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Control of b-Catenin Stability: Reconstitution
of the Cytoplasmic Steps of the Wnt Pathway
in Xenopus Egg Extracts

mechanistic aspects of wnt signaling still remain ob-
scure. Recent reviews (see, for example, Cadigan and
Nusse, 1997; Brown and Moon, 1998; Wodarz and
Nusse, 1998; Sokol, 1999) present models that differ
significantly in describing how the signal is propagated
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through the pathway and what proteins and interactions
are functionally important. An incomplete list of poorly
understood aspects in wnt signaling includes: (1) howSummary
wnt-bound frizzled activates dsh; (2) how dsh interacts
with GSK3/APC/axin/b-catenin complex and stabilizesRegulation of b-catenin degradation by intracellular

components of the wnt pathway was reconstituted in b-catenin; (3) how b-catenin is recognized by the degra-
dation machinery; (4) how GBP is regulated during wntcytoplasmic extracts of Xenopus eggs and embryos.

The ubiquitin-dependent b-catenin degradation in ex- signaling; (5) what role is played by the tumor suppressor
APC; and (6) what function, if any, is performed by othertracts displays a biochemical requirement for axin,

GSK3, and APC. Axin dramatically accelerates while proteins that bind to known components of the pathway.
A notable obstacle to a better understanding of wntdishevelled inhibits b-catenin turnover. Through an-

other domain, dishevelled recruits GBP/Frat1 to the signaling has been the lack of a biochemically tractable,
in vitro system for studying the kinetics and the molecu-APC-axin-GSK3 complex. Our results confirm and ex-

tend models in which inhibition of GSK3 has two syner- lar associations between components of the pathway.
Since wnt signaling is active in early Xenopus develop-gistic effects: (1) reduction of APC phosphorylation

and loss of affinity for b-catenin and (2) reduction of ment, we have developed extracts from both Xenopus
eggs and embryos to study the pathway biochemically.b-catenin phosphorylation and consequent loss of its

affinity for the SCF ubiquitin ligase complex. Dishev- We reconstituted signaling downstream of dsh and ex-
amined the regulation and requirements for b-cateninelled thus stabilizes b-catenin, which can dissociate

from the APC/axin complex and participate in tran- turnover, the mechanism by which dsh and GBP inhibit
the degradation of b-catenin, and the role of APC-axin-scriptional activation.
b-catenin interactions.

Introduction
Results

The wnt signaling pathway plays diverse roles in meta-
Reconstitution and Characteristics of b-Cateninzoan embryonic development and is a prominent target
Degradation in Extractsin tumorigenesis (Wodarz and Nusse, 1998). The compo-
In Xenopus egg extracts, radiolabeled b-catenin is de-nents of the pathway have been identified and charac-
graded with a half-life of 1 hr (Figure 1a). The degradationterized through a combination of genetics, transfection
rate was half-maximal at 200 nM b-catenin and wasexperiments in cultured cells, and overexpression stud-
inhibited 90% if cold b-catenin was added to a concen-ies in Xenopus embryos. According to the current view,
tration of 1 mM (data not shown). Extracts can effectin the absence of the wnt signal, a cytoplasmic complex
fast and significant changes in the concentration ofcontaining the kinase GSK3, the adenomatous poliposis
b-catenin and are capable, at saturation, of degradingcoli protein (APC), and axin catalyzes the phosphoryla-
b-catenin at a rate of 50–100 nM/hr.tion of the transcriptional coactivator b-catenin. Phos-

Degradation proceeded through the ubiquitin–pro-phorylated b-catenin is recognized by b-TRCP, an F box
teasome pathway, as suggested by the conjugates thatprotein that is a subunit of a ubiquitin ligase complex
accumulated in the presence of proteasome inhibitors(SCF) which ubiquitinates b-catenin and targets it for
in low-speed extracts and by the conjugation of radiola-degradation by the proteasome (Aberle et al., 1997).
beled b-catenin to His6-ubiquitin in high-speed superna-When the pathway is active, binding of wnt to a frizzled
tants (Figure 1b). As a prelude to identifying novel mech-receptor (Bhanot et al., 1996) activates the intracellular
anistic features, we have confirmed biochemically inprotein, dishevelled (dsh), through an as yet unknown
extracts most of the known properties of wnt signaling.mechanism. Activated dsh inhibits b-catenin degrada-
Table 1 summarizes the principal characteristics of ourtion and increases its steady-state level in the cell.
in vitro system. To test whether b-catenin degradationb-catenin is thus free to bind a DNA-binding protein of
in extracts involves an SCF–ubiquitin ligase complex,the Tcf3/Lef1 family (Molenaar et al., 1996), and together
we added dominant-negative CDC34 (dnCDC34) proteinthey turn on the transcription of target genes. A novel
(Yew and Kirschner, 1997). At a concentration of 2 mMprotein called GSK3-binding protein (GBP) has a re-
(20 times the concentration of endogenous CDC34),quired role in this pathway (Yost et al., 1998). Despite
dominant-negative CDC34 inhibited the degradation ofthe progress made in identifying new components, many
b-catenin. Unlike the CDC34-mediated degradation
of Xic1 (Yew and Kirschner, 1997), degradation of* To whom correspondence should be addressed (e-mail: marc@
b-catenin did not require the addition of nuclei (data nothms.harvard.edu).

