THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 6, pp. 3823-3832, February 3, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Adenomatous Polyposis Coli (APC) Regulates Multiple
Signaling Pathways by Enhancing Glycogen Synthase Kinase-

3 (GSK-3) Activity™

Received for publication, November 11,2011, and in revised form, December 15,2011 Published, JBC Papers in Press, December 19,2011, DOI 10.1074/jbc.M111.323337

Alexander J. Valvezan'', Fang Zhang®", J. Alan Diehl’, and Peter S. Klein**I?

From the *Cell and Molecular Biology Graduate Group, *Pharmacology Graduate Group, "Department of Cancer Biology, The
Leonard and Madlyn Abramson Family Cancer Research Institute and Cancer Center, and the IDepartment of Medicine
(Hematology-Oncology Division), University of Pennsylvania School of Medicine, Philadelphia, Pennsylvania 19104

Background: Glycogen Synthase Kinase-3 (GSK-3) is a key regulator of multiple signaling pathways.

Results: Adenomatous Polyposis Coli (APC) positively regulates GSK-3 activity in both Wnt- and Akt-dependent pathways.
Conclusion: Canonical Wnt signaling disrupts APC-Axin interaction and reduces GSK-3 activity.

Significance: APC regulation of GSK-3 provides a novel mechanism for signaling through GSK-3 by Wnt and non-Wnt

pathways.

Glycogen synthase kinase-3 (GSK-3) is essential for many sig-
naling pathways and cellular processes. As Adenomatous Polyp-
osis Coli (APC) functions in many of the same processes, we
investigated a role for APC in the regulation of GSK-3-depen-
dent signaling. We find that APC directly enhances GSK-3 activ-
ity. Furthermore, knockdown of APC mimics inhibition of
GSK-3 by reducing phosphorylation of glycogen synthase and by
activating mTOR, revealing novel roles for APC in the regula-
tion of these enzymes. Wnt signaling inhibits GSK-3 through an
unknown mechanism, and this results in both stabilization of
B-catenin and activation of mTOR. We therefore hypothesized
that Wnts may regulate GSK-3 by disrupting the interaction
between APC and the Axin-GSK-3 complex. We find that Wnts
rapidly induce APC dissociation from Axin, correlating with
B-catenin stabilization. Furthermore, Axin interaction with the
Wnt co-receptor LRP6 causes APC dissociation from Axin. We
propose that APC regulates multiple signaling pathways by
enhancing GSK-3 activity, and that Wnts induce APC dissocia-
tion from Axin to reduce GSK-3 activity and activate down-
stream signaling. APC regulation of GSK-3 also provides a novel
mechanism for Wnt regulation of multiple downstream effec-
tors, including B-catenin and mTOR.

Glycogen synthase kinase-3 (GSK-3)? plays critical roles in a
wide variety of essential biological processes during develop-
ment and throughout adulthood, including tissue patterning,
glucose metabolism, apoptosis, stem cell homeostasis, and cell
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cycleregulation (1). GSK-3 has over 40 known direct substrates,
and regulates many signaling pathways including the Wnt,
MAPK/ERK, BMP, mTOR, and insulin pathways (1-5). Mis-
regulation of GSK-3 has been proposed to play important roles
in human disorders such as bipolar disorder, schizophrenia,
Alzheimer disease, and cancer (6 — 8). Therefore understanding
the mechanisms that control GSK-3 activity is essential to
understanding many biological processes as well as human
disorders.

GSK-3 is a constitutively active kinase that typically inhibits
downstream signaling events; thus extracellular signals in gen-
eral inhibit GSK-3 to induce intracellular signaling events. For
example, insulin promotes N-terminal phosphorylation of
GSK-3 (Ser-9/21), creating a pseudosubstrate motif that inhib-
its GSK-3 and allows activation of glycogen synthase (9-11).
Wnt signaling also inhibits GSK-3 activity, but through a mech-
anism that is independent of Ser-9/21 phosphorylation (10, 12,
13). The mechanism of GSK-3 inhibition by Wnts remains
poorly understood.

