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Wnt signaling meets internal dissent
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In canonical Wnt signaling, b-catenin translocates to the cell
nucleus, interacting with Tcf/Lef factors to activate tran-
scription of Wnt target genes. In this issue of Genes &
Development, Vacik and colleagues (pp. 1783–1795) report
that a highly conserved sequence in intron 5 of Tcf7l2 con-
ceals an internal promoter region that, when activated by
Vax2, drives transcription of truncated Tcf7l2 mRNAs. The
encoded Tcf7l2 protein binds to DNA, but not b-catenin,
and therefore acts as a dominant-negative Wnt antagonist.

Canonical or b-catenin-mediated Wnt signaling is strictly
regulated, as befits a signaling pathway used repeatedly in
the course of development and whose dysregulation is
involved in several cancers (Moon et al. 2002). Inhibitory
mechanisms come into play when the Wnt ligand is re-
leased, and continue, as Vacik et al. (2011) demonstrate,
to the final stage of canonical Wnt signaling, at which
nuclear b-catenin binds to Tcf/Lef transcription factors,
activating transcription of downstream Wnt target genes.

Regulation of canonical Wnt signaling

When a cell signals to another by releasing the Wnt ligand,
the ligand binds to Frizzled receptors on the recipient cell
(Wodarz and Nusse 1998) as well as the Wnt coreceptors
LDL receptor-related proteins 5 and 6 (LRP5/6) (Tamai et al.
2000) to form a trimeric complex required for signaling
(Schweizer and Varmus 2003). The Wnt ligand must first,
however, avoid a variety of alternative binding partners, in-
cluding the secreted Frizzled-related proteins (sFrps) (Rattner
et al. 1997), which contain the Frizzled cysteine-rich Wnt-
binding domain but no transmembrane domain, and Wnt
inhibitory factors (Wifs) (Hsieh et al. 1999). By sequestering
the Wnt ligand, these inhibitors restrict the range and
strength of Wnt signaling. Meanwhile, members of a third
family of secreted proteins, the Dickkopf (Dkk) family of
Wnt modulators (Niehrs 2006), can interact with LRP5/6
coreceptors and inhibit Wnt signaling by disrupting LRP5/6
binding to the Wnt/Frizzled complex (Brott and Sokol 2002).
Once the Wnt ligand has successfully bound to its Frizzled
receptors and LRP5/6 coreceptors, the Dishevelled (Dvl)

protein is activated. Dvl inhibits the activity of a protein
complex that includes glycogen synthase kinase 3b (GSK3b)
and adenomatosis polyposis coli (APC), an important tumor
suppressor gene in colon cancer. This protein complex is the
principal block to nuclear b-catenin signaling. In the
absence of a Wnt signal, GSK3b phosphorylates b-catenin,
which results in b-catenin degradation through the ubiq-
uitin pathway (Fig. 1A; Aberle et al. 1997). After Dvl inhibits
the activity of the protein complex, b-catenin is free to enter
the cell nucleus, where it complexes with transcription
factors of the T-cell factor and lymphoid enhancer factor
(Tcf/Lef) family, displacing corepressors such as Groucho/
TLE repressors (Daniels and Weis 2005) and histone
deacetylases (HDACs) (Hurlstone and Clevers 2002), and
promoting b-catenin/Tcf/Lef interactions with coactivators
to drive expression of Wnt target genes (Fig. 1B).

A novel form of inhibition of a Tcf/Lef
transcription factor

Vacik et al. (2011) have discovered an intriguing new way
in which canonical Wnt signaling can be controlled. A
member of the Tcf/Lef family, Tcf4, now called Tcf7l2,
normally binds to b-catenin to mediate Wnt signaling at
several sites in the body and brain. The present study
describes an internal promoter region within intron 5 of the
Tcf7l2 gene that drives transcription of truncated Tcf7l2
mRNAs. Vacik et al. (2011) demonstrate that these trun-
cated mRNAs are endogenously expressed in mice and
Xenopus, and at least two mRNAs generate substantial
truncated Tcf7l2 protein in vivo in mice. The truncated
Tcf7l2 mRNAs contain only exons 6 and beyond, critically
lacking exon 1, which contains a sequence encoding the
b-catenin-binding site of Tcf7l2. Truncated Tcf7l2 protein
thus cannot bind to b-catenin, but maintains an HMG
DNA-binding domain, as well as domains that should en-
sure nuclear localization and interaction with the Groucho/
TLE corepressors. Consequently, the truncated protein acts
in the nucleus as dominant-negative Tcf7l2 (dnTcf7l2).
DnTcf7l2 competes with full-length Tcf7l2 in binding
to a common DNA-binding site, but by failing to bind
b-catenin, dnTcf7l2 remains as a transcriptional repressor,
blocking the transcription of Wnt target genes (Fig. 1C).