† These authors contributed equally to this work. shown). The F box protein of the SCF complex mediating
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and Elinson, 1998; Fuchs et al., 1999; Kitagawa et al.,
1999; Liu et al., 1999) and blocked b-catenin degradation
in extracts (data not shown).

Glycogen synthase kinase 3 (GSK3) is thought to be
central to b-catenin degradation. In extracts, 5–25 mM
LiCl (a direct inhibitor of GSK3; Klein and Melton, 1996)
completely blocked b-catenin degradation (Figure 1a).
We confirmed the importance of GSK3 by translating a
kinase-dead GSK3 (GSK3DN) mutant that completely
inhibited degradation (Figure 1a). This result is con-
sistent with the phenotype obtained by injection of
GSK3DN RNA in Xenopus embryos (He et al., 1995;
Yost et al., 1998). Since phosphorylation of b-catenin
by GSK3 is required for degradation, we examined the
stability of a nonphosphorylatable mutant (b-cateninSA,
Yost et al., 1996); the protein was completely stable in
extracts (see Figure 1c).

Axin, a negative regulator of b-catenin levels (Zeng et
al., 1997), is rate limiting for degradation in extracts. As
shown in Figures 1a and 1d, addition of axin protein to
5–10 nM above endogenous axin increases the rate of
b-catenin degradation 5- to 10-fold (half-life of 15 min
or less). Unfortunately, lacking an anti-axin antibody that
recognizes Xenopus axin on blots, we were unable to
measure the endogenous axin concentration. Assuming

Figure 1. Reconstitution of b-Catenin Degradation in Egg Extracts that the effects are linear, we estimate that the effective
endogenous concentration of axin is about 5–10 nM;(a) Labeled b-catenin was incubated with Xenopus egg extract in

the presence of axin (10 nM), LiCl (25 mM), axinDRGS (50 nM), or the total concentration, however, may be higher. Con-
GSK3DN RNA. (b) b-catenin is ubiquitinated in S100 supernatants. centrations of added axin above 100–200 nM blocked
His-ubiquitin conjugates were removed from extract using nickel b-catenin degradation. This was likely due to the titration
beads. (c) The nonphosphorylatable b-catenin mutant, b-cateninSA,

of endogenous GSK3, as degradation in such casesis stable in extracts. (d) Axin cannot degrade b-catenin in the pres-
could be fully rescued by supplementing the extract withence of lithium. b-catenin was incubated in extracts with either LiCl
recombinant GSK3 to 0.4–2 mM. The GSK3 concentra-(25 mM) or control buffer with or without 25 nM axin. (e) b-catenin-

luciferase fusions are degraded identically to b-catenin in extracts. tion in extracts by quantitative Western blotting is ap-
Recombinant b-catenin-luciferase was incubated in egg extracts proximately 50 nM, in good agreement with the axin
supplemented with either LiCl (5 mM), dsh (1 mM), or axin (10 nM). level at which inhibition is observed. Axin requires GSK3
(f) b-catenin-luciferase is degraded in embryos. b-catenin-luciferase activity for function. As shown in Figure 1d, lithium
(4 ng) was injected into 2-cell stage Xenopus embryos with or with-

blocked stimulation of b-catenin degradation by axin.out purified MBP-axin (5 ng).
In addition, axin did not promote the degradation of
b-cateninSA at any concentration tested (up to 100

b-catenin ubiquitination is slimb/b-TRCP. A slimb mu- nM). Excess cold b-cateninSA blocked degradation of
tant that lacks the F box but can still bind to phosphory- b-catenin, perhaps by titrating endogenous axin (data

not shown). Axin contains an RGS domain, which, iflated b-catenin acts as a dominant negative (Marikawa

Table 1. Characteristics of b-Catenin Degradation in Xenopus Extracts

Phenotype in Effect on b-Catenin
Xenopus Embryos Degradation in Extracts Reversed by Comments

Lithium Axis duplication Inhibitory — 5–25 mM
GSK3 — Stimulatory Lithium 100 nM–2 mM
GSK3DN Axis duplication Inhibitory GSK3 —
Axin Inhibition of axis formation Stimulatory at ,100 nM Lithium, APC —

Inhibitory at .100 nM GSK3 —
AxinDRGS Axis duplication Inhibitory GSK3, axin —
GBP Axis duplication Inhibitory GSK3 100 nM–2 mM
CDC34DN — Inhibitory Not tested 5 mM
DN-Xslimb Axis duplication Inhibitory Not tested 2–5 mM
APC Axis duplication Inhibitory Axin 100 nM–2 mM
b-Catenin Axis duplication Inhibitory Axin 10 mM
b-CateninSA Axis duplication Inhibitory — Stronger than b-catenin
Dishevelled Axis duplication Inhibitory Axin, GSK3 1 mM
Axin depletion — Inhibitory Axin, not GSK3 —
GSK depletion — Inhibitory GSK3, not axin —
APC depletion — Inhibitory — —
Dsh depletion — No effect — —
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Figure 2. Axin and GSK3 Are Required for b-Catenin Degradation