The Wnt signaling pathway is essential for patterning and
cell fate specification during embryonic development, and plays
critical roles in stem cell homeostasis and tissue regeneration
throughout adulthood (14, 15). Ectopic activation of the Wnt
pathway causes many human cancers, including breast, pros-
tate, liver, and most notably colorectal cancers (16, 17). In the
absence of Wnt ligands, GSK-3, the transcription factor
B-catenin, and the tumor suppressor Adenomatous Polyposis
Coli (APC) bind directly to the scaffolding protein Axin in a
robust complex (18) that facilitates destabilizing phosphoryla-
tion of B-catenin by GSK-3. Canonical Wnt ligands bind to
their receptor Frizzled and induce phosphorylation of the co-
receptor LRP5/6, promoting direct interaction between
LRP5/6 and Axin. This reduces GSK-3 activity, allowing stabi-
lization of B-catenin, which then enters the nucleus to activate
transcription (14, 15). Several mechanisms have been proposed
to explain Wnt-induced inhibition of GSK-3, including Axin
degradation (19, 20) and sequestration of GSK-3 within multi-
vesicular endosomes (21). However, these events occur several
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hours after stimulation, whereas reduced GSK-3 activity and
B-catenin stabilization are detected within minutes (12, 13). In
addition, the LRP6 intracellular domain can directly inhibit
GSK-3, suggesting an alternative and plausible mechanism for
inhibition of GSK-3 once it is recruited to the receptor/co-re-
ceptor complex (22—24). However, micromolar concentrations
of the LRP6 intracellular domain peptide are required to inhibit
GSK-3, and the peptide itself is a GSK-3 substrate and thus may
simply compete with the substrates that were assayed for phos-
phorylation by GSK-3.

Similar to GSK-3, APC also negatively regulates the Wnt
pathway by promoting -catenin phosphorylation and degra-
dation (25-27). APC interaction with Axin requires Ser-Ala-
Met-Pro (SAMP) repeats on APC (28). Mutations in APC that
delete the SAMP repeats and eliminate Axin binding are
strongly linked to colorectal cancers, and cause constitutively
elevated B-catenin levels and constitutive activation of Wnt
target genes (29). These effects can be rescued by reintroduc-
tion of wild type APC or fragments of APC that bind Axin
through SAMP repeats, but not by SAMP mutant fragments
that do not bind Axin (29 —31). Therefore APC interaction with
Axin is critical for down-regulating B-catenin and maintaining
the Wnt pathway in an inactive state, and thus parallels the
function of GSK-3 in Wnt signaling.

In addition to their parallel roles in Wnt signaling, APC and
GSK-3 have similar functions in processes such as cell cycle
regulation and apoptosis (32, 33). For example, APC and GSK-3
are both required for proper spindle formation during mitosis
(32, 34, 35). As APC promotes phosphorylation of B-catenin, a
direct GSK-3 substrate, and is involved in many of the same
processes as GSK-3, we hypothesized that APC regulates addi-
tional GSK-3 substrates and GSK-3-dependent signaling path-
ways. We find that APC directly regulates GSK-3 activity. Thus
APC promotes phosphorylation of the direct GSK-3 substrate
glycogen synthase independently of Wnt signaling. We also
find that APC is required for GSK-3-dependent negative regu-
lation of mTOR. This led us to hypothesize that a key function
of APC in the Axin complex is to enhance GSK-3 activity and
that Wnts reduce GSK-3 activity by causing dissociation of
APC from the Axin complex. In support of this hypothesis, we
find that Wnts rapidly disrupt the endogenous APC-Axin inter-
action. We propose that APC regulates multiple signaling path-
ways by enhancing GSK-3 activity, and that Wnts cause APC to
dissociate from the Axin complex to reduce GSK-3 activity and
activate downstream signaling.

EXPERIMENTAL PROCEDURES

Cell Culture, Conditioned Medium, and Transfections—
HEK293 cells (ATCC #CRL-1573), HEK293T OT-Luciferase
cells (36), L cells (ATCC #CRL-2648), L-Wnt3a cells (ATCC
#CRL-2647), and SW480 cells (ATCC #CCL-228) were cul-
tured in Dulbecco’s modified Eagle’s medium (GIBCO #11965)
supplemented with 10% fetal bovine serum (Hyclone
#SH30071.03) and 1% penicillin/streptomycin  (GIBCO
#15140). Insulin was purchased from Sigma (#19278). Control
and Wnt3a conditioned media were prepared from L and
L-Wnt3a cells, respectively, according to ATCC instructions.
Cells were transfected 24 h after plating using Lipofectamine
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2000 (Invitrogen #11668) for plasmids or Lipofectamine
RNAiMax (Invitrogen #13778) for siRNAs according to manu-
facturer’s instructions. Transfections were done in Opti-MEM
Reduced Serum Medium (GIBCO #31985).

