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Background: APC promotes �-catenin phosphorylation and degradation.
Results: APC is reversibly modified with K63-linked ubiquitin chains that are assembled or disassembled in concert with the
assembly and disassembly of the �-catenin destruction complex.
Conclusion: Atypical ubiquitin chains are involved in �-catenin turnover.
Significance: This posttranslational modification on APC could lead to an understanding of its precise role in �-catenin
degradation.

The adenomatous polyposis coli (APC) tumor suppressor
formsacomplexwithAxinandGSK3� topromotethephosphor-
ylation and degradation of�-catenin, a key co-activator ofWnt-
induced transcription. Here, we establish that APC is modified
predominantly with K63-linked ubiquitin chains when it is
bound to Axin in unstimulated HEK293 cells. Wnt3a stimula-
tion induced a time-dependent loss of K63-polyubiquitin
adducts from APC, an effect synchronous with the dissociation
of Axin from APC and the stabilization of cytosolic �-catenin.
RNAi-mediated depletion of Axin or �-catenin, which negated
the association between APC and Axin, resulted in the absence
of K63-adducts on APC. Overexpression of wild-type and phos-
phodegron-mutant �-catenin, combined with analysis of thir-
teenhuman cancer cell lines that harbor oncogenicmutations in
APC, Axin, or �-catenin, support the hypothesis that a fully
assembled APC-Axin-GSK3�-phospho-�-catenin complex is
necessary for the K63-polyubiquitylation of APC. Intriguingly,
the degree of this modification on APC appears to correlate
inversely with the levels of �-catenin in cells. Together, our
results indicate that K63-linked polyubiquitin adducts on APC
regulate the assembly and/or efficiency of the �-catenin
destruction complex.

TheAPC3 tumor suppressor is a core negative component of
the Wnt signaling pathway (1, 2). In unstimulated cells, APC
associates with Axin and the kinases GSK3� and CK1 (the
�-catenin destruction complex) to foster the phosphorylation
of cytosolic �-catenin at specific serine/threonine residues cre-
ating a phosphodegron motif. Recognition of this phosphode-
gron by the SCF-�-TrCP ubiquitin ligase complex leads to the

modification of �-catenin with degradative polyubiquitin, cul-
minating in its proteasomal destruction (3–8). Inactivation of
the �-catenin destruction complex occurs upon Wnt ligand
binding to Frizzled and LRP5/6 transmembrane receptors at
the cell surface, and involves the formation of Dishevelled (Dvl)
protein assemblies and the recruitment of Axin-GSK3� to
LRP6 signalosomes (9–11). The accumulation of �-catenin in
the nucleus following Wnt stimulation allows it to bind and
co-activate the TCF/LEF family of transcription factors thus
mediating the expression of Wnt target genes (12).
Aberrant activation of the Wnt signaling pathway resulting

in the accumulation and constitutive transcriptional activity of
�-catenin is a recurring theme in tumorigenesis (13). The
tumor suppressor activities of APC and Axin reside in their
common ability to downregulate �-catenin (5, 14). Both pro-
teins contain binding sites for �-catenin, but only Axin has
dedicated regions for binding GSK3� and CK1. Thus, Axin
functions as a scaffold for the recruitment of these kinases to
catalyze essential phosphorylations of APC and �-catenin in
the destruction complex (5, 15–20). That Axin does not require
its interaction with APC to scaffold the phosphorylation of
�-catenin (5, 16, 21) raises questions as to the precise function
of APC in �-catenin degradation.
Genetic mutations that lead to the expression of a truncated

APC polypeptide can be found in 85% of human colorectal can-
cers, and the majority of these mutant APC proteins have lost
motifs required for Axin binding (13). The importance of this
interaction is consistent with APC proposed role as an essential
cofactor for the Axin-mediated assembly of a functional
�-catenin destruction complex in Drosophila and human cells
(22). Biochemical and structural studies have shown that the
phosphorylation of APC enhances its affinity for �-catenin.
This allows APC to compete with Axin for �-catenin and could
be a mechanism that enables the removal of phosphorylated
�-catenin from Axin for downstream processing (3, 18, 20, 23,
24). Compatible with thismodel is the demonstration that APC
protects the�-catenin phosphodegron from the activity of pro-
tein phosphatase PP2A (25). Thus, APC might chaperone the
interaction between phosphorylated �-catenin and �-TrCP to
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promote the ubiquitylation and proteasomal destruction of
�-catenin. Indeed, constitutively high levels of �-catenin in
APC-mutant cancer cells could be linked to the lack of this
protective function of truncated APC proteins (25).
Ubiquitin adducts linked through lysine 48 (K48) of ubiquitin