(a) b-catenin is stable in axin-depleted extracts. Addition of axin (10 nM) rescues degradation. GSK3 (1 mM) cannot rescue b-catenin degradation.
(b) b-catenin is stable in GSK3-depleted extracts. GSK3 (100 nM) but not axin (10 nM) rescues degradation. (c) Western blot showing
disappearance of GSK3 from extracts incubated with GBP beads. (d) The DIX domain of axin is dispensable for b-catenin degradation. Axin-
depleted extracts were incubated with 10 nM axin, axinDRGS, or axinDDIX, and the capacity to degrade b-catenin was assessed. (e) The
RGS, GSK3-binding, and b-catenin-binding domains of axin are required for b-catenin degradation. Axin-depleted extracts were supplemented
with 10 nM axin, axinDRGS, axinDGBS, or axinDCBS.

deleted, results in a dominant-negative protein in Xeno- of b-catenin-luciferase 2-fold (Figure 1f). Embryonic ex-
tracts from various stages of Xenopus development (7–pus embryos (Zeng et al., 1997). Consistent with this data,

axinDRGS blocked b-catenin degradation in extracts 12) degraded b-catenin 2- to 5-fold slower than egg
extracts, but addition of axin dramatically accelerated(Figure 1a) at the tested concentrations (100 nM and

higher). This effect was reversed by GSK3, suggest- degradation to levels comparable to those seen in egg
extracts (data not shown).ing that axinDRGS perhaps titrates endogenous GSK3.

We confirmed this result in embryos by RNA injection.
Embryos injected ventrally at the 4-cell stage with The Nature of the Corequirement for Axin

and GSK3 in b-Catenin DegradationaxinDRGS RNA had complete axis duplication (100%,
n 5 32) while embryos coinjected with axinDRGS and Since extracts recapitulate the most important aspects

of wnt signaling described in vivo, we were in a positionGSK3 mRNAs developed normally (100%, n 5 35). In
tissue culture (Behrens et al., 1998; Hart et al., 1998; to examine the biochemical requirements for axin and

GSK3 in b-catenin degradation. As shown in Figure 2a,Kishida et al., 1999; Sakanaka and Williams, 1999; Smalley
et al., 1999) and in Drosophila embryos (Willert et al., immunodepletion of axin completely blocks b-catenin

degradation; degradation rates were normal in mock-1999a), axinDRGS lowers b-catenin levels, in contrast
to Xenopus embryos and extracts. We did not detect a depleted extracts. b-catenin degradation in axin-depleted

extracts could be fully restored by adding axin to astimulatory effect on b-catenin degradation even at low
concentrations of axinDRGS (0.1–20 nM). concentration of 5–10 nM but not by adding GSK3 to 1

mM (Figure 2a).When we asked if GSK3 was rate-limiting, we found
that unlike axin, GSK3 was present near the maximal GSK3 is also absolutely required for b-catenin degra-

dation. To deplete GSK3, we used GBP, a recently de-effective concentration; addition of 1 mM GSK3b to ex-
tracts resulted on average in only a 2-fold acceleration scribed GSK3-binding protein (Yost et al., 1998). Incu-

bating the extract with GBP beads resulted in thein the rate of b-catenin degradation (data not shown).
The experiments above are in general agreement with removal of more than 95% of GSK3 as judged by West-

ern blotting (Figure 2c). b-catenin was not degraded ina large body of work on b-catenin degradation, though
they do not establish an accurate quantitative equiva- GSK3-depleted extracts, and degradation was com-

pletely restored by purified GSK3 to 500 nM but not bylence between the in vitro and in vivo behavior of the
system. To compare the half-life of b-catenin in extracts axin (Figure 1b). Axin and GSK3 are therefore mutually

required for b-catenin degradation.and in vivo, we built and purified a b-catenin-luciferase
fusion. In extracts, this fusion was degraded with the The ability to deplete and replace axin with different

mutants allowed a deletion analysis of axin in the ab-same rate as b-catenin and was regulated identically
(Figure 1e). The fusion had a half-life of 1.5 hr in embryos sence of the wild-type protein (Figures 2d and 2e). Delet-

ing the RGS domain (amino acids 1–216 of mouse(Figure 1f), suggesting that b-catenin degradation kinet-
ics are similar in embryos and extracts. In embryos, axin), the GSK3-binding domain (amino acids 298–437,

axinDGBS), or the b-catenin-binding domain (amino acidscoinjection of axin protein accelerated the degradation
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Figure 3. Dsh Inhibits b-Catenin Degradation
and Interacts with Axin

(a) Translation of dsh or myc-tagged dsh
mRNA in fresh extracts blocks b-catenin deg-
radation. (b) Western blot of myc-dsh immu-
noprecipitates. Myc-dsh mRNA was trans-
lated alone or with two different axin mRNAs.
The blot was probed with an anti-GSK3
monoclonal (top panel). The bottom panel is
an anti-myc blot of each extract detecting
the translated myc-dsh protein. (c) MBP-axin
beads bind full-length radiolabeled dsh but
not dshDDIX. (d) Levels of dsh in Xenopus egg
extracts, mock-depleted extracts, and dsh-
depleted extracts. (e) Dsh depletion has no
effect on b-catenin degradation.

