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Fine-tuning of nuclear-catenin by chibby and 14-3-3
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Chibby (Cby) is an evolutionarily conserved antagonist of
[-catenin, a central player of the canonical Wnt signaling pathway,
which acts as a transcriptional coactivator. Cby physically interacts
with the C-terminal activation domain of -catenin and blocks
its transcriptional activation potential through competition with
DNA-binding Tcf/Lef transcription factors. Our recent study
revealed a second mechanism for Cby-mediated [3-catenin inhibi-
tion in which Cby cooperates with 14-3-3 adaptor proteins to
facilitate nuclear export of f-catenin, following phosphorylation
of Cby by Akt kinase. Therefore, our findings unravel a novel
molecular mechanism regulating the dynamic nucleo-cytoplasmic
trafficking of P-catenin and provide new insights into the cross-
talk between the Wnt and Akt signaling pathways. Here, we review
recent literature concerning Cby function and discuss our current
understanding of the relationship between Wnt and Akt signaling.

Overview of the Canonical Wnt/3-Catenin Pathway

The Wnt/p-catenin signaling pathway plays diverse roles in embry-
onic development, stem cell self-renewal and adult homeostasis.! In
recent years, perturbations in this signaling cascade have been impli-
cated in the pathogenesis of a range of human diseases, especially
cancer. %> Remarkably, chronic activation of Wnt/p-catenin signaling
is found in a variety of human malignancies including melanoma,
colorectal and hepatocellular carcinomas.>® Accordingly, the Wnt/p-
catenin pathway has gained recognition as an attractive molecular
target for cancer therapeutics as well as Wnt-related disorders.*” In
this signaling pathway, 3-catenin is a key component, functioning as
a transcriptional coactivator.® In the absence of an extracellular Wnt
ligand (Fig. 1, left), cytoplasmic B-catenin becomes phosphorylated
by casein kinase 1 (CK1) and glycogen synthase kinase 3 (GSK3) in
the so-called “destruction complex” containing the tumor suppres-
sors Axin and Adenomatous polyposis coli (APC), and is targeted for
ubiquitin-mediated proteasomal degradation.” Binding of Wnt to
the seven transmembrane Frizzled (Fz) receptors and the low-density
lipoprotein receptor-related protein (LRP) co-receptors, LRP5 and
LRP6, triggers recruitment of Axin to the plasma membrane,
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resulting in inhibition of B-catenin phosphorylation and degradation
(Fig. 1, right).!% As a result, B-catenin accumulates in the cytoplasm
and then translocates into the nucleus where it forms a complex
with the T-cell factor/lymphoid enhancer factor (Tcf/Lef) family of
transcription factors, leading to activation of target genes.!12 Thus,
nuclear P-catenin is the hallmark of activated Wnt signaling and
frequently observed in tumor cells.>® B-Catenin also functions in
cell adhesion by binding to type I cadherins to mediate actin filament

assembly via ci-catenin at the plasma membrane.®

Cby Is an Evolutionarily Conserved [3-Catenin Antagonist

To explore the molecular basis for controlling (3-catenin signaling
activity, we performed a yeast Ras recruitment screen using the
C-terminal transactivation domain of B-catenin as bait and pulled
out Chibby (Cby).!? Cby is a 15-kDa protein that is highly conserved
throughout evolution from fly to human. It harbors putative nuclear
localization signals (NLSs) and a conserved o-helical coiled-coil
motif in the C-terminal region. Our recent crystal structural analyses
of full-length B-catenin indicate that Cby binds to the Helix C
located at the C-terminal end of the central Armadillo repeat region
of B-catenin.’® By doing so, Cby competes with Tcf/Lef transcrip-
tion factors for binding to B-catenin, leading to repression of Wnt
target genes (Fig. 2). Consistent with this notion, RNAi knockdown
of Cby in Drosophila melanogaster embryos results in hyperactivation
of this signaling pathway, highlighting the biological importance of
Cby function.!>1> In cell culture systems, Cby facilitates adipocyte
and cardiomyocyte differentiation of pluripotent stem cells through
inhibition of B-catenin signaling.!®!7 As the oncogenic role of aber-
rantly activated P-catenin is well documented, Cby may act as a
tumor suppressor. In fact, it has been reported that Cby expression is

downregulated in certain tumors such as colon carcinoma cell lines!®

and pediatric ependymomas.!?