target protein substrates for proteasomal degradation (26).
K48-linked adducts controls not only the stability of �-catenin,
but also that of several Wnt pathway components including
Axin, Dvl, and APC (27–30). Interestingly, Dvl and APC are
also modified with K63-linked ubiquitin chains, as inferred
from loss-of-function studies of the deubiquitylating enzymes
CYLD and Trabid, respectively (31, 32). Distinct both structur-
ally and functionally from K48-linked polyubiquitin, K63-
polyubiquitin adducts are known to regulate the activity of pro-
teins that function inDNA repair andNF-�B signaling, possibly
by serving as platforms for the assembly of multi-protein com-
plexes (33–35). Intriguingly, K63-polyubiquitin adducts on Dvl
correlates with activation of Wnt signaling, whereas the same
modification on APC correlates with repression of the pathway
(31, 32). We therefore sought to characterize in depth the role
of K63-linked ubiquitin chains in Wnt signaling, and in partic-
ular the possibility that these adducts are important for APC
function.

EXPERIMENTAL PROCEDURES

Cells and Reagents—HEK293, HCT116, and 624mel cells
were maintained in DMEM medium supplemented with 10%
FBS and 2 mM L-glutamine (Invitrogen). Colo320, SW403,
SW480, DLD1, Colo205, SW48, Ls174T, A427, SNU423,
SNU475, RKO, Colo741, A549, A431, Kelly, and SJCRH30
cells were maintained in RPMI 1640 medium (Sigma) supple-
mented with 10% FBS and 2mM L-glutamine. HepG2 andHeLa
cells were maintained in EMEM medium (ATCC) supple-
mented with 10% FBS and 2 mM L-glutamine. HEK293 cells
stably expressingMyc-hAxin1was a generous gift fromBonnee
Rubinfeld. Cells were grown at 37 °C with 5% CO2. HEK293
cells were transfected with siRNAs (50 nM total) using
RNAiMAX or plasmid DNA using Lipofectamine 2000 as
instructed (Invitrogen). Fugene 6HD (Roche)was used for plas-
mid DNA transfection of HCT116 cells. Recombinant mouse
Wnt3a/Wnt5awas purchased fromR&DSystems, GSK3 inhib-
itor IX (BIO) from Calbiochem and MG132 from Tocris
Bioscience.
Antibodies—Polyubiquitin linkage-specific antibodies have

been described (36, 37). APC antibody clone ALi 12–28 (Santa
Cruz Biotechnology) was used for immunoprecipitation and
Western blotting unless indicated otherwise. Other commer-
cial antibodies: anti-APC H-290 (Santa Cruz Biotechnology),
anti-�-catenin, anti-GSK3 4G1E (Millipore), anti-Axin1
C95H11, anti-�-TrCP D13F10, anti-ubiquitin P4D1, anti-Dvl2
(Cell Signaling), anti-�-actin-HRP AC15 (Sigma), and anti-
Myc 9E10 (Stratagene).
Immunoprecipitation with Polyubiquitin Linkage-specific

Antibodies—The procedure was performed on ice or at 4 °C
unless indicated otherwise. Cells in 100 mm poly-D-lysine-
coated dishes (BD Biosciences) were washed twice with ice-
cold PBS, and lysed with Nonidet P-40 lysis buffer (Nonidet
P-40 LB: 50 mM Tris-HCl, pH 7.5, 120 mM NaCl, 1% Nonidet

P-40, 1 mM EDTA) containing 6 M urea and complete protease
inhibitor mixture tablets (Roche, 1 tablet per 10 ml of lysis
buffer). Depending ondegree of confluency, 0.6 to 1.0ml of lysis
buffer was added to each dish of cells. After centrifugation at
14,000 rpm for 10 min, the supernatant was transferred to a
fresh tube and assayed for total protein (BCA protein assay,
Pierce). Typically, 700 �g of total protein per sample was
diluted to 3 M urea with an equal volume of Nonidet P-40 LB,
then pre-cleared with 100 �l of protein G-Sepharose slurry
(Invitrogen, washed and resuspended in Nonidet P-40 LB at
50% v/v) and 4 �g of anti-E25 (humanized IgG1 mAb, Xolair,
Genentech) for 1 h with constant rotation. Pre-cleared lysates
were immunoprecipitated with 4 �g of anti-E25 (IgG isotype-
matched control) or 4 �g of the indicated polyubiquitin link-
age-specific antibodies overnight with constant rotation.
Antibody-antigen complexes were captured with 40 �l of pro-
tein-G-Sepharose slurry for 1 h. Beads were washed twice with
Nonidet P-40 LB (without urea) and once with PBS (1 ml, 10
min per wash), then eluted with 25 �l of 2� LDS sample buffer
(Invitrogen) at 65 °C for 5min. Samples were resolved on 3–8%
Tris-acetate NuPAGE gels and transferred to nitrocellulose
membranes (Invitrogen). Co-immunoprecipitation of endoge-
nous protein complexes was similarly performed, except that
urea was omitted from the lysis buffer. Western blotting was
performed according to standard procedures. SuperSignal
West Pico chemiluminescent substrate (Pierce) was used to
detect polyubiquitylated APC.
siRNAs—All are ON-TARGETplus individual siRNA

