et al., 1998).
Therefore, it strongly and constitutively represses Wg target gene
expression. Lowering the dose of SoxN partially rescues the
segmental pattern disruptions caused by Tcf DN-transgene

Fig. 4. Tcf acts synergistically with SoxN. (A,B) Overexpressing the
wild-type form of Tcf, using the arm-Gal4 driver, produces no effect on
en expression (A) or on cuticle pattern (B), and most such embryos
hatch into larvae (data shown in Table 1). (C,D) arm-Gal4 drives a lower
level of expression than E22C-Gal4, producing milder effects of
overexpressed SoxN. Under these conditions, en expression is only
slightly narrowed (C) and cuticle pattern is mostly normal (D), with only
occasional ectopic denticle formation (arrow) and little dorsal curvature.
(E,F) When Tcf and SoxN are expressed together, using arm-Gal4 to
drive a double-homozygous UAS stock, en expression is more severely
narrowed (arrows, E), and ectopic denticles (arrows, F) appear with
greater frequency and broader distribution across the ventral naked
cuticle domain; cuticles are strongly curved due to defective dorsal
patterning. The severity of the phenotype is comparable to expressing
higher levels of UAS-SoxN alone with the stronger E22C-Gal4 driver
(see Fig. 2F,H). Arrowheads in A, C and E indicate the posterior end of
the ventral midline. Embryos are oriented with anterior to the left and
dorsal side up.
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expression, and also substantially rescues head cuticle defects and
increases the overall size of the body (Fig. 3J,K). This indicates that
wild-type SoxN activity contributes to the repressor activity of Tcf
in a dose-dependent fashion.
The idea that SoxN interacts with Tcf is further supported by
overexpression experiments involving the wild-type forms of both
molecules. Overexpressing wild-type Tcf enhanced the repressive
capacity of overexpressed wild-type SoxN. This was particularly
obvious when the UAS transgenes were driven ubiquitously at lower
levels with the arm-Gal4 driver. Under these conditions, UAS-Tcf
had no effect on either en expression or on cuticle pattern (Fig.
4A,B) and embryos typically hatched and grew to adulthood. armGal4-driven UAS-SoxN showed an only modest narrowing of en
expression domains (Fig. 4C) and few ectopic denticles (Fig. 4D).
When both transgenes were driven simultaneously, en expression
was more dramatically narrowed (Fig. 4E) and the cuticle pattern
was more disrupted, both ventrally and dorsally (Fig. 4F). By
calculating the rates of embryonic lethality in the transgenic crosses,
we found that the synergy between SoxN and Tcf cannot be
explained as simple additivity (Table 1). With either the arm-Gal4
or E22C-Gal4 embryonic drivers, fewer embryos co-expressing
SoxN and Tcf survived than those where SoxN alone is
overexpressed. With the potent E22C-Gal4 epidermal driver, the
embryonic lethality rate of double-transgenic embryos approached
the rate of embryos expressing dominant-negative Tcf. Coexpression of Tcf with SoxN also affected adult patterning. The
expression of either transgene individually in the imaginal disc with
dpp-Gal4 had modest effects on adult eclosion rates. Combining the
transgenes produced pupal lethality as profound as that of the
dominant-negative Tcf (Table 1).
These co-expression results argue against a simple model in
which SoxN downregulates target expression by competing with Tcf
for Tcf-binding sites. In this simple model, overexpressing wild-type
Tcf should reduce the severity of ectopic wild-type SoxN; however,
instead we observed an increase in severity. Furthermore, SoxN did
not appear to act by sequestering Arm away from Tcf. Coexpressing arm with UAS-SoxN did not affect the SoxN
overexpression phenotype (n=467), nor did reducing maternal arm
dose (n=553). Likewise, we observed no evidence of arm dosage
effects on the SoxN mutant phenotype (Table 2).
SoxN represses mammalian Wnt signal
transduction
To determine whether the relationship between SoxN and Tcf is
conserved in vertebrates, we made use of the TOPflash (Tcf optimal
binding sites) reporter system expressed in human embryonic kidney
293T (HEK293T) cells (Korinek et al., 1998; Ishitani et al., 1999).
We found that SoxN expression reproducibly diminished Tcfmediated transcription in a dose-dependent fashion (Fig. 5A),
comparable with other known negative regulators of Wnt gene
expression, such as gro (Cavallo et al., 1998). This demonstrates that
the fly SoxN protein interacts with vertebrate pathway components
to antagonize Wnt-stimulated gene expression in mammalian cells.
Similar repression is observed whether TOPflash is activated with
Wnt-conditioned medium or by co-transfection with a constitutively
active beta-catenin. Thus, artificially elevated beta-catenin levels do
not affect Sox-mediated repression.
We tested whether the addition of extra Tcf-binding sites
interferes with the SoxN repression of TOPflash-reporter activity.
The TOPflash plasmid was altered to delete the luciferase structural
gene (Fig. 5B). We made the same change in FOPflash (far from
optimal), which has mutated Tcf-binding sites (Korinek et al., 1998;