Second Mode of 3-Catenin Inhibition by Chy via Cooperation
with 14-3-3

To extend our knowledge on the cellular and molecular func-
tion of Cby, we set out to identify Cby-binding proteins using an
affinity purification/mass spectrometry approach, and isolated two
isoforms of the 14-3-3 adaptor protein family, T and €.2° 14-3-3
proteins constitute a family of highly conserved dimeric proteins,
comprised of 7 isoforms in mammals (B, v, €, 0, T, T and n).2>2 The
family members are widely expressed and often control activity and/
or subcellular localization of their target proteins. 14-3-3 binding
typically depends on phosphorylation of serine (S)/threonine (T)
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residues in their substrates. We showed that 14-3-3 proteins
specifically recognize S20 within the N-terminal 14-3-
3-binding motif of Cby upon phosphorylation by Akt
kinase.?’ A single-amino-acid substitution of alanine (A)
for S20 almost completely abolishes the interaction of
Cby with 14-3-3. Notably, direct docking of 14-3-3
results in sequestration of Cby into the cytoplasm. More
importantly, Cby and 14-3-3 form a stable trimolecular
complex with f-catenin and translocate f-catenin into the
cytoplasmic compartment, thereby suppressing B-catenin
signaling activity. Inhibition of Wnt/p-catenin signaling
by Cby, therefore, involves at least two distinct molecular
mechanisms (Fig. 2), i.e., competing with Tcf/Lef factors
for binding to B-catenin in the nucleus, and facilitating
nuclear export of B-catenin via interaction with 14-3-3.
Both mechanisms appear to be necessary for Cby to
achieve full repression of B-catenin transcriptional activity.
In support of this model, 14-3-3-binding-defective Cby
mutants exhibit significantly reduced ability to repress
[-catenin-mediated activation of the Tcf/Lef luciferase
reporter TOPFLASH even though these Cby mutants accu-
mulate in the nucleus. However, it is also conceivable that
one mechanism predominates over the other, depending on
the cellular context. Intriguingly, under the experimental
conditions we tested, 14-3-3 proteins preferentially collabo-
rate with Cby to relocate PB-catenin into the cytoplasm
rather than sequestering Cby alone. Nevertheless, 14-3-3
might, under certain circumstances, sequester Cby away
from B-catenin, now allowing f-catenin to stimulate target
gene expression.

A previous proteomic study identified 14-3-3C as a

-Wnt signal

+Wnt signal

Figure 1. Simplified overview of the canonical Wnt/B-catenin signaling pathway. (left)
In the absence of a Wnt signal, B-catenin is sequestered in the destruction complex
containing the scaffold proteins APC and Axin, and sequentially phosphorylated by the
kinases CK1 and GSK3. This results in degradation of B-catenin via the viquitin-protea-
some pathway. In the nucleus, Tcf/Lef target genes are repressed through recruitment
of transcriptional co-repressors including Groucho. (right) Upon Wht signaling, Frz-Dsh
complex formation and the sequential phosphorylation of LRP5/6 by GSK3 and CK1
promote translocation of Axin to the plasma membrane, leading to inactivation of the
destruction complex. Stabilized B-catenin then enters the nucleus and forms a complex
with Tcf/Lef factors to stimulate expression of Wnt target genes by recruiting various
co-activators such as CBP. B-Catenin is also a key component of cell-cell adhesion, link-
ing cadherins to the actin cytoskeleton.

B-catenin interactor.?? In another report,24 it was shown that

[-catenin is phosphorylated at $552 by Akt downstream of

epidermal growth factor (EGF) signaling. This phosphorylation
promotes the association of fB-catenin with 14-3-3C. In contrast
to our model, ectopic expression of 14-3-3C results in a moderate
increase in TOPFLASH activation by B-catenin.?324 This apparent
discrepancy might be explained by the fact that 14-3-3 proteins have
been shown to interact with over 200 proteins including transcription

factors and various signaling molecules, 222>

and hence its overexpres-
sion can elicit pleiotropic effects. Another complicating factor is that
14-3-3C enhances whereas 14-3-31 and ¢ isoforms repress $-catenin-
dependent gene activation although all three 14-3-3 isoforms bind
to Cby and sequester it into the cytoplasm,°

specific effects of 14-3-3 proteins on Wnt signaling. At present, the

suggesting isoform-

exact mechanisms underlying potentiation of f-catenin signaling by
14-3-3T is unclear. However, it is worth pointing out that, consistent
with our results, ectopic expression of 14-3-3C was found to cause
the cytoplasmic enrichment of B-catenin,?? presumably by inter-
acting with endogenous Cby. In any case, our findings indicate that
the Cby-14-3-3 interaction significantly contributes to their stable
complex formation with f-catenin. Moreover, 14-3-3 itself is not
sufficient to sequester -catenin into the cytoplasm as Cby mutants
incapable of binding to 14-3-3 retain (3-catenin in the nucleus even
in the presence of excess 14-3-3.20 We therefore propose that phos-
phorylation of B-catenin and Cby by Akt provokes 14-3-3 binding to
form a stable ternary complex, followed by [-catenin nuclear export
and termination of its signaling (Fig. 2).
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Nuclear targeting of B-catenin is a prerequisite for activation of
Wnt target genes. Thus, nuclear import/export of B-catenin repre-
sents a crucial step in regulating signaling competent f3-catenin levels
and serves as an attractive target for pharmacological interventions
in cancer and other diseases associated with altered Wnt signaling.
To date, several distinct B-catenin nuclear export pathways have been
reported. For example, APC and Axin, besides their function in the
destruction complex, have been shown to shuttle between the nucleus
and the cytoplasm, and facilitate nuclear export of B-catenin by the
classical chromosome region maintenance-1 (CRM-1)-dependent
pathway (Fig. 2).2629 On the other hand, the RanBP3 export
factor enhances nuclear export of active B-catenin in a CRM-1-
independent manner.?® The APC- and Axin-directed nuclear export
pathways may be coupled with proteasomal degradation of 3-catenin.
However, the outcomes of the Cby and RanBP3-dependent export
are currently unknown. In addition, how these nuclear export routes
operate coordinately and differentially to fine-tune nuclear f-catenin
levels remains largely elusive.