duplexes purchased from Dharmacon. Control siRNA: non-
targeting siRNA#1 (CatNo.D-001810-01-20). APC (only sense
strand shown): GACAAGAGCUAGAAGAUAA; �-catenin:
GGGCAAUGCUGGACGUAAA; �-catenin: UAAUGAGGA-
CCUAUACUUA; �-catenin: GCAACAACAGCAAGAACAA;
�-TrCP: AGAUAAUACCAGAGAAGAA; Axin1: CGGGAA-
AGGUGUUGGCAUU; Axin2: GCGAUCUACAAAAGGU-
ACA; GSK3�: GGACAAAGGUGUUCAAAUC; GSK3�:
AGAAAGUAUUGCAGGACAA.

RESULTS

APC Is Modified Predominantly with K63-linked Poly-
ubiquitin—To validate our previous finding that endogenous
APC might be modified with polyubiquitin chains (31), we
employed recently described polyubiquitin linkage-specific
antibodies recognizing K11-, K48-, and K63-linked ubiquitin
chains (36, 37). Immunoprecipitation of urea lysates from pro-
teasome inhibitor (MG132)-treated HEK293 cells, and immu-
noblotting specifically for APC, revealed that APC is modified
with polyubiquitin of all linkage types (Fig. 1A). Notably, the
strongest signal for the APC smear was observed from the anti-
K63 polyubiquitin immunoprecipitate, suggesting that APC is
conjugated predominantly with K63-linked ubiquitin chains.
This was supported by immunoblotting for total ubiquitin,
which showed that the pool of K63-linked polyubiquitin
adducts are the least abundant of the three examined, consist-
ent with the relative abundance of K63-linked chains in the
total cellular polyubiquitin pool as analyzed by quantitative
mass spectrometry (38). These results indicate that endoge-
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nous APC is modified primarily with K63-linked ubiquitin
chains.
Wnt3a Inhibits the K63 Polyubiquitylation of APC—Because

accumulation of polyubiquitin on APC correlated with a loss of
Wnt signaling in cells (31), we asked if Wnt stimulation could
affect the ubiquitylation status of APC. Stimulation of cells with
Wnt3a significantly inhibited the formation of ubiquitin chains
of all linkage types on APC, whereas the total pools of K11-,
K48-, and K63-adducts were unaffected (Fig. 1A).
Because K63-polyubiquitin appears to represent the pre-

dominant adduct on APC, we chose to focus specifically on this
modification. To demonstrate specificity for canonical Wnt
signaling, we treated cells withWnt5a followed by immunopre-
cipitation with K63 polyubiquitin linkage-specific antibodies.
In contrast to Wnt3a, the non-canonical ligand Wnt5a, which
does not stabilize�-catenin inHEK293 cells, did not induce loss
of K63-adducts fromAPC (Fig. 1B). The use ofMG132 enabled
robust immunoprecipitation of polyubiquitin adducts from
cells, suggesting dynamic turnover of ubiquitin chains, directly
or indirectly, by the proteasome. Importantly, MG132 did not
result in significant stabilization of total APC levels nor inter-
fered with theWnt3a-mediated stabilization of �-catenin. The
time-dependent loss of K63-adducts from APC following
Wnt3a treatment was evaluated, and we found significant loss
occurring 60 min after Wnt stimulation (Fig. 1C). As a further
test of specificity, we treated cells with both Wnt3a and the
soluble Wnt antagonist Frizzled8CRD-hFc (39). This resulted
in a complete block of the Wnt3a-induced loss of APC poly-
ubiquitylation.We conclude that themodification of APCwith
K63-linked polyubiquitin is regulated by canonical Wnt
signaling.
K63 Polyubiquitylation of APC Coincides with APC-Axin