Plasmids and siRNAs—Myc-SAMP (APC 1211-2075) in
pEF-BOS vector was provided by Akira Kikuchi (27). VSV-G-
LRP6AN1 (constitutively active LRP6) and VSV-G-
LRP6AN1ab (nonfunctional LRP6) both in pCS2+ vector were
provided by Xi He (37). Axin in pCS2+MT vector was
described previously (38). APC in pCMV vector was provided
by Bert Vogelstein and Kenneth Kinzler (39). Myc-tagged sta-
bilized B-catenin (T41A/S45A) in pCS2+MT vector was pro-
vided by Ed Morrisey (40). Axin and GFP shRNAs expressed
from pSUPER vector were provided by Xiao-Fan Wang (41).
APC siRNA expressed from pSUPER vector (pH1iAPC729) was
provided by Jean Schneikert (42). The following siRNAs were
purchased from Applied Biosystems and transfected at a final
concentration of 75 nm; Silencer Negative Control #1 (Cata-
logue #AM4635), APC (siRNA ID #42812), APC (siRNA ID
#s1435).

Western Blotting, Immunoprecipitations, and Luciferase
Assays—Cells were lysed in buffer containing 20 mm Tris pH
7.5,140 mm NaCl, 1 mm EDTA, 10% glycerol, 1% Triton X-100,
1 mm DTT, 50 mMm NaF, and protease inhibitor mixture (Sigma
P8340), phosphatase inhibitor mixture #1 (Sigma P2850) and
#2 (Sigma P5726) or #2 and #3 (Sigma P0044) used 1:100 each.
Lysis buffer used in Fig. 4 contained 20 mm Tris, pH 8.0 instead
of pH 7.5. Supernatants were collected after centrifugation at
13,000 rpm for 5 min at 4 °C. For immunoprecipitation, lysates
were incubated with antibodies to Axin (43), APC (Santa Cruz
Biotechnology #sc-896), VSV-G (Sigma #V4888), or control
IgG (Thermo Scientific #31235) for 2 h, and then protein
G-agarose beads (Invitrogen #15920) were added for an addi-
tional 2 h. Antibody-bound beads were washed with lysis buffer
three times for 5 min each and resuspended in standard 2X
Laemmli Sample Buffer. All steps were done at 4 °C. Samples
were heated for 5 min at 95 °C before SDS-PAGE and Western
blot analysis using the following antibodies from Cell Signaling:
phosphoglycogen synthase (#3891), glycogen synthase (#3893),
phospho-Akt (#4058), phospho-GSK-3 (#9331), Axin (#3323),
phospho-S6 (#4858), total S6 (#2317), phospho-B-catenin
(#9561), GAPDH (#2118), or antibodies to GSK-3 (Calbiochem
#368662), APC (Santa Cruz Biotechnology #sc-896 or Abcam
#ab58), Myc (Sigma #C3956), B-catenin (BD Transduction
Laboratories #610153), VSV-G (Sigma #V4888), Axin (43),
phospho-Tau (PHF-1 antibody provided by Peter Davies (44)),
or total Tau (T14/46 antibodies provided by Virginia Lee). For
luciferase assay, cells were lysed in 1X Promega Passive Lysis
Buffer (Promega E194A) and luciferase assay was performed
using the Promega Dual Luciferase Reporter Assay System
(Promega #E1910) according to the manufacturer’s
instructions.

In Vitro Kinase Reactions and Image Quantification—Puri-
fied recombinant proteins were incubated in kinase reaction
buffer (100 mm Tris pH 7.5, 5 mm DTT, 10 mm MgCl,, 100 um
ATP) for 10 min at 30 °C. Reactions were stopped by adding
standard 2X Laemmli Sample Buffer and incubating at 95 °C
for 5 min. The following protein concentrations were used; 80
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FIGURE 1. APC regulates glycogen synthase through GSK-3. A, APC was knocked down by siRNA in 293T cells and phosphorylation of GS at an established
GSK-3 target site (GS-Ser641) was assessed by immunoblotting with a phosphospecific antibody. The same samples were immunoblotted for total GS (loading
control), phospho-Akt (Ser-473), phospho-GSK-3 (Ser-9/21), and APC. Cells in lane 2 were also treated with 15 mm LiCl. Cells were also transfected with a
scrambled siRNA (control). APC knockdown reduced APC protein levels and endogenous GS phosphorylation without affecting total GS or phosphorylation of
Akt or GSK-3. B, to rescue GS phosphorylation in APC knockdown cells, the Myc-tagged SAMP fragment of APC was co-transfected with scrambled (control) or
APC siRNAs. EV indicates empty vector control. The SAMP fragment of APC rescues phosphorylation of GS in APC knockdowns, and this rescue is blocked by

LiCl.

nM GST-SAMP, 100 nm His-B-catenin, 100 nm His-Axin, 100
nMm Tau, 80 nm BSA (Sigma #A9647), 2 units/ul GSK-3 (New
England Biolabs #P6040), 4 units/ul CKI (New England Biolabs
#P6030). Western blot images were quantified using Image]
software. For supplemental Fig. S7, cells were lysed in standard
RIPA buffer, immunoprecipitated with anti-GSK-3 antibody,
and GSK-3 kinase activity assay was performed as previously
described (45).

