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n metazoans, the Wnt signaling path-

way plays a key role in the regulation
of binary decisions during development.
During this process different sets of tar-
get genes are activated in cells where the
Wnt pathway is active (classic target
genes) versus cells where the pathway is
inactive (opposite target genes). While
the mechanism of transcriptional activa-
tion is well understood for classic target
genes, how opposite target genes are acti-
vated in the absence of Wnt remains
poorly characterized. Here we discuss
how the key transcriptional mediator of
the Wnt pathway, the TCF family mem-
ber POP-1, regulates opposite target
genes during C. elegans development. We
examine recent findings suggesting that
the direction of the transcriptional out-
put (activation or repression) can be
determined by the way TCF is recruited
and physically interacts with its target
gene.

Introduction

The Wnt/B-catenin  pathway (or
canonical Wnt pathway) is an essential
signaling cascade that plays key roles dur-
ing the development of many animals and
its misregulation is involved in several
human diseases."”> Activation of this path-
way leads to stabilization of the transcrip-
tional co-activator B-catenin, which enters
the nucleus and associates with transcrip-
tion factors of the TCF family. When the
pathway is inactive TCF is not associated
with B-catenin, which is degraded. Most
direct transcriptional targets of this path-
way follow a “classic” type of regulation:
they contain TCF binding sites in their
cis-regulatory region and are activated in
presence of Wnt by the TCF:B-catenin

complex and repressed in the absence of
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Wnt by TCF. However, in several organ-
isms, a few direct target genes have been
observed to follow an “opposite” type of
regulation: they are repressed in the pres-
ence of Wnt by the TCF:f-catenin com-
plex and activated in the absence of Wnt
by TCF.>* How TCF mediates this atypi-
cal regulation is poorly understood.

In C. elegans, a variant of the Wnt/
B-catenin pathway called the Wnt/B-
catenin asymmetry pathway regulates
many asymmetric divisions along the
antero-posterior axis of the embryo and
the larva.”” Activation of this pathway
induces stabilization of the B-catenin pro-
tein SYS-1 and partial nuclear export of
the TCF factor POP-1. In the posterior
daughter, where the pathway is active,
there is a high nuclear concentration of
SYS-1/B-catenin and a low nuclear con-
centration of POP-1/TCF leading to the
formation of a POP-1:SYS-1 complex. In
the anterior daughter the pathway is inac-
tive, there is a low nuclear concentration
of SYS-1, a high nuclear concentration of
POP-1, and nuclear POP-1 is mostly free
of SYS-1 (Fig. 1).8 The mechanism by
which target genes are activated by this
pathway in posterior daughters is well
characterized and follows the “classic tar-
get gene” logic of the Wnt/B-catenin
pathway targets. Examples include the
activation of the GATA transcription fac-
tor gene end-1 in the EMS lineage,m’11
the Nkx transcription factor gene ceh-22
in the distal tip cell precursor,'? the Meis
transcription factor gene psa-3 in the T
lineage,"” the homeodomain transcription
factor gene ceh-10 in the ATY lineage'* or
the GATA transcription factor gene egl-18
in seam cell lineages."” These targets con-
tain TCF binding sites in their cis-regula-
tory elements and are directly activated by
the POP-1:SYS-1 complex in the posterior
daughter and directly repressed by POP-1
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Figure 1. Regulation of target genes by the Wnt/B-catenin asymmetry pathway. Classic targets are
directly activated in the posterior daughter by the POP-1:SYS-1 complex. Indirect opposite targets
are repressed in the posterior daughter via a posterior repressor (Repr). Direct opposite targets are
activated in the anterior daughter by a POP-1:REF-2 complex. Smaller POP-1 circles in the posterior
daughter represent lower nuclear concentration.

in the anterior daughter (Fig. 1, classic
target genes). On the contrary, how target
genes are activated in anterior daughters
remains poorly characterized. Here we
will first examine evidence that some ante-
rior genes are indirectly regulated by
POP-1 via a posterior repressor. We will
then discuss recent data suggesting
another scenario where other anterior
genes are directly activated by POP-1 via
an atypical mechanism.

Indirect Regulation of Opposite
Targets via a Repressor

One simple model to explain the
asymmetric activation of target genes in
anterior indirect

daughters is an
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regulation by a posterior
(Fig. 1, indirect opposite target). In this
the POP-1:SYS-1

directly activates the expression of a

repressor

scenario, complex
transcriptional repressor in the posterior
daughter via TCF binding sites present
in its cis-regulatory elements. This
repressor then directly represses the
expression of anterior targets via repres-
sor binding sites in their cis-regulatory
regions. In the anterior daughter, the
repressor is not expressed allowing the
expression of anterior targets. While this
mechanism has not been fully demon-
strated, there is evidence that some ante-
rior target genes are indirectly repressed
in posterior daughters.

The best characterized example is prob-
ably the EMS lineage of the embryo. In
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the early embryo, the EMS blastomere
divides asymmetrically to generate the
anterior MS blastomere (precursor of
mesoderm) and the posterior E blastomere
(precursor of endoderm). The NKX tran-
scription factor gene ceh-51 is expressed in
MS while the GATA transcription factor
genes end-1 and end-3 are expressed in E.
The POP-1:SYS-1 complex represses the
expression of ceh-51 in E, therefore
restricting its expression to MS. 117
While the mechanism by which the POP-
1:SYS-1 complex represses ceh-51 in E
remains to be fully characterized, it is at
least in part indirect via the activation of
end-1 and end-3 expression.

