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factor β-catenin/TCF (cat/TCF) has been recognized as the major effector of the
Wnt signaling pathway for more than a decade, and its over-activation has been associated with malignancy
such as colon and breast cancer. Extensive examination in different cell lineages has shown that the activity
of cat/TCF can be stimulated by mechanisms other than via the Wnt glycoproteins, including the stimulation
of β-cat nuclear translocation and enhanced binding of cat/TCF to the Wnt target gene promoters by insulin
and insulin-like growth factor-1 (IGF-1). In addition, the heterotrimeric G proteins of the G12 subfamily can
interact with the cytoplasmic domain of cadherins, resulting in the release of the transcriptional activator β-
cat. Furthermore, certain peptide hormones may stimulate cat/TCF-mediated gene transcription via
activation of their corresponding G-protein coupled receptors. Recently, the serine/threonine kinase GSK-3
has been recognized to coordinate with AMP activated protein kinase (AMPK) in phosphorylation and
activation of TSC2, the major component of the tumor suppressor complex TSC1/2. Thus, Wnt activation can
stimulate protein translation via GSK-3 and TSC1/2 inactivation, followed by mTOR activation. Finally, β-cat
also functions as a pivotal molecule in defense against oxidative stress via serving as a partner of forkhead
box O (FOXO) transcription factors. Thus, FOXO proteins, which mainly mediate aging and stress signaling,
and TCF factors, which mainly mediate developmental and proliferation signaling, compete for a limited pool
of free β-cat. Insulin and growth factors, on the other hand, control the balance between TCF- and FOXO-
mediated gene transcription via phosphorylation and nuclear exclusion of FOXO proteins. These observations
provide new insight to understand how Wnt, insulin/growth factors, and FOXOs are involved in versatile
physiological events and the development and progression of various human diseases.

© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Fifteen years ago, Rubinfeld et al. identified a physical interaction
between the 92-kD protein β-catenin (β-cat) and the adenomatous
polyposis coli (APC) tumor suppressor [1]. Later, Munemitsu et al.
demonstrated that the expression of wild-type APC, but not a
truncated mutant, caused a pronounced reduction in total β-cat levels
in the colon cancer cell line SW480, and the reduction was due to an
enhanced rate of β-cat degradation [2]. Subsequent studies in Xeno-
pus, Drosophila and mammalian cells defined the role of the bipartite
transcription factor β-catenin/TCF (cat/TCF) as the major effector of
the canonical Wnt signaling pathway [3–6]. Therefore, free cytoplas-
mic β-cat level has been often utilized as one of the important
indicators of the Wnt activity [7–16].

Extensive examination in different organisms and cell lineages
over the past decade has illustrated the complexity of the Wnt
signaling pathway and versatile role of β-cat as a transcription factor.
Many studies have shown that the activity of cat/TCF can be activated
by factors other than the Wnt glycoproteins, including insulin,
insulin-like growth factor-1 (IGF-1), other hormonal factors and the
lipid metabolite lysophosphatidic acid (LPA) [17,18]. In addition to β-
cat stabilization, inhibition of the serine/threonine kinase GSK-3 in
response to Wnt activation will lead to the inactivation of the tumor
suppressor complex TSC1/2, followed by activation of the mTOR
signaling pathway [19]. Thus, Wnt pathway activation can stimulate
not only gene transcription via the bipartite transcription factor cat/
TCF, but also protein synthesis via mTOR activation [19,20]. It is well
known that insulin, IGF-1, and certain other mitogens are also able to
activate mTOR via PI3K and PKB activation. Because insulin and IGF-1
can also stimulate cat/TCF-mediated gene transcription in many cell
lineages, the cross-talk between Wnt and insulin/IGF-1 signaling
pathways allows the activation of each of these to stimulate the
expression of their target genes at both the transcriptional and
translational levels [17]. More importantly, recent studies have
revealed that in both C. elegans and mammals, the stress sensor
and mediator, forkhead box O (FOXO) proteins, compete with TCF
factors for a limited pool of β-cat. Since insulin, IGF-1 and many
other growth factors antagonize the function of FOXOs via a
phosphorylation-mediated nuclear exclusion process [21], the
potential physiological and pathological role of insulin/IGF-1 signal-
ing in diverting β-cat from FOXO- to TCF-mediated transcription
should be appreciated.

In this review article, we will focus first on the stimulation of cat/
TCF activity by factors other than the Wnt glycoproteins. We will then
discuss the discovery showing that GSK-3 coordinates with AMPK in
phosphorylation and inactivation of TSC1/2 complex, which is a major
inhibitor of mTOR. Third, we will summarize the studies indicating
that the stress sensor andmediator FOXO proteins are able to compete
with TCF factors for β-cat and how their function is negatively
regulated by insulin and growth factors. These discoveries and
observations bring us a new picture of how Wnt, insulin and growth
factors, and FOXOs may interact in the pathogenesis of many human
diseases, including diabetes, cancer, aging, and osteoporosis. For cross-
talk between Wnt and other signaling pathways, such as Hodgehog,
Notch, and nuclear receptors (NRs), the reader is referred to excellent
review articles elsewhere [22–25].
2. Stimulation of cat/TCF transcriptional activity by factors other
than Wnt glycoproteins

2.1. The canonical Wnt signaling pathway and β-catenin

The Wnt signaling pathway was initially characterized during
investigation of colon cancer and in embryonic development studies
of Drosophila, Xenopus and other organisms. Aberrant activation of
Wnt signaling may lead to the development of colorectal tumors [26].
The major effector of the Wnt pathway is the bipartite transcription
factor cat/TCF, formed by free β-cat and a TCF factor (TCF-1, TCF-3,
TCF-4 and LEF-1). Among them, TCF-4 is the major partner of β-cat in
intestinal cells [26,27]. Under non-stimulating conditions, the con-
centration of free β-cat is tightly controlled by a proteasome-mediated
degradation process, with the participation of the tumor suppressor
APC, Axin, glycogen synthase kinase-3 (GSK-3), and casein kinase-1α
(CK-1α) [28,29]. Wnt glycoproteins exert their effect via the seven-
transmembrane domain Frizzled receptors (Fz) and LRP5/6 co-
receptors. Following receptor binding, Wnt signals are transmitted
by the association between Wnt receptors and Dishevelled (Dvl), an
event that triggers the disruption of the complex containing APC, Axin,
GSK-3 and β-cat, preventing phosphorylation-dependent degradation
of β-cat. The serine/threonine kinase GSK-3, therefore, functions as
one of the important negative modulators of Wnt signaling. The
enzymatic activity of GSK-3 can also be inactivated by lithium, and the
inactivationwill lead to free cytoplasmic β-cat accumulation [9]. Since
lithium mimics the function of Wnt activation, it has been broadly
utilized in studying the functional outcome of Wnt signaling
activation and target gene expression [9,30].

