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Abstract

The precise orchestration of two opposing protein complexes - one in the cytoplasm (B-catenin
destruction complex) and the other at the plasma membrane (LRP6 signaling complex) —is critical
for controlling levels of the transcriptional co-factor, 3-catenin, and subsequent activation of the
Whnt/B-catenin signal transduction pathway. The Wnt pathway component, Axin, acts as an
essential scaffold for assembly of both complexes. How the 3-catenin destruction and L RP6
signaling complexes are modulated following Wnt stimulation remains controversial. A recent
study in Science by He and colleagues reveals an underlying logic for Wnt pathway control in
which Axin phosphorylation toggles a switch between the active and inactive states. This mini-
review focuses on this and two other recent studies that provide insight into theinitia signaling
events triggered by Wnt exposure. We emphasize regulation of the p-catenin destruction and
LRP6 signaling complexes and propose a framework for future work in this area.
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Introduction

Throughout metazoan development, the evolutionarily conserved Wnt signal transduction
pathway directs diverse cellular processes, including proliferation, fate determination,
differentiation, and survival [1,2]. In adult organisms, Wnt signaling controls stem cell self-
renewal and tissue homeostasis [3,4]. Mutations in Wnt pathway components underlie
numerous developmental disorders and cancersin humans[1,5]. For example, the vast
majority of colorectal carcinomas are triggered by aberrant Wnt pathway activation [6-8].
New small molecule inhibitors that target Wnt pathway components have recently entered
pre-clinical studies and phase | clinical trials [9-14]. These promising strategies for targeted
therapy against Wnt-dependent diseases highlight the importance of fundamental research
that elucidates critical regulatory nodes in Wnt signaling. Herein, we analyze recent studies
from the He lab published in Science, as well as studies from the Clevers and Kirschner |abs
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published in Cell and Science, respectively, that provide insight into the initial signaling
events triggered by Wnt stimulation [15-17].

A tale of two complexes: “Destruction” and “LRP6 Signaling”

Levels of B-catenin, the key transcriptional co-factor in the canonical Wnt pathway, are
tightly controlled within cells[1,2]. Excess f-catenin leads to constitutive pathway
activation in the absence of the Wnt ligand. Conversely, insufficient levels of 3-catenin
impede the response to Wnt stimulation and also disrupt the second essential role of 3-
catenin in the formation and maintenance of adherens junctions, which are crucial for
epithelial tissue integrity [18-21]. B-catenin protein synthesisis constant under physiological
conditions in most cellular systems. In order to maintain steady-state levels, B-catenin is
targeted for proteolysis by a dedicated cytoplasmic “f-catenin destruction complex” (or
simply “destruction complex™) composed of multiple proteins, including two tumor
suppressors, Axin and Adenomatous polyposis coli (APC), and two enzymes, casein kinase
1la (CK1a) and glycogen synthase kinase 3 (GSK3) (Figure 1A). Following sequential
phosphorylation by CK1a and GSK 3, -catenin istargeted for ubiquitination by the F-box
E3 ubiquitin ligase B-TrCP, with subsequent proteasomal degradation [22-25]. Axin, which
has distinct binding sites for APC, GSK 3, CK 1a, and B-catenin, catalyzes this reaction by
providing an essential scaffold for destruction complex assembly [26-29].

Whnt stimulation inhibits f-catenin proteolysis, allowing accumulated cytoplasmic -catenin
to enter the nucleus, engage TCF/LEF transcription factors, and regulate Wnt target gene
expression [1,2]. Signaling is initiated when Wnt ligands bind their transmembrane co-
receptors, Frizzled and low-density lipoprotein receptor-related protein 5/6 (herein referred
to as LRP6 for simplicity)(Figure 1B). Upon engagement of the co-receptors by Wnt,
phosphorylation of LRP6 recruits Axin, forming a membrane-associated “LRP6 signaling
complex,” which includes GSK3 and the cytoplasmic protein, Dishevelled (Dvl) [30-36]. In
the prevailing model, recruitment of Axin to the LRP6 signaling complex inhibits the
activity of the destruction complex (possibly viaits disassembly), thereby stabilizing -
catenin[2].

Axin: double agent in dueling complexes

Axinisapivotal player in the central switch that regulates Wnt-induced stabilization of 3-
catenin. The concentration of Axinis several orders of magnitude lower than that of other
destruction complex components [37,38]. Because Axin is arequired scaffold for the
destruction complex, its limiting concentration dictates the amount of B-catenin that is
targeted for proteolysis [39,40]. Upon Wnt stimulation, Axin switches roles to provide a
scaffold for the LRP6 signaling complex, a function facilitated by its binding to LRP6, Dvl,
and GSK3 (Figure 1B). By bringing GSK 3 in proximity with LRP6, Axin promotes further
LRP6 phosphorylation, creating a positive feedback loop [35]. Phospho-LRP6 subsequently
inhibits B-catenin degradation to promote signaling [41-43].