RESULTS

APC Regulates Glycogen Synthase through GSK-3—APC pro-
motes phosphorylation of the direct GSK-3 substrate
B-catenin, and APC and GSK-3 function in many of the same
cellular processes (1, 32); we therefore asked whether APC pro-
motes phosphorylation of additional GSK-3 substrates. Glyco-
gen synthase (GS), the eponymous substrate for GSK-3, is
expressed in 293T cells and is constitutively phosphorylated by
GSK-3 to inhibit its activity. Knocking down APC with siRNA
reduced site-specific phosphorylation of GS, similar to treating
with the GSK-3 inhibitor LiCl (Fig. 1A) or alternative small
molecule GSK-3 inhibitors (supplemental Fig. S1). These
results were confirmed using an additional non-overlapping
APC siRNA (supplemental Fig. S2). Insulin and other growth
factors reduce GS phosphorylation through phosphorylation of
Akt and GSK-3 (9, 10, 46). Interestingly, knocking down APC
did not affect phosphorylation of Akt or GSK-3, indicating APC
does not regulate GS by activating Insulin signaling upstream of
GSK-3 (Fig. 1A). GS phosphorylation was rescued after APC
knockdown by expressing a large fragment of APC (SAMP frag-
ment) that also rescues -catenin levels in colorectal carcinoma
cells that lack wild type APC (Fig. 1B). Importantly, LiCl
blocked the rescue of GS phosphorylation by APC-SAMP,
showing that the rescue is dependent on GSK-3 activity (Fig.
1B). Knocking down APC in these cells also activated Wnt sig-
naling, as assessed by activity of a 3-catenin responsive reporter
(supplemental Fig. S3A), consistent with the known role for
APC as a negative regulator of the Wnt pathway (14, 15). To
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rule out the possibility that GS phosphorylation was indirectly
regulated by Wnt signaling downstream of the APC/Axin deg-
radation complex, we expressed a stabilized and hence consti-
tutively active form of B-catenin. Although stabilized B-catenin
potently activated the Wnt reporter, it had no effect on phos-
pho-GS (supplemental Fig. S3B), demonstrating that the reduc-
tion in GS phosphorylation in response to APC knockdown is
not due to downstream activation of the Wnt pathway. These
results suggest a novel role for APC in the regulation of GSK-3
activity.

We also asked whether APC knockdown affects GS regula-
tion by insulin. We generated an HEK293 cell line that stably
expresses an siRNA targeting APC (42). Stable knockdown of
APC reduces GS phosphorylation (supplemental Fig. S4), sim-
ilar to Fig. 1. Insulin also reduces GS phosphorylation in the
parental HEK293 line (46), but combined APC knockdown and
insulin treatment do not further reduce GS phosphorylation
(supplemental Fig. S4). Insulin did not induce phosphorylation
of GSK-3 stably associated with the endogenous APC/Axin
complex (supplemental Fig. S5), consistent with previous
observations that the Axin-associated/Wnt-regulated subcel-
lular pool of GSK-3 is distinct from insulin-regulated GSK-3
(10, 12). Stable association of APC and GSK-3 independent of
the Axin complex has not been demonstrated to our
knowledge.