437–506, axinDCBS) resulted in proteins that are unable GSK3 only when axin was coexpressed (Figure 3b), indi-
cating that dsh binds to the axin/APC/GSK3/b-cateninto promote degradation of b-catenin in axin-depleted

extracts. By contrast, a C-terminal deletion (from amino complex, perhaps through axin. In further experiments,
axin antibodies brought down labeled dsh while dshacid 625 to the carboxyl terminus of the protein,

axinDDIX) encompassing the DIX domain could rescue antibodies precipitated labeled axin (data not shown).
When purified axin was bound to beads, it bound labeledthe axin-depleted extract, consistent with a deletion

analysis in Xenopus embryos (Zeng et al., 1997). The dsh but not dshDDIX (see Figure 3c); similarly, purified
dsh on beads bound axin but not axinDDIX (data notDIX domain of axin is therefore not required for b-catenin

degradation, though this domain has an important regu- shown). These experiments prove that dsh and axin
interact directly through their DIX domains in our system,latory role, as described below.
consistent with other studies (Kishida et al., 1999; Li et
al., 1999; Smalley et al., 1999). The importance of theThe Activity and Function of Dsh
dsh–axin interaction for inhibiting b-catenin degradationBefore we could express recombinant dsh, we em-
is demonstrated in extracts depleted of axin and com-ployed in vitro translation of dsh mRNA in fresh extracts
plemented by different axin mutants. Complementationto examine its effects on b-catenin degradation. As
by full-length axin allows dsh to inhibit the degradationshown in Figure 3a, 100 ng/ml of dsh RNA, translated
of b-catenin. However, there is no inhibition by dsh iffor 2 hr, blocked b-catenin degradation completely. The
complemented by axinDDIX (Figure 4a). In fact, additionamount of dsh produced in extracts from the mRNA is
of dsh in the latter case weakly stimulates b-cateninroughly equal to the endogenous levels of dsh protein
degradation (see below). As an in vivo correlate of these(measured at 200 nM by immunoblotting). Purified dsh
results, the ventralizing effects of axin RNA (injected in(added at a concentration of 1 mM) also blocked b-catenin
both dorsal blastomeres of Xenopus 4-cell stage em-degradation; most subsequent studies were performed
byos) was reversed by coinjecting dsh RNA, but em-with recombinant mouse dishevelled 1 (dvl1). Surpris-
bryos ventralized to the same extent by injection ofingly, immunodepletion of more than 95% of endoge-
axinDDIX RNA could not be rescued by dsh (Figure 4b).nous dsh (Figure 3d) had no effect on the rate of
These in vivo and in vitro experiments demonstrate dshb-catenin degradation (Figure 3e), consistent with the
must interact with the DIX domain of axin for activity.failure of dominant-negative dsh to block axis formation

(Sokol, 1996). In contrast, in early embryogenesis, dsh
is enriched on the prospective dorsal side (Miller et al., Dsh Inhibits b-Catenin Degradation through GBP
1999) and has been suggested to cause the correspond- Since dsh uses its DIX domain to bind axin, we asked
ing dorsal accumulation of b-catenin (Larabell et al., what other domains of dsh are required for its activity.
1997). The binding of dsh to axin and the subsequent We fused fragments of dsh to the C terminus of axin,
inhibitory effects of dsh may be limited to the cortex of thereby circumventing the need for dsh mutants to bind
the dorsal side (which represents only a small fraction to axin. As shown in Figure 5a, axin fused to the DEP
of the total volume of early embryos). It should be possi- or DIX domains of dsh or to dshDPDZ behaved like axin,
ble to develop local probes for exchange and degrada- accelerating b-catenin degradation. In contrast, axin
tion that would clarify any region-specific differences in fused to the PDZ domain of dsh or to dshDDEP or
the control of b-catenin levels by dsh. dshDDIX inhibited b-catenin degradation, suggesting

that the PDZ domain might recruit an inhibitor of
b-catenin degradation. Deletion of PDZ was reportedDsh Binding to Axin through Their DIX Domains

Is Required for Dsh Activity to have dominant-negative activity in Xenopus (Sokol,
1996). Consistent with more recent data (Axelrod et al.,Dsh might inhibit b-catenin degradation by direct

binding to the axin/APC/GSK3/b-catenin complex. We 1998), we find that high amounts of dshDPDZ can block
b-catenin degradation in extracts (data not shown);tested this possibility by translating myc-tagged dsh

(MTdsh) RNA in extracts with or without axin RNA, fol- however, it is much less potent than dsh, suggesting
that the PDZ domain makes the most significant contri-lowed by precipitation with anti-myc antibodies and im-

munoblotting for GSK3. MTdsh precipitates contained bution to the activity of dsh.
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75%, whereas neither protein alone showed significant
inhibition (Figure 5f).