2.2. Growth factors and stimulation of cat/TCF-mediated transcriptional
activity

2.2.1. Insulin and IGF-1
Type II diabetes mellitus (T2D) is one of the leading causes of

mortality in developed countries and its onset is preceded by the
development of insulin resistance and compensatory hyperinsuline-
mia. There are numerous known risk factors for T2D, including high
fat diet and sedentary life style [31–33]. Significantly, colorectal cancer
shares many of the risk factors with T2D [33–36], and epidemiological
studies have indicated that subjects with T2D have an increased risk of
the development of colorectal and breast cancer [33,35–40]. In
addition, in vivo studies have demonstrated colorectal tumor forma-
tion in T2D animal models [35]. Furthermore, acute insulin treatment
in rodents leads to increased intestinal crypt cell proliferation and
expression of proto-oncogenes [36,41,42], suggesting that hyperinsu-
linemia may contribute to the development of colorectal cancer. This
raises the question of whether insulin mediates these effects via a
stimulation of Wnt responsive or cat/TCF-mediated gene
transcription.

GSK-3 can also be phosphorylated at Ser21/9 residues by PKB/Akt
via insulin or IGF-1 treatment. Ding et al., however, showed that a 2-h
insulin treatment, possibly through PKB activation, led to stimulated
phosphorylation of GSK-β at Ser9 and inactivated GSK-3β enzymatic
activity in a number of cancer cell lines and in fibroblasts [7]. However,
free cytoplasmic β-cat levels were not altered in their studies [7]. In
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contrast, both Wnt molecules and lithium induced free cytoplasmic
β-cat accumulation but did not affect the phosphorylation status of
GSK-3β [7]. Based on these observations, Ding et al. suggested that
insulin and the Wnt signals regulate GSK-3β through different
mechanisms, thereby leading to distinct downstream events and that
the phosphorylation of GSK-3β at Ser9 is not sufficient to induce free
β-cat accumulation [7]. On the other hand, a few studies have shown
that in a number of cancer cell lines, insulin and/or IGF-1 could
activate the expression of a Wnt target gene or a Wnt (cat/TCF)
responsive reporter gene system [43–45]. For example, Desbois-
Mouthon et al. have shown that in the HepG2 cell line, both insulin
and IGF-1 stimulated the transcription of a cat/TCF-binding site
reporter gene, and increased cytoplasmic levels of β-cat [43]. Based
on studies using chemical inhibitors and dominant negative
molecules, Desbois-Mouthon et al. suggested that both the PI3K/
PKB/GSK-3 and Ras signaling pathways were involved in mediating
the stimulatory effect of insulin and IGF-1 [43]. Verras and Sun
reported a stimulatory effect of IGF-1 on both nuclear and
cytoplasmic β-cat levels in prostate cancer cells [44]. Similarly, in
early melanoma cells, Satyamoorthy et al. found that IGF-1
stimulated the phosphorylation of Erk1/2, activated Akt, inhibited
its downstream effector GSK3, and stabilized β-cat [45]. It was
unclear from this study whether IGF-1 stabilized β-cat via Akt/GSK-3
activation or Erk activation.

In intestinal endocrine L cells, the proglucagon gene (glu) is a
downstream target of the Wnt signaling pathway [27,30]. This gene
encodes the important incretin hormone GLP-1. We observed that glu
promoter can be activated by lithium or a constitutively active β-cat
(the S33Y mutant, [46]). Lithium also stimulated endogenous glu
mRNA and GLP-1 production in both a cultured endocrine L cell line
and primary intestinal endocrine cells [46]. We then demonstrated
that the activation was mediated by binding of cat/TCF-4 to a TCF-
binding motif within the G2 enhancer element of the glu gene
promoter. Expression of dominant negative TCF-4 not only abolished
lithium stimulated glu mRNA expression and GLP-1 production, it also
significantly attenuated basal glu mRNA expression [27]. More
recently, we examined the effect of insulin and IGF-1 on glu mRNA
expression and GLP-1 production in both in vitro and in vivo settings
and observed that insulin utilizes the same cis-element (TCF-binding
site within the G2 enhancer element) and trans-elements (cat/TCF-4)
that are employed byWnt signaling in stimulating glu expression [18].
“Knocking-down” of the expression of β-cat or introducing a
dominant negative TCF-4 blocked the stimulatory effect of insulin. It
appears that the stimulation was not mediated by PKB activation
because the effect of insulin on glu promoter expression could be
blocked by PI3K inhibition, but not by PKB inhibition. Furthermore, it
appears that GSK-3 phosphorylation was also not required. Although
insulin effectively stimulated GSK-3 phosphorylation in both intest-
inal endocrine L cells and in “control” pancreatic α cells, insulin
repressed glu mRNA expression in the pancreatic α cells [18]. In
addition, in L cells insulin increased nuclear β-cat content and binding
of both β-cat and TCF-4 to the glu promoter G2 enhancer element,
detected by quantitative chromatin immunoprecipitation (ChIP)
assay. Finally, we found that in a hyperinsulinemic mouse model,
glu mRNA and GLP-1 productionwere significantly higher than that in
sex and age-matched controls, suggesting that a high level of
circulating insulin can increase GLP-1 production [18].

Insulin is able to stimulate the expression of a number of proto-
oncogenes, including c-Myc and cyclin D1, which are also suggested
downstream targets of Wnt signaling [47,48]. We found that insulin
stimulates c-Myc expression at both the translational and transcrip-
tional levels [17]. The stimulatory effect on translationwas sensitive to
mTOR inhibition and was dependent on PKB activity. The stimulatory
effect at the transcriptional level, however, was not dependent on PKB,
although it required PI3K activation. Furthermore, insulin enhanced
β-cat nuclear translocation and the binding of β-cat to two TCF-
binding motifs within the human c-Myc gene promoter, detected by
quantitative ChIP. This enhancement was also blocked by PI3K
inactivation, but not by PKB or mTOR inhibition [17]. These
observations indicate that, at least in the intestinal cells, insulin
signaling interacts with the Wnt pathway by increasing nuclear β-cat
content and binding of cat/TCF to Wnt target gene promoters.

Our observations also indicate that the cross-talk between the
insulin and Wnt pathways is not mediated by PKB-GSK-3, although
PI3K activation is involved. PKB-independent PI3K signaling has not
been recognized until recently. p21-activated kinase 1 (PAK-1) has
been implicated as an important mediator of mitogenic factors. Thus,
Zhang et al. found that in bronchial epithelial cells, cigarette smoke-
stimulated EGF receptor activated the expression of the proto-
oncogene FRA-1 via the PI3K-(PAK-1)-(Raf)-MEK-ERK signaling
cascade, without involving PKB [49]. In addition, IGF-1 was shown
to regulate the activity of a transcription factor, namely RUNX2,
through a PI3K-dependent but PKB-independent signaling pathway
[50]. Of relevance, both FRA-1 and RUNX2 are known downstream
targets of the Wnt signaling pathway [51,52].