Association—A downstream effect of Wnt3a stimulation is the
inhibition of GSK3� activity, which abrogates the phosphory-
lation of �-catenin, Axin, and APC (3, 16, 40, 62). To test the
possibility that GSK3� activity is required for APC polyubiqui-
tylation, we treated cells with a selective inhibitor of GSK3
(BIO). This treatment effectively eliminated K63-linked ubiq-
uitin chain formation on APC (Fig. 1C). However, it is likely
that BIO-treatment also negated the phosphorylation of Axin
and �-catenin, which could have negative effects on APC
polyubiquitylation (see below).
Phosphorylation of APC has been shown to be dependent

upon APC association with Axin, which binds GSK3� (16, 18,
41). Therefore, we asked whetherWnt3a induces a dissociation
of Axin from APC, and if so, whether this correlated with the
loss of APC polyubiquitylation.We performed co-immunopre-
cipitation from Wnt3a-stimulated HEK293 cells, as described

in experimental conditions for Fig. 1C, except that cells were
lysed in the absence of urea to preserve protein-protein inter-
actions. Immunoprecipitation of endogenous APC from these
lysates revealed a time-dependent decrease of co-precipitated
Axin (Fig. 1D). Significant disruption of the APC-Axin interac-
tion occurred 60 min following Wnt3a treatment, coinciding
with the loss of APC polyubiquitylation at this time point (Fig.
1C).We noted that complete disruption of theAPC-Axin inter-
action was not observed, even in BIO-treated cells where the
polyubiquitylation of APC was abolished. This suggests the
possibility of more than one pool of APC-Axin complexes, and
it is conceivable that a phosphorylated and polyubiquitylated
APC-Axin pool represents the functional complex that targets
�-catenin for degradation. Accordingly, the phosphorylation-
dependent distribution of APC between different functional
pools has been proposed (42), and the increased association
between �-catenin and APC followingWnt3a stimulation (Fig.
1D) could represent an unphosphorylated APC-�-catenin
complex that is targeted to peripheral membrane pools (3,
43–47). Notwithstanding, these results show that canonical
Wnt pathway activation leads to the dissociation of Axin from
APC, and indicate that K63-polyubiquitin adducts on APC
coincide with APC-Axin association.
Wnt3a-mediated Loss of K63-polyubiquitin Adducts from

APC Requires Its Dissociation from Axin—The results above
predict that in the absence of Wnt stimulation, experimental
disruption of the APC-Axin association might result in loss of
K63-adducts from APC. We thus depleted Axin (both 1 and 2)
by RNAi, and found that this resulted in the loss of K63-poly-
ubiquitin from APC in unstimulated HEK293 cells (Fig. 2A).
Although we achieved efficient knockdown of both GSK3 iso-
forms-� and -� (Fig. 2A), this did not lead to significant inhibi-
tion of APC polyubiquitylation as would be expected from the
strong negative effect on this modification following GSK3
inhibitor treatment (Fig. 1C). Since Axin is a limiting compo-
nent (48) and only 3–5% of total GSK3� is associated with Axin
(49), it is conceivable that the small amount of GSK3� remain-
ing following siRNA knockdown is sufficient for Axin-depen-
dent phosphorylation of APC in the destruction complex, lead-
ing to its polyubiquitylation.
The requirement of Axin for APC polyubiquitylation sug-

gested that its overexpression might enhance this modification
onAPC.To address this, we examined the polyubiquitylation of
endogenous APC in HEK293 cells stably expressing Myc-
tagged Axin1. Compared with unstimulated parental HEK293
cells, higher levels of K63-polyubiquitylated APC in unstimu-
lated Myc-Axin-expressing cells were detected (Fig. 2B). Nota-
bly, in contrast to parental cells, the Wnt3a-mediated loss of

FIGURE 1. A, APC is modified predominantly with K63-linked polyubiquitin. HEK293 cells were treated with 10 �M MG132 together with vehicle (PBS � 0.2%
BSA, �) or recombinant mouse Wnt3a (200 ng/ml) for 4 h. Lysates were immunoprecipitated (IP) with the indicated polyubiquitin linkage-specific antibodies
or an isotype-matched control antibody (anti-E25). Immunoprecipitates and lysates were analyzed by immunoblot (IB) as indicated. High-molecular-weight
smears (APCUb(n)) indicate polyubiquitylated species of APC, and the absence of this smear in the immunoprecipitate from APC-depleted cells (see Fig. 3A)
validates the specificity of the APC antibody (clone ALi 12–28) used throughout this study. B, Wnt3a, but not Wnt5a, inhibits the formation of K63-polyubiquitin
adducts on APC. HEK293 cells were treated with vehicle (DMSO, �) or 10 �M MG132 together with Wnt3a or Wnt5a (200 ng/ml) for 4 h. Lysates were
immunoprecipitated with K63 polyubiquitin linkage-specific antibodies or anti-E25 control, and analyzed by immunoblot as indicated. C, Wnt3a induced a
time-dependent loss of K63-polyubiquitin adducts from APC. HEK293 cells were pre-treated with 10 �M MG132 for 2 h, followed by treatment with vehicle
(PBS � 0.2% BSA, �) or with Wnt3a (200 ng/ml), Fz8CRD-hFc (5 �g/ml), or BIO (GSK3 inhibitor, 5 �M) for the indicated times. Lysates were immunoprecipitated
as in B and analyzed by immunoblot as indicated. D, Wnt3a induced a time-dependent decrease of APC-Axin association. HEK293 cells were treated as
described in C. Lysates were immunoprecipitated with anti-APC or control anti-mouse IgG, and analyzed by immunoblot as indicated.