The role of Vax genes in generating dominant-negative
Tcf7l2 proteins

A long-standing program of research in the Lemke labo-
ratory concerns the patterning of the vertebrate eye (Kim
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and Lemke 2006). Previous studies have shown that the
dorsal–ventral (D/V) axis of the retina is established and
maintained in part by a competition between Sonic hedge-
hog (Shh) signaling ventrally and Wnt signaling dorsally, in
combination with signaling by FGFs, bone morphogenetic
proteins (BMPs), and retinoids (Huh et al. 1999; Halilagic
et al. 2007; Veien et al. 2008; Zhao et al. 2010). Shh induces
the transcription factor Vax2 (Kim and Lemke 2006), pre-
viously found to be expressed in the ventral retina and to
regulate D/V eye patterning (Barbieri et al. 1999; Kim and
Lemke 2006). A specific search for genes downstream from
Vax2 led to the identification of Vax2-binding sites in the
;700-base-pair (bp)-long sequence of intron 5 of the Tcf7l2
gene, which Vacik et al. (2011) subsequently found to con-
tain an internal promoter region for dnTcf7l2. Four trun-
cated mRNAs initiating in the fifth intron of the Tcf7l2 gene
were identified by 59 RACE from exon 8; the alternative
first exons of these truncated Tcf7l2 isoforms were des-
ignated 1b, 1c, 1d, and 1e. Of these, mRNA for 1b and 1c
was most strongly expressed in the mouse embryo, be-
ginning at about embryonic day 9 (E9). Notably, these
mRNAs were expressed in the head, particularly in the
diencephalon of the brain and in the Vax2-expressing ret-
ina and optic stalk, but were essentially absent from the
embryo body. Confirming that expression of dnTcf7l2
mRNAs depends on Vax2, at least in the ventral retina, 1b
dnTcf7l2 mRNA is normally expressed throughout the ret-
ina, but expression is specifically lost in the ventral neural
retina of Vax2-null mutants. Meanwhile, as would be ex-
pected, expression of full-length Tcf7l2 remains the same in
the Vax2 mutants. Further experiments designed to clarify
Vax2 regulatory activity indicate that Vax2 is a direct trans-
criptional activator of dnTcf7l2. These findings revealed
an important mechanism by which Shh can antagonize
the dorsalizing activity of Wnt signaling in the retina.

Vax2 activation of a suite of Wnt antagonists

Intriguing additional findings suggest that Vax2 not only
up-regulates dnTcf7l2, but also a variety of genes encoding

proteins with a role in Wnt signaling inhibition: Tle1,
Hdac2, Ctbp1, Apc, and Gsk3b (see Fig. 1A). Tle1 is a
Groucho-associated TLE corepressor, Hdac2 and C-termi-
nal binding protein 1 (Ctbp1) serve as epigenetic corepres-
sors, and APC and Gsk3b are both components of the pro-
tein complex that leads to b-catenin degradation in the
absence of a Wnt signal. Tle1, Hdac2, Ctbp1, Apc, and
Gsk3b expression is coextensive in the ventral retina with
that of dnTcf7l2 and Vax2 and is lost in the ventral but not
dorsal retina of Vax2�/� mice, indicating a dependency on
Vax2 regulation. Although Vacik et al. (2011) did not find
Vax2 binding in known regulatory regions of the Tle1,
Hdac2, Ctbp1, Apc, and Gsk3b genes, the introns of these
genes contained putative Vax2-binding sites. Clearly, how
Shh-induced Vax2 regulates expression of other Wnt an-
tagonist genes warrants further investigation.