If GSK-3 is not involved, by what mechanism does insulin increase
the content of nuclear β-cat? Usingmass spectrometry, Tian et al. have
shown that β-cat interacts with a member of the 14-3-3 protein
family, 14-3-3ζ [34]14-3-3ζ was shown to enhance β-cat dependent
transcription by maintaining a high level of free β-cat [34]. Thus, one
interesting possibility to examine will be whether 14-3-3ζ binding
stabilizes β-cat and/or enhances its nuclear translocation, and
whether these putative actions lead to enhanced binding of cat/TCF
to theWnt target gene promoters. Very recently, Gherzi et al. reported
that the half life of β-cat mRNA is prolonged not only by Wnt but also
by PI3K-Akt signaling, adding further complexity to the potential
mechanisms bywhich insulin/IGF-1 could interact withWnt signaling
[53]. Interestingly, the authors showed that Akt phosphorylated the
mRNA decay-promoting factor KSRP at a unique serine residue,
induced its associationwith 14-3-3, which prevented KSRP interaction
with the exoribonucleolytic exosome complex. Therefore, 14-3-3
could be involved in two events: stabilization of β-cat protein as
well as that of β-cat mRNA.

2.2.2. Platelet-derived growth factor (PDGF)
Recently, PDGF treatment was also shown, by Yang et al., to

stimulate β-cat nuclear translocation [54,55]. The nuclear p68 RNA
helicases (p68) are a member of the DEAD (Asp-Glu-Ala-Asp) box
family of RNA helicase [56]. p68 and another member of the family,
p72, may also function as transcriptional co-regulators of MyoD, p53,
CBP, and p300 [57–60]. p68 can be phosphorylated at Y593 in
response to PDGF treatment, via the non-receptor tyrosine kinase c-
Ab1 in the human colon cancer cell line HT-29 [54]. Ectopic expression
of Y593-phosphorylated p68 stimulated β-cat nuclear translocation,
apparently achieved by blocking the phosphorylation of β-cat by GSK-
3 and displacing Axin from β-cat [54]. This PDGF-mediated p68
phosphorylation could be essential for PDGF-stimulated epithelial–
mesenchymal transition (EMT) [54]. Subsequently, Yang et al. further
demonstrated that Y593-phosphorylated p68 promoted cell prolif-
eration by activating the transcription of cyclin D1 and c-Myc [55], two
known downstream targets of Wnt signaling. Shin et al. reported that
the expression of p68 and p72 was strongly increased during the
polypNadenomaNadenocarcinoma transition in the colon [61]. Both
p68 and p72 were also found to be over-expressed in a number of
colon cancer cell lines and physically interacted with β-cat, detected
by coimmunoprecipitation. Furthermore, either p68 or p72 was found
to augment β-cat or S33Y-β-cat stimulated expression of TOPFlash, a
cat/TCF-responsive artificial reporter gene system. Finally, knocking-
down p68 and p72 with a retrovirus-mediated short hairpin RNA
(shRNA) system resulted in reduced expression of c-Myc, cyclin D1, c-
Jun, and Fra-1 [61]. Therefore, in response to PDGF–PDGF receptor
(PDGFR) activation, p68 may affect the β-cat signaling pathway in two



Fig. 1. Cross-talk betweenWnt and mTOR. In response to energy stress, AMPK and GSK-
3 phosphorylate and thereby stimulate the tumor suppressor TSC2 in a coordinated
manner, resulting in the inactivation of mTOR and reduced protein synthesis [19]. Wnt
activation is, therefore able to inhibit TSC1/2 complex and stimulate mTOR via GSK-3
inactivation.
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ways in cancer cells. In the cytoplasm, it protects β-cat from GSK-3
phosphorylation and proteasome-mediated degradation. In the
nucleus, it augments β-cat mediated transcriptional activation [61].

2.3. G-protein coupled receptors and stimulation of cat/TCF
transcriptional activity

2.3.1. Cyclic AMP (cAMP) and PKA mediated GSK-3 and β-cat
phosphorylation

Fang et al. reported that Ser21/9 of GSK-3 are also physiological
targets of PKA, and PKA phosphorylated GSK-3 shows attenuated
enzymatic activity [62,63]. Li et al. demonstrated such phosphoryla-
tion in neuronal cells, and suggested that phosphorylation of GSK-3 by
PKA may contribute to the inhibition of neuronal cell apoptosis by the
second messenger cAMP [64]. These authors did not examine the
effect of cAMP or PKA on β-cat levels or cat/TCF-mediated gene
transcription. Hino et al., however, found that several activators of
PKA, including prostaglandin E(1), isoproterenol, and dibutyryl cAMP
increased cytoplasmic and nuclear β-cat levels, and stimulated TCF-
dependent transcription through β-cat [65]. They demonstrated that
although PKA did not interact with any of the components of the
destructive complex of β-cat (APC, Axin, GSK-3 and CK-1), it directly
phosphorylated β-cat at Ser675, which appeared to stabilize β-cat,
preventing its ubiquitination-mediated degradation [65].

2.3.2. Enhanced dissociation of β-cat from cadherins by G12 activation
As discussed above, free β-cat serves as the partner of TCF factors

in regulating gene transcription. The majority of β-cat, however, is
associatedwith cadherins to form the adhesion structures of cells [66].
G proteins are classified according to their α-subunits into four
subfamilies, Gs, Gi, Gq, and G12. Gα12 and Gα13, two members of the
G12 subfamily, are involved in cellular processes including cytoskeletal
rearrangement, cell proliferation andoncogenic transformation [67–69].
Meigs et al. observed a specific interaction between G12 and the
cytoplasmic tails of members of the cadherin family. The interaction
resulted in the dissociation of β-cat and cadherin molecules. In the
functional-APC-lacking colon cancer cell line SW480, expression of a
mutant constitutively active Gα12 or Gα13 caused an increase in cat/
TCF-mediated transcriptional activation [69].

2.3.3. Prostaglandin E2 (PGE2) and LPA stimulated cat/TCF
transcriptional activity

Both prostaglandin E2 (PGE2) and the lipid metabolite lysopho-
sphatidic acid (LPA) play critical roles in tumorigenesis [70]. The FP(B)
prostanoid receptor is a GPCR that couples to Gq, which was shown by
Fujino and Regan to activate the cat/TCF-mediated transcriptional
response [71]. The EP(2) and EP(4) prostanoid receptors, however,
couple to Gs [66]. Fujino et al. found that these two GPCRs also
activated cat/TCF-mediated gene transcription in response to PGE2
treatment [70]. Their further investigations indicated that the
activation by the EP(2) receptors occurred primarily through a PKA-
dependent pathway, whereas the EP(4) receptors activated cat/Tcf
signaling mainly through a PI3K-dependent pathway [70]. LPA exerts
its stimulatory effect on cancer cell proliferation via binding to three
known GPCRs, LPA(1), LPA(2) and LPA(3), which couple to Gs [70].
Yang et al. reported that LPA activated the major signaling events in
the β-cat pathway, including GSK-3 phosphorylation, β-cat nuclear
translocation, and cat/TCF-mediated transcriptional activation [72].

2.3.4. The cross-talk between Frizzled receptors and GPCRs
Frizzled proteins are seven-transmembrane receptors which bind

Wnt ligands. These receptors share structural homology with those of
the GPCR family. Liu et al. generated a chimeric receptor with the
ligand-binding and transmembrane segments from β2-adrenergic
receptor (β2AR) fused to the cytoplasmic domains of Frizzled-1. When
this chimeric receptor was expressed in mouse F9 cells, the β-
adrenergic agonist, isoproterenol, stabilized β-cat and stimulated the
expression of a β-cat-sensitive promoter [73]. Indeed, Malbon has
suggested that Frizzled receptors are new members of the GPCR
family [73–75]. More detailed information on cross-talk between
Frizzled receptors and GPCRs is reviewed by Force and colleagues
[76,77].