DEVELOPMENT

994

Sox regulation of Wnt activity

RESEARCH ARTICLE

995

Ishitani et al., 1999), in order for it to serve as a negative control.
TOP-⌬L competitor DNA, added at levels in excess of 2.5 times the
amount of TOPflash, reduced reporter activity, whereas FOP-⌬L
competitor did not (Fig. 5C). This indicates that the intact Tcfbinding sites in the TOP-⌬L competitor can titrate endogenous Tcf
in HEK293T cells. If SoxN preferentially binds to Tcf consensus
sites, we would expect to see a reversal of SoxN-mediated
repression with TOP-⌬L but not with FOP-⌬L. To sensitize the
assay, we used 10 ng of SoxN, which provides an intermediate level
of repression, and added competitor DNA at 2.5 times the amount
of TOPflash reporter. Under these conditions, SoxN is limiting, but
endogenous Tcf is not substantially compromised. We found that
co-transfecting with either plasmid did not affect SoxN repression

in the TOPflash assay (Fig. 5D). This suggests that SoxN does not
act by directly competing with Tcf for its consensus binding
sequences.
We next asked whether the synergy between Tcf and SoxN
observed in fly embryos can be detected in the TOPflash system. Tcf
levels were increased by co-transfecting with a wild-type Tcf4
transgene. We found that small amounts of ectopic Tcf initially
potentiated the repression of SoxN, reducing reporter transcription,
but, as levels of Tcf increased, the effect diminished (Fig. 5E). This
suggests that a balance between Tcf and SoxN, and perhaps other
transcriptional components, controls the output of Tcf-responsive
promoters. What is not clear is the mechanism by which the
potentiation occurs. SoxN and Tcf do not appear to interact with
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Fig. 5. SoxN represses Wnt signaling in HEK293T cells. (A) Increasing the amount of SoxN decreases the amount of TOPflash activity that is
detected. Fold activation is defined as the ratio between relative luciferase units under induced versus uninduced conditions. For comparison
between independent experiments, values were normalized to the 0 ng SoxN data point. (B) Schematic diagram of constructs used for Tcf-bindingsite competition assay. FOP-⌬L is identical to TOP-⌬L in structure but carries mutated Tcf-binding sites. (C) Increasing amounts of TOP-⌬L, but not of
FOP-⌬L, decrease the amount of TOPflash activity that is detected. Fold activation is defined as in A. (D) Extra Tcf-binding sites do not affect SoxN
repression of TOPflash activity, expressed as the fold activation with 10 ng pcDNA-SoxNflag/fold activation with 0 ng pcDNA-SoxNflag. Each
competitor DNA was present at 2.5⫻ the amount of TOPflash reporter. No statistically significant difference in the degree of repression can be
detected. (E) SoxN and Tcf4 at low doses synergistically repress TOPflash activity. Cell cultures containing 10 ng pcDNA-SoxNflag and 0, 5, 25, 50 or
100 ng of pcDNA-Tcf4myc were assayed. Empty pcDNA3.1 vector was used to hold constant the total amount of DNA added. Each bar represents
relative activation, defined as fold activation with 10 ng pcDNA-SoxNflag/fold activation with 0 ng pcDNA-SoxNflag. (F) Beta-catenin, but not SoxN,
is co-immunoprecipitated with Tcf in TOPflash cell extracts. pcDNA-TCF4myc (0.5 g) and pcDNA-SoxNflag (0.05 g) were co-transfected into
HEK293T cells and grown under induced and uninduced conditions. Control cultures contained only pcDNA3.1 to reveal non-specific cross-reacting
proteins. Cell extracts (e) were subjected to immunoprecipitation using Myc-antibody-conjugated ProtG beads (b). Immunoblot was stained with
anti-Flag and anti-beta-catenin. SoxNflag is not detected in the Tcf4-myc-bound fraction under conditions where beta-catenin is found in the
induced Tcf4-myc bound fraction (third lane). (G) SoxN and beta-catenin are not co-immunoprecipitated in TOPflash cell extracts. pcDNA-SoxNflag
(0.5 g) was transfected into HEK293T cells and grown under induced conditions. Cell extracts (e) were subjected to immunoprecipitation using
flag-antibody-conjugated ProtG beads (b). Immunoblot was stained with anti-flag and anti-beta-catenin. Beta-catenin is not detected in the SoxNflag-bound fraction (first lane).
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Fig. 6. Model for SoxN interaction with the Tcf-responsive
promoter. SoxN may be able to bind DNA sequences adjacent to, or
overlapping with, Tcf-binding sites and may contribute to the repressive
capacity of Tcf, for example, by helping to recruit an unidentified
scaffolding molecule that stabilizes the Tcf-Gro interaction.

