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Abstract

The contribution of the Wnt pathway has been extensively characterized in embryogenesis,
differentiation, and stem cell biology but not in mammalian metabolism. Here, using in vivo gain-
and loss-of-function models, we demonstrate an important role for Wnt signaling in hepatic
metabolism. In particular, p-Catenin, the downstream mediator of canonical Wnt signaling, altered
serum glucose concentrations and regulated hepatic glucose production. B-catenin also modulated
hepatic insulin signaling. Furthermore, B-catenin interacted with the transcription factor FoxO1 in
livers from mice under starved conditions. The interaction of FoxO1 with B-catenin regulated the
transcriptional activation of the genes encoding glucose-6-phosphatase (G6Pase) and
phosphoenolpyruvate carboxykinase (PEPCK), the two rate-limiting enzymes in hepatic
gluconeogenesis. Moreover, starvation induced the hepatic expression of mMRNAs encoding
different Wnt isoforms. In addition, nutrient deprivation appeared to favor the association of -
catenin with FoxO family members, rather than with members of the T cell factor of
transcriptional activators. Notably, in a model of diet-induced obesity, hepatic deletion of 8-
catenin improved overall metabolic homeostasis. These observations implicate Wnt signaling in
the modulation of hepatic metabolism and raise the possibility that Wnt signaling may play a
similar role in the metabolic regulation of other tissues.

INTRODUCTION

The Wnt signaling pathway has classically been studied in the context of normal
development, morphogenesis, and stem cell regulation (1-4). Alterations in Wnt signaling
are associated with tumor formation (3, 5). In the canonical pathway, extracellular Wnt
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ligands bind to specific membrane-bound receptors and co-receptors. This binding in turn
activates an intracellular signal transduction pathway that ultimately results in the
stabilization and subsequent nuclear translocation of B-catenin. In the nucleus, B-catenin
binds to members of the T cell factor (TCF) or lymphoid enhancer factor (LEF) family of
transcription factors to regulate the transcription of various Wnt target genes.

Although most investigations into Wnt biology have focused on its role in cellular
proliferation, cell fate decisions, and stem cell self-renewal, genetic and biochemical
evidence suggests that Wnt signaling may also play a role in metabolic disorders. One of the
first indications of such a link came from an analysis of a Japanese cohort, which noted an
association between a single-nucleotide polymorphism in the WNT5B gene and the risk of
developing diabetes (6). A subsequent, larger study implicated a relatively common allele of
a TCF family member (TCF7L2, also known as TCF4) in diabetes susceptibility (7). Indeed,
the genetic association between TCF4 and diabetes has now been extended to multiple
ethnic populations and is currently believed to represent the single strongest genetic
association with disease susceptibility (8-11). Although several hypotheses have been
advanced, the basis for how these genetic alterations in WNT5B or TCF4 alter the risk for
developing diabetes remains poorly understood (9, 10, 12). Individuals with variants of
TCF4 associated with increased risk for diabetes also tend to exhibit an unexplained increase
in fasting hepatic glucose production (13).

In addition to these genetic association studies, other evidence suggests a potential role for
Whnt signaling in regulating various metabolic pathways involved in glucose, cholesterol,
and glycogen homeostasis. For instance, mice lacking the Wnt co-receptor LRP5 exhibit
increased plasma cholesterol concentrations and impaired pancreatic insulin secretion (14).
In at least one human family, mutations in the gene encoding the Wnt co-receptor LRP6 are
also associated with impaired glucose metabolism and hyperlipidemia (15). In addition,
expression of various members of the Wnt signaling pathway is altered in an experimental
mouse model characterized by increased glycogen storage (16). These studies, as well as
earlier studies in Drosophila (17), have implicated Wnt signaling in tissue glycogen
metabolism. Wnt signaling might also modulate normal insulin signal transduction
pathways. The secreted frizzled-related protein 5 (Sfrp5), a soluble inhibitor of Wnt
signaling, regulates insulin signaling through activation of noncanonical Wnt signaling (18).
In addition, Wnt signaling may also alter the activity of the kinases Akt and AMPK, thereby
modulating insulin signal transduction (19). Finally, a small interfering RNA screen looking
for modulators of mitochondrial biogenesis in skeletal muscle indicated that Wnt
transcriptional activation of insulin receptor substrate-1 (IRS-1) promoted increased
mitochondrial mass (20). This is consistent with another study that demonstrated -catenin
transcriptional activation of IRS-1 (21). Together, these observations suggest a potential role
for Wnt signaling in modulating multiple metabolic pathways.

A metabolic response that is commonly altered in the diabetic state is the starvation-induced
production of glucose by the liver, a process called gluconeogenesis. This process requires a
complex network of transcription factors and coactivators, including transducer of regulated
cAMP (cyclic aden-osine 3',5-monophosphate) response element—binding protein (TORC2;
also known as CRTC2), hepatocyte nuclear factor 4o (HNF4a), peroxisome proliferator—
activated receptor y coactivator 1 (PGC-1a), and the Forkhead family member FoxO1 (22—
28). The activities of these and other factors are regulated by both transcriptional and
posttranslational methods to produce a highly ordered and temporally regulated response to
starvation. In addition, enzymes such as the sirtuin family of NAD [nicotin-amide adenine
dinucleotide (oxidized form)]-dependent deacetylases also play a critical role in the overall
hepatic response to starvation by regulating the acetylation and hence activity of TORC2,
PGC-1a, and various FoxO family members (25, 26, 29-31). Under oxidative stress
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conditions, B-catenin can bind to certain members of the FoxO family (32, 33). Furthermore,
B-catenin directly interacts with SIRT1 (34).

