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Studies have demonstrated cross talk between �-catenin and peroxisome proliferator-activated receptor �
(PPAR�) signaling pathways. Specifically, activation of PPAR� induces the proteasomal degradation of
�-catenin in cells that express an adenomatous polyposis coli-containing destruction complex. In contrast,
oncogenic �-catenin is resistant to such degradation and inhibits the expression of PPAR� target genes. In the
present studies, we demonstrate a functional interaction between �-catenin and PPAR� that involves the T-cell
factor (TCF)/lymphocyte enhancer factor (LEF) binding domain of �-catenin and a catenin binding domain
(CBD) within PPAR�. Mutation of K312 and K435 in the TCF/LEF binding domain of an oncogenic �-catenin
(S37A) significantly reduces its ability to interact with and inhibit the activity of PPAR�. Furthermore, these
mutations render S37A �-catenin susceptible to proteasomal degradation in response to activation of PPAR�.
Mutation of F372 within the CBD (helices 7 and 8) of PPAR� disrupts its binding to �-catenin and significantly
reduces the ability of PPAR� to induce the proteasomal degradation of �-catenin. We suggest that in normal
cells, PPAR� can function to suppress tumorigenesis and/or Wnt signaling by targeting phosphorylated
�-catenin to the proteasome through a process involving its CBD. In contrast, oncogenic �-catenin resists
proteasomal degradation by inhibiting PPAR� activity, which requires its TCF/LEF binding domain.

Peroxisome proliferator-activated receptor � (PPAR�) is a
nuclear receptor expressed in many tissues but predominantly
found in adipose tissue, where it regulates the expression of a
diverse array of genes involved in energy metabolism (13, 14,
26, 47, 54). It is also abundantly expressed in the gut, where, in
combination with the coactivator Hic-5, it can regulate the
differentiation of specialized epithelial cells (12). The tran-
scriptional activity of PPAR� is regulated in part by binding to
ligands which include derivatives of polyunsaturated fatty acids
as well as the thiazolidinedione class of synthetic insulin sen-
sitizers (25). The PPAR� protein consists of multiple domains,
including a ligand-independent transactivation domain at the
N terminus, two zinc fingers in the center of the molecule
required for binding to DNA, and the ligand-binding domain
at the C terminus which facilitates ligand-dependent transac-
tivation as well as heterodimerization with retinoic acid X
receptor alpha (RXR�) (24). Activation of PPAR� in a variety
of cell types induces programs of gene expression that reflect
the differentiation potential of each progenitor cell. For in-
stance, its ectopic expression in mesenchyme-derived cells in-
duces adipogenesis (49), whereas its expression in epithelium-
derived cells stimulates the production of markers of epithelial
differentiation/maturation, such as kruppel-like factor 4 and
keratin 20 (12). Additionally, PPAR� is a potent inhibitor of
cell proliferation through mechanisms that include induction
of cyclin-dependent kinase inhibitors (i.e., p21CIP) and atten-
uation of E2F transcriptional activity (1, 34). It is also a sup-
pressor of tumor cell growth (35), and consequently, investi-

gators have considered whether synthetic PPAR� ligands are
effective chemotherapeutic agents (17). In fact, Girnun and
collaborators have provided evidence that PPAR� is capable
of suppressing colon carcinogenesis by downregulating the on-
cogene �-catenin (16).

�-Catenin is a versatile protein initially identified as a com-
ponent of cell adhesion complexes in epithelial cells, where it
binds to cadherins to link extracellular anchors to the cytoskel-
eton (4, 5, 10, 56). Additionally, �-catenin functions as a co-
activator of T-cell factor (TCF)/lymphocyte enhancer factor
(LEF) transcription factors to facilitate the expression of genes
regulated by the canonical Wnt signaling pathway (37, 53).
Consequently, it serves a critical function during early devel-
opment (7), but it is also a major contributing factor to the
development of many tumors due to its ability to undergo
sporadic mutation to an oncogene (41). In the absence of a
Wnt signal, �-catenin exists within a cytoplasmic complex (�-
catenin destruction complex) along with glycogen synthase ki-
nase 3� (GSK3�), adenomatous polyposis coli (APC), and
axin, where it is phosphorylated and targeted for degradation
by the proteasome (42). Wnt signaling perturbs this destruc-
tion complex, leading to the accumulation of underphospho-
rylated �-catenin, which translocates to the nucleus to coacti-
vate TCF/LEF-associated gene expression. �-Catenin consists
principally of three domains: the N-terminal region of 134
amino acids, a central core domain of 550 amino acids, and a
C terminus of 100 amino acids, which contains the transacti-
vation domain (53). The regulated phosphorylation of �-cate-
nin by GSK3� and casein kinase 1 occurs on amino acids S33,
S37, T41, and S45, generating a recognition tag for ubiquity-
lation and subsequent proteasomal degradation (53). Most
oncogenic forms of �-catenin have mutations in these phos-
phoacceptor sites; for instance, S37A �-catenin is expressed
abundantly in several human carcinomas (33, 43). TCF/LEF
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family members, APC, axin, and cadherins all bind to the
central core region of �-catenin, which contains 12 imperfect
42-amino-acid armadillo repeats. The crystal structure of the
central region reveals that each repeat consists of three �
helices, and together the 12 repeats form a superhelix contain-
ing a long positively charged groove (21). This structure ap-
pears to facilitate binding to the negatively charged �-catenin
binding domains (CBD) within TCF/LEF and the other inter-
acting proteins (18, 19, 22). In fact, recent studies have iden-
tified two lysines (charged buttons) within �-catenin, K312 and
K435, in armadillo repeats 5 to 9, that form salt bridges with
negatively charged glutamate or aspartate in the CBD of the
interacting protein (19).