each other directly, because they were not co-precipitated in
TOPflash cell extracts (Fig. 5F). SoxN also does not appear to bind
to beta-catenin, because these proteins did not co-precipitate from
TOPflash cells under conditions where beta-catenin is robustly coprecipitated with Tcf (Fig. 5F,G). Co-precipitation experiments also
failed to detect physical interaction between SoxN and Gro (data not
shown). We propose a model in which SoxN and Tcf may bind to
adjacent DNA sequences, and the presence of SoxN increases the
efficiency with which the Tcf-Gro repressor complex forms or
functions at the promoters of target genes (Fig. 6).
DISCUSSION
Our findings demonstrate that SoxN downregulates the Wg/Wnt
pathway to reduce target gene expression. Downregulation is a
crucial process because it sensitizes the signal response to allow
rapid on/off switching and also keeps the system off in cells that are
not actively responding to signal. Many genes have been shown to
negatively regulate Wg/Wnt pathway activity through the
destabilization of Arm/beta-catenin. Far fewer are known to exert
negative regulatory effects downstream of Arm. The vertebrate Sox
proteins – Sox9 (Akiyama et al., 2004), XSox3, XSox17␣ and
XSox17␤ (Zorn et al., 1999) – as well as Chibby, a conserved
nuclear factor (Takemaru et al., 2003), antagonize Wg/Wnt signaling
by binding to Arm/beta-catenin and preventing it from partnering
with Tcf to activate target gene expression. SoxN, however, did not
bind beta-catenin in cell-culture assays, and does not share strong
homology with the C-terminal sequences through which vertebrate
Sox proteins bind this protein. Furthermore, we find that SoxN
function is not influenced by Arm levels. No difference was
observed in SoxN-mediated TOPflash repression when cells were
induced by co-transfection with a constitutively stabilized betacatenin versus with Wnt-induced medium. Instead, both our
TOPflash and our genetic experiments indicate that SoxN function
depends on Tcf and Gro, its co-repressor.
One way to explain our observations is that SoxN contributes to the
assembly or stability of the Tcf repressor complex on DNA (Fig. 6).
The consensus-sequence recognition for HMG domains in the Sox
and Tcf families is reported to be similar (reviewed in Clevers and van
de Wetering, 1997; Kamachi et al., 2000; Wilson and Koopman,
2002), although XSox3 and XSox17␤ fail to bind a consensus Tcf
DNA sequence (Zorn et al., 1999; Zhang et al., 2003). We show that
SoxN does not compete for Tcf-binding sites as a means of repressing
target gene transcription, but our data support a model in which SoxN
might bind DNA elsewhere or might bind Tcf sites transiently to
initiate or stabilize the assembly of a repressor complex.
A similar model may explain the results from Xenopus that
showed that XSox3-mediated repression does not require
interaction between XSox3 and beta-catenin (Zhang et al., 2003).
XSox3 strongly interferes with dorsal fate specification in