APC Regulates mTOR through GSK-3—GSK-3 negatively
regulates mammalian Target Of Rapamycin (mTOR), and
either pharmacological or genetic inhibition of GSK-3 activates
mTOR in vivo (2, 47). If APC promotes phosphorylation of
other substrates by GSK-3, in addition to GS and B-catenin,
then knockdown of APC may also activate mTOR. In support of
this, knockdown of APC activated mTOR, as assessed by
increased phosphorylation of ribosomal protein S6, similar to
inhibiting GSK-3 with LiCl (Fig. 24), other small molecule
GSK-3 inhibitors (supplemental Fig. S1), or knocking down
Gsk3 expression (2, 47). This was also confirmed using a non-
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FIGURE 2. APC regulates mTOR through GSK-3. A, APC was knocked down by siRNA, as in Fig. 1, and mTOR activity was assessed as phosphorylation of
ribosomal protein S6 (Ser-235/236, upper panel). Inhibition of GSK-3 with LiCl also activated mTOR. Total S6 (middle panel) is shown as a loading control. The cell
lysatesin panels Aand Bare the same as those used in Fig. 1. B, APC knockdown increased S6 phosphorylation and this effect was rescued by the SAMP fragment
of APC. C, expression of full-length APC reduces S6 phosphorylation in SW480 colorectal carcinoma cells, which only express a truncated APC that lacks the
SAMP repeats. Transfection efficiency was estimated at 30% based on expression of YFP (data not shown). LiCl increased S6 phosphorylation in cells expressing
wild type APC. D, rapamycin (10 nm) blocks S6 phosphorylation after APC knockdown.

overlapping APC siRNA (supplemental Fig. S2), and rescued by
expressing the SAMP fragment of APC. This rescue was also
blocked by LiCl (Fig. 2B). The effect of APC knockdown on S6
phosphorylation was blocked by the mTOR inhibitor rapamy-
cin (Fig. 2D), further supporting our conclusion that APC func-
tions upstream of mTOR. As above, expression of stabilized
B-catenin had no effect on S6 phosphorylation (supplemental
Fig. S3), indicating that mTOR activation resulting from APC
knockdown is not due to activation of Wnt signaling down-
stream of B-catenin.

Wnts regulate the GSK-3/APC/Axin complex to inhibit
GSK-3 and activate B-catenin and mTOR (2, 14). As APC pro-
motes glycogen synthase phosphorylation by GSK-3, we asked
whether Wnts affect glycogen synthase phosphorylation. L cells
were treated with control or Wnt3a conditioned medium for up
to 2 h, but no change in GS phosphorylation was detected (sup-
plemental Fig. S6A). Furthermore, Axin knockdown activates
mTOR as observed previously (2), but does not affect GS phos-
phorylation (supplemental Fig. S6B). Taken together, these
data suggest Wnts and Axin regulate mTOR but not GS.

The SW480 human colorectal carcinoma cell line lacks wild-
type APC, and instead expresses a truncated APC that fails to
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interact with Axin or to down-regulate B-catenin (29, 48).
Phosphorylation and degradation of -catenin can be restored
in these cells by reintroduction of wild type APC (or the SAMP
fragment) (25-27, 29). Interestingly, S6 phosphorylation read-
ily detected in untreated SW480 cells was not further increased
by LiCl, in contrast to the effects observed in 293T cells, which
express wild type APC (Fig. 2C, compare lanes I and 3). We
hypothesized that mTOR is aberrantly active in these cells due
to the truncating APC mutations. Consistent with this idea,
reintroduction of wild type APC reduces S6 phosphorylation,
suggesting a novel role for APC as a negative regulator of
mTOR. Furthermore, when wild-type APC was introduced into
SW480 cells, LiCl activated mTOR (Fig. 2C, compare lanes 2
and 4), indicating that restoring wild-type APC restores GSK-3
activity and mTOR sensitivity to LiCl. Restoring wild type APC
in SW480 cells did not affect Akt or GSK-3 phosphorylation.
These data support a signaling pathway in which APC, acting
through GSK-3, suppresses mTOR activity.

APC Directly Enhances GSK-3 Activity—Knocking down
APC reduced phosphorylation of GS, a direct GSK-3 substrate,
without affecting known signaling mechanisms upstream of
GSK-3. To test whether APC regulates GSK-3 activity directly,
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FIGURE 3. APC directly enhances GSK-3 activity. /n vitro kinase reactions were carried out using purified recombinant proteins. A, addition of the SAMP
fragment (80 nm) of APC, but not BSA, directly enhances Tau phosphorylation (Ser-396/404) by GSK-3 by ~5 fold. For image quantification, phospho-Tau was
normalized to total Tau and then all lanes were normalized to lane 2. B, SAMP, but not BSA, directly enhances B-catenin phosphorylation (Ser-33/37/41) by
GSK-3 by ~7-fold. For image quantification, phospho-B-catenin was normalized to total B-catenin and then all lanes were normalized to lane 3. C, SAMP
enhances B-catenin phosphorylation by GSK-3 in the presence of Axin and CKI by ~2-fold. For image quantification, phospho-B-catenin was normalized to

total B-catenin and then lane 2 was normalized to lane 1.