Recent studies suggest that �-catenin can interact with tran-
scription factors other than those mediating the canonical Wnt
signaling pathway. These interactions include the �-catenin-
associated coactivation of the nuclear receptor liver receptor
homologue 1 (LRH-1) (6) as well as repression of �-catenin
activity by association with other nuclear receptor complexes,
including those containing androgen receptor, retinoic acid
receptor, or vitamin D receptor (50). The interaction between
LRH-1 and �-catenin leads to the transcriptional activation of
cyclin D1 and cyclin E and enhanced proliferation of gut epi-
thelial cells (6). In fact, it appears that LRH-1 contributes to
colon tumor formation through pathways that involve �-cate-
nin (46). The other nuclear receptors that repress �-catenin
activity appear to have the ability to suppress tumor formation
in some target tissues (36). In some tumors, the transformed
epithelial cells have escaped the tumor-suppressing activity of
the nuclear receptor, which involves resistance of �-catenin to
the repression process. In the case of PPAR�, Sarraf and
collaborators suggested that it is a powerful tumor suppressor
in the colon, since the loss of one allele of the PPAR� gene led
to an increase in sensitivity to chemical carcinogenesis (45).
Additional studies suggested that PPAR� downregulates the
levels of �-catenin but only in cells that contain a functional
APC molecule and an intact destruction complex (16). Further
support for a role for PPAR� in suppressing the oncogenic
activity of �-catenin comes from the work of Lu and collabo-
rators (30), who show that the repression of �-catenin function
in malignant cells by nonsteroidal anti-inflammatory drugs re-
quires high-level expression of PPAR�. Our recent studies
have demonstrated that activation of PPAR� in mesenchymal
cells induces the proteasomal degradation of �-catenin, which
depends on its phosphorylation at the N terminus by GSK3�
(28), whereas expression of an oncogenic �-catenin (S37A)
resists such a PPAR�-associated destabilization and inhibits
the ability of PPAR� to induce target genes.

In the present study, we questioned whether there is a
functional interaction between �-catenin and PPAR� that
explains how these two effectors can affect each other’s
activities. The results show a direct interaction between
�-catenin and PPAR�, which is facilitated by the region ar-
madillo repeats 5 to 9 encompassing lysines 312 and 435 within
�-catenin. In fact, mutation of these lysines to glutamic acid
(K312E and K435E) renders the oncogenic S37A �-catenin
unstable in the presence of an activated form of PPAR�. In
addition, these mutations also prevent S37A �-catenin from
inhibiting PPAR� target gene expression. Finally, we have iden-
tified a region within PPAR� that is highly homologous to the

CBD in TCF/LEF and facilitates its interaction with �-catenin.
Mutation of select amino acids within the CBD of PPAR� inhib-
its its ability to induce the degradation of �-catenin.

MATERIALS AND METHODS

Plasmids and stable cell lines. pRevTRE-HA-WT-�-catenin and pRevTRE-
HA-S37A-�-catenin were generated as previously described (28). pGEX-PPAR�
was produced by subcloning the PPAR� coding region of the pBabe-PPAR�
vector into the SalI site of pGEX-5X-3 vector (Amersham Biosciences). Site-
directed mutations were introduced into the pRevTRE-HA-S37A-�-catenin and
pGEX-PPAR� vectors using a QuikChange II XL site-directed mutagenesis kit
(Stratagene) following the manufacturer’s protocol. All mutations were con-
firmed by DNA sequencing. The resulting PPAR� mutant cDNAs were excised
from the corresponding pGEX-PPAR� plasmids and subcloned into pBabe
retrovirus. Tetracycline-responsive hemagglutinin (HA)-tagged mutant �-cate-
nin stable lines were generated as previously described (28), while mutant
PPAR� cell lines were generated by infecting Swiss fibroblasts with the corre-
sponding pBabe-PPAR� vectors. The cell lines were maintained in culture as
described previously (28) and induced to differentiate by exposure of a confluent
population of cells to dexamethasone (1 �M), isobutylmethylxanthine (0.5 mM),
insulin (1.67 �M), troglitazone (5 �M), and 20% fetal bovine serum.

Antibodies, Western blotting, and immunoprecipitation. The following anti-
bodies were purchased from the listed companies: anti-�-catenin and anti-
cyclin D1 from BD Biosciences Transduction Laboratories; anti-PPAR�,
anti-C/EBP�, antiactin, anti-glucocorticoid receptor interacting protein 1 (GRIP1)/
transcriptional intermediary factor 2 (TIF2), anti-RXR�, anti-SRC-1, and anti-HA
from Santa Cruz Biotechnology, Inc.; and anti-adiponectin/Acrp30 from Affinity
BioReagents. Immunoblotting and immunoprecipitation were performed as pre-
viously described (27, 28).

Electrophoretic mobility shift assay and biotinylated oligonucleotide pull-
down of nuclear protein complexes. Electrophoretic mobility shift assays
(EMSA) were performed as previously described (55) using an oligonucleotide
corresponding to the ARE7/DR-1 site within the fatty acid binding protein 4
(FABP4) gene. The sense and antisense ARE7/DR-1 oligonucleotides were
synthesized and biotinylated by Invitrogen. Fifty micrograms of nuclear extracts
was precleared for 1 h with ImmunoPure immobilized streptavidin agarose beads
(Pierce Biotech, Inc.) in the same buffer used for EMSA and then incubated with
2 �g biotinylated, annealed ARE7 oligonucleotides overnight at 4°C. Biotinyl-
ated ARE7/DR-1 oligonucleotide-bound proteins were pulled down by strepta-
vidin agarose beads for 1 h at room temperature. The beads were washed with
phosphate-buffered saline (pH 7.0) three times and boiled in sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer for
30 s. The bound proteins were then subjected to Western blot analysis
following separation by SDS-PAGE.

GST pull-down assays. Glutathione S-transferase (GST)-PPAR� wild-type
and mutated fusion proteins were purified by growing BL21 bacteria transformed
with pGEX-PPAR� plasmids following the instructions provided by Amersham
Biosciences. For GST pull-down assays, nuclear extracts obtained from fibro-
blasts expressing HA-tagged S37A �-catenin were incubated with equal amounts
of GST (control), wild-type (WT) GST-PPAR�, and mutated GST-PPAR� fu-
sion proteins overnight at 4°C. The GST fusion proteins were allowed to interact
with 30 �l glutathione-Sepharose 4B beads (Amersham Biosciences), and the
bound proteins were identified by Western blot analysis.

Reporter gene assays. Luciferase/Renilla assays were performed using the
DLRII kit (Promega, Madison, WI) and a Luminoskan Ascent luminometer
(Thermo Labsystems) as described previously (28).