3. The cross-talk between Wnt and mTOR signaling pathways

3.1. Regulation of mTOR by insulin and growth factors

In order to respond to diverse environmental cues, such as pH,
osmolarity, and the availability of nutrients (especially glucose),
eukaryotic cells have evolved effective mechanisms to maintain
homeostasis [20]. The serine/threonine kinase mTOR is a key
component of the mTORC1 complex, which consists of mTOR, Raptor,
and mLST8 (Fig. 1). The mTORC1 complex is a major regulator of
ribosome biogenesis and protein synthesis [78], and it is sensitive to
inhibition by rapamycin. mTOR is able to phosphorylate proteins
including 4E-BP1 and S6K1, which are involved in the biosynthesis of
ribosomes and the initiation process of protein translation. As shown
in Fig. 1, the function of mTOR is tightly regulated by Rheb, a small G
protein and Ras homolog. Rheb is in turn regulated by the TSC1/2
tumor suppressor complex, which has Rheb GAP activity. The activity
of TSC1/2, however, is determined by its phosphorylation status,
involving various protein kinases that mediate the effects of nutrients,
energy status, growth factors, and other environmental cues.
Tuberous sclerosis is an autosomal-dominant disease that is caused
by mutations in either the TSC1 or TSC2 genes. This disease is
characterized by the formation of benign tumors in various tissues
such as lungs, kidneys, heart and brain [79]. TSC2 is a protein of
approximately 180 kD in size, and it can be phosphorylated atmultiple
positions by various protein kinases. Depending on the sites that have
been phosphorylated, the GAP activity of TSC2 toward Rheb can be
either inhibited or activated. Thus, inhibition of TSC2 GAP activity
maintains the active form, i.e., RhebGTPwhich stimulates themTORC1
complex (Fig. 1).

It is well known that insulin and many growth factors/mitogens,
through binding of their receptor tyrosine kinases (RTKs) and
activation of the downstream effector Alt/PKB, inhibit TSC2 activity,
resulting in positive signaling tomTOR. This is achieved by attenuating
the conversion of RhebGTP to RhebGDP. PKB is able to phosphorylate



Fig. 2. Both Wnt and insulin/IGF-1 are able to stimulate gene expression at the
transcriptional and translational levels. Wnt activation stimulates cat/TCF-mediated
gene transcription via increasing the formation of the bipartite transcription factor cat/
TCF. It also stimulates mTOR and therefore protein synthesis via the inactivation of GSK-
3 and the TSC1/2 complex. Insulin/growth factors stimulate mTOR via the activation of
PI3K-PKB signaling. It also stimulates β-cat nuclear translocation and the binding of cat/
TCF to the Wnt target gene promoters via a PKB-independent mechanism.
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TSC2 at Ser939, Ser 981, and Thr1462. Shaw and Cantley found that
mutations at Ser939 and Thr1462 residues blocked the ability of PKB
to activate S6K1 in response to various growth factors [78].
Furthermore, Cai et al. have shown that phosphorylation of TSC2 at
Ser939 and Ser981 by PKB generates binding sites for interactionwith
the 14-3-3 protein [80]. Binding of TSC2 by 14-3-3 will trigger its
interaction with Dishevelled (Dvl), preventing its interaction with
TSC1 [80,81]. In contrast, during energetic stress and the increase of
AMP/ATP ratio, the tumor suppressor LKB1 will phosphorylate AMP
activated kinase (AMPK), which was shown by Inoki et al., to
phosphorylate TSC2 at Ser1345, promoting its GAP activity toward
Rheb, resulting in Rheb inactivation and mTOR inhibition [82].

3.2. TSC2 integrates energy and Wnt signals via coordinated
phosphorylation by AMPK and GSK3

More recently, Inoki et al. observed thatWnt stimulation could also
activate mTOR, and the activationwas dependent on GSK-3 but not β-
cat [19]. They then observed that in TSC2, four potential residues,
Thr1329, Ser1333, Ser1337, and Ser1341, matched GSK3 phosphoryla-
tion site consensus sequence. Because GSK3 recognizes Ser or Thr
residues separated by three residues, and often requires priming
phosphorylation three residues C-terminal to the phosphorylation site
[83,84], Inoki et al. hypothesized that AMPK primes TSC2 at Ser1345
for subsequent phosphorylation by GSK3 at the above potential
residues. Their further experiments demonstrated that, indeed,
mutating Ser1345 in TSC2 blocked TSC2 phosphorylation by GSK-3;
and GSK-3 was able to phosphorylate Ser1337 and Ser1341 [19]. These
observations established a link between nutrient-growth factor-mTOR
and theWnt signaling pathway. In studying the functional role of GSK-
3 inmTOR inhibition, Inoki et al. demonstrated that over-expression of
a constitutively active GSK-3β in cells growing with serum was
sufficient to block S6K1 activation, suggesting that GSK inactivation is
required formTOR activation (Fig.1). In addition, these authors further
demonstrated that either knock-down or chemical inhibition of GSK-3
was sufficient to stimulate mTOR/S6K1 [19].

The data presented by Inoki et al. suggested that Wnt activation
not only activates gene transcription via the formation of the bipartite
transcription factor cat/TCF, but also protein synthesis via mTOR
activation [19]. Our studies on the cross-talk between insulin/IGF-1
and Wnt pathways in non-endocrine intestinal cells suggested that
insulin can activate c-Myc proto-oncogene expression via both mTOR
activation (at the level of protein synthesis) and the increase of
nuclear β-cat and binding of cat/TCF to the c-Myc gene promoter (at
the level of transcription) [17]. In intestinal endocrine cells, insulin
was also shown to stimulate the binding of cat/TCF-4 to the glu gene
promoter, detected by quantitative ChIP assay, associated with
increased promoter activity [18]. Therefore, both Wnt and insulin
(and possibly IGF-1 and other mitogens) regulate target gene
expression at both the transcriptional and translational levels (Fig. 2).