Evidence for a Critical Biochemical Role of APC
The experiments with axin, dsh, GSK3, GBP, and b-catenin
suggest a model for signaling by dsh, where axin recruits
GSK3 and b-catenin and where GSK3 is inhibited by
dsh binding to axin and recruiting GBP. However, such
a model does not include APC, another major compo-
nent of wnt signaling. The role of APC has been confus-
ing, showing a stimulatory effect on b-catenin degrada-
tion in some systems and an inhibitory effect in others,
principally Xenopus. Evidence for a missing component
in the reactions studied above came from looking at the
interaction of b-catenin and axin. In the nanomolar range
of axin concentration (close to the concentration in ex-
tracts), axin binds b-catenin with very low affinity, as
measured by coimmunoprecipitation (Figure 6a). The
low level of coprecipitation seen in lanes 2 and 3 of
Figure 6a increases when axin is present at high concen-
tration on beads (Figure 6b, lane 2 in the minus extract
row). b-catenin binding at low concentration of axin is
increased 20-fold in the presence of extract (Figure 6a,
column 4), suggesting that extract components are re-
quired for an efficient interaction. There is no effect of
extracts on the affinity of GSK3b for axin (data not

Figure 4. The DIX Domain of Axin Is Required for Dsh Activity shown). The obvious candidate for the missing compo-
(a) Axin-depleted Xenopus extracts were supplemented with 1 nM nent was APC (as APC can bind both axin and b-catenin
axin or axinDDIX in the presence or absence of 200 nM dsh. (b) through distinct domains). The RGS domain of axin is
Dsh RNA rescues axin but not axinDDIX RNA injections in Xenopus

required for binding to APC. Addition of GST-RGS toembryos. Embryos were injected in both dorsal blastomeres at the
extracts blocked interaction of axin with both APC (data4-cell stage, with 300 pg axin or axinDDIX mRNAs plus or minus
not shown) and with b-catenin (Figure 6a), suggesting2.5 ng dsh mRNA. A dorsoanterior index (DAI; Kao and Elinson,

1988) of less than 4 was considered significant. that APC mediates the latter interaction. Two additional
results (Figure 6b) supported this conclusion: (1) ax-
inDRGS does not bind b-catenin in extracts although itWe tested whether GBP is the inhibitory factor re-
does in vitro (the lack of binding in extracts is presum-cruited by the PDZ domain of dsh. Figure 5b shows that
ably due to competition by endogenous APC and axin),

dsh binds to GBP beads in vitro, while dshDPDZ does
and (2) the RGS domain of axin binds b-catenin in ex-

not; recently Li et al. (1999) also showed that GBP binds
tracts, presumably through APC but not in vitro where

the PDZ domain of dsh. GBP can bind simultaneously APC is absent. APC also enhances the binding of
GSK3 and dsh (data not shown). If the GBP-PDZ interac-

b-catenin to axin in a purified system. A 100 kDa frag-
tion is important for the activity of dsh, addition of GSK3 ment of APC that contains the axin and b-catenin sites
should restore b-catenin degradation inhibited by either (APCm3) increased the rate and level of b-catenin bind-
dsh or by axin fused to PDZ, by titrating endogenous ing to axin beads (Figure 6c). This effect was abolished
GBP. Indeed, GSK3 at a concentration of 2 mM over- in an APC mutant lacking the axin-binding site (APCm2).
comes the inhibition of b-catenin degradation by 1 mM There is also evidence that b-catenin can bridge APC
dsh protein (as shown in Figure 5c) or by the axin-PDZ and axin as APCm2 binds axin only in the presence of
mRNA (Figure 5d). As mentioned above, in axin-depleted b-catenin (data not shown). Thus, axin and APC each
extracts rescued with axinDDIX, dsh modestly stimu- bind b-catenin independently.
lates b-catenin degradation. This is expected if dsh can Supporting a role for the axin–APC interaction in
bind endogenous GBP but not axinDDIX. If GBP and b-catenin turnover, addition of GST-RGS to extracts
dsh bind to each other and both inhibit b-catenin degra- blocked axin-stimulated b-catenin degradation (Figure
dation, we might expect them to act synergistically. In- 6b). This effect could not be rescued by GSK3 (Figure
deed, levels of GBP and dsh that by themselves do not 6d), unlike inhibition caused by axinDRGS. The require-
appreciably inhibit b-catenin degradation induced by ment for the axin–APC interaction explains the domi-
axin together inhibit significantly the rate of degradation nant-negative effect obtained with axinDRGS that can
in extracts (Figure 5e). A more direct measure of the interact with and sequester GSK3 while being unable to
interaction of GBP, GSK3, axin, and b-catenin should be recruit b-catenin through APC.
the inhibition of GSK3 in vitro. When these recombinant If APC is depleted either by antibodies or RGS beads,
components are incubated in vitro, one can observe the b-catenin degradation is significantly inhibited (Figure
synergistic inhibition of b-catenin phosphorylation (as 6e), demonstrating that APC is required for normal and
well as that of axin; data not shown). Together, GBP and axin-induced b-catenin turnover in Xenopus. b-catenin
dsh at concentrations of 100 nM and 1 mM, respectively, degradation was not restored in an APC-depleted ex-

tract by purified APCm3. We have not yet obtained pureinhibited the rate of phosphorylation of b-catenin by
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Figure 5. Binding and Functional Synergy of Dsh and GBP