RESULTS

We previously demonstrated cross talk between PPAR� and
�-catenin signaling during adipogenesis in which activation of
PPAR� induced the degradation of �-catenin in the protea-
some. Furthermore, expression of an oncogenic form of
�-catenin (S37A) that activated canonical Wnt signaling was
resistant to degradation and selectively inhibited PPAR� ac-
tivity. To identify the molecular mechanisms regulating this
process, we introduced a series of mutations within the paren-
tal S37A �-catenin molecule (Fig. 1) in order to effect a change
in the activity of this protein by perturbing its association with
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known factors. Since S37A �-catenin activated Wnt signaling
in addition to blocking PPAR� activity, we created mutations
that likely affect binding to coactivators of the canonical Wnt
signaling pathway, TCF/LEF and CBP/p300. In the former
case, studies have shown that TCF/LEF binds to a positively
charged groove of �-catenin in the region between armadillo
(Arm) repeats 5 and 9 (19, 51). Two critical amino acids in this
region are lysines at positions 312 and 435 that bind acidic
residues in the extended region of the TCF CBD. Mutation of
either of these lysines to glutamic acid (K312E or K435E)
disrupts the association of �-catenin with TCF in in vitro im-
munoprecipitation “pull-down” assays (19). Furthermore, mu-
tation of lysine 435 to alanine (K435A) significantly reduces

the transactivation properties of �-catenin in a TCF/LEF re-
porter gene assay (51). On the basis of these observations, we
generated mutants of the S37A molecule containing either
K312E or K435E alone or together in the same construct
(constructs K312, K435, and 2K in Fig. 1B) in order to selec-
tively block the activation of �-catenin target gene expression.
In the case of CBP/p300, studies have shown a direct binding
to the Arm repeat region 10 to 12 of �-catenin, but there are
no structural assays identifying the specific amino acids respon-
sible for this interaction (20, 48). It appears, however, that the
�-catenin binding site of inhibitor of �-catenin and TCF
(ICAT) overlaps that of CBP/p300 and in so doing blocks
p300-mediated activation of �-catenin target genes (11). The

FIG. 1. The charged buttons (K312 and K435) of �-catenin are required to activate the canonical Wnt signaling. (A) Structure of �-catenin:
GSK3�/CK1 sites are located in the N-terminal domain followed by 12 armadillo repeats (from amino acids [aa] 140 to 664). TCF/LEF and CBP
binding domains span from repeats 5 to 8 and 10 to 12, respectively. Two charged buttons (K312 in repeat 5 and K435 in repeat 8) and F660/R661
(in repeat 12) are indicated. (B) Schematic representation of �-catenin mutants. S37 represents a mutant with serine 37 mutated to alanine (S37A).
All of the other mutations as indicated were generated within the parental S37A �-catenin molecule (i.e., K312 represents lysine 312 mutated to
glutamic acid [K312E]). (C) Expression of the ectopic mutant �-catenins. The stable cell lines expressing the WT or different mutated S37A
�-catenins as well as PPAR� were cultured in the presence or absence of tetracycline for 5 days until confluent. Total cellular proteins were
analyzed by Western blotting for HA-tagged �-catenin, PPAR�, and actin (loading control). (D) TCF/LEF reporter gene assay. The stable cell lines
were cultured in the absence of tetracycline for 3 days, at which stage they were transfected with TOPFLASH (black) or FOPFLASH (white) firefly
reporter plasmids along with Renilla luciferase plasmid for an additional 2 days. Then, the luciferase assay was performed as detailed in Materials
and Methods. The same experiment was repeated at least three times. The final values (the ratio of luciferase to Renilla [LUC/REN]) and standard
deviation (error bars) were calculated based on all repeats.
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helix H1 of ICAT within the three-helix bundle domain is
anchored to Arm repeat 12 by hydrophobic interactions with
F660 of �-catenin and hydrogen bonds between ICAT E37 and
�-catenin R661 (18). We questioned, therefore, whether mu-
tation of the amino acids F660 and R661 would affect the
transcriptional activity as well as the stability of S37A �-cate-
nin. Consequently, we introduced two additional mutations
corresponding to F660A and R661A into the parental S37A
protein (F/R) as well as into the molecule containing both
K312E and K435E (construct 2K/F/R in Fig. 1B).

The charged buttons of �-catenin, Lys312 and Lys435, are
required for activation of TCF/LEF reporter gene activity. To
investigate the interaction of �-catenin with PPAR�, we con-
ditionally expressed the mutants of S37A �-catenin illustrated
in Fig. 1B in Swiss fibroblasts that also express PPAR�
(Swiss-P� cells) to generate a series of stable cell lines. Pro-
duction of abundant quantities of each of these mutants can be
achieved by culture of the cells in the absence of tetracycline as
shown in Fig. 1C. As observed previously, the level of expres-
sion of the S37A protein is significantly higher than the control
wild-type �-catenin (Fig. 1C, compare lane 4 with lane 2) due
to its greater stability. Introduction of the additional mutations
within the S37A molecule does not significantly alter its rate of
degradation, at least under the culture conditions used in this
experiment. We have also demonstrated that S37A �-catenin is
capable of activating canonical Wnt signaling in Swiss cells
expressing PPAR� based on its ability to transactivate a TCF-
based reporter gene (TOPFLASH) (28). To examine the trans-
activating capabilities of each of the mutants, we transiently
transfected the TOPFLASH vector and an appropriate control
(FOPFLASH) into each of the corresponding cell lines. Figure
1D demonstrates that mutations at K435 significantly attenu-
ate the transactivation properties of S37A �-catenin. In fact,
the data showing the importance of K435 are consistent with
earlier studies by von Kries et al. (51), who generated a col-
lection of mutants within Arm repeats 3 to 8 in �-catenin to
identify relevant TCF binding sites. In that study, mutation of
K435 to alanine also reduced the ability of �-catenin to trans-
activate a TCF/LEF-based reporter gene. Those investigators,
however, did not analyze K312. The data presented in Fig. 1D
suggest that K435 plays a more prominent role in regulating
TCF activity than K312, but when both lysines are mutated in
the same S37A molecule (construct 2K or 2K/F/R), there is an
almost complete obliteration of transactivity which is signifi-
cantly greater than the reduction caused by K435 alone (com-
pare K435E with 2K). It is of interest that mutation of the
amino acids responsible for binding to ICAT (Fig. 1D, con-
struct F/R) only modestly attenuates the ability of �-catenin to
transactivate TCF/LEF.