There are a number of questions in this area which remain to be
addressed. First, it is essential to identify the signaling component(s)
that mediates the cross-talk between the insulin and Wnt signaling
pathways in view of the data that PKB is not involved in the
transcriptional responses. Second, if both insulin and Wnt are able to
stimulate common gene transcription and translation targets via these
networks, one might also expect to see the existence of interacting or
“cross-talking” negative feedback systems. Finally, additional animal
models and clinical studies are needed to explore the physiological
and pathophysiological roles of this cross-talk. From a physiological
point of view, we suggest that eukaryotic cells have evolved to allow
more than one signaling system to utilize common effectors to
efficiently regulate gene expression at both transcriptional and
translational levels. From a pathological point of view, these findings
enhance our appreciation of the multiple mechanisms of Wnt
pathway activation and the complex and varied influences on cancer
development. As suggested by Choo et al., the work by Inoki et al.
provides a novel therapeutic target for Wnt signaling pathway
dependent cancers [19,20]. Therefore, “rapamycin” may prove to be
efficacious for the treatment of tumors that are “addicted” to the Wnt
signaling pathway [20]. In addition, T2D is characterized by
hyperinsulinemia and insulin resistance and high fat diet feeding
has been shown to stimulate GLP-1 production [85]. If insulin is
indeed important for the homeostasis of GLP-1 production, one might
speculate that although hyperinsulinemia in T2D subjects should have
some “beneficial effect” by enhancing GLP-1 production, this could be
partially attenuated due to insulin resistance. Indeed, in 12-week old
hyperinsulinemic and insulin resistantMKRmice, we observed amore
than fivefold increase in glu mRNA expression, but only a 46% increase
of GLP-1 production [18]. We propose that insulin resistance may lead
to a signaling shift from PKBNmTOR to a pathway which favors the
formation of cat/TCF to stimulate glu transcription, potentially as a
compensatory mechanism. In the long run, insulin resistance does not
allow adequate compensation to meet GLP-1 and insulin requirement
[86]. On the other hand, the “cost” of the compensation is the
increased activity of the Wnt pathway, which may be responsible for
the increased risk of developing colorectal tumors in T2D patients.

4. FOXO proteins and the Wnt signaling pathway

4.1. Function of FOXO proteins is inactivated by insulin/growth factors
and stimulated by stress and aging

In the last few years, extensive investigations have led to the
discovery of the insulin-FOXO protein signaling cascade [21,87–89].
This regulatory system controls metabolic homeostasis and other
important physiological and pathophysiological events. FOXOs are
members of a subfamily of the forkhead transcription factors and their
functions are evidently negatively regulated by insulin-PI3K-PKB
signaling [21]. In the absence of insulin or growth factors, FOXOs are
mainly located within nuclei and up-regulate a set of target genes,
thereby promoting cell cycle arrest, stress resistance, and apoptosis. In
the presence of insulin or growth factors, FOXOs are exported into the
cytoplasm, with the participation of the chaperone protein 14-3-3.
This nuclear exclusion event is mainly mediated via the phosphoryla-
tion of FOXOs by PKB and serum- and glucocorticoid-regulated protein
kinase (SGK) [21]. In this way, FOXOs function to control cell and
organismal growth, development, metabolism and possibly, longevity
in response to insulin, IGF-1, and many other growth factors. In
contrast to insulin signaling, low levels of oxidative stress generated



Fig. 3. Insulin/IGF-1 controls the balance between FOXO- and TCF-mediated gene
expressions. FOXOs and TCF factors compete for a limited pool of β-cat. During aging
and oxidative stress, the production of ROS leads to increased FOXO-mediated gene
transcription and reduced TCF-mediated gene transcription. Insulin/growth factors help
to restore the balance by twomeans. First, they stimulate nuclear exclusion of FOXOs via
PKB mediated phosphorylation. Second, they enhance nuclear content of β-cat and the
binding of cat/TCF to the Wnt target gene promoters.
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by hydrogen peroxide (H2O2) treatment may induce the activation of
FOXO proteins, demonstrated first by Essers et al. with FOXO4 as the
example [90]. It appears that this is due to the activation of the small
GTPase Ral, which will result in a JNK-dependent phosphorylation of
FOXO4 at Thr447 and Thr451, followed by nuclear translocation of
FOXO4, along with increased transcriptional activity [90]. The serine/
threonine kinase MstI resides predominantly in the cytoplasm.
Recently, Lehtinen et al. reported that MstI is able to mediate the
effect of H2O2 on the nuclear translocation of FOXO3. Mst1 was shown
to phosphorylate FOXO3 at four conserved sites within the forkhead
domain that disrupted its interaction with protein 14-3-3, promoted
FOXO nuclear translocation, and thereby induced cell death in neurons
[91]. Jang et al., however, found that Akt was able to phosphorylate
MstI, and this phosphorylation strongly inhibited the kinase activity of
MstI on FOXO3, preventing its nuclear translocation and capacity to
induce apoptosis [92]. Finally aging may lead to increased reactive
oxygen species (ROS), resulting in enhanced FOXO activity [93].

4.2. FOXO proteins interact with β-cat

In 2005, Essers et al. reported an evolutionarily conserved
interaction between β-cat and FOXO proteins [94]. In mammalian
cells, a yeast two hybrid screen detected an interaction between β-cat
and FOXO1 and FOXO3. The interaction required armadillo repeats 1 to
8 of the β-cat molecule and the C-terminal half of a FOXO protein [94].
In contrast, FOXO did not bind to the armadillo repeats of either APC1
or APC2, suggesting that the interaction between FOXO and β-cat is a
specific event. Furthermore, Essers et al. detected an interaction
between hemagglutinin (HA) tagged FOXO4 and FLAG tagged β-cat by
coimmunoprecipitation. The gene bar-1 encodes the C. elegans
homolog of β-cat [95], while the FOXO homologue in this organism
is DAF16 [96]. The interaction between BAR-1 and DAF16 was also
detected in coimmunoprecipitation experiments [94]. In mammalian
cells, binding of β-cat to FOXO enhances the transcriptional activity of
FOXO. In C. elegans, the loss of BAR-1 reduces the activity of DAF-16 in
dauer formation and life span [94]. Furthermore, the association
between β-cat and FOXO was enhanced in cells that are exposed to
oxidative stress [94].

4.3. FOXO proteins compete with TCF factors for a limited pool of free
β-cat in response to stress

Extensive in vitro, in vivo, and clinical investigations have shown
that oxidative stress could play a pivotal pathogenic role in skeletal
involution, independent of aging [93,97–100]. Importantly, recent
studies have further suggested a pathophysiological role for the
interaction between FOXO proteins and β-cat in bone diseases: the
reduction of cat/TCF-mediated gene expression. Such a role may also
be important in the pathogenesis of other oxidative stress-mediated
and age-dependent diseases, including diabetes, metabolic syndrome
and cardiovascular disease [93].

A few studies have shown that osteoporosis occurs in mouse
models of premature aging [97,101–103]. For example, mice that
express truncated/activated p53 display an early onset of phenotypes
associated with aging, including reduced longevity and osteoporosis
[102]. The gene XPD encodes a DNA helicase that functions in both
DNA repair and transcription. Mutations of this gene are associated
with the human disorder trichothiodystrophy (TTD). De Boer et al.
found that mice with a mutation in XPD show many symptoms of
premature aging, including osteoporosis and reduced life span [103].
More recently, Almeida et al. found that sex steroid sufficientmale and
female mice lose bone mass and strength progressively during the
ages of 4 to 31 months, and this was associated with enhanced
osteoblast and osteocyte apoptosis, reduced osteoblast number and
bone formation rate, and elevated levels of ROS [97]. These observa-
tions indicate that osteoporosis can occur in a steroid-hormone-
deficiency independent manner. Furthermore, Almeida et al. have
shown that in the C57BL/6 mice, organismal aging is associated with
reduced expression of Wnt target gene mRNAs, including that of
Axin2 and Opg, and increased expression of the FOXO target gene
Gadd45 [98]. H2O2 treatment in an uncommitted mesenchymal cell
line C2C12, however, increased FOXO-mediated transcription and
attenuated both basal as well asWnt3a-stimulated levels of Axin2 and
other Wnt target gene expression. Opposite effects of H2O2 on FOXO-
and TCF-mediated transcription were then confirmed by measuring
the activity of FOXO-Luciferase (FOXO-LUC) and TCF-LUC to different
dosages of H2O2. These authors confirmed that FOXO-mediated
transcription required the activation of Wnt signaling and increased
β-cat levels. β-cat over-expression attenuated the repressive effect of
H2O2 on TCF-mediated transcription, and the ROS and FOXO
suppression of osteoblast differentiation [98]. These observations
suggest that, at least in osteoblastic cells, increased ROS due to aging
and other disorders attenuates the Wnt signaling pathway through
FOXO activation, occurring by the diversion of the limited pool of β-cat
from TCF factors to FOXO-mediated gene transcription [93]. More
recently, the concept that the interaction of FOXO with β-cat inhibits
cat/TCF activity was further confirmed by Hoogeboom et al. They
demonstrated that siRNA mediated knock-down of FOXO reverts the
loss of β-cat binding to TCF after cellular oxidative stress [104].