we performed in vitro kinase reactions using purified recombi-
nant proteins. Surprisingly, addition of the SAMP fragment of
APC increases GSK-3-dependent phosphorylation of both Tau
protein (Fig. 3A, lanes 2 and 3) and B-catenin (Fig. 3B, lanes 3
and 4) by ~5-7-fold. GSK-3 dependent phosphorylation of
B-catenin normally occurs within the Axin complex, and
requires a priming phosphorylation of B-catenin by casein
kinase I (CKIa) (49). Thus, we added Axin and casein kinase I
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(CKI) to the in vitro kinase reaction and again observed that
SAMP further enhanced 3-catenin phosphorylation by GSK-3.
Thus, APC directly enhances GSK-3 activity toward multiple
substrates both in the presence and absence of the Axin
complex.

We also asked whether restoring wild type APC in APC-
deficient colorectal carcinoma cells could enhance GSK-3
activity. We used an inducible APC cell line derived from HT29
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cells, human colorectal carcinoma cells that express a truncated
APC similar to SW4380 cells (50). HT29-APC cells express full
length APC under control of the zinc-inducible metallothion-
ein promoter and control HT29-3-gal cells express 3-galacto-
sidase (supplemental Fig. 7C). We immunoprecipitated endog-
enous GSK-3 from untreated or zinc-treated cells and
measured phosphorylation of a peptide derived from glycogen
synthase (GS-2) by incorporation of >*P (supplemental Fig. S7).
APC induction enhances GS-2 phosphorylation, whereas zinc
treatment in HT29-3-gal cells has no effect. The GSK-3 inhib-
itor SB216763 blocks GS-2 phosphorylation in all groups indi-
cating that GS-2 is phosphorylated primarily by GSK-3 in this
assay. These data confirm that wild type APC enhances the
activity of GSK-3 recovered from APC-deficient colorectal car-
cinoma cells.

Wnt3a Induces Axin/APC Dissociation—In the canonical
Wnt pathway, B-catenin is constitutively phosphorylated by
GSK-3 within the Axin complex and targeted for degradation.
APC interaction with Axin is required for B-catenin phospho-
rylation and destabilization. Binding of Wnts to the surface
receptor complex leads to inhibition of GSK-3 activity through
an as yet poorly characterized mechanism (14, 15). As our data
show that APC enhances GSK-3 activity in general and can
specifically enhance GSK-3 phosphorylation of B-catenin
within the Axin complex (Fig. 3), we hypothesized that Wnt
signaling may reduce GSK-3 activity by inducing dissociation of
APC from the Axin complex. To test this, we treated L cells with
control or Wnt3a conditioned medium for up to 2 h, immuno-
precipitated endogenous APC, and detected endogenous APC-
associated Axin. The amount of Axin associated with APC was
dramatically reduced by 30 min, and interaction was not
restored even after 2 h (Fig. 44). Similar results were obtained
when Axin was immunoprecipitated, when purified recombi-
nant Wnt3a was used instead of Wnt3a-conditioned medium,
and when 293T cells were treated with Wnt3a (data not shown).
Importantly, observation of Wnt-induced Axin/APC dissocia-
tion was sensitive to lysis and IP conditions, especially the pH of
the lysis buffer (see “Experimental Procedures”). The amount of
GSK-3 associated with Axin did not change under these condi-
tions (Fig. 4C). Interestingly, the onset of B-catenin accumula-
tion correlated with APC/Axin dissociation (Fig. 4B). Taken
together, these results show that activation of the Wnt pathway
causes APC/Axin dissociation, and this may contribute to
reduced GSK-3 activity and subsequent B-catenin stabilization.

Axin Binding to LRP6 Causes APC Dissociation—The Wnt
co-receptor LRP6 is phosphorylated in response to canonical
Wnt ligands, and LRP6 phosphorylation promotes direct inter-
action with Axin (37, 51, 52). As Wnt3a causes dissociation of
APC from Axin, we hypothesized that the recruitment of Axin
to phosphorylated LRP6 may displace APC from the Axin com-
plex. Deletion of the N-terminal extracellular domain of LRP6
results in a constitutively active LRP6 fragment (CA-LRP6) that
is phosphorylated by GSK-3, interacts with Axin, and results in
B-catenin stabilization and activation of Wnt target genes (37,
51), (supplemental Fig. S8). We found that co-expression of
CA-LRP6 and Axin markedly reduces the relative amount of
APC associated with Axin (Fig. 54, compare lanes 3 and 4). In
addition, inhibition of GSK-3 with LiCl reduced the Axin-CA-
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FIGURE 4. Wnt signaling disrupts the interaction between APC and Axin.
L cells were treated with Control or Wnt3a conditioned medium (CM) for
indicated times. A, APC was immunoprecipitated from control and Wnt3a-
treated cells, and samples were immunoblotted for Axin or APC. For image
quantification, Axin was normalized to APC and then all lanes were normal-
ized to control (lane 1). Error bars represent S.E. of four independent experi-
ments. B, lysates from panel A were immunoblotted for B-catenin, Axin, APC,
and GAPDH. B-catenin accumulation in response to Wnt activation correlates
with Axin/APC dissociation in panel A. C, Wnt3a does not affect GSK-3 associ-
ation with Axin.