The effect of the different �-catenin mutants on expression
of TCF/LEF target genes and PPAR� activity. �-Catenin can
activate the expression of a variety of target genes by interact-
ing with different transcription factors. Consequently, analysis
of TCF/LEF-based reporter genes in transient transfection
assays provides only a limited insight into the function of the
various �-catenin–transcription factor interactions. To address
this concern, we analyzed the abilities of the different mutants
to induce expression of a well-characterized TCF/LEF target
gene, cyclin D1, in Swiss-P� fibroblasts. In the experiment
shown in Fig. 2, the mutant cell lines were cultured in the

absence of tetracycline to induce the expression of the corre-
sponding �-catenins. The cells were also exposed to troglita-
zone along with a cocktail of adipogenic inducers in order to
stimulate PPAR� activity. As observed previously, S37A pro-
tein significantly enhanced cyclin D1 production above the
level expressed in the WT cells (Fig. 2, compare lane 2 with
lane 1). The data show that S37A �-catenin with a single
mutation at either K312 or K435 is able to activate cyclin D1
expression, whereas introduction of the double mutations (2K
or 2K/F/R) completely abolishes this activity, which is consis-
tent with the TOPFLASH reporter assay shown in Fig. 1D. It
is of interest not only that the S37A �-catenin containing
mutations in the ICAT binding site alone (Fig. 2, lane 7)
retains the ability to induce cyclin D1 expression but also that
it appears that the activity of this protein is significantly greater
than that of the parental S37A protein. This may be due to the
fact that ICAT, as an inhibitor of Wnt signaling, is incapable of
binding to F660A/R661A S37A �-catenin and therefore not
able to attenuate its activity.

We have previously shown that ectopic expression of S37A
�-catenin in Swiss-P� fibroblasts blocks expression of select
PPAR� target genes; most notably it blocks C/EBP� and adi-
ponectin without affecting the expression of aP2/FABP4 (28).
The data shown in Fig. 2 show that mutation of either K312 or
K435 significantly attenuates this inhibitory action of S37A
�-catenin on adiponectin expression (Fig. 2, compare lanes 3
and 4 with lane 2). This effect is amplified when both lysines
are mutated in the same S37A molecule (Fig. 2, compare lanes
5 and 6 with lane 2). In contrast, S37A �-catenin containing
mutations in the ICAT binding site (F/R) still retains the abil-
ity to inhibit the PPAR�-associated expression of adiponectin
(Fig. 2, compare lane 7 with lane 1). Taken together, the data
in Fig. 2 demonstrate that K312 and K435 contribute to the
ability of oncogenic �-catenin (S37A) to inhibit PPAR� activ-
ity. They also suggest that this inhibitory action does not de-

FIG. 2. Oncogenic �-catenin activates canonical Wnt signaling
(cyclin D1) while inhibiting PPAR� target gene expression. The same
cell lines as those used in Fig. 1D were cultured in the absence of
tetracycline for 5 days until confluent, at which time they were treated
with 5 �M troglitazone along with a cocktail of adipogenic inducers for
2 days as described in Materials and Methods. Total cellular proteins
were analyzed by Western blotting for HA–�-catenin, PPAR�, cyclin
D1, adiponectin, and actin.
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pend on cyclin D1 expression, since mutation of either K312 or
K435 alone rescues the inhibition of PPAR� but has no sig-
nificant effect on the induction of cyclin D1 by S37A �-catenin.

K312 and K435 contribute to the stability of oncogenic S37A
�-catenin. It is of interest that, in the experiment outlined in
Fig. 2, the levels of abundance of the various mutant �-catenins
differ somewhat from that of the parental S37A protein. One
would have predicted that these mutant proteins would be as
stable as S37A �-catenin, since they all exist within the parental
S37A protein; however, the proteins containing mutations at
K312 and K435 (Fig. 2, compare lanes 5 and 6 with lanes 2, 3,
4, and 7) appear to be unstable, since their abundance is
manyfold lower than that of S37A �-catenin. As expected, the
level of expression of WT �-catenin (Fig. 2, lane 1) is low
because the protein is unstable due to its constant phosphory-
lation by GSK3�. The samples analyzed in Fig. 2 were ex-
tracted from cells exposed to troglitazone; therefore, it is pos-
sible that activation of PPAR� in these cells led to the targeted
degradation of the proteins containing the two lysine muta-
tions. To test this idea, we cultured the cell lines in the pres-
ence or absence of troglitazone and assessed the abundance of
the mutant proteins on Western blots. Figure 3A, lanes 3 and
4, demonstrates that exposure of the cells to troglitazone for 5
days does not significantly affect the turnover of S37A �-cate-
nin as previously reported. Inclusion of a single K312E or
K435E mutation as well as the F660A and F661A mutations
has no significant effect on the stability of the S37A molecule
(Fig. 3A, compare lane 5 with lane 6, lane 7 with lane 8, and
lane 13 with lane 14), whereas replacement of both lysines
(K312 and K435) with glutamates renders S37A �-catenin un-
stable but only in cells exposed to troglitazone (Fig. 3A, com-
pare lane 9 with lane 10 and lane 11 with lane 12). It is also
important to point out that the ectopic PPAR� is unstable
under conditions (i.e., coexpression with the double lysine mu-
tants and plus troglitazone) that enhance its ability to induce
adiponectin expression (for instance, compare lanes 10 and 12
with 9 and 11, respectively, in Fig. 3A). Similarly relevant is the

observation that the oncogenic S37A �-catenin not only blocks
the activity of PPAR� but also prevents its degradation in
response to troglitazone (Fig. 3A, compare lanes 3 and 4). To
assess whether activated PPAR� (plus troglitazone) was tar-
geting the double lysine mutants to the proteasome, the Swiss-
P�–�-catenin cell lines were cultured in the presence of tro-
glitazone for 2 days and then treated with either MG132 (an
inhibitor of the proteasome) or LiCl (GSK3 inhibitor) for 24 h
or not treated. Figure 3B demonstrates that blocking the pro-
teasome with MG132 results in a significant increase in the
abundance of the �-catenin molecules containing the two ly-
sine mutations and has no significant effect on the other mu-
tants (compare lane 2 with lane 1). In addition, the degrada-
tion of the double lysine mutants appears to be independent of
GSK3 activity, since LiCl has no effect on the abundance of
any of the mutant forms of S37A �-catenin (Fig. 3B, com-
pare lane 3 with lane 1). Analysis of the abundance of
PPAR� in each of the corresponding cell lines serves to
demonstrate the selective effect of MG132 on the double
lysine mutants of �-catenin. It is interesting, however, that
inhibition of GSK3 by LiCl appears to enhance the abun-
dance of PPAR� without affecting S37A �-catenin, which
suggests that GSK3 might have a role in controlling the
turnover of PPAR� independently of �-catenin.