Reduced dnTcf7l2 leads to a phenotype characteristic
of decreased Wnt inhibition

Emphasizing the importance of Wnt signaling inhibition,
and introducing a phenotype that Vacik et al. (2011) reca-
pitulate, the investigators who initially described Dkk1
in Xenopus (Glinka et al. 1998) additionally demonstrated
that Dkk1 was necessary and sufficient for Xenopus head
induction. Mice lacking Dkk1 also fail to develop rostral
structures of the head and brain (Mukhopadhyay et al.
2001).

Vacik et al. (2011) assessed the effects of knocking down
dnTcf7l2 function in Xenopus, first confirming that an
endogenous XdnTcf7l2 exists and is expressed just after
the completion of gastrulation. As in mice, XdnTcf7l2 is
expressed strongly and selectively in the head and brain.
Morpholino antisense oligonucleotides were designed to
knock down XdnTcf7l2 without affecting full-length
XTcf7l2. The selected morpholinos blocked splicing of
alternative exon Ib to exon 6 (not a splicing event required
to generate full-length XTcf7l2) or blocked translation
from an ATG start site in the alternative exon 1b in
Xenopus. Morphants showed a range of effects on head

Figure 1. (A–C) Schematics of Wnt signaling
components in the absence of a Wnt signal (A),
the presence of a Wnt signal (B), and the presence
of a Wnt signal blocked by the displacement of
Tcf7l2 by dnTcf7l2 (C). (A) Without a Wnt signal,
b-catenin is phosphorylated by a protein complex
surrounding GSK3b and sent for ubiquitination.
In the nucleus of the cell, Tcf7l2 associates with
the Groucho-TLE corepressors, as well as other
repressors (HDAC and CtBP1). Transcription of
Wnt target genes is repressed. Asterisks indicate
components of the Wnt signaling pathway that
Vacik et al. (2011) found are up-regulated by Vax2
(see also C). (B) The Wnt ligand binds to its
Frizzled receptors and LRP coreceptors. Dvl
breaks up the GSK3b-centered protein complex,

releasing b-catenin, which translocates to the nucleus, displaces corepressors, and attaches to the b-catenin-binding site (bc-BS) on
Tcf7l2. Target Wnt genes are expressed. (C) DnTcfl72 has displaced Tcf7l2 in the nucleus. Because dnTcfl72 lacks a b-catenin-binding
site, it remains a transcriptional repressor even in the presence of a Wnt signal and the subsequent availability of b-catenin. The cell
has, in effect, become ‘‘blind’’ to the Wnt signal (see Vacik et al. 2011).
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development, from a small head and eyes to complete loss
of both. Although a full phenotypic analysis of the neural
structures that remain in the less affected morphants re-
mains to be done, it appears that a reduction of dnTcf7l2
has severe effects on head and rostral brain formation com-
parable with a deficiency in Dkk1 in Xenopus and mice
(Glinka et al. 1998; Mukhopadhyay et al. 2001).

Other morphogens and transcription factors
may regulate dnTcf7l2 production

Production of dnTcf7l2 and the consequent inhibition of
full-length Tcf7l2 activity do not always require transcrip-
tional activation by Vax proteins or even Shh induction
of specific transcription factors. Mice that lack both Vax1
and Vax2 function show a transformation of the optic
nerve into retina, a dorsalization of the eye (Mui et al.
2005) and its retinocollicular projections (Mui et al. 2002).
Importantly, however, mice that lack both Vax1 and Vax2
do not show the dramatic loss of rostral brain and head
that follows knockdown of XdnTcf7l2 in Xenopus; that is,
there are major sites of dnTcf7l2 function outside the eye
that do not express Vax1 or Vax2.

The nucleotide sequence in intron 5 of Tcf7l2, contain-
ing Vax2-binding sites and an internal promoter for trun-
cated Tcf7l2, is astonishingly highly conserved across
vertebrates, showing >85% identity between humans and
puffer fish (Vacik et al. 2011). Vacik et al. (2011) found just
over 20 other human noncoding sequences of comparable
length that showed as high a sequence conservation; of
these, only three sequences were longer. Against the back-
ground of the high conservation of Wnt signaling compo-
nents in general, the hyperconservation of the region of
Tcf7l2 intron 5 suggests a role of fundamental biological
importance. Unsurprisingly, transcription factors other
than Vax proteins, regulated by other morphogens, are
likely to activate or repress transcription of dnTcf7l2.
Future studies should discover what these are, and may
uncover additional biological functions for this highly
conserved stretch of noncoding DNA.