5. Summary and final remarks

Extensive advances have been made over the past few years in
understanding the complexity of Wnt signaling and the cross-talk
between Wnt and other signaling pathways. We have learned that in
addition to Wnt ligands, other factors including growth factors,
hormones, and lipid metabolites, such as LPA, are also able to
stimulate cat/TCF activity and Wnt target gene expression by several
different mechanisms. We have also learned that both Wnt and
insulin/IGF-1 are able to regulate gene transcription via the bipartite
transcription factor cat/TCF and protein synthesis via mTOR activation.
Obviously, β-cat is “not just for frizzleds anymore” [75]. Furthermore,
the function of β-cat is bi-directional. This pivotal molecule regulates
many physiological and pathological events via controlling cell cycle
progression and cell growth. When teamed up with TCF factors, β-cat
activates Wnt target gene expression and stimulates these two
processes. In contrast, when it is teamed up with FOXOs, it stimulates
FOXO target gene expression and represses these two processes
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(Fig. 3). Because FOXOs and TCF factors compete for a limited pool of
β-cat, during aging and under oxidative stress, the balance will be
upset, moving towards the side of FOXOs. Insulin and growth factors,
however, may be able to restore the balance by both PKB-dependent
and PKB-independent mechanisms. First, PI3K-PKB activation will
lead to the phosphorylation and nuclear exclusion of FOXO proteins
[21,88]. Second, PI3K activation may lead to stimulated β-cat nuclear
translocation and the binding of cat/TCF to the Wnt target gene
promoters, in a PKB-independent manner [17,18]. Therefore, further
exploration of the molecular mechanisms underlying the cross-talk
between insulin and Wnt signaling pathways will advance our
knowledge of the pathogenesis of not only cancer and diabetes, but
also of many other metabolic and age-dependent diseases, including
osteoporosis and cardiovascular disease. The exploration may also
lead to the discovery of novel drug target for these aging-driven
diseases.

Acknowledgements

This work was supported by an operating grant of the Canadian
Institutes of Health Research (CIHR) to TJ (68991) and an operating
grant of CIHR to IGF (38009). JS is a recipient of Banting and Best
Diabetes Centre Graduate Student Scholarship. We thank Dr. Qinghua
Wang and Adam Sirek for their valuable comments and suggestions.

References

[1] B. Rubinfeld, B. Souza, I. Albert, O. Muller, S.H. Chamberlain, F.R. Masiarz, S.
Munemitsu, P. Polakis, Science 262 (1993) 1731.

[2] S. Munemitsu, I. Albert, B. Souza, B. Rubinfeld, P. Polakis, Proc. Natl. Acad. Sci. U. S. A.
92 (1995) 3046.

[3] B. Rubinfeld, P. Robbins, M. El-Gamil, I. Albert, E. Porfiri, P. Polakis, Science 275
(1997) 1790.

[4] J. Behrens, J.P. von Kries, M. Kuhl, L. Bruhn, D. Wedlich, R. Grosschedl, W.
Birchmeier, Nature 382 (1996) 638.

[5] M. Molenaar, M. van de Wetering, M. Oosterwegel, J. Peterson-Maduro, S.
Godsave, V. Korinek, J. Roose, O. Destree, H. Clevers, Cell 86 (1996) 391.

[6] O. Huber, R. Korn, J. McLaughlin, M. Ohsugi, B.G. Herrmann, R. Kemler, Mech. Dev.
59 (1996) 3.

[7] V.W. Ding, R.H. Chen, F. McCormick, J. Biol. Chem. 275 (2000) 32475.
[8] R.H. Chen, F. McCormick, Cancer Res. 61 (2001) 4445.
[9] V. Stambolic, L. Ruel, J.R. Woodgett, Curr. Biol. 6 (1996) 1664.

[10] H. Aberle, A. Bauer, J. Stappert, A. Kispert, R. Kemler, Embo J. 16 (1997) 3797.
[11] L.C. Bullions, A.J. Levine, Curr. Opin. Oncol. 10 (1998) 81.
[12] B.W. Doble, S. Patel, G.A. Wood, L.K. Kockeritz, J.R. Woodgett, Dev. Cell 12 (2007)

957.
[13] P. Polakis, Curr. Opin. Genet. Dev. 9 (1999) 15.
[14] B. Rubinfeld, I. Albert, E. Porfiri, C. Fiol, S. Munemitsu, P. Polakis, Science 272

(1996) 1023.
[15] K. Willert, S. Shibamoto, R. Nusse, Genes Dev. 13 (1999) 1768.
[16] A. Wodarz, R. Nusse, Annu. Rev. Cell Dev. Biol. 14 (1998) 59.
[17] J. Sun, T. Jin, Cell. Signal. 20 (2008) 219.
[18] F. Yi, J. Sun, G.E. Lim, I.G. Fantus, P. Brubaker, T. Jin, Endocrinol 149 (2008) 2341.
[19] K. Inoki, H. Ouyang, T. Zhu, C. Lindvall, Y. Wang, X. Zhang, Q. Yang, C. Bennett, Y.

Harada, K. Stankunas, C.Y.Wang, X. He, O.A. MacDougald, M. You, B.O.Williams, K.
L. Guan, Cell 126 (2006) 955.

[20] A.Y. Choo, P.P. Roux, J. Blenis, Cell 126 (2006) 834.
[21] E.L. Greer, A. Brunet, Oncogene 24 (2005) 7410.
[22] R. Nusse, Development 130 (2003) 5297.
[23] D. Kalderon, Trends Cell Biol. 12 (2002) 523.
[24] M.E. Carlson, I.M. Conboy, Curr. Opin. Pharmacol. 7 (2007) 303.
[25] D.J. Mulholland, S. Dedhar, G.A. Coetzee, C.C. Nelson, Endocr. Rev. 26 (2005) 898.
[26] P.J. Morin, A.B. Sparks, V. Korinek, N. Barker, H. Clevers, B. Vogelstein, K.W. Kinzler,

Science 275 (1997) 1787.
[27] F. Yi, P.L. Brubaker, T. Jin, J. Biol. Chem. 280 (2005) 1457.
[28] B.W. Doble, J.R. Woodgett, J. Cell Sci. 116 (2003) 1175.
[29] X. Zeng, K. Tamai, B. Doble, S. Li, H. Huang, R. Habas, H. Okamura, J. Woodgett, X.