�-Catenin associates with PPAR�-DNA complexes. A plau-
sible mechanism by which oncogenic �-catenin (S37A) atten-
uates PPAR� activity is by associating with nuclear complexes
containing PPAR�. To address this possibility, we analyzed the
composition of complexes binding to a consensus PPAR re-
sponse element (PPRE) using EMSA. Figure 4A shows the
results of an EMSA generated by interacting the radiolabeled
PPRE with nuclear proteins isolated from cells expressing
S37A �-catenin and troglitazone-activated PPAR�. Fig. 4A,
lane 1, shows the binding of two major complexes to the PPRE,
but the faster-migrating species (labeled NS in Fig. 4A) ap-
pears to be nonspecific, since its binding is not disrupted
by competition with excess unlabeled PPRE oligonucleotide

FIG. 3. Lysine 312 and lysine 435 are required to maintain the stability of oncogenic S37A �-catenin. (A) The stable cell lines described in the
legend to Fig. 2 were cultured in the absence of tetracycline until confluent and then treated with the adipogenic inducers for 7 days with (�) or
without (�) troglitazone. Total cellular proteins were analyzed by Western blotting for HA–�-catenin, PPAR�, adiponectin, and actin. (B) The
different �-catenin cell lines were cultured until confluent and then treated with 12.5 �M MG132 (MG) (Sigma), 30 mM LiCl (Li), or vehicle
control (�) for 24 h in the presence of troglitazone and the adipogenic inducers as in panel A. The nuclear proteins were then analyzed by Western
blotting for HA–�-catenin and PPAR�.

VOL. 26, 2006 INTERACTION OF �-CATENIN WITH PPAR� 5831



(Fig. 4A, lane 2). Supershift analysis using antibodies against
PPAR� and RXR� demonstrates that the major species cor-
responds, as expected, to PPAR� heterodimerized with RXR�
(Fig. 4A, lanes 3 and 8). Of interest is the observation that
incubation of an anti-�-catenin antibody with or without
anti-PPAR� antibody significantly attenuates the binding of

PPAR� to the PPRE (Fig. 4A, compare lane 4 with lane 1 and
lane 5 with lane 3). Also of interest is the finding that an
antibody against the coactivator TIF2 (anti-GRIP1/TIF2) at-
tenuates the association of PPAR� with the PPRE (Fig. 4A,
lane 6), and this effect is even greater in the presence of an
anti-�-catenin antibody (Fig. 4A, lane 7). An antibody against
SRC-1, another coactivator of PPAR�, had no effect on the
binding of the PPRE to the PPAR�/RXR� complexes. Taken
together, these assays suggest that PPAR�, as a heterodimer
with RXR�, is in a complex with at least the GRIP1/TIF2
coactivator and the ectopically expressed S37A �-catenin. As
confirmation of this association, we incubated a biotin-labeled
PPRE oligonucleotide with nuclear extracts from cells express-
ing S37A �-catenin and PPAR� and pulled down the com-
plexes with streptavidin beads. The Western blot of the PPRE-
associated proteins is shown in Fig. 4B and reveals an
association of both PPAR� and �-catenin with the PPRE.

K312 and K435 are required for the interaction of �-catenin
with PPAR�. We next addressed whether the TCF/LEF bind-
ing site (K312 and K435) in �-catenin is required for the
formation of PPAR�/�-catenin complexes. Figure 4C demon-
strates that immunoprecipitation of complexes expressed in
the Swiss-P�–�-catenin cell lines exposed to troglitazone with
an anti-PPAR� antibody pulled down the ectopic parental
S37A �-catenin. Mutation of K312 and/or K345 within S37A
significantly reduces the extent of this pull-down (Fig. 4C,
compare lane 3, 4, 5, or 6 with lane 2), whereas mutation of just
the ICAT binding site (F660A and R661A) only partially af-
fects the association of S37A �-catenin with PPAR� (Fig. 4C,
lane 7). Immunoprecipitation of PPAR� from cells expressing
a WT �-catenin shows undetectable amounts of a coprecipi-
tating HA–�-catenin on the Western blot (Fig. 4C, lane 1)
because the abundance of the ectopic �-catenin is very low due
to its rapid rate of turnover. These data in Fig. 4C, taken
together with those presented in Fig. 4A and B, provide strong
evidence for an association of �-catenin with nuclear com-
plexes containing PPAR� that appear to involve the same
region of �-catenin required for binding to TCF/LEF.

Identification of a domain in PPAR� facilitating its associ-
ation with �-catenin. The data presented above suggest that
PPAR� might interact directly with the TCF/LEF binding site
within �-catenin. We questioned, therefore, whether PPAR�
contains a binding site for �-catenin similar to that present in
TCF/LEF. In fact, Fig. 5A shows a region of PPAR� between
amino acids 367 and 381 that is highly homologous to the
�-catenin binding site in TCF/LEF (18, 19). To determine
whether this region facilitates binding of PPAR� to �-catenin,
we generated a series of GST-PPAR� fusion proteins in which
highly conserved amino acids that we considered might be
involved in the binding process were altered as shown in Fig.
5B. The GST-PPAR� mutants were then used to pull down
nuclear proteins from Swiss cells expressing an ectopic S37A
�-catenin. The Western blot shown in Fig. 5C demonstrates
that the WT GST-PPAR� pulls down abundant amounts of
S37A �-catenin compared to the undetectable amounts asso-
ciating with GST alone (compare lane 2 and lane 1). These
data are consistent with those shown in Fig. 4 and published
reports by others (23, 30) confirming an interaction between
PPAR� and �-catenin. Figure 5C demonstrates further that
this interaction involves amino acids F372, D378, and D379,

FIG. 4. Interaction of �-catenin with PPAR� and associated pro-
teins. (A) Nuclear proteins from S37A �-catenin (S37A) cells were
prepared as described in the legend to Fig. 3A in the presence of
troglitazone and subjected to EMSA as outlined in Materials and
Methods using the indicated antibodies to supershift or perturb the
association of corresponding proteins with the PPRE oligonucleotide.
(B) Nuclear extract proteins from WT and S37A �-catenin cells were
incubated with biotinylated PPRE oligonucleotide as described in Ma-
terials and Methods. The complexes binding to the oligonucleotides
were analyzed by Western blotting for HA–�-catenin and PPAR�.
Equal amounts of proteins were analyzed on the two leftmost lanes for
input. (C) Nuclear proteins extracted from the S37A �-catenin mutant
cell lines exposed to troglitazone were immunoprecipitated with anti-
PPAR�, and the complexes were subjected to Western blot analysis
using anti-HA (�-catenin) and anti-PPAR� antibodies.
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since mutation of each of these to an alanine significantly
attenuates the ability of GST-PPAR� to pull down S37A
�-catenin (compare lanes 4, 7, 8, 9, and 10 with lanes 2, 3, 5,
and 6).