(a) The PDZ domain of dsh blocks b-catenin degradation if fused to axin. mRNAs for different axin fusions to dsh fragments were translated
in extracts and stability of b-catenin was assayed. (b) MBP-GBP beads bind dsh but not dshDPDZ. (c) GSK3 (1 mM) rescues b-catenin
degradation inhibited by 0.5–1 mM MBP-dvl1. (d) GSK3 (1 mM) rescues b-catenin degradation inhibited by axin-PDZ RNA. (e) Dsh and GBP
synergize to inhibit b-catenin degradation. MBP-dvl1 (200 nM) and MBP-GBP (100 nM) were added alone or together to extracts supplemented
with 40 nM MBP-axin (for faster degradation kinetics). (f) GBP and dsh synergize to inhibit phosphorylation of b-catenin in vitro. GSK3 and
MBP-axin were preincubated, and then MBP-dvl1, MBP-GBP, and His6-b-catenin were added, followed by a kinase cocktail. Phosphorylation
of b-catenin was measured by densitometry.

full-length APC, which precluded a demonstration that the rapid phosphorylation–dephosphorylation cycles in-
volving APC, it is easy to see how a decrease in GSK3APC can reverse the effects of its depletion from ex-
activity by dsh/GBP or lithium results in a marked losstracts. We were able, however, to rescue axin-induced
of b-catenin affinity for the axin/APC/GSK3 complex.b-catenin degradation after APC depletion by adding

back APC antibody beads preincubated with extracts.
Our results therefore allow for the possibility that APC- Discussion
associated factors play a role in its activity.

Having shown that APC is required for b-catenin deg- The central mechanistic features of b-catenin phosphor-
radation and for tight binding to axin, we asked whether ylation and ubiquitination have been well described in
dsh modulates this interaction. Previously, we con- several systems by genetic approaches and by overex-
cluded that dsh inhibited GSK3 by mobilizing GBP onto pression in cell lines and embryos. These studies identi-
axin. Adding dsh and GBP to extracts weakens the bind- fied dsh, axin, GSK3, APC, and GBP as important regula-
ing of b-catenin to APC and indirectly to axin (Figure tors of b-catenin levels. However, there is disagreement
6f). That this is a consequence of the reduced activity as to whether APC acts in a positive or negative fashion,
of GSK3 and not simply the added dsh was shown by whether GBP plays an important role, or whether it just
the inhibition of b-catenin binding to APC by lithium. It buffers GSK3, how the components interact, what the
was previously reported that GSK3-phosphorylated precise function of axin and APC is in regulating
APC binds b-catenin with greater affinity (Rubinfeld et b-catenin phosphorylation, and finally, the role of dsh
al., 1996). We have repeated these in vitro binding exper- in this process. To address these issues, we have used
iments and estimated that GSK3-phosphorylated APC cytoplasmic extracts from Xenopus eggs to reconstitute
has a 10- to 20-fold higher affinity for b-catenin than the regulated degradation of b-catenin. By measuring
unphosphorylated APC (as measured by coimmuno- b-catenin stability directly rather than steady-state lev-
precipitation experiments; data not shown). In extracts, els of the protein, we avoided the complicating effects
APC phosphorylation is greatly stimulated by axin but of transcription and translation present in other systems.
not by axinDRGS (Figure 6g). Also, the phosphoryla- By adding known amounts of purified proteins to ex-
tion state of APC is highly dynamic, as illustrated by its tracts and measuring degradation kinetics, a quantita-

tive analysis of wnt signaling can be performed. Thisfast dephosphorylation in extracts (Figure 6h). Given
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Figure 6. Role of APC in b-Catenin Degradation

(a) Extracts stimulate axin binding to b-catenin. In vitro translated myc-tagged axin was incubated with labeled b-catenin with or without
Xenopus extracts, followed by anti-myc immunoprecipitation. GST-RGS blocks the increased axin-b-catenin binding elicited by extracts.
MBP-dvl1 and MBP-GBP also inhibit axin-b-catenin binding. (b) Binding of labeled b-catenin to MBP-axin, MBP-axinDRGS, and GST-RGS
beads in vitro and in Xenopus extracts. (c) APCm3, a fragment of APC that binds b-catenin and axin stimulates binding of hot b-catenin to
axin beads in vitro. A fragment of APC (APCm2) that lacks the axin-binding domain has no stimulatory effect. (d) axinDRGS and RGS (500
nM each) block b-catenin degradation, but only axinDRGS is rescued by 1–2 mM GSK3. (e) APC is required for b-catenin degradation and
axin activity in extracts. MBP-axin at 50 nM stimulates b-catenin degradation in mock-depleted extracts but has no effect in APC-depleted
extracts. (f) Lithium chloride (50 mM) or MBP-dvl1 1 MBP-GBP (each at 1–2 mM) inhibits the interaction of b-catenin with endogenous APC
and axin. (g) MBP-axin (50 nM) but not MBPaxin-DRGS promotes phosphorylation of APCm3 in extracts. (h) Rapid dephosphorylation of
APCm3 in extracts. APCm3 on nickel beads was 32P-phosphorylated with GSK3 and then incubated with extracts to follow the disappearance
of the radioisotope.