He, Nature 438 (2005) 873.
[30] Z. Ni, Y. Anini, X. Fang, G. Mills, P.L. Brubaker, T. Jin, J. Biol. Chem. 278 (2003) 1380.
[31] C.K. Chang, C.M. Ulrich, Diabetologia 46 (2003) 595.
[32] F.B. Hu, J.E. Manson, M.J. Stampfer, G. Colditz, S. Liu, C.G. Solomon, W.C. Willett, N.

Engl. J. Med. 345 (2001) 790.
[33] E. Giovannucci, J. Nutr. 131 (2001) 3109S.
[34] Q. Tian, M.C. Feetham, W.A. Tao, X.C. He, L. Li, R. Aebersold, L. Hood, Proc. Natl.

Acad. Sci. U. S. A. 101 (2004) 15370.
[35] T.T. Tran, A. Medline, W.R. Bruce, Cancer Epidemiol. Biomarkers Prev. 5 (1996) 1013.
[36] T.T. Tran, D. Naigamwalla, A.I. Oprescu, L. Lam, G. McKeown-Eyssen,W.R. Bruce, A.

Giacca, Endocrinol. 147 (2006) 1830.
[37] O. Aguilera, M.F. Fraga, E. Ballestar, M.F. Paz, M. Herranz, J. Espada, J.M. Garcia, A.
Munoz, M. Esteller, J.M. Gonzalez-Sancho, Oncogene 25 (2006) 4116.

[38] J.E. Elwing, F. Gao, N.O. Davidson, D.S. Early, Am. J. Gastroenterol.101 (2006) 1866.
[39] A. Jemal, R. Siegel, E. Ward, T. Murray, J. Xu, M.J. Thun, CA Cancer J. Clin. 57 (2007)

43.
[40] L. Vona-Davis, M. Howard-McNatt, D.P. Rose, Obes. Rev. 8 (2007) 395.
[41] D.E. Corpet, C. Jacquinet, G. Peiffer, S. Tache, Nutr. Cancer 27 (1997) 316.
[42] N. Koohestani, T.T. Tran, W. Lee, T.M. Wolever, W.R. Bruce, Nutr. Cancer 29 (1997)

69.
[43] C. Desbois-Mouthon, A. Cadoret, M.J. Blivet-Van Eggelpoel, F. Bertrand, G.

Cherqui, C. Perret, J. Capeau, Oncogene 20 (2001) 252.
[44] M. Verras, Z. Sun, Mol. Endocrinol. 19 (2005) 391.
[45] K. Satyamoorthy, G. Li, B. Vaidya, D. Patel, M. Herlyn, Cancer Res. 61 (2001) 7318.
[46] F.T. Kolligs, G. Hu, C.V. Dang, E.R. Fearon, Mol. Cell. Biol. 19 (1999) 5696.
[47] T.C. He, A.B. Sparks, C. Rago, H. Hermeking, L. Zawel, L.T. da Costa, P.J. Morin, B.

Vogelstein, K.W. Kinzler, Science 281 (1998) 1509.
[48] M. Shtutman, J. Zhurinsky, I. Simcha, C. Albanese, M. D'Amico, R. Pestell, A. Ben-

Ze'ev, Proc. Natl. Acad. Sci. U. S. A. 96 (1999) 5522.
[49] Q. Zhang, P. Adiseshaiah, D.V. Kalvakolanu, S.P. Reddy, J. Biol. Chem. 281 (2006)

10174.
[50] M. Qiao, P. Shapiro, R. Kumar, A. Passaniti, J. Biol. Chem. 279 (2004) 42709.
[51] Y.F. Dong, Y. Soung do, E.M. Schwarz, R.J. O'Keefe, H. Drissi, J. Cell. Physiol. 208

(2006) 77.
[52] B. Mann, M. Gelos, A. Siedow, M.L. Hanski, A. Gratchev, M. Ilyas, W.F. Bodmer, M.P.

Moyer, E.O. Riecken, H.J. Buhr, C. Hanski, Proc. Natl. Acad. Sci. U. S. A. 96 (1999) 1603.
[53] R. Gherzi, M. Trabucchi, M. Ponassi, T. Ruggiero, G. Corte, C. Moroni, C.Y. Chen, K.S.

Khabar, J.S. Andersen, P. Briata, PLoS Biol. 5 (2006) e5.
[54] L. Yang, C. Lin, Z.R. Liu, Cell 127 (2006) 139.
[55] L. Yang, C. Lin, S. Zhao, H. Wang, Z.R. Liu, J. Biol. Chem. 282 (2007) 16811.
[56] D.P. Lane, W.K. Hoeffler, Nature 288 (1980) 167.
[57] G.J. Bates, S.M. Nicol, B.J. Wilson, A.M. Jacobs, J.C. Bourdon, J. Wardrop, D.J.

Gregory, D.P. Lane, N.D. Perkins, F.V. Fuller-Pace, Embo J. 24 (2005) 543.
[58] G. Caretti, R.L. Schiltz, F.J. Dilworth, M. Di Padova, P. Zhao, V. Ogryzko, F.V. Fuller-

Pace, E.P. Hoffman, S.J. Tapscott, V. Sartorelli, Dev. Cell 11 (2006) 547.
[59] K.L. Rossow, R. Janknecht, Oncogene 22 (2003) 151.
[60] S. Shin, R. Janknecht, J. Cell. Biochem. 101 (2007) 1252.
[61] S. Shin, K.L. Rossow, J.P. Grande, R. Janknecht, Cancer Res. 67 (2007) 7572.
[62] X. Fang, S. Yu, J.L. Tanyi, Y. Lu, J.R. Woodgett, G.B. Mills, Mol. Cell. Biol. 22 (2002)

2099.
[63] X. Fang, S.X. Yu, Y. Lu, R.C. Bast Jr., J.R. Woodgett, G.B. Mills, Proc. Natl. Acad. Sci.

U. S. A. 97 (2000) 11960.
[64] M. Li, X. Wang, M.K. Meintzer, T. Laessig, M.J. Birnbaum, K.A. Heidenreich, Mol.

Cell. Biol. 20 (2000) 9356.
[65] S. Hino, C. Tanji, K.I. Nakayama, A. Kikuchi, Mol. Cell. Biol. 25 (2005) 9063.
[66] W.I. Weis, W.J. Nelson, J. Biol. Chem. 281 (2006) 35593.
[67] D.D. Kaplan, T.E. Meigs, P.J. Casey, J. Biol. Chem. 276 (2001) 44037.
[68] T.E. Meigs, M. Fedor-Chaiken, D.D. Kaplan, R. Brackenbury, P.J. Casey, J. Biol. Chem.