The PPAR�-associated degradation of normal �-catenin in-
volves F372 within the CBD of PPAR�. We next questioned
whether this putative CBD within helices 7 and 8 is involved in
any of the activities of PPAR�; consequently, we expressed
select mutants of PPAR� corresponding to the mutations
K365A (K), E367A (E), F372A (F), E367A/F372A (EF),
D378A (D1), D379A (D2), D378A/D379A (D1D2), F372A/
D378A (FD1), or F372A/D379A (FD2) as well as the wild-type
protein in normal Swiss fibroblasts. The resulting Swiss-
PPAR� cell lines were exposed to adipogenic inducers includ-
ing troglitazone for 4 days, and total cell proteins were har-
vested for Western blot analysis. The data presented in Fig. 6A
show that WT, E367A, and K365A PPAR� are capable of
activating the degradation of the endogenous �-catenin along
with inducing the expression of adiponectin (Fig. 6A, compare

lanes 2, 3, and 11 with lane 1). These data suggest that chang-
ing E367 or K365 to alanine does not significantly alter PPAR�
activity, whereas mutation of F372 to alanine alone (F) or in
combination with E367A (EF) attenuates the ability of PPAR�
to induce the degradation of �-catenin without significantly
affecting its transcriptional activity (Fig. 6A, compare lanes 4
and 5 with lane 2). The data in Fig. 5C show that F372 is critical
for the association of PPAR� with �-catenin, raising the pos-
sibility, therefore, that the CBD of PPAR� is important for the
turnover of �-catenin. Mutation of D378 or D379 to alanine
either alone (D1 or D2), together (D1D2), or in combination
with F372A (FD1, FD2), however, completely blocks the ability
of PPAR� to stimulate �-catenin degradation or induce adi-
ponectin expression.

To determine whether the CBD of PPAR� is involved in the
inhibition of PPAR� target gene expression by oncogenic
�-catenin, we ectopically expressed the WT and select mutants
of PPAR� (E367A, E367A/F372A, and D378A/D379A) in
Swiss fibroblasts containing a tetracycline-responsive HA-

FIG. 5. Phenylalanine 372 and aspartic acids 378 and 379 of PPAR� are required for its ability to bind to and induce the degradation of
�-catenin. (A) Sequence alignment (ClustalX 1.8) of a putative catenin binding domain (aa 367 to 382) of PPAR� together with similar domains
within ICAT, human and Xenopus TCFs, and E-cadherin. (B) Schematic representation of the WT and a series of mutated PPAR�-GST fusion
proteins (only the catenin binding domain is shown). (C) GST-PPAR� pull-down of �-catenins. Nuclear proteins extracted from Swiss fibroblasts
expressing S37A �-catenin were incubated with GST protein (lane 1), WT PPAR�-GST (lane 2), or mutated PPAR�-GST fusion proteins (lanes
3 to 10). The binding complexes were pulled down with glutathione Sepharose 4B beads and subjected to Western blot analysis of HA–�-catenin
(anti-HA). One-twentieth the amount of each sample was used to analyze the presence of GST or GST-PPAR� fusion proteins on duplicate
SDS-PAGE/Western blots using anti-GST and anti-PPAR� antibodies to verify equal input.
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tagged S37A �-catenin gene (S37A cells). WT PPAR� was also
expressed in Swiss fibroblasts expressing a WT �-catenin. The
corresponding cell lines were exposed to adipogenic inducers,
including troglitazone, in the presence or absence of tetracy-
cline to control the expression of the ectopic S37A �-catenin.
Figure 6B, lane 1, shows that WT PPAR� in cells expressing
WT �-catenin stimulates adiponectin expression and induces
the turnover of total cellular �-catenin as previously observed
in Fig. 6A, lane 2. Activation of WT PPAR� or E367A PPAR�
in S37A cells exposed to tetracycline induces the degradation
of cellular �-catenin as well as stimulates adiponectin gene
expression (Fig. 6B, lanes 2 and 3). The adipogenic activity of
WT PPAR�, however, is significantly reduced in the S37A cells
compared to cells containing a WT �-catenin (Fig. 6B, com-
pare lane 2 with lane 1). This is possibly due to the fact that

there is some leakage of S37A �-catenin expression in these
cells even though they are exposed to tetracycline, as illus-
trated in the blot corresponding to the anti-HA antibody. This
level of the HA-tagged S37A �-catenin is likely enough to
attenuate PPAR� activity. The E367A PPAR� appears to be
less sensitive to this inhibitory action of the oncogenic (S37A)
�-catenin (Fig. 6B, compare lane 3 with lane 2). The E367A/
F372A (EF) and D378A/D379A (D1D2) mutants of PPAR�
are completely inactive in these cell lines (Fig. 6B, lanes 4 and
5). To assess the activity of each of the PPAR� molecules in
cells expressing abundant amounts of the S37A �-catenin, the
Swiss cell lines were exposed to the adipogenic inducers (plus
troglitazone) in the absence of tetracycline. Activation of WT
and E367A PPAR� by troglitazone is incapable of inducing the
degradation of HA-tagged S37A �-catenin but does signifi-
cantly reduce the total amount of �-catenin compared to cells
expressing a defective PPAR� molecule (D1D2) (Fig. 6B, com-
pare lanes 7 and 8 with lane 10). The ability of WT PPAR� to
induce adiponectin gene expression, however, is completely
blocked by the ectopic S37A �-catenin (Fig. 6B, lane 7). In-
terestingly, E367A PPAR� does retain some ability to activate
adiponectin expression in the presence of the oncogenic
�-catenin (Fig. 6B, compare lanes 7 and 8). The E367A/F372A
(EF) and D378A/D379A (D1D2) mutants of PPAR� are com-
pletely inactive, since they are incapable of inducing adiponec-
tin expression or enhancing the degradation of total cellular
�-catenin (Fig. 6B, lanes 9 and 10). Taken together, these data
suggest that S37A �-catenin inhibits the ability of WT PPAR�
to induce adipogenic gene expression without inhibiting its
ability to induce the degradation of normal cellular �-catenin.
Furthermore, mutation of E367 to alanine appears to enhance
PPAR� activity so that it can overcome to some extent the
inhibitory action of S37A �-catenin. Mutation of F372 to ala-
nine along with the E367A mutation produces a PPAR� mol-
ecule (EF PPAR�) that is inactive in the presence of small as
well as abundant amounts of S37A �-catenin (Fig. 6B, lanes 4
and 9). Finally, as observed in Fig. 6A, mutation of D378 and
D379 to alanines (D1D2) completely inactivates PPAR�.