Development 134 (5)

Xenopus embryos and represses TOPflash-reporter activity in
vitro. HMG-domain mutations render XSox3 inactive in embryos
without affecting its interaction with beta-catenin or its repression
in TOPflash assays. Thus, it is the DNA-binding domain, not the
beta-catenin-interacting C-terminus, that is relevant to its in vivo
function in dorsal determination in Xenopus. XSox3 represses the
expression of the dorsal-specific Nodal-related gene Xnr5 through
optimal core binding sequences adjacent to and partially
overlapping with Tcf sites in the Xnr5 promoter (Zhang et al.,
2003). By contrast, the fly SoxN shows no discrepancy between
its behavior in TOPflash assays and its in vivo effects. This
suggests that the synthetic Tcf-binding sites arranged in the
TOPflash-reporter plasmid are sufficient to support SoxN
repressor function.
Because adding Tcf-site competitor DNA does not diminish the
repressive capacity of limiting amounts of SoxN (Fig. 5A-D), the
role of SoxN in repression does not appear to be stoichiometric.
Therefore, we favor the idea that Sox proteins may act in a catalytic
fashion during repressor-complex assembly at Wnt target gene
promoters, rather than forming a structural part of the repressor
complex itself. We have been unable to detect direct binding of
SoxN with either Tcf, Gro or Arm, raising the possibility that SoxN
interacts with some as yet unidentified protein that chaperones
assembly of the repressor complex. A SoxN-binding cofactor,
SNCF, was previously identified in Drosophila (Bonneaud et al.,
2003), but this gene is expressed only in pre-gastrulation embryos.
Because Wg signaling occurs exclusively post-gastrulation, and
specification of naked cuticle begins more than 4 hours after
gastrulation (Bejsovec and Martinez Arias, 1991), we do not believe
that SNCF is a likely candidate for mediating this aspect of SoxN
function. Rather, it is likely to play a role in the neuronal
specification events promoted by SoxN at earlier stages of
embryogenesis.
We find it curious that uniformly overexpressed SoxN represses
Wg signal transduction in dorsal epidermal cells more severely than
in ventral cells. This effect is evident in both cuticle pattern elements
and in en expression, and is reminiscent of defects observed in the
‘transport-defective’ class of wg mutant alleles, which includes
wgNE2. These mutations restrict Wg-ligand movement ventrally to
promote only local signaling response while simultaneously
abolishing all dorsal signaling (Dierick and Bejsovec, 1998),
suggesting a fundamental difference in ventral and dorsal cell
response. Perhaps it is not a coincidence that the NC14 mutation was
isolated in the wgNE2 mutant background. Further analysis of SoxN
function may help us to determine the molecular basis for
dorsoventral differences in Wg signal transduction.
We thank A. Zhou and K. Nomie for technical assistance, and L. Stemmle and
P. Casey for advice about TOPflash and for use of their luminometer. We also
thank G. Tear, S. Russell, M. Buescher and W. Chia for reagents, and the
Kiehart laboratory for encouragement. As always, we are deeply indebted to
the dedicated staff at the Bloomington Stock Center and Flybase. This work
was supported by a grant from the National Science Foundation to A.B.
Supplementary material
Supplementary material for this article is available at
http://dev.biologists.org/cgi/content/full/134/5/989/DC1
References
Akiyama, H., Lyons, J. P., Mori-Akiyama, Y., Yang, X., Zhang, R., Zhang, Z.,
Deng, J. M., Taketo, M. M., Nakamura, T., Behringer, R. B. et al. (2004).
Interactions between Sox9 and beta-catenin control chondrocyte differentiation.
Genes Dev. 18, 1072-1087.
Baker, N. E. (1987). Molecular cloning of sequences from wingless, a segment
polarity gene in Drosophila: the spatial distribution of a transcript in embryos.
EMBO J. 6, 1765-1773.