277 (2002) 24594.
[69] T.E. Meigs, T.A. Fields, D.D. McKee, P.J. Casey, Proc. Natl. Acad. Sci. U. S. A. 98 (2001)

519.
[70] H. Fujino, D. Srinivasan, J.W. Regan, J. Biol. Chem. 277 (2002) 48786.
[71] H. Fujino, J.W. Regan, J. Biol. Chem. 276 (2001) 12489.
[72] M. Yang, W.W. Zhong, N. Srivastava, A. Slavin, J. Yang, T. Hoey, S. An, Proc. Natl.

Acad. Sci. U. S. A. 102 (2005) 6027.
[73] T. Liu, A.J. DeCostanzo, X. Liu, H. Wang, S. Hallagan, R.T. Moon, C.C. Malbon,

Science 292 (2001) 1718.
[74] H.Y. Wang, C.C. Malbon, Cell. Mol. Life Sci. 61 (2004) 69.
[75] C.C. Malbon, Front. Biosci. 9 (2004) 1048.
[76] S.P. Shevtsov, S. Haq, T. Force, Cell Cycle 5 (2006) 2295.
[77] T. Force, K. Woulfe, W.J. Koch, R. Kerkela, Sci. STKE 2007 (2007) pe41.
[78] R.J. Shaw, L.C. Cantley, Nature 441 (2006) 424.
[79] D.J. Kwiatkowski, Ann. Hum. Genet. 67 (2003) 87.
[80] S.L. Cai, A.R. Tee, J.D. Short, J.M. Bergeron, J. Kim, J. Shen, R. Guo, C.L. Johnson, K.

Kiguchi, C.L. Walker, J. Cell Biol. 173 (2006) 279.
[81] B.C. Mak, H.L. Kenerson, L.D. Aicher, E.A. Barnes, R.S. Yeung, Am. J. Pathol. 167

(2005) 107.
[82] K. Inoki, T. Zhu, K.L. Guan, Cell 115 (2003) 577.
[83] C.J. Fiol, A.M. Mahrenholz, Y. Wang, R.W. Roeske, P.J. Roach, J. Biol. Chem. 262

(1987) 14042.
[84] S. Patel, B. Doble, J.R. Woodgett, Biochem. Soc. Trans. 32 (2004) 803.
[85] K.D. Fischer, S. Dhanvantari, D.J. Drucker, P.L. Brubaker, Am. J. Physiol. 273 (1997)

E815.
[86] M.B. Toft-Nielsen, S. Madsbad, J.J. Holst, Diabetes Care 22 (1999) 1137.
[87] O. Puig, R. Tjian, Cell Cycle 5 (2006) 503.
[88] D. Accili, K.C. Arden, Cell 117 (2004) 421.
[89] A. Barthel, D. Schmoll, T.G. Unterman, Trends Endocrinol. Metab. 16 (2005) 183.
[90] M.A. Essers, S. Weijzen, A.M. de Vries-Smits, I. Saarloos, N.D. de Ruiter, J.L. Bos, B.

M. Burgering, Embo J. 23 (2004) 4802.
[91] M.K. Lehtinen, Z. Yuan, P.R. Boag, Y. Yang, J. Villen, E.B. Becker, S. DiBacco, N. de la

Iglesia, S. Gygi, T.K. Blackwell, A. Bonni, Cell 125 (2006) 987.
[92] S.W. Jang, S.J. Yang, S. Srinivasan, K. Ye, J. Biol. Chem. 282 (2007) 30836.
[93] S.C. Manolagas, M. Almeida, Mol. Endocrinol. 21 (2007) 2605.
[94] M.A. Essers, L.M. de Vries-Smits, N. Barker, P.E. Polderman, B.M. Burgering, H.C.

Korswagen, Science 308 (2005) 1181.
[95] D.M. Eisenmann, J.N. Maloof, J.S. Simske, C. Kenyon, S.K. Kim, Development 125

(1998) 3667.



1704 T. Jin et al. / Cellular Signalling 20 (2008) 1697–1704
[96] H.A. Tissenbaum, L. Guarente, Dev. Cell 2 (2002) 9.
[97] M. Almeida, L. Han, M. Martin-Millan, L.I. Plotkin, S.A. Stewart, P.K. Roberson, S.

Kousteni, C.A. O'Brien, T. Bellido, A.M. Parfitt, R.S. Weinstein, R.L. Jilka, S.C.
Manolagas, J. Biol. Chem. 282 (2007) 27285.

[98] M. Almeida, L. Han, M. Martin-Millan, C.A. O'Brien, S.C. Manolagas, J. Biol. Chem.
282 (2007) 27298.

[99] X.C. Bai, D. Lu, J. Bai, H. Zheng, Z.Y. Ke, X.M. Li, S.Q. Luo, Biochem. Biophys. Res.
Commun. 314 (2004) 197.

[100] S. Basu, K. Michaelsson, H. Olofsson, S. Johansson, H. Melhus, Biochem. Biophys.
Res. Commun. 288 (2001) 275.
[101] R.L. Jilka, R.S. Weinstein, K. Takahashi, A.M. Parfitt, S.C. Manolagas, J. Clin. Invest.
97 (1996) 1732.

[102] S.D. Tyner, S. Venkatachalam, J. Choi, S. Jones, N. Ghebranious, H. Igelmann, X. Lu,
G. Soron, B. Cooper, C. Brayton, S. Hee Park, T. Thompson, G. Karsenty, A. Bradley,
L.A. Donehower, Nature 415 (2002) 45.

[103] J. de Boer, J.O. Andressoo, J. de Wit, J. Huijmans, R.B. Beems, H. van Steeg, G.
Weeda, G.T. van der Horst, W. van Leeuwen, A.P. Themmen, M. Meradji, J.H.
Hoeijmakers, Science 296 (2002) 1276.

[104] D. Hoogeboom, M.A. Essers, P.E. Polderman, E. Voets, L.M. Smits, B.M. Burgering,
J. Biol. Chem. 283 (2008) 9224.


	Wnt and beyond Wnt: Multiple mechanisms control the transcriptional property of β-catenin
	Introduction
	Stimulation of cat/TCF transcriptional activity by factors other than Wnt glycoproteins
	The canonical Wnt signaling pathway and β-catenin
	Growth factors and stimulation of cat/TCF-mediated transcriptional activity
	Insulin and IGF-1
	Platelet-derived growth factor (PDGF)

	G-protein coupled receptors and stimulation of cat/TCF transcriptional activity
	Cyclic AMP (cAMP) and PKA mediated GSK-3 and β-cat phosphorylation
	Enhanced dissociation of β-cat from cadherins by G12 activation
	Prostaglandin E2 (PGE2) and LPA stimulated cat/TCF transcriptional activity
	The cross-talk between Frizzled receptors and GPCRs


	The cross-talk between Wnt and mTOR signaling pathways
	Regulation of mTOR by insulin and growth factors
	TSC2 integrates energy and Wnt signals via coordinated phosphorylation by AMPK and GSK3

	FOXO proteins and the Wnt signaling pathway
	Function of FOXO proteins is inactivated by insulin/growth factors and stimulated by stress and.....
	FOXO proteins interact with β-cat
	FOXO proteins compete with TCF factors for a limited pool of free β-cat in response to stress

	Summary and final remarks
	Acknowledgements
	References