GSK-3

LRP6 interaction and restored APC-Axin interaction (Fig. 54,
lanes 3-35), consistent with the known role for GSK-3 in phos-
phorylation and activation of LRP6. Conversely, LiCl had no
effect on Axin-APC association in the absence of the CA-LRP6
fragment (Fig. 5D). Importantly, the nonfunctional LRP6
mutant LRP6AN1ADb did not recruit Axin or activate Wnt sig-
naling, as shown previously (37, 51), (supplemental Fig. S8), and
had no effect on Axin-APC interaction (Fig. 5C). Importantly,
there was no detectable APC association with CA-LRP6 despite
significant Axin association with CA-LRP6 (Fig. 5A, lane 2).
These results show that recruitment of Axin to the activated
form of LRP6 displaces APC from the Axin complex, and sug-
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FIGURE 5. LRP6 binding to Axin causes APC dissociation. A, a constitutively active form of LRP6 (VSV-G-CA-LRP6) was expressed in 293T cells with Axin, and
cell lysates were immunoprecipitated with antibodies to VSV-G, Axin, or control antibody, and then immunoblotted for APC, Axin, or VSV-G-CA-LRP6. Axin IP
samples were adjusted for equal loading of Axin. Constitutively active LRP6 reduces APC association with Axin (compare lanes 3 and 4). LiCl (15 mm) reduces
LRP6/Axin association and restores APC/Axin association (lane 5). APC association with CA-LRP6 was not detected (lane 2). B, Western blot analysis of APC, Axin,
and CA-LRP6 in lysates used for immunoprecipitation in panel A. Co-expression of Axin and CA-LRP6, but not LRP6AN1ab, increased Axin levels for unclear
reasons. C, unphosphorylatable VSV-G-LRP6AN1ab does not associate with Axin and does not affect Axin/APC interaction. D, 15 mm LiCl alone does not affect

Axin/APC interaction.

gest that Wnt induced Axin-LRP6 interaction causes APC
dissociation.

DISCUSSION

In this study, we defined a role for APC in the regulation of
GSK-3 and GSK-3-dependent pathways, including glycogen
synthase, mTOR, and Wnt signaling (Fig. 6A).

APC mutations associated with colorectal cancer strongly
activate Wnt signaling, and here we show that these mutations
also activate mTOR, a metabolic sensor that is aberrantly acti-
vated in many cancers (53). As GSK-3 suppresses both Wnt and
mTOR pathways (2, 14), our demonstration that APC enhances
GSK-3 activity provides a mechanistic link between APC loss of
function and activation of these two downstream signaling
pathways. In support of this mechanism, tumor formation in
mice with similar APC mutations is blocked by mTOR inhibi-
tors (54, 55). Furthermore, bladder-specific 3-catenin stabiliza-
tion synergizes with PTEN deletion, which activates mTOR, to
promote bladder cancer in mice (56). Taken together, these
data support the hypothesis that mTOR activation is required
for APC-mediated tumor formation and suggest mTOR as a
potential therapeutic target for treatment of cancers resulting
from APC mutations.

We also show that APC promotes phosphorylation of glyco-
gen synthase by GSK-3, implicating APC in glucose metabolism
and glycogen synthesis for the first time. Interestingly, addition
of Wnt ligands or knockdown of Axin activates 3-catenin and
mTOR but does not affect GS phosphorylation. These data sug-
gest APC and GSK-3 regulation of GS is independent of the
Axin complex, unlike regulation of B-catenin and mTOR. Axin
knockdown in Drosophila S2 cells increases glycogen levels but
this may be through regulation of the Drosophila c-Cbl-associ-
ated protein (DCAP) rather than GSK-3 and GS (57).