DEVELOPMENT

996

Bejsovec, A. (2000). Wnt signaling: an embarrassment of receptors. Curr. Biol. 10,
R219-R222.
Bejsovec, A. (2006). Flying at the head of the pack: Wnt biology in Drosophila.
Oncogene 25, 7442-7449.
Bejsovec, A. and Martinez Arias, A. (1991). Roles of wingless in patterning the
larval epidermis of Drosophila. Development 113, 471-485.
Bhat, K. M. (1996). The patched signaling pathway mediates repression of
gooseberry allowing neuroblast specification by wingless during Drosophila
neurogenesis. Development 122, 2921-2932.
Bienz, M. and Clevers, H. (2000). Linking colorectal cancer to Wnt signaling. Cell
103, 311-320.
Bonneaud, N., Savare, J., Berta, P. and Girard, F. (2003). SNCF, a SoxNeuro
interacting protein, defines a novel protein family in Drosophila melanogaster.
Gene 319, 33-41.
Brunner, E., Peter, O., Schweizer, L. and Basler, K. (1997). pangolin encodes a
Lef-1 homologue that acts downstream of Armadillo to transduce the Wingless
signal in Drosophila. Nature 385, 829-833.
Buescher, M., Hing, F. S. and Chia, W. (2002). Formation of neuroblasts in the
embryonic central nervous system of Drosophila melanogaster is controlled by
SoxNeuro. Development 129, 4193-4203.
Cavallo, R. A., Cox, R. T., Moline, M. M., Roose, J., Polevoy, G. A., Clevers, H.,
Peifer, M. and Bejsovec, A. (1998). Drosophila Tcf and Groucho interact to
repress Wingless signalling activity. Nature 395, 604-608.
Chao, A. T., Dierick, H. A., Addy, T. M. and Bejsovec, A. (2003). Mutations in
eukaryotic release factors 1 and 3 act as general nonsense suppressors in
Drosophila. Genetics 165, 601-612.
Chen, B., Chu, T., Harms, E., Gergen, J. P. and Strickland, S. (1998). Mapping
of Drosophila mutations using site-specific male recombination. Genetics 149,
157-163.
Chu-LaGraff, Q. and Doe, C. Q. (1993). Neuroblast specification and formation
regulated by wingless in the Drosophila CNS. Science 261, 1594-1597.
Clevers, H. and van de Wetering, M. (1997). TCF/LEF factor earn their wings.
Trends Genet. 13, 485-489.
Cremazy, F., Berta, P. and Girard, F. (2000). Sox neuro, a new Drosophila Sox
gene expressed in the developing central nervous system. Mech. Dev. 93, 215219.
Cremazy, F., Berta, P. and Girard, F. (2001). Genome-wide analysis of Sox genes
in Drosophila melanogaster. Mech. Dev. 109, 371-375.
Daniels, D. L. and Weis, W. I. (2005). Beta-catenin directly displaces Groucho/TLE
repressors from Tcf/Lef in Wnt-mediated transcription activation. Nat. Struct.
Mol. Biol. 12, 364-371.
Dierick, H. and Bejsovec, A. (1999). Cellular mechanisms of wingless/Wnt signal
transduction. Curr. Top. Dev. Biol. 43, 153-190.
Dierick, H. A. and Bejsovec, A. (1998). Functional analysis of Wingless reveals a
link between intercellular ligand transport and dorsal-cell-specific signaling.
Development 125, 4729-4738.
DiNardo, S., Sher, E., Heemskerk-Jongens, J., Kassis, J. A. and O’Farrell, P.
(1988). Two-tiered regulation of spatially patterned engrailed gene expression
during Drosophila embryogenesis. Nature 322, 604-609.
Hamada, F., Tomoyasu, Y., Takatsu, Y., Nakamura, M., Nagai, S., Suzuki, A.,
Fujita, F., Shibuya, H., Toyoshima, K., Ueno, N. et al. (1999). Negative
regulation of Wingless signaling by D-axin, a Drosophila homolog of axin.
Science 283, 1739-1742.
Hays, R., Gibori, G. B. and Bejsovec, A. (1997). Wingless signaling generates
pattern through two distinct mechanisms. Development 124, 3727-3736.
Heemskerk, J., DiNardo, S., Kostriken, R. and O’Farrell, P. H. (1991). Multiple
modes of engrailed regulation in the progression towards cell fate
determination. Nature 352, 404-410.
Ishitani, T., Ninomiya-Tsuji, J., Nagal, S.-i., Nishita, M., Meneghini, M.,
Barker, N., Waterman, M., Bowerman, B., Clevers, H., Shibuya, H. et al.
(1999). The TAK1-NLK-MAPK-related pathway antagonizes signalling between
␤-catenin and the transcription factor TCF. Nature 399, 798-802.
Johnston, L. A. and Schubiger, G. (1996). Ectopic expression of wingless in
imaginal discs interferes with decapentaplegic expression and alters cell
determination. Development 122, 3519-3529.
Jones, W. M. and Bejsovec, A. (2003). Wingless signaling: an axin to grind. Curr.
Biol. 13, R479-R481.
Jones, W. M. and Bejsovec, A. (2005). RacGap50C negatively regulates wingless
pathway activity during Drosophila embryonic development. Genetics 169,
2075-2086.
Jürgens, G., Wieschaus, E., Nüsslein-Volhard, C. and Kluding, H. (1984).
Mutations affecting the pattern of the larval cuticle in Drosophila melanogaster:
II. Zygotic loci on the third chromosome. Wilhelm Rouxs Arch. Dev. Biol. 193,
283-295.
Kamachi, Y., Uchikawa, M. and Kondoh, H. (2000). Pairing SOX off with