There is also evidence of indirect
repression in other lineages, for example
in the SMDD/AIY neuronal lineage. In
the embryo the SMDD/AIY mother
divides asymmetrically to generate the
anterior SMDD motoneuron and the pos-
terior AlY interneuron. Following asym-
the POP-1:SYS-1
complex directly activates the expression
of the homeodomain transcription factor
gene ceh-10 in AIY via TCF binding
sites.' In addition, in ceh-10 null mutants

metric  division,

ALY markers are completely lost in AIY,
and SMDD markers become partially
derepressed in AIY. This suggests that
CEH-10 could play in part the role of the
repressor in the SMDD/AIY lineage.
However the mechanism through which
CEH-10 represses SMDD markers is
unknown.

This indirect regulation of anterior
target genes involves an additional tran-
scriptional step (transcriptional activa-
tion/repression of the repressor gene),
which could result in a temporal shift
between the activation of posterior tar-
gets (direct) and anterior targets (indi-
rect) and thus a delay in the fate
specification program of anterior daugh-
ters in comparison to posterior daugh-
In addition, between
successive cell divisions in the C. elegans
embryo is very short (around 30 min at
20°C)'® the time delay imposed by a
transcriptional intermediate step could

ters. as time

be an important constraint for the
embryo. Interestingly, recent data sug-
gest that C. elegans has also developed a
more direct way to activate the expres-
sion of anterior target genes.
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Figure 2. Conversion of TCF from a repressor to an activator via a conformational change. TCF acts as a repressor on classic TCF-sites (A). In Drosophila,
binding to an atypical TCF-site induces a conformational change in TCF that converts TCF into an activator (B). We speculate that the Zic transcription
factor REF-2 may induce a similar conformational change in the TCF transcription factor POP-1 converting it into an activator (C).

Direct Activation of Opposite
Targets by POP-1/TCF via an
Atypical Mechanism

We have recently characterized how the
LIM homeodomain transcription factor
gene #x-3 is activated in the anterior
daughter of an embryonic neuronal line-
age.19 Following asymmetric cell division,
ttx-3 expression is activated in the anterior
daughter (the SMDD/AIY neuroblast
which generates the SMDD motoneuron
and AlY interneuron), but not the poste-
rior daughter (the SIAD/SIBV neuroblast
which generates the SIAD and SIBV
motoneurons). This activation is mediated
by a Zic transcription factor (REF-2) via a
Zic binding site present in the rmx-3 cis-
regulatory region. In the anterior daugh-
ter, the POP-1 protein directly binds the
REF-2 protein and the REF-2:POP-1
complex activates #x-3 expression via the
Zic binding site (Fig. 1, direct opposite
target). In the posterior daughter, SYS-1
blocks this activation by binding to POP-
1. These results suggest that POP-1 can
directly activate the transcription of an
anterior target without an intermediate
step of transcription. This is an atypical
mode of action for a TCF transcription
factor, and whether other anterior target
genes in C. elegans are regulated by a simi-
lar mechanism remains to be determined.
This atypical mechanism could be con-
served in other animals. Indeed, we were
able to reconstitute this system in mam-
malian cell cultures.'® In addition, it has
been observed in vertebrates that the Zic2
protein directly binds TCF4 and that the
Zic2:TCF4:B-catenin  complex cannot
activate transcription via TCF binding
sites.”
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One important question that remains
is why does the interaction with REF-2
invert the transcriptional activity of POP-
1, converting POP-1 into an activator in
the absence of SYS-1 and a repressor in
the presence of SYS-1. Studies conducted
on 2 opposite target genes in Drosophila
(Ugt36Bc and Tiggrin) can provide an
insight into the mechanism.”"** TCF
activates these targets in the absence of
B-catenin and represses them in the pres-
ence of PB-catenin via an atypical TCF
binding site present in their cis-regulatory
regions. This atypical TCF binding site
differs in sequence from the classic TCF
binding sites observed in classic target
genes. Interestingly, TCF adopts distinct
conformations when bound to classic vs.
atypical binding sites (Fig. 2A, B).?? This
suggests that TCF can exist in 2 different
conformations. In the first conformation,
TCF acts as a repressor in the absence of
[B-catenin and as an activator when bound
to B-catenin. In the second conformation,
TCEF acts as an activator in the absence of
B-catenin and as a repressor when bound
to B-catenin. We speculate that REF-2, by
binding to POP-1, could induce a confor-
mational change in POP-1 similar to the
one observed when TCF interacts with
atypical binding sites in Drosophila,
inverting the transcriptional output
(Fig. 2C). In the end, the difference of
transcriptional output between classic and
opposite direct targets may be determined
by the way TCEF is recruited to its target.

More work is required to understand
the biochemical basis of this intriguing
shift in TCF transcriptional activity and
the analysis of additional direct opposite
targets is needed to characterize the gener-
ality and diversity of the mechanisms at
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Some important misregulated

play.
genes in Wnt-related cancers are direct
opposite target genes (such as pI6 or
E-cadberin),>*>** therefore the characteri-
zation of this atypical mode of regulation
will certainly have important implications

for the understanding of human diseases.
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