system also allows us to examine mutant proteins that this interaction is required for dsh function; hence, bind-
ing of axin and dsh through the DIX domains confersmight not show phenotypes if expressed in vivo, due to

rapid turnover. In extracts, b-catenin was degraded with signal-dependent regulation of b-catenin. Another do-
main of dsh required for activity is PDZ, which bindsa half-life of 1 hr, dropping to less than 15 min in the

presence of added axin, which suggested that axin is GBP. Dsh and GBP synergize to inhibit b-catenin degra-
dation in extracts and phosphorylation in vitro, which arerate limiting for degradation. Addition of dsh, a positive

regulator epistatically upstream of GSK3, stabilized both axin-dependent processes. The inhibitory effect of
GBP and dsh on b-catenin degradation in extracts isb-catenin, suggesting that the wnt pathway from dsh to

b-catenin had been recapitulated in extracts. reversed by high concentrations of GSK3 due to titration
of dsh/GBP on axin. These observations further supportThis in vitro system allowed us to test the biochemical

requirement for several different components of the wnt a role for dsh, as an adaptor protein recruiting GBP to
the axin/GSK3/APC/b-catenin complex and inhibitingpathway, ruling out the necessary involvement of any

machinery upstream of protein translation. b-catenin locally the enzymatic activity of GSK3. Our recent results
suggest that the axin–GSK3 interaction is highly dy-degradation depends on axin, GSK3, and APC; extracts

depleted of any of these proteins cannot degrade namic (unpublished data) and that increasing the local
GBP concentration at the level of the complex efficientlyb-catenin. Of the four defined domains in axin, only the

C-terminal DIX domain was dispensable for activity. The promotes the dissociation of GSK3 from its site on axin.
The simplest model would have b-catenin and GSK3DIX domain of axin binds a related domain in dsh, and
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Figure 7. A Mechanism for Dsh Action

In the absence of a wnt signal (a), APC pro-
motes binding of b-catenin to axin. This inter-
action is driven by phosphorylation of APC
by GSK3, which increases the affinity of APC
for b-catenin. Axin-bound b-catenin is phos-
phorylated by GSK3 and targeted for ubiquiti-
nation by the SCF-bTRCP ubiquitin ligase
complex. Upon activation, dsh and axin form
a complex via their DIX domains (b). The re-
cruitment of GBP to the complex by dsh
(through its PDZ domain) allows GBP to in-
hibit axin-bound GSK3. Binding of GBP to
GSK3 blocks the phosphorylation of APC and
b-catenin. This has two consequences (c): (1)
APC has a reduced affinity for b-catenin, and
(2) b-catenin is no longer a substrate for the
SCF complex. Free b-catenin can form a
complex with TCF/Lef1 to drive the transcrip-
tion of target genes.

binding to their sites on axin and GBP binding to its site APC maintains a pool of b-catenin in a state that can
either lead to its degradation or release in responseon dsh. When dsh and axin bind via their DIX domains,
to a wnt signal. The phosphorylation state of APC isGSK3 would be inhibited. How does APC fit into this
maintained by rapid futile cycles of opposing phosphor-model? In addition to the mechanistic confusions about
ylation and dephosphorylation reactions. Changes in thethe role of APC, there are suggestions that APC can be
phosphorylation of APC by GSK3 act as a switch toan inhibitor of b-catenin degradation in some circum-
either trigger b-catenin degradation or its discharge instances or an activator in others. Specifically in Xeno-
the cytoplasm. Although Willert et al. (1999b) suggestedpus, injection of APC can cause secondary axis forma-
that phosphorylation of axin modulates binding totion (Vleminckx et al., 1997), opposite to the ventralizing
b-catenin, we find no evidence for such a regulation ineffects of axin injections. In our in vitro system, there is
extracts because (1) APC is the principal mediator ofan absolute requirement for APC in b-catenin degrada-
the axin-b-catenin interaction and (2) using purified axintion, consistent with genetic experiments in Drosophila
and b-catenin, we were unable to detect an increase inand experiments in cultured cells. We feel the confusion
the affinity of b-catenin for axin due to phosphorylationis simply due to the tendency of overexpressed APC to
of the latter by GSK3 (data not shown).act as a dominant inhibitor. In Xenopus extracts, overex-

Our data suggests that the APC/axin/GSK3/b-cateninpressed APC is a potent inhibitor of b-catenin degrada-
complex exists in two states. In one state (Figure 7a),tion, although these experiments yield a mixture of trun-
b-catenin is bound tightly to axin via APC; b-catenin andcated and full-length APC proteins. The role of APC in
APC are both phosphorylated by GSK3. In this situation,b-catenin degradation is clear from the in vitro experi-
phosphorylated b-catenin can only be removed throughments. We showed that an interaction of APC with the
SCF-dependent degradation while phosphorylated APCRGS domain of axin is essential for b-catenin degrada-
continues to bind b-catenin molecules avidly. Upontion, demonstrating that endogenous APC is in fact a
binding of active dsh to axin, GBP interacts with GSK3negative regulator of b-catenin levels in Xenopus. Al-
(Figure 7b), removing it from axin competitively. Thisthough b-catenin binds to axin beads in a purified sys-
inhibits phosphorylation on both b-catenin and APC.tem, the two proteins show little interaction in the nano-
The former stabilizes b-catenin to ubiquitination, and

molar range. Extracts contain an activity that promotes
the latter releases intact b-catenin so that it can interact

the binding of b-catenin to axin at low concentrations.
with other partners (Figure 7c). The b-catenin-binding