K63-polyubiquitin Regulates APC Function

AUGUST 17, 2012 • VOLUME 287 • NUMBER 34 JOURNAL OF BIOLOGICAL CHEMISTRY 28555



APC polyubiquitylation and stabilization of �-catenin in the
Myc-Axin cells was blocked (Fig. 2B).
Since APC polyubiquitylation correlates with APC-Axin

association, we asked whether the polyubiquitin-modified pool
of endogenous APC in Wnt-stimulated, Axin-overexpressing
cells was a result of its failure to dissociate from Myc-Axin.
Immunoprecipitation of endogenous APC from Myc-Axin
cells revealed that it co-precipitatedMyc-Axin in unstimulated
cells, but also equally in cells stimulated with Wnt3a. In con-
trast, we found reduced association between APC and endoge-
nous Axin inWnt3a-stimulated parental cells (Fig. 2C, see also
Fig. 1D). We suspect that the high-molecular-weight smears of
co-precipitated endogenous and Myc-Axin (AXIN1*), could
represent PARsylated/K48-polyubiquitylated populations that
have accumulated in MG132-treated cells (28, 30). The total
precipitated APC pool also resolved with a retarded electro-
phoreticmobility (APC*), as revealed by immunoblottingwith a

rabbit polyclonal APC antibody (clone H-290), but the reason
for this is unclear (Fig. 2C). We noted that the ability to immu-
noprecipitate endogenous APC from Myc-Axin cells was sig-
nificantly reduced, and believe the strong expression levels of
Myc-Axinmight lead to the formation of puncta that efficiently
and stably titrate a large fraction of endogenous APC (21). This
could account for the lack of dissociation between APC and
Myc-Axin following Wnt-stimulation in these cells. Neverthe-
less, these results suggest that the loss of K63-polyubiquitin
adducts from APC requires its dissociation from Axin.

�-Catenin Is Required for APC K63 Polyubiquitylation—Be-
cause �-catenin is a component of the destruction complex, we
tested its requirement for APC-Axin association and APC
polyubiquitylation. RNAi-mediated depletion of �-catenin in
HEK293 cells abolished the formation of K63-adducts on APC,
whereas knockdown of �-TrCP, �-catenin, and �-catenin did
not inhibit APC polyubiquitylation (Fig. 3, A and B). We asked

FIGURE 2. A, RNAi-mediated depletion of Axin leads to loss of K63-polyubiquitin-modified APC. HEK293 cells were transfected with siRNA for 72 h as indicated,
followed by treatment with 10 �M MG132 for 4 h. Lysates were immunoprecipitated with K63 polyubiquitin linkage-specific antibodies, and analyzed by
immunoblot as indicated. B and C, Wnt3a-induced loss of APC K63-adducts requires APC-Axin dissociation. HEK293 and HEK293-Myc-Axin1 cells were treated
with 10 �M MG132 together with vehicle (�) or Wnt3a (200 ng/ml) for 2 h. Lysates were immunoprecipitated with K63 polyubiquitin linkage-specific antibodies
(B) or anti-APC (C) and analyzed by immunoblot as indicated.
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whether loss of APC K63-adducts correlated with loss of APC-
Axin association in �-catenin-depleted cells. By co-immuno-
precipitation, we discovered that knockdown of �-catenin, but
not�- or �-catenin, resulted in significant dissociation between
APC and Axin (Fig. 3C). These results underscore the positive
correlation between APC polyubiquitylation and APC-Axin
association, and indicate that �-catenin stimulates the APC-
Axin interaction and the polyubiquitylation of APC.
Absence ofAPCK63Polyubiquitylation inCancerCellsHarbor-