RESEARCH ARTICLE

997

partners in the regulation of embryonic development. Trends Genet. 16, 182187.
Korinek, V., Barker, N., Willert, K., Molenaar, M., Roose, J., Wagenaar, G.,
Markman, M., Lamers, W., Destree, O. and Clevers, H. (1998). Two
members of the Tcf family implicated in Wnt/beta-catenin signaling during
embryogenesis in the mouse. Mol. Cell. Biol. 18, 1248-1256.
Kramps, T., Peter, O., Brunner, E., Nellen, D., Froesch, B., Chatterjee, S.,
Murone, M., Zullig, S. and Basler, K. (2002). Wnt/wingless signaling requires
BCL9/legless-mediated recruitment of pygopus to the nuclear beta-catenin-TCF
complex. Cell 109, 47-60.
Logan, C. Y. and Nusse, R. (2004). The Wnt signaling pathway in development
and disease. Annu. Rev. Cell Dev. Biol. 20, 781-810.
Martinez Arias, A., Baker, N. and Ingham, P. (1988). Role of the segment
polarity genes in the definition and maintenance of cell states in the Drosophila
embryo. Development 103, 157-170.
McCartney, B. M., Dierick, H. A., Kirkpatrick, C., Moline, M. M., Baas, A.,
Peifer, M. and Bejsovec, A. (1999). Drosophila APC2 is a cytoskeletallyassociated protein that regulates wingless signaling in the embryonic epidermis.
J. Cell Biol. 146, 1303-1318.
Muller, H. J. (1932). Further studies on the nature and causes of gene mutations.
In Proceedings of the 6th International Congress of Genetics, Ithaca, New York,
1932. Vol. I (ed. D. F. Jones), pp. 213-255. New York: Brooklyn Botanic Garden;
1968 reissue, Texas: The Genetics Society of America.
Nambu, P. A. and Nambu, J. R. (1996). The Drosophila fish-hook gene encodes a
HMG domain protein essential for segmentation and CNS development.
Development 122, 3467-3475.
Noordermeer, J., Johnston, P., Rijsewijk, F., Nusse, R. and Lawrence, P. A.
(1992). The consequences of ubiquitous expression of the wingless gene in the
Drosophila embryo. Development 116, 711-719.
Overton, P. M., Meadows, L. A., Urban, J. and Russell, S. (2002). Evidence for
differential and redundant function of the Sox genes Dichaete and SoxN during
CNS development in Drosophila. Development 129, 4219-4228.
Peifer, M. and Wieschaus, E. (1990). The segment polarity gene armadillo
encodes a functionally modular protein that is the Drosophila homolog of
human plakoglobin. Cell 63, 1167-1178.
Peifer, M. and Polakis, P. (2000). Wnt signaling in oncogenesis and
embryogenesis – a look outside the nucleus. Science 287, 1606-1609.
Peifer, M., Sweeton, D., Casey, M. and Wieschaus, E. (1994). wingless signal