Other Cby-Binding Partners

Besides f-catenin and 14-3-3, Cby has been shown to interact
with thyroid cancer-1 (TC-1)3! and polycystin-2 (PC-2).3? TC-1
was originally identified as a gene whose expression was elevated in
thyroid cancers.>® More recently, TC-1 was shown to bind to Cby
and stimulate (-catenin-dependent transcriptional activation by
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Figure 2. Inhibition of -catenin signaling by Cby and other nuclear export
pathways. In the nucleus, Cby interacts with -catenin and competes with
Tef/Lef transcription factors, thereby blocking expression of target genes.
In addition, phosphorylation of Cby and -catenin by Akt facilitates 14-3-3
binding, resulting in nuclear export of -catenin to the cytoplasm. APC, Axin
and RanBP3 have been shown to promote nuclear export of -catenin. See
text for details.

displacing Cby from B-catenin.’! However, its precise physiological
functions are not yet completely understood. PC-2 is another
known binding partner of be.32 The PDK-2 gene, encoding PC-2,
is mutated in patients with autosomal dominant polycystic kidney
disease.>*3> Hidaka et al. reported that Cby associates with PC-2 and
controls its subcellular distribution.>? Upon coexpression in mamma-
lian cultured cells, Cby and PC-2 proteins redistribute and colocalize
to the trans-Golgi network although Cby primarily localizes to the
cytoplasm on its own. It is, therefore, tempting to speculate that Cby,
in cooperation with 14-3-3 proteins, may regulate the intracellular
localization of PC-2 and potentially other binding proteins.

Cross-Talk between the Akt and Wnt/3-Catenin Pathways

Akt [also known as protein kinase B (PKB)] belongs to the AGC
subfamily of S/T kinases, and is a pivotal effector of the phosphati-
dylinositol-3-kinase (PI3K) signaling, which is activated by a diverse
array of extracellular stimuli and known to promote cell growth,
36,37 Prior reports suggest that Akt
positively regulates 3-catenin signaling, most likely acting at the level
of the B-catenin destruction complex although its precise mechanism
of action remains largely debatable.?>2438 Several lines of evidence
indicate that, like insulin signaling, Akt-mediated phosphorylation
inhibits GSK3 activity, resulting in stabilization of B-catenin.3-40
In agreement with this, GSK3 inactivation and the resultant nuclear
accumulation of (-catenin were observed in intestinal tumors of
mice carrying conditional deletion of the tumor suppressor PTEN, 4!
which acts as a negative regulator of the PI3K/Akt pathway. It
is, therefore, somewhat puzzling to find that Akt phosphoryla-
tion of Cby facilitates its interaction with 14-3-3 and triggers the

survival and tumor formation.
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cytoplasmic sequestration of B-catenin, thereby attenuating f-catenin
signaling. However, it is plausible that membrane/cytoplasmic acti-
vated Akt favorably phosphorylates and thus inactivates GSK3, while
nuclear Akt phosphorylates f-catenin and Cby, which in turn facili-
tates 14-3-3 binding, resulting in nuclear exclusion of the ternary
complex. In support of this idea, we found that nuclear-targeted
Akt inhibits whereas membrane-tethered Akt stimulates [-catenin-
mediated transcriptional activation.?? Once activated at the plasma
membrane in response to a range of stimuli, Akt translocates into
the nucleus where it phosphorylates and modulates the activity of
nuclear factors including Forkhead transcription factors and p300/
CBP coactivators.*>4> However, there is limited information avail-
able about the physiological functions of nuclear Akt. Our work
clearly demonstrates that the subcellular compartmentalization of
Akt differentially influences B-catenin signaling. This is reminiscent
of GSK3 as it both positively and negatively affects Wnt/B-catenin
signaling depending on its intracellular location.#¢ It is also likely
that phosphorylation of Cby at serine 20 is catalyzed by additional
kinases since 14-3-3-binding consensus motifs have been shown to
be phosphorylated by various protein kinases.?!:2?
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