ing Oncogenic Mutations in APC, Axin, and �-Catenin—
The evidence so far suggests that the modification of APC with
K63-adducts coincide with the assembly of a functional
�-catenin destruction complex. To consolidate this idea, we
examined APC polyubiquitylation in cancer cells that harbor
inactivating/activating mutations of APC, Axin, or �-catenin.
Utilizing the anti-K63-polyubiquitin immunoprecipitation
assay, we first examined five colorectal cancer cell lines that
express truncated APC proteins at various positions between
residues 811 (Colo320) and 1554 (Colo205). We found that
none of these truncated APC proteins were conjugated with
K63-linked adducts (Fig. 4A). That these mutants all lack the
SAMP repeats required for Axin binding (50, 51) further sup-

port the proposition that APC-Axin association is required for
APC polyubiquitylation. However, it is possible that APC is
modified with K63-adducts at a lysine acceptor site(s) C-termi-
nal to residue 1554, which would preclude detection of ubiqui-
tylated forms of mutant APC in these cells, irrespective of their
ability to bind Axin.
Because �-catenin depletion resulted in the striking loss of

K63-adducts from APC (Fig. 3), we pondered whether cancer
cells expressing stable mutant forms of �-catenin might show
increased levels of this modification on APC. Surprisingly, of
the six �-catenin mutant (serine/threonine phosphodegron
substitutions or deletions (52)) cancer cell lines examined, none
contained K63-polyubiquitin-modified APC, a population
reproducibly detected in HEK293 cells (Fig. 4, A and B). We
noted that total levels of wild-typeAPC in these cells were com-
parable to HEK293 levels. These results imply that the K63-
polyubiquitylation of APC requires wild-type �-catenin.

To support prior evidence indicating a requirement of Axin
and GSK3� activity for APC polyubiquitylation (Figs. 1 and 2),
wemonitored this modification of APC in SNU423 cells, which
expresses a GSK3�-binding-deficient mutant of Axin1 or in
SNU475 cells that does not express Axin1 (53). As anticipated,

FIGURE 3. A, RNAi-mediated depletion of �-catenin leads to loss of K63-polyubiquitin-modified APC. HEK293 cells were transfected with the indicated siRNAs
for 72 h, followed by treatment with 10 �M MG132 together with vehicle (�) or Wnt3a (200 ng/ml) for 4 h. Lysates were immunoprecipitated with K63
polyubiquitin linkage-specific antibodies, and analyzed by immunoblot as indicated. B, HEK293 cells were transfected with siRNA for 72 h as indicated, followed
by treatment with 10 �M MG132 for 4 h. Lysates were immunoprecipitated with K63 polyubiquitin linkage-specific antibodies, and analyzed by immunoblot as
indicated. C, RNAi-mediated depletion of �-catenin leads to loss of APC-Axin interaction. HEK293 cells were transfected with the indicated siRNAs for 72 h,
followed by treatment with 10 �M MG132 for 4 h. Lysates were immunoprecipitated with anti-APC and analyzed by immunoblot as indicated.
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we did not detect APC K63-adducts in these cells (Fig. 4B).
However, the lack of APC expression in SNU475 cells (for rea-
sons unknown) does not permit us to draw any conclusions
about the requirement of Axin1 for APC polyubiquitylation in
these cells. Nevertheless, the absence of APC K63-adducts in
SNU423 cells support the notion thatmodification of APCwith
K63-polyubiquitin requires the formation of an APC-Axin-
GSK3� complex.
We also examined APCK63 polyubiquitylation in nine addi-

tional cancer cell lines without knownmutations in APC, Axin,
or �-catenin. These lines were derived from human tumors of
different tissue origin, and in six, including RKO and Colo741
colorectal cancer cells theAPCK63-polyubiquitylated poolwas
readily detected (Fig. 4, B and C). Consistent with observations
in HEK293 cells, stimulation of RKO and Colo741 cells with
Wnt3a inhibited the K63 polyubiquitylation of APC, and led to
�-catenin stabilization in RKO cells demonstrating intact Wnt
pathway activity (Fig. 4D). The high levels of �-catenin in
Colo741 andmany of the cancer cell lines (withoutmutations in
Wnt components) suggest unusually high Wnt pathway activ-
ity, perhaps through autocrine overexpression of Wnt ligands
and receptors (54). Regardless of the mechanism, we recognize
a general inverse relationship between �-catenin levels and the
degree of APC polyubiquitylation in these cells. This supports
the notion that APC K63-adducts controls the efficiency of
�-catenin degradation. Thus, monitoring the K63 polyubiqui-
tylation of APC could have diagnostic utility in terms of evalu-
ating Wnt pathway activity in cells that do not harbor muta-
tions in Wnt pathway components.
Phosphorylated �-Catenin Is Required for APC K63