The activity is inhibited by the RGS domain of axin, site on axin is also important because its deletion im-
suggesting that it is either APC or APC complexed to pairs the function of axin. Although this scenario is writ-
other proteins. Also, axinDRGS (which cannot bind APC) ten as a set of irreversible steps, it is likely that all binding
does not bind b-catenin in extracts. With purified events are dynamic. The fact that dominant-negative
components in vitro, APC accelerates the binding of GSK3 blocks degradation of b-catenin in extracts sug-
b-catenin to axin, recapitulating the stimulating effect gests that the interaction between endogenous axin and
of extracts on binding between the two proteins. Taken GSK3 must be dynamic. The dissociation rate for GSK3
together, these results identify APC as the activity stimu- bound to axin must be fast enough to allow its displace-
lating the axin-b-catenin interaction in extracts. ment by the dominant-negative mutant on a time scale

b-catenin interacts with numerous cellular proteins, of perhaps less than 1 hr. The same must be true for
some not directly involved in wnt signaling. The require- the axin–APC interaction, as the RGS domain of axin
ment for an APC-like molecule makes sense if one real- (which interacts with APC) blocks b-catenin degra-
izes that not only the stability of b-catenin is important dation.
but also its availability for other interactions, transcrip- The stability of b-catenin is subject to a system of
tional and cytoskeletal. Aside from participating in weak protein interactions and posttranslational modifi-
b-catenin degradation, APC also prevents its interaction cations. The ability to dissect this pathway in vitro with-
with Tcf3 (unpublished data), thus inhibiting the tran- out altering appreciably its kinetics and without simpli-

fying essential steps should aid our understanding ofscriptional activation function of b-catenin. Additionally,
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amino acids (GGGSGGGT)3 was included between fusion partners.these weak interactions and their physiological conse-
Xenopus GBP was cloned by PCR from a Xenopus stage 14 library.quences. Several remaining questions should be clari-

fied by studies in partially purified systems and ulti-
mRNA Synthesis and Translation in Extractsmately by reconstitution from purified components.
Capped RNA was synthesized from linearized plasmid DNA tem-

They include the mechanism of signal transmission from plates. RNAs at 100–500 ng/ml were mixed with fresh extracts (1:6
frizzled to dsh and the mechanism of dsh activation. In to 1:20 ratio) supplemented with RNasin (Promega) (1:50 ratio) and

incubated at 228C for 1–2 hr for translation.particular, does the wnt signal regulate the GBP–dsh or
the dsh–axin interaction? We also wish to know whether

In Vitro Kinase ReactionsAPC suffices by itself to mediate b-catenin degradation
GSK3 kinase reactions were done at 228C in a kinase buffer (20 mMor whether associated proteins are also required. Finally,
HEPES (pH 7.5), 300 mM NaCl, 2 mM DTT, 1 mM EDTA, 10 mMwe wish to know whether signaling pathways cross- MgCl2, 0.2% Tween-20, 50 mM ATP, and [g-32P]ATP). The final con-

regulate the wnt pathway and how that might work. In centrations of the components were 100 nM His-GSK3, 75 nM MBP-
vitro reconstitution should be useful in deciphering the axin, 1 mM MBP-dvl1, 0.1–1 mM MBP-GBP, and 1 mM His-b-catenin.
molecular events involved in transducing the wnt signal.

Binding
Extracts were diluted 1:5 in XB with 1% Tween and protease inhibi-Experimental Procedures
tors and incubated with protein beads and labeled proteins at 48C
for 2 hr. The beads were washed with 25 HEPES (pH 7.5), 400 mMExtract Preparation and In Vitro Translation
NaCl, 1 mM EDTA, 1% Tween and with 25 HEPES (pH 7.5), 50 mMExtracts were prepared as described (Murray, 1991), with modifica-
NaCl, 1 mM EDTA, 1% Tween. Bound proteins were released bytions. After dejellying, eggs were transferred to 2 ml Eppendorf tubes
boiling in SDS-PAGE loading buffer. For binding to GST fusion pro-on ice containing 2 mL cytochalasin B (10 mg/ml in DMSO) and
teins on glutathione beads, in the presence of Xenopus extracts, thepacked for 30 s at 30 g. Eggs were then crushed at 21,000 3 g in
extract was first gel filtered through a NAP-5 column (Pharmacia), toa refrigerated microcentrifuge for 5 min. The cytoplasmic layer was
remove endogenous glutathione.removed and spun twice more at 21,000 3 g. Energy mix and prote-

ase inhibitors were added before use. In vitro translations were
Acknowledgmentsdone in fresh extracts. High-speed supernatants were prepared as

described (King et al., 1995).
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Moon, David Kimelman, Sergei Sokol, Frank Constantini, BarryDegradation reactions contained 6.5 ml extract plus 0.1 ml of 100
Gumbiner, P. Renee Yew, and Cathie Pfleger for plasmids. We thankmg/ml cycloheximide, 0.16 ml energy regeneration mix, 0.2 ml bovine
the NICHD for supporting this work.ubiquitin at 14 mg/ml in 13 XB (Murray, 1991), and 0.1–0.3 ml of

35S-labeled b-catenin synthesized using the Promega TNT kit. Reac-
Received December 6, 1999; revised January 21, 2000.tions were incubated at 228C, and 1 ml samples were removed at

different times. Samples were analyzed by SDS-PAGE followed by
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