Three-dimensional modeling of PPAR� interacting with
�-catenin. On the basis of the present data, we postulated that
PPAR� directly interacts with �-catenin. Consequently, we
obtained a predicted structure for the two proteins binding to
each other via the TCF/LEF binding domain in �-catenin and
the CBD in PPAR� using the protein-protein docking program
ClusPro (8, 9) and the published crystal structures of each
protein with Protein Data Bank (PDB) codes as follows: 2prg
for PPAR� (38) and 1LUJ for �-catenin (18, 19). Figure 7A
shows the predicted three-dimensional structure of the two
interacting proteins, while Fig. 7B depicts the site of interac-
tion between the TCF/LEF binding domain in �-catenin and
the CBD in PPAR�. The charged buttons K312 and K435 in
�-catenin are predicted to form salt bridges with D378 and
E367, respectively, in PPAR�.

DISCUSSION

In earlier studies, we demonstrated that PPAR� can induce
the proteasomal degradation of normal �-catenin but is inca-
pable of degrading oncogenic �-catenin (S37A), which is re-
sistant to phosphorylation by GSK3� (28). Our studies showed

FIG. 6. Identification of amino acids within helices 7 and 8 of
PPAR� (CBD) responsible for regulating its activity. (A) Swiss fibro-
blasts expressing a control vector (C), WT PPAR�, or the following
mutant PPAR� molecules were exposed to the adipogenic inducers in
the presence of troglitazone for 4 days as outlined in Materials and
Methods: E367A (E), F372A (F), E367A/F372A (EF), D378A (D1),
D379A (D2), D378A/D379A (D1D2), F372A/D378A (FD1), F372A/
D379A (FD2), and K365A (K). Total cellular proteins were then sub-
jected to Western blot analysis of normal �-catenin, PPAR�, adiponec-
tin, and actin. (B) Stable Swiss fibroblast cell lines expressing WT
�-catenin and WT PPAR� (lanes 1 and 6) or tetracycline-responsive
HA-tagged S37A �-catenin along with either WT PPAR� (lanes 2 and
7), E367A (E) PPAR� (lanes 3 and 8), E367A/F372A (EF) PPAR�
(lanes 4 and 9), or D378A/D379A (D1D2) PPAR� (lanes 5 and 10)
were cultured in the presence or absence of tetracycline and exposed
to the adipogenic inducers with troglitazone for 4 days as outlined in
Materials and Methods. Total cellular proteins were then subjected to
Western blot analysis of PPAR�, normal �-catenin, HA-tagged S37A
�-catenin, adiponectin, and actin.
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that S37A �-catenin inhibits PPAR� activity during the differ-
entiation of mouse fibroblasts into adipocytes. In the present
study, we questioned whether �-catenin and PPAR� interact
with each other in a way that affects each of their activities. In
fact, the data demonstrate an interaction between �-catenin
and PPAR� that is facilitated by the TCF/LEF binding domain
of �-catenin and a putative CBD within helices 7 and 8 of the
ligand-binding domain of PPAR�. We show that mutation of
the “charged buttons” K312 and K435 within the TCF/LEF
binding domain significantly attenuates the ability of S37A
�-catenin to interact with PPAR� as well as activate TCF/LEF
target gene expression in Swiss mouse fibroblasts. Additionally,
these mutations prevent S37A �-catenin from inhibiting
PPAR� activity, and consequently, this oncogenic form of
�-catenin is degraded in the proteasome in response to acti-
vation of PPAR�. Finally, mutation of E367 and F372 within
the CBD of PPAR� prevents the association of PPAR� with
�-catenin and, in so doing, reduces the ability of PPAR� to
facilitate the degradation of normal �-catenin. On the basis of
these data, we propose that in normal untransformed cells
PPAR� can induce the proteasomal degradation of �-catenin
through a mechanism that involves the CBD of PPAR� and
the TCF binding domain of �-catenin. In transformed cells,
oncogenic �-catenin escapes its PPAR�-associated degrada-

tion by inhibiting PPAR� activity, which appears to involve a
functional TCF binding domain. This model suggests that the
oncogenic form of �-catenin is dominant over PPAR�, thus
explaining why PPAR� is capable only of suppressing tu-
morigenesis in cells (i.e., colon epithelial cells) that have a
functional APC to facilitate the GSK3� inactivation of
�-catenin (16).

What are the mechanisms by which oncogenic �-catenin
inhibits PPAR� activity? Figures 2 and 4C demonstrate that
mutation of K312 and K435 to glutamic acids significantly
reduces the capacity of �-catenin to interact with and inhibit
the activity of PPAR�. Since these amino acids play a critical
role in facilitating the association of �-catenin with TCF/LEF
as well as PPAR�, one must consider the possibility that TCF/
LEF signaling converges on PPAR�. In fact, recent studies
have shown that cyclin D1, a well-recognized TCF/LEF target
gene product, can inhibit PPAR� activity in a variety of cell
types (15, 52). However, mutation of K312 or K435 reduces the
inhibitory activity of S37A �-catenin on PPAR� but does not
appear to reduce the expression of cyclin D1 (Fig. 2). In con-
trast, these single mutations do have a significant effect on the
ability of S37A �-catenin to interact with PPAR� (Fig. 4C).
Consequently, we propose that in response to the appropriate
signal (Wnt activation or oncogenic mutation), �-catenin ac-