In addition to regulating Wnt, glycogen synthase, and mTOR
signaling, APC and GSK-3 both promote mitotic spindle for-
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mation, negatively regulate MAPK/ERK and BMP signaling
(Fig. 6A), and regulate apoptosis (3-5, 32, 33, 58, 59). Taken
together, these observations suggest a widespread role for APC
in the regulation of GSK-3-dependent signaling. Future studies
are needed to determine whether APC regulates additional
GSK-3-dependent pathways such as the Notch, Hedgehog, and
NF-«B pathways.

The finding that APC enhances GSK-3 activity prompted us
to ask whether APC is also regulated by Wnt signaling to reduce
GSK-3 activity. Canonical Wnts reduce GSK-3 activity through
unknown mechanisms, and this is critical for B-catenin stabili-
zation (12, 13). We find that Wnts rapidly induce APC dissoci-
ation from Axin, in close temporal correlation with -catenin
accumulation. Furthermore, Axin interaction with activated
LRP6, the Wnt co-receptor, causes APC dissociation. There-
fore we propose that Wnt-induced Axin recruitment to LRP6
displaces APC, reducing GSK-3 activity and activating down-
stream signaling (Fig. 6B). Consistently, Wnt-1 induces mem-
brane localization of Axin and GSK-38, but not APC (60).

Previous work showed APC is required for 3-catenin phos-
phorylation and degradation, and this was attributed to APC
recruiting -catenin to the Axin complex (25, 27). While this
work is compatible with our findings, we also find that APC
enhances GSK-3 activity toward multiple substrates, including
B-catenin. Consistently, deletion of the RGS domain of Axin,
which binds APC, reduces GSK-3 activity and activates Wnt
signaling (38). Interestingly, APC also enhances activity of
topoisomerase Ila (61), possibly suggesting a novel widespread
function for APC in regulating enzymatic activity.

APC also blocks dephosphorylation of B-catenin by protein
phosphatase-2A (PP2A) (26). Therefore Wnt induced APC-
Axin dissociation may stabilize B-catenin by both reducing
GSK-3 activity and allowing PP2A mediated B-catenin dephos-
phorylation. Interestingly, this mechanism parallels glycogen
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ing GSK-3 activity. B, Wnts disrupt the Axin/APC interaction to reduce GSK-3 activity and thus activate downstream signaling.

synthase activation by Insulin which induces both inhibition of
GSK-3 and dephosphorylation of glycogen synthase by protein
phosphatase-1 (62).

Recent work has shown that Wnt signaling induces seques-
tration of the GSK-3 into multivesicular bodies, and this was
suggested as a mechanism for attenuating phosphorylation and
degradation of B-catenin (21). However, that work examined
GSK-3 several hours after stimulation with Wnts, whereas we
observe dissociation of APC from Axin within 30 min, closely
correlated with accumulation of B-catenin protein. Because of
the different time scales, the work of Taelman et al. is not
incompatible with our findings, and may represent a later con-
sequence of Wnt signaling.

GSK-3 negatively regulates mTOR by phosphorylating
Tuberous Sclerosis Complex 2 (TSC2). TSC2 associates with
the Axin complex, and canonical Wnts activate mTOR by
inhibiting GSK-3 and reducing TSC2 phosphorylation (2). As
we show APC enhances GSK-3 activity and negatively regulates
mTOR, Wnt-induced APC dissociation from Axin also pro-
vides a mechanism for how Wnts activate mTOR.

Because APC regulates multiple GSK-3 dependent pro-
cesses, and is regulated by Wnts, additional studies are needed
to determine whether APC can be regulated to reduce GSK-3
activity in other contexts. For example, during hippocampal
development, axonal-dendritic polarity is established by selec-
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tion of one of several minor neurites to grow into the mature
axon (63). This process involves localized inhibition of GSK-3
through unknown mechanisms (independent of $9/21 phos-
phorylation), and concomitant spatial relocation of APC (64—
66). Thus, APC sequestration might reduce GSK-3 activity to
promote hippocampal neurite outgrowth.

In conclusion, we demonstrate novel roles for APC as a neg-
ative regulator of both glycogen synthase and mTOR, like
GSK-3, and uncover a novel ability of APC to directly enhance
GSK-3 activity. We also show that Wnts induce APC-Axin dis-
sociation, suggesting a new mechanism for how Wnts decrease
GSK-3 activity. Further studies are needed to investigate a role
for APC in additional GSK-3-dependent processes, and to
determine whether APC is regulated in other contexts to
reduce GSK-3 activity.
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