and Zeste-white 3 kinase trigger opposing changes in the intracellular
distribution of Armadillo. Development 120, 369-380.
Polakis, P. (2000). Wnt signaling and cancer. Genes Dev. 14, 1837-1851.
Roose, J., Molenaar, M., Peterson, J., Hurenkamp, J., Brantjes, H., Moerer, P.,
van de Wetering, M., Destree, O. and Clevers, H. (1998). The Xenopus Wnt
effector XTcf-3 interacts with Groucho-related transcriptional repressors. Nature
395, 608-612.
Russell, S. R. H., Sanchez-Soriano, N., Wright, C. R. and Ashburner, M.
(1996). The Dichaete gene of Drosophila melanogaster encodes a SOX-domain
protein required for embryonic segmentation. Development 122, 3669-3676.
Sambrook, J., Fritsch, E. F. and Maniatis, T. (1989). Molecular Cloning: A
Laboratory Manual. Cold Spring Harbor: Cold Spring Harbor Laboratory Press.
Seeger, M., Tear, G., Ferres-Marco, D. and Goodman, C. S. (1993). Mutations
affecting growth cone guidance in Drosophila: genes necessary for guidance
toward or away from the midline. Neuron 10, 409-426.
Sierra, J., Yoshida, T., Joazeiro, C. A. and Jones, K. A. (2006). The APC tumor
suppressor counteracts beta-catenin activation and H3K4 methylation at Wnt
target genes. Genes Dev. 20, 586-600.
Sinner, D., Rankin, S., Lee, M. and Zorn, A. M. (2004). Sox17 and ␤-catenin
cooperate to regulate the transcription of endodermal genes. Development 131,
3069-3080.
Takemaru, K., Yamaguchi, S., Lee, Y. S., Zhang, Y., Carthew, R. W. and
Moon, R. T. (2003). Chibby, a nuclear beta-catenin-associated antagonist of the
Wnt/Wingless pathway. Nature 422, 905-909.
van de Wetering, M., Cavallo, R., Dooijes, D., van Beest, M., van Es, J.,
Loureiro, J., Ypma, A., Hursh, D., Jones, T., Bejsovec, A. et al. (1997).
Armadillo coactivates transcription driven by the product of the Drosophila
segment polarity gene dTCF. Cell 88, 789-799.
Wilson, M. and Koopman, P. (2002). Matching SOX: partner proteins and cofactors of the SOX family of transcriptional regulators. Curr. Opin. Genet. Dev.
12, 441-446.
Zhang, C., Basta, T., Jensen, E. D. and Klymkowsky, M. W. (2003). The betacatenin/VegT-regulated early zygotic gene Xnr5 is a direct target of SOX3
regulation. Development 130, 5609-5624.
Zorn, A. M., Barish, G. D., Williams, B. O., Lavender, P., Klymkowsky, M. W.
and Varmus, H. E. (1999). Regulation of Wnt signaling by Sox proteins:
XSox17␣/␤ and XSox3 physically interact with ␤-catenin. Mol. Cell 4, 487-498.

DEVELOPMENT

Sox regulation of Wnt activity