The mechanism by which the destruction complex is inhibited in response to Wnt
stimulation has been controversia [1,2]. Previous studies have long supported amodel in
which the LRP6 signaling complex inhibits the phosphorylation of B-catenin, thereby
blocking its recognition by the E3 ligase, B-TrCP[1,2,22,44]. A recent study by Cleversand
colleagues published in Cell, however, has called into question the fundamental tenets of
this prevailing model for 3-catenin regulation (see below) [16]. The crucial roles played by
Axinin both the destruction and LRP6 signaling complexes suggested that it might hold the
key to unlocking this mystery.
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Coupling Axin phosphorylation state to Wnt pathway activation

GSK3-mediated phosphorylation of Axin increases its interaction with other componentsin
the destruction complex, thereby enhancing -catenin phosphorylation and subsegquent
degradation [39,45]. Axin phosphorylation increases both its activity in the destruction
complex and its stability [46]. Following Wnt stimulation, Axin is dephosphorylated, which
occurs concurrently with decreased p-catenin-Axin interaction and increased -catenin
stabilization [46,47]. Protein phosphatase 1 (PP1), a ubiquitous serine/threonine
phosphatase, dephosphorylates Axin [48]. The phosphorylation and dephosphorylation of
Axin are believed to be highly regulated processes. Due to low levels of endogenous Axin,
however, previous studies have relied largely on overexpression to analyze Axin activity and
in vitro assays to examine Axin phosphorylation. How changesin Axin phosphorylation
modulate Wnt signaling under physiological conditions has not been adequately explored.

To explore thisimportant issue, He and colleagues demonstrated that the timing of Wnt-
dependent Axin dephosphorylation at certain phosphorylation sites is coincident with Wnt-
dependent B-catenin stabilization, suggesting afunctional link between these two processes
[15]. Critical for their studies was the generation of an antibody that recognizes
phosphorylation of two serine residues in Axin, S497 and S500, which were shown
previously to bein vitro sites of GSK3-mediated phosphorylation [15,45]. Notably, S497
and S500 are distinct from the phosphorylation sites known to regulate Axin stability [46].
The He group found that endogenous Axin is dephosphorylated at S497/500 within 15 to 30
minutes of Wnt stimulation, concurrent with the initial stabilization of g-catenin. These
intriguing observations raised the immediate question of whether Axin dephosphorylation
not only coincides with, but also is necessary for, B-catenin stabilization.

A balancing act between GSK3 and PP1 controls Axin scaffold function

Insight into how the phosphorylation state of Axin controls the degradation of 3-catenin
came from the identification by the He group of the phosphatase PP1 and its negative
regulator, Inhibitor-2 (12) [15]. These two proteins were shown to ater the activity of Axin
in response to Wnt activation viatheir effects on the association of Axin with both the f3-
catenin destruction complex and the LRP6 signaling complex [15]. Starting with an
overexpression screen to identify proteins that promote Wnt signaling, they identified the
gammaisoform of PP1c, one of three human genes that encode the catalytic subunit of PPL1.
The He group demonstrated that PP1c gamma inhibited GSK 3-dependent Axin
phosphorylation and promoted Axin dephosphorylation following Wnt exposure. PP1c
likely has an evolutionarily conserved role in Wnt signaling, as a previous RNAI screen for
Wingless pathway componentsin Drosophila S2 cells had also identified PP1c [48].

The phosphatase activity of PP1 towards Axin was itself shown by He and colleaguesto be
regulated by the PP1c inhibitor, 12 [15]. Distinct PP1c-binding proteins confer specificity on
PP1c towards its many substrates. 12, which was the first PP1 regulator identified,
inactivates PP1 by blocking its catalytic site [49,50]. The He group demonstrated that
endogenous | 2 prevented aberrant activation of Wnt signaling in cultured human cells and
Xenopus embryos. Furthermore, overexpression of 12 inhibited Wnt signaling, Wnt-
mediated Axin dephosphorylation, and -catenin stabilization. By elucidating the important
roles of PP1 and |12 in regulating Wnt signaling, the He group has provided crucial evidence
that Axin dephosphorylation isimportant for the stabilization of -catenin in response to
Whnt stimulation.