Biological roles for dnTcf7l2

Determining how dnTcf7l2 influences a variety of events
in development or disease will be a future challenge. Ini-
tial guidance comes from our current knowledge of the
expression patterns of full-length Tcf7l2 and the functions
of Tcf7l2 in the embryo and adult. Tcf7l2 activity in-
fluences organogenesis of the intestine (Faro et al. 2009),
homeostasis of skin epithelium (Nguyen et al. 2009),
myogenesis (Mathew et al. 2011), and pituitary develop-
ment (Brinkmeier et al. 2003). In the CNS, Tcf7l2 regulates
the differentiation of a major population of glial cells,
oligodendrocytes (Ye et al. 2009). In an interesting reap-
pearance of mutual antagonism between Wnt and Shh
signaling, the stabilization and nuclear translocation of
b-catenin negatively regulates oligodendrocyte develop-
ment by repressing Shh-induced Olig2 expression (Ye et al.
2009). Tcf7l1 appears to mediate this negative regulation
in part: Mice deficient in Tcf7l2 have defects in oligoden-

drocyte maturation, whereas an artificially generated dom-
inant-repressive form of Tcf7l1 promotes precocious oligo-
dendrocyte specification in the chick (Ye et al. 2009). As
noted by Vacik et al. (2011), Tcf7l2 is also strongly expressed
in the developing and adult thalamus (Shimogori et al. 2004;
Lee et al. 2009), where its functions are currently unknown.
With respect to disease, Tcf7l2 has been implicated in the
survival of insulin-producing pancreatic b cells, and vari-
ants of the human TCF7L2 gene have been associated with
type 2 diabetes mellitus (Shu et al. 2009). Perhaps most
striking, inappropriate activation of a Tcf7l2 target gene pro-
gram promotes tumorigenesis in colorectal cancer (Hatzis
et al. 2008). In each of these developmental and disease
contexts, we now need to discover the role of dnTcfl2. Does
it play an important role in suppressing Wnt activity during
oligodendrocyte development? Do mutations in dnTcf7l2
contribute to colorectal cancer or to type 2 diabetes?

A standard way to investigate the functions of a new
gene is to knock it out in mice, either constitutively or
conditionally. Such an approach has particular difficulties
in this case. An existing Tcf7l2-null mouse engineered to
lack a functional HMG domain (Korinek et al. 1998) pre-
sumably shows loss of function of both full-length Tcf7l2
and dnTcf7l2, given that both proteins use the same HMG
DNA-binding site. A mouse that lacks the b-tubulin-
binding site in Tcf7l2 has also been generated (Angus-Hill
et al. 2011), but although this might mimic overexpression
of dnTcf7l in some ways, exactly which ways might be dif-
ficult to tease out. A mouse genetically engineered to pro-
duce functional full-length Tcf7l2, but not dnTcf7l2, would
be ideal for working out the functions of dnTcf7l2 in
the body and brain, although making such a mouse offers
knotty problems of vector design.

In summary, Vacik et al. (2011) found that Shh-induced
Vax2 promotes the generation of a dnTcf7l2 protein that
blocks canonical Wnt signaling, providing significant insight
into the mechanisms of patterning in the eye. Still more
significant, they discovered that dnTcf7l2 mRNA is gener-
ated from an alternative first exon that lies hidden inside the
fifth intron of the gene encoding Tcf7l2 itself. This observa-
tion raises the question of how often either the Wnt or other
signaling pathways are faced with this particular type of
internal dissent. Another interesting feature of Wnt inhibi-
tion mediated by dnTcf7l2 is that it comes at the very end of
the Wnt signaling pathway, emphasizing again that Wnt
signaling must be kept under very tight control. A final
major finding of the current study is that the 700-bp se-
quence containing Vax2-binding sites and a promoter region
for dnTcf7 is extraordinarily highly conserved. This degree of
conservation suggests that the 700-bp sequence may have
further biological functions that are not yet disclosed.
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