FIG. 7. Predicted three-dimensional model of PPAR� interacting with �-catenin. (A) The ribbon model shows the entire structure of PPAR�
(blue) and �-catenin (red). The model was generated using the protein-protein docking program (ClusPro) available at http://nrc.bu.edu/cluster.
PDB codes 2prg (for PPAR�) and 1LUJ (for �-catenin) were downloaded from the PDB website (http://www.pdb.org). The yellow region (helices
7 and 8, aa 367 to 382) of PPAR� is shown in close proximity to the charged buttons, K435 to K312, of �-catenin and appears not to interfere with
helix 10 (green), which is required for binding to RXR�. (B) A region of the model from panel A was enlarged to show the interaction of amino
acids 367 to 382 of PPAR� (blue, backbone only shown) with the charged buttons K312 and K435 (yellow) of �-catenin (red). The side chains of
two positively charged amino acids (K312 and K435) of �-catenin and two negatively charged amino acids (D378 in purple and E367 in cyan) of
PPAR� are shown in stick drawing. The distance between the K312 (�-catenin) and D378 (of PPAR�) side chains is 8.96 Å, which is within the
distance to form a “salt bridge.”
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cumulates within the cell nucleus and associates with com-
plexes containing PPAR�. It is likely that this interaction has
no significant impact on �-catenin’s ability to coactivate TCF/
LEF, since the expression of S37A �-catenin in fibroblasts
expressing abundant amounts of PPAR� can still activate cy-
clin D1 expression (Fig. 2). However, the interaction between
PPAR� and �-catenin appears to affect PPAR� activity. It is
generally accepted that activation of PPAR� involves its asso-
ciation with an appropriate ligand that stabilizes helix 12 and
facilitates binding of coactivators, such as TIF2, to the AF-2
transactivation domain. It is possible that binding of �-catenin
to helices 7 and 8 on the side of the ligand-binding domain
opposite from helix 12 perturbs interactions with these coac-
tivators or with RXR�. It is also conceivable that �-catenin
blocks the binding of other factors that interact directly with
helices 7 and 8 to regulate PPAR� activity by means that are
independent of helix 12. In this regard, recent studies have
shown that PPAR� can repress the expression of inflammatory
genes such as inducible nitric oxide synthase through mech-
anisms that involve a ligand-dependent SUMOylation of
PPAR� on K365 in helix 7, which induces the recruitment of
the nuclear receptor corepressor and histone deacetylase com-
plexes to the inducible nitric oxide synthase gene promoter
(39). It is interesting that the consensus site for SUMOylation
(PK365FE) overlaps with the putative CBD (PKFE367FAVKF
NALELDD378; underlined amino acids are the CBD) within
helices 7 and 8 of PPAR� (see Fig. S1 in the supplemental
material). Consequently, it is possible that this region of
PPAR� is subject to structural modification, such as SUMOy-
lation on K365, which influences transcriptional activity that
can also be altered in response to binding to �-catenin. It will
be of interest to determine whether �-catenin affects the sup-
pression of inflammation in response to PPAR� activation.

What are the mechanisms by which PPAR� enhances the
proteasomal degradation of �-catenin? In an earlier publica-
tion (28), we suggested that PPAR� enhances �-catenin deg-
radation in the proteasome by stimulating GSK3� activity
through a mechanism that could include the induction of
PTEN expression by PPAR� (40). This notion was based on
the fact that PTEN, in blocking phosphatidylinositol 3-kinase
signaling, would lead to suppression of Akt/protein kinase B
activity and consequently stimulate GSK3�. The present data
suggest that alternative mechanisms must also exist, since
PPAR� can enhance the proteasomal degradation of �-catenin
molecules that are resistant to phosphorylation by GSK3�.
Specifically, the data presented in Fig. 2 show that mutation of
lysines 312 and 435 diminishes the inhibitory action of S37A
�-catenin on PPAR�, and consequently these oncogenic
�-catenin molecules become subject to proteasomal degrada-
tion in response to activation of PPAR� by troglitazone (Fig.
3). It is unlikely that PPAR� facilitates this degradation pro-
cess through a direct interaction with �-catenin, since these
mutations also prevent such an interaction (Fig. 4C). At
present, we are considering the possibility that PPAR� induces
the expression of other components of the ubiquitylation/pro-
teasomal system that interact with �-catenin at sites other than
those requiring GSK3� activity. In particular, studies have
uncovered an alternative pathway of �-catenin degradation
involving a distinct ubiquitin-ligase complex, Siah-1–SIP–
Skp1–Ebi, in which the F-box protein Ebi binds to �-catenin at

sites that do not require phosphorylation by GSK3� (29, 31).
Future studies are aimed at investigating the effect of PPAR�
on the expression and activity of these ubiquitylation/protea-
somal system components. It is also important to mention that
induction of �-catenin degradation by PPAR� involves F372
within helices 7 and 8 of PPAR� that appears to be indepen-
dent of overall PPAR� transcriptional activity (Fig. 6A). Pres-
ently, we are pursuing the notion that this region of PPAR�
(CBD) regulates the expression of select target genes, some of
which are involved in the turnover of �-catenin. Other studies
as well as these (Fig. 4A) support the notion that PPAR� and
�-catenin coexist within larger complexes that contain TCF
(23) as well as a variety of coactivators or corepressors. Such
complexes could possibly be involved in regulating the tran-
scription of select target genes, as is the case for the interaction
of LRH-1 and �-catenin (6). Additionally, PPAR� and �-cate-
nin might exist in a complex whose function is to facilitate their
degradation in the 26S proteasome.

The interaction between �-catenin and PPAR� likely influ-
ences the function of each protein in controlling gene expres-
sion in a variety of cell types. Recent studies have demon-
strated that canonical Wnt signaling mediated by �-catenin
regulates the fate of mesenchymal stem cells. Specifically, ac-
tivation of Wnt pathways or ectopic expression of oncogenic
�-catenin inhibits adipogenesis in mesenchymal cells in favor
of myogenesis (44). In fact, conditional deletion of �-catenin in
the mesenchyme of the developing mouse uterus results in a
switch to adipogenesis in the myometrium (2). It appears,
therefore, that mechanisms must exist within the adipogenic
program to ensure suppression of �-catenin activity. These
processes include a PPAR�-associated stimulation of �-cate-
nin degradation in the proteasome as outlined in these and
earlier studies as well as a downregulation of Wnt’s and their
frizzled receptors (3, 28, 32). �-Catenin and PPAR� are also
proposed to influence each other’s activities in colon epithelial
cells. It is well established that oncogenic �-catenin contributes
to the progression of colon cancer in humans as well as rodents
(33, 41). Recent studies have also suggested that PPAR� has a
role to play in the development of gut epithelial cells (12) and
that activation of PPAR� in the colon can suppress carcino-
genesis by reducing �-catenin levels in cells that express func-
tional APC molecules (16). In conclusion, a greater under-
standing of the functional interaction between �-catenin and
PPAR� should provide insight into the development of mes-
enchymal and epithelial stem cells as well as lead to potential
therapeutics for cancer and obesity-related disorders.
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