Using a combination of pharmacological and genetic studies, He and colleagues have
advanced our understanding of how the phosphorylation state of Axin altersits activity and

Bioessays. Author manuscript; available in PMC 2014 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tacchelly-Beniteset a. Page 4

association with other components in the Wnt pathway. They found that, in the absence of
Whnt signaling, GSK 3-dependent Axin phosphorylation increased the association of Axin
with LRP6 and with B-catenin; conversely, upon Wnt activation, PP1-dependent Axin
dephosphorylation decreased both of these interactions. Therefore, the phosphorylation state
of Axin, which isregulated by Wnt signaling, determinesits availability as a scaffold for
both the destruction and LRP6 signaling complexes.

An intramolecular interaction inactivates Axin

How does the phosphorylation state of Axin control its scaffold function? He and colleagues
proposed that the various phosphorylation states of Axin are associated with distinct
structural conformations that alter its scaffolding activity [15] (Figure 2). In the absence of
Whnt, GSK 3-mediated phosphorylation of Axin promotes an “open” conformation that
facilitates the association of Axin with -catenin and its availability for engagement with
LRPS6 following Wnt exposure. Following Wnt stimulation, Axin bindsto LRP6 and is
dephosphorylated by PP1. The dephosphorylated form of Axin subsequently undergoes an
intramolecular association to form a“closed” conformation, which inhibits the association
of Axinwith both B-catenin and LRP6 (Figure 2). Three independent findings from the He
group support this new concept [15]. (i) The centrally located B-catenin binding domain
(BCD) of Axin forms an intramolecular association with its carboxy-terminal DIX domain
(the binding site for Dvl) [1,51-54]. Thisinteraction is decreased by GSK 3-mediated Axin
phosphorylation, but increased following Wnt stimulation (Figure 2). (ii) The DIX domain
of Axin competes with -catenin for binding to the BCD domain of Axin. (iii) Aninverse
correlation exists between the strength of intramolecular interaction of the BCD-DIX
domain of Axin and its capacity to inhibit Wnt signaling. Thus, regulated phosphorylation
and dephosphorylation within the BCD domain of Axin controlsits conformation and, asa
consequence, its scaffold function.

Based on these findings, He and colleagues proposed a new model in which Axin has a
central role in the Wnt signaling pathway, not only as a scaffold for the destruction and
LRP6 signaling complexes, but also as a conformati on-dependent switch toggled by Wnt-
induced dephosphorylation to activate signaling (Figure 3) [15]. This model provides a
mechanistic explanation as to how Axin dephosphorylation results in -catenin stabilization
following Wnt stimulation. The prediction from this model isthat dissociation of Axin from
LRP6 renders LRP6 available for multiple rounds of engagement with Axin, thereby
allowing LRP6 to act in a catalytic fashion to sustain activation of the pathway.
Additionally, the conformation of Axin could serve as afeedback sensor of p-catenin levels.
When present at high levels, -catenin would inhibit the intramolecular association of Axin,
promote the Axin-B-catenin interaction, and thereby facilitate its own degradation.

Revisiting the regulation of B-catenin following Wnt stimulation

How does the new mechanism for Axin control proposed by He and colleagues fit into the
bigger picture of Wnt pathway activation? The prevailing model for p-catenin regulation
within the destruction complex is founded on the crucial scaffold role of Axin, which brings
[3-catenin in close proximity to GSK 3 to promote its phosphorylation and proteolysis. In the
widely accepted model of Wnt pathway activation, f-catenin phosphorylation is decreased
through physical dissociation and/or inactivation of the destruction complex following Wnt
stimulation [2,22,44,47].

Clevers and colleagues recently proposed a fundamentally different model for -catenin
regulation in which they posited that Wnt stimulation inhibits B-catenin degradation, not by
inhibiting its phosphorylation by GSK3 within the destruction complex, but rather by
inhibiting its ubiquitination by B-TrCP [16]. The Clevers group used an Axin antibody to
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perform co-immunoprecipitations to examine destruction complex components in the
absence or presence of Wnt exposure. They concluded that both the Axin-p-catenin
interaction and p-catenin phosphorylation by GSK 3 within the destruction complex are
unaltered following Wnt exposure. Instead, they concluded that Wnt stimulation resultsin
the dissociation of B-TrCP from -catenin. Their new model posits that phosphorylated p-
catenin accumulates and saturates the intact destruction complex upon Wnt stimulation. As a
consequence, the saturated destruction complex is incapable of degrading newly synthesized
[3-catenin, thereby resulting in 3-catenin accumulation and subsequent Wnt pathway
activation. As these provocative new findings contrasted markedly with the long-standing
model for B-catenin regulation upon Wnt stimulation, they have necessitated re-examination
of the core mechanisms that underlie the activation of Wnt signaling.