Polyubiquitylation—The absence of APC K63 polyubiquityla-
tion in cancer cells expressing high levels of mutant �-catenin
(Fig. 4) is intriguing considering that knockdown of �-catenin
produced the same negative effect (Fig. 3). We postulated that
the excess, non-phophorylatable �-catenin, for example in
HCT116 cells (�-catenin �S45), might outcompete wild-type
�-catenin in these cells for APC binding. This would prevent
wild-type �-catenin from promoting the assembly of an APC-
Axin-GSK3� complex to stimulate APC polyubiquitylation.
We thus predicted that overexpression of wild-type �-catenin
should restore APC polyubiquitylation in HCT116 cells.
Ectopic expression of wild-type, Myc-tagged �-catenin at
increasing levels partially restored the K63-polyubiquitylation
of APC in HCT116 cells in a dose-dependent manner (Fig. 5A).
It is possible that the ability to form a functional destruction
complex in HCT116 cells is ineffective, explaining the weak
effect. Overexpression of �-catenin in HEK293 cells also
induced the formation of longer ubiquitin chains on a subpop-
ulation of the polyubiquitin-modifiedAPCpool, as indicated by
the shift towards a higher-molecular-weight APC K63-poly-
ubiquitylated smear (Fig. 5A). Finally, expression of wild-type,
but not �S45-�-catenin, increased the K63-ubiquitylated APC

pool in HEK293 cells (Fig. 5B), indicating that phosphorylation
of �-catenin is important for the modification of APC with
K63-adducts. Together, our evidence suggests that �-catenin
regulates its own destruction by stimulating the assembly of an
APC-Axin-GSK3� complex and the K63 polyubiquitylation of
APC.

DISCUSSION

The precise role of APC in �-catenin degradation is not fully
understood. The evidence presented here establishes K63-
linked ubiquitin chains as an important regulatory and revers-
ible posttranslationalmodification onAPC.Our results suggest
that these chains on APC are assembled or disassembled in
concert with the assembly and disassembly of the �-catenin
destruction complex. The analysis of APC K63 polyubiquityla-
tion in 22 human cancer cell lines indicate that polyubiquitin-
modified APC might enhance the efficiency of �-catenin deg-
radation, implicating a new, non-scaffold function for APC in
the �-catenin destruction complex.
The rapid disappearance of polyubiquitin from APC follow-

ing Wnt3a stimulation (Fig. 1) suggested the involvement of a
deubiquitylating enzyme (DUB) activity that can remove these
chains fromAPC.Wehave previously characterizedTrabid as a
positive regulator of Wnt signaling and implicated this DUB in
the cleavage of K63-adducts fromAPC (31). It was thus surpris-
ing to find, contrary to expectation, that depletion of Trabid did
not block the Wnt3a-induced loss of these chains from APC
(data not shown).However, this is consistentwith the negligible
effect of Trabid depletion on Wnt3a-induced �-catenin stabi-
lization, and epistasis analysis that placed Trabid’s function in
Wnt signaling downstream of the �-catenin destruction com-
plex (31). Moreover, although Trabid can cleave K63-linked
ubiquitin chains, the increased polyubiquitylation of APC fol-
lowing Trabid depletion might reflect to a large degree the
accumulation of K29- and/or K33-linked adducts, as these
appear to be Trabid’s preferred polyubiquitin substrates (55).
Thus, either Wnt3a stimulation does not require DUB activity
toremoveK63-adducts fromAPC(inhibitionofAPCphosphor-
ylation appears to suffice), or Wnt3a activated an unidentified
DUB for the deubiquitylation of APC. It is conceivable that
APC might be a substrate of Trabid in a different context, for
example during serum-induced cell migration.4
The positive correlation between K63-adducts on APC and

an assembled �-catenin destruction complex suggests the pos-
sibility that these chainsmight regulate the activity or assembly
of this complex in unstimulated cells. That K63-polyubiquitin
adducts can regulate the assembly of multi-protein complexes
is not without precedent, as the conjugation of these chains to
RIP or NEMOmediate the assembly of protein complexes that
activate NF-�B-dependent signaling pathways (34, 35, 56).