Here, we demonstrate that Wnt signaling regulates hepatic metabolism. In particular, we
demonstrate a nutrient-sensitive interaction between FoxO1 and B-catenin that appears to
regulate the hepatic gluconeogenic response.

B-Catenin regulates glucose concentration

To determine whether Wnt signaling was involved in hepatic metabolism, we took
advantage of a previously described mouse model, using loxP sites located in introns 1 and 6
of the CTNNBL1 gene (which encodes p-catenin) (35). To avoid potentially confounding
effects secondary to the known role of B-catenin in hepatic development (36), we chose to
deliver Cre recombinase using replication-deficient adenoviruses administered by tail vein
injection into adult mice. This delivery system efficiently and specifically transduces hepatic
cells and leads to liver-specific deletion of the floxed allele (37). The abundance of hepatic
[B-catenin was reduced in mice injected with adenoviral Cre recombinase (Ad-Cre) compared
to mice injected with a control adenovirus encoding green fluorescent protein (Ad-GFP)
(Fig. 1A). In contrast, the abundance of B-catenin did not appear to be affected in other
metabolically active tissues (Fig. 1A). The reduction of hepatic f-catenin in Ad-Cre—treated
mice was sufficient to lower resting glucose concentrations under both randomly fed and
fasting conditions (Fig. 1B). These differences in fasting and fed glucose concentrations
were not due to any significant alterations in circulating insulin concentrations (fig. S1).

The liver contributes to resting glucose concentrations in part through hepatic
gluconeogenesis, a process that is deranged in the diabetic state (38). Pyruvate tolerance
tests (PTTs) revealed that hepatic deletion of B-catenin resulted in reduced glucose
production (Fig. 1C). To complement these loss-of-function studies, we also analyzed the
metabolic effects after transient hepatic overexpression of B-catenin. Consistent with our
observation after deletion of B-catenin, overexpression of p-catenin led to an increase in
fasting glucose concentrations (Ad-GFP: 86.1 + 6.4 mg/dl, Ad-pcat: 107.6 + 14.1 mg/dl; n =
8 mice, P < 0.01, Student's t test). When compared to control mice, adenoviral-mediated
delivery of B-catenin also resulted in increased hepatic glucose production when assessed
with a PTT (Fig. 1D). Thus, in the adult mammalian liver, B-catenin appears to be an
important determinant of the overall gluconeogenic response.

B-Catenin regulates hepatic FoxO1 subcellular localization

On the basis of the above observations and the previous known association between f3-
catenin and other FoxO family members (32), we determined whether B-catenin might
regulate the function of hepatic FoxO1. Because Forkhead transcription factors are regulated
largely through changes in subcellular localization, we determined the distribution of FoxO1
in freshly isolated primary hepatocytes isolated from mice with floxed B-catenin alleles that
were subsequently infected with either Ad-GFP or Ad-Cre. In control infected hepatocytes,
we routinely observed both nuclear and cytoplasmic FoxO1 staining (Fig. 2A). In contrast,
hepatocytes expressing Cre recombinase demonstrated more diffuse and predominantly
cytosolic localization of FoxO1 (fig. S2). When B-catenin was overexpressed in isolated
hepatocytes, FoxO1 became predominantly nuclear and appeared to be confined within
discrete subnuclear foci. At present, we are unsure of the precise importance of the FoxO1
nuclear foci observed in Ad-Bcat-infected hepatocytes. Overexpression of p-catenin by tail
vein injection of Ad-Bcat also stimulated the in vivo nuclear accumulation of FoxO1 (Fig.
2B and fig. S2). We further confirmed the role of B-catenin in regulating FoxO1 nuclear
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localization by isolating nuclei from the livers of starved mice engineered to have either a
gain or a loss of B-catenin expression. Consistent with our immunohistochemical
observations, the abundance of nuclear FoxO1 and nuclear B-catenin appeared to be
increased in Ad-Bcat—infected mice (Fig. 2C). Similarly, deletion of B-catenin by delivering
Cre recombinase resulted in an apparent decrease in FoxO1 nuclear accumulation. In
contrast, the abundance of nuclear PGC-1a did not appear to be altered by manipulation of
B-catenin. This is consistent with previous reports suggesting that nutrient control of
PGC-1a activity occurs predominantly through transcriptional regulation and
posttranslational modification rather than through alteration in subcellular distribution (25,
27, 30).

We next analyzed fed or starved mice to assess whether the observed B-catenin—dependent
alterations in FoxO1 nuclear accumulation result from direct interaction between the two
proteins. Protein homogenates were prepared from livers from fed mice or from mice
subjected to an 18-hour fast. In livers from starved mice, p-catenin coprecipitated FoxO1
(Fig. 2D). Furthermore, FoxO1 also coprecipitated with B-catenin, an interaction that
appeared most evident in livers from starved mice (Fig. 2E). We also noted a nutrient-
sensitive interaction between PGC-1a and B-catenin, consistent with previous studies
demonstrating that nuclear FoxO1 and PGC-1a can directly interact (22).

B-Catenin modulates hepatic insulin signaling

The subcellular localization of FoxOL1 is regulated by insulin signaling. Previous studies
have demonstrated that stimulation of the insulin receptor leads to Akt activation that in turn
phosphorylates FoxO proteins, leading to their nuclear exclusion (39). Several studies have
suggested interactions between the Wnt and the insulin signaling pathways (18-21).
Combined with our results regarding the ability of B-catenin to regulate the localization of
FoxO1, we sought to understand whether manipulation of B-catenin abundance altered
insulin signaling. In a skeletal muscle cell line, Wnt stimulation increases transcription of
IRS1, which is a direct transcriptional target of B-catenin (20). We therefore analyzed the
abundance of IRS-1 and IRS-2 in liver samples from control or p-catenin—deleted mice.
Although the abundance of these proteins was