The question of whether Wnt stimulation and the subsequent stabilization of B-catenin is due
to inhibition of -catenin phosphorylation (Iong-standing model) or inhibition of 3-catenin
ubiquitination (alternative model) within the destruction complex was tackled directly by
Kirschner and colleagues [17]. Their studies have provided compelling support for the
prevailing model that Wnt stimulation inhibits $-catenin phosphorylation via dissociation
and/or inactivation of the destruction complex. The Kirschner group examined phospho-§3-
catenin levels before and after Wnt stimulation, coupling their quantitative measurements
with kinetic modeling to gain insight into the temporal course of B-catenin regulation. They
observed arapid decrease in phosphorylated B-catenin levels within 30 minutes of Wnt
exposure (similar to the He group’ s observations) that parallels an increase in total f-catenin
levels. Significantly, when GSK 3-phosphorylated -catenin levels were at a minimum, the
rate of accumulation of total -catenin was at a maximum. By 2 hours and beyond, while the
rate of $-catenin synthesis remained the same, GSK 3-phosphorylated B-catenin levels
returned to pre-Wnt stimulation levels, and a higher steady-state level of $-catenin was
observed. This return to pre-Wnt stimulation rates of 3-catenin degradation can be simply
explained by the increased flux through the degradation system as the concentration of 8-
catenin rises.

Whereas Clevers and colleagues hypothesized that newly synthesized, nonphosphorylated f3-
catenin is stabilized following saturation of the destruction complex [16], the Kirschner
group demonstrated that the destruction complex is not saturated when -catenin levels
reach anew steady state following Wnt exposure [17]. Therefore, the Kirschner group
concluded that partial inhibition of p-catenin phosphorylation alone (possibly from
destruction complex disassembly) fully accounts for the entire temporal course of 3-catenin
regulation following Wnt stimulation. The Clevers and Kirschner groups approached the
question of how Wnt stimulation inhibits 3-catenin degradation in different ways: the
Clevers group assessed the status of the destruction complex, whereas the Kirschner group
assessed changesin total levels of pathway constituents. Thus, it is possible that the opposite
conclusions reached by these two groups reflect their differing experimental approaches.

To address these contradictory conclusions, He and colleagues reassessed the
phosphorylation state of 3-catenin following Wnt exposure using an experimental approach
that was similar to that of the Clevers group [15]. Their new findings have provided
compelling evidence that inhibition of 3-catenin phosphorylation causes subsequent -
catenin stabilization and that thisis the major consequence of Wnt stimulation. He and
colleagues focused on the interaction between Axin and p-catenin and tested whether
phosphorylated B-catenin accumulates in the destruction complex following Wnt exposure.
They analyzed both the kinetics of f-catenin accumulation and the affinity of the Axin-p-
catenin interaction by examining changes in the dissociation rate following Wnt exposure.
As observed by Clevers and colleagues [16], the He group found that increased levels of 8-
catenin are associated with Axin within 2 hours of Wnt stimulation; however, careful
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measurements of cytoplasmic p-catenin levels reveaed that the apparent affinity between 3-
catenin and Axin actually decreased following Wnt stimulation [15]. Similarly, the He group
found a parallel decreasein the rate of -catenin phosphorylation within the Axin complex
in response to Wnt stimulation [15].

Given that the Clevers and the He groups used similar experimental approaches and made
some similar observations regarding phospho-f-catenin levels and the association of
phospho-B-catenin with Axin, how did the two groups reach opposite conclusions? A major
difference between these two studies was that the He group made careful measurements of
cytoplasmic -catenin levels and the total amount of -catenin that associated with Axin,
thereby allowing quantification of the changesin the 3-catenin phosphorylation rate and the
affinity of Axin-phospho--catenin interaction following Wnt exposure. Based on these
calculations, He and colleagues concluded that the rate of GSK 3-dependent -catenin
phosphorylation is the primary determinant of -catenin stability following Wnt stimulation
and that this rate is dependent on Axin activation and inactivation through GSK3 and PP1,
respectively.

Conclusions and future directions

He and colleagues have uncovered an elegant regulatory mechanism that underlies theinitial
signaling events triggered by Wnt exposure. Their discovery that the Axin phosphorylation
state controls its conformation, and thereby determines its availability as a scaffold, sheds
light on how the destruction and LRP6 signaling complexes are regulated following Wnt
stimulation. Furthermore, the studies of He, Kirschner, and colleagues have provided
compelling support for the recently challenged but long-standing model by which Wnt
stimulation stabilizes -catenin.