4 H. Tran and P. Polakis, unpublished data.

FIGURE 4. A, B, and C, cancer cells harboring oncogenic mutations in APC, Axin and �-catenin lack K63-polyubiquitin-modified APC. Cell lines with known
mutation in APC, Axin or �-catenin are indicated. Subconfluent cells were treated with 10 �M MG132 for 4 h. Lysates were immunoprecipitated with K63
polyubiquitin linkage-specific antibodies, and analyzed by immunoblot as indicated. The single high-molecular-weight band detected prominently in some
cell lines, including SW480 and HCT116 cells, was not observed in other experiments and is likely nonspecific (see Fig. 5A). D, cells were treated as described in
Fig. 1A. Lysates were immunoprecipitated with K63 polyubiquitin linkage-specific antibodies and analyzed by immunoblot as indicated.
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Howmight K63-linked chains onAPCbe required for assembly
of the �-catenin destruction complex? One possibility is that
Axin could harbor an uncharacterized domain that preferen-
tially binds K63-linked polyubiquitin. This might enforce its
interactionwith polyubiquitylatedAPC to stabilize the destruc-
tion complex. This hypothesis is particularly intriguing since
K63-adducts on APC and Dvl correlates with decreased or
increased Wnt pathway activity, respectively (31, 32). Thus, in
response toWnt, a reciprocal loss and gain of K63-polyubiqui-
tin onAPCandDvl, respectively, could shift the balance ofAxin

protein between these opposing effectors, leading to disruption
of the APC-Axin interaction (Fig. 6, Interaction 1). Our obser-
vation that Wnt3a induced the dissociation between APC and
Axin are consistentwith recent findings (57) and suggests a new
mechanism for inactivation of the �-catenin destruction
complex.
As we explore the possibility that Axin might bind K63-

linked polyubiquitin, we postulate alternative roles for the K63-
adducts on APC. A recently ascribed function for APC in the
destruction complex proposed that APCprotects the�-catenin

FIGURE 5. A, ectopic expression of �-catenin increased the pool of K63-polyubiquitin-modified APC in HCT116 and HEK293 cells. Subconfluent cells were
transfected with 2 �g of empty vector (�) or the indicated amounts of Myc-�-catenin expression vector for 48 h, followed by treatment with 10 �M MG132 for
4 h. Lysates were immunoprecipitated with K63 polyubiquitin linkage-specific antibodies or anti-E25 control, and analyzed by immunoblot as indicated. In
HEK293 cells transfected with 2 �g of Myc-�-catenin expression vector, total APC levels were significantly reduced for reasons that are unclear, but this likely
explains the reduced intensity of the ubiquitylated APC smear (lane 7). B, ectopic expression of wild-type (WT), but not �-catenin-�S45, increased the pool of
K63-polyubiquitin-modified APC in HEK293 cells. Subconfluent cells were transfected the indicated amounts of empty vector, Myc-�-catenin-WT or FLAG-�-
catenin-�S45 expression vectors for 24 h, followed by treatment with 10 �M MG132 for 4 h. Lysates were immunoprecipitated with K63 polyubiquitin
linkage-specific antibodies or anti-E25 control, and analyzed by immunoblot as indicated.
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phosphodegron from the activity of protein phosphatase PP2A,
thus enabling �-TrCP-mediated K48-ubiquitylation of
�-catenin (25). This protective function of APCwas dependent
on its phosphorylation, a modification that appears to be cou-
pled to its polyubiquitylation (Fig. 1), which led us to contem-
plate whether K63-linked chains on APC might contribute a
protective role toward phosphorylated �-catenin in the
destruction complex. The absence of these adducts on trun-
catedAPCproteins in SW480,DLD1, andHT29 colorectal can-
cer cells (Fig. 4A, data not shown), is consistentwith this idea, as
these APC mutants do not confer the protection of phosphor-
ylated �-catenin from PP2A in these cells (25).
The requirement of �-catenin for APC-Axin association and

APC polyubiquitylation was remarkable and unexpected (Fig.
3). This might indicate that �-catenin can promote the assem-
bly of its own destruction complex. The finding that wild-type
�-catenin (but not a non-phosphorylatable version) can stimu-
late the formation of K63-adducts on APC (Fig. 5) supports a
model where phosphorylation of �-catenin in an assembled
destruction complex promotes the phosphorylation and mod-
ification of APC with K63-polyubiquitin. This in turn fosters
the recruitment of �-TrCP to bind phosphorylated �-catenin
(Fig. 6, Interaction 2). Compatible with this hypothesis is the
finding that �-catenin can stimulate the phosphorylation of
APC by GSK3� in an Axin-dependent manner (41), and that
�-TrCPco-immunoprecipitateefficientlyonlywithaphosphor-
ylated APC-�-catenin complex (7, 25, 58). However, our exper-
iments have not allowed us to distinguish whether APC is con-

jugated with K63-polyubiquitin chains before or after assembly
of the destruction complex. Understanding these sequence of
events will help discriminate the importance of APC K63-ad-
ducts in either the assembly or efficiency of the �-catenin
destruction complex. Identification of the E3 ubiquitin ligase
responsible for catalyzing the formation of these atypical chains
on APC should allow us to address this issue.
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