These new findings also raise interesting questions for future studies. (i) Is PP1 activated by
Whnt stimulation, and, if so, is activated PP1 directed to the pool of phospho-Axin associated
with phospho-LRP6? I's PP1 activation controlled through regulation of 127 (ii) Axin
dephosphorylation following Wnt stimulation controls its degradation, although it occurs at
phosphorylation sites that are distinct from those identified by He and colleagues [46,47].
Because Axin degradation occurs more than 2 hours after Wnt stimulation, it is unlikely to
affect theinitial response to Wnt exposure; alternatively, it may modulate the duration and/
or level of signaling. How are the distinct Axin phosphorylation sites differentially regulated
to direct early and late Wnt responses, and how are these dephosphorylation events
coordinated? (iii) Because Axin dephosphorylation occurs only after its association with
phospho-L RP6, what initial changes decrease the interaction of Axin with the -catenin
destruction complex? Do modifications in Axin and/or its binding partners facilitate this
Whit-dependent shift? (iv) Would direct structural analyses confirm the conformational
changes in Axin? In the proposed feedback model, increased B-catenin levels “ compete”
with the intramolecular closed confirmation of Axin to drive Axin-p-catenin interactions,
thereby blocking further risesin p-catenin levels. Are the elevated B-catenin levels that result
from Wnit stimulation sufficient to overcome interaction between the Axin BCD and DIX
domains, or isthis process facilitated?

The recent studies from the He, Kirschner, and Clevers labs have provided a major advance
in our mechanistic understanding and have raised new questions that will guide future
studies of Wnt signal transduction, a pathway that plays critical rolesin human development
and disease.
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Figure 1. Wnt/B-catenin Signaling

A) The p-catenin destruction complex. In the absence of Wnt stimulation, steady-state levels
of B-catenin are maintained via its congtitutive synthesis and proteolysis. The Axin scaffold
facilitates the association of f-catenin, GSK 3, CK1a , and APC. Phosphorylation of -
catenin by CK1a and GSK3 promotes its recognition by the E3 ubiquitin ligase B-TrCP,
targeting p-catenin for proteasomal degradation. B) The LRP6 signaling complex. Wnt
exposure induces formation of areceptor complex between Fz, LRP6, and Wnt, and
recruitment of Dvl to Fz. Formation of this complex triggers phosphorylation of LRP6 by
GSK3 and CK 1, and subsequent recruitment of Axin and GSK3 to phospho-LRP6, which
resultsin increased L RP6 phosphorylation. Formation of the LRP6 signaling complex
results in inactivation of the destruction complex, leading to 3-catenin stabilization, nuclear
translocation, and a Wnt-specific transcriptional program.
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Figure 2. The Axin conformation controlsits scaffold function

Left. In the absence of Wnt, Axin is phosphorylated by GSK3 at the $497/500 sites, located
within the central -catenin binding domain (BCD). Axin phosphorylation resultsin an
“open” conformation that promotes its interaction with -catenin, targeting p-catenin for
ubiquitin-dependent proteolysis. The open conformation also primes Axin for interaction
with LRP6. GID: GSK3 interaction domain; DIX: Dishevelled interaction domain. Right. In
the presence of Wnt, Axin is dephosphorylated by PP1 at the S497/500 sites. Following its
dephosphorylation, the BCD of Axin associates with its carboxy-terminal DIX domain,
resulting in a“closed” conformation. Thisintramolecular association prevents the
interaction of Axin with both LRP6 and B-catenin, thereby inactivating Axin.
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Figure 3. The Axin phosphorylation/dephosphorylation cycle

Top left, in the absence of Wnt. Axin is phosphorylated by GSK 3, maintained in an open
conformation, engaged in the destruction complex, and primed for interaction with LRP6.
Top right, Phase | following Wnt exposure. L RP6 undergoes phosphorylation. Phospho-
Axinisrecruited from the destruction complex to the LRP6 signaling complex through its
interaction with phospho-LRP6. Bottom right, Phase 11 following Wnt exposure. The LRP6
signaling complex inhibits GSK 3, thereby tipping the balance towards Axin
dephosphorylation by PP1. Bottom left, Phase |11 following Wnt exposure.
Dephosphorylation of Axin by PP1 resultsin a closed conformation, thereby disengaging
Axin from LRP6 and -catenin. Phospho-L RP6 becomes free for additional rounds of
engagement with phospho-Axin, leading to further dephosphorylation and inactivation of
Axin. Dephosphorylated Axin is subsequently targeted for proteasomal degradation or
recycled for destruction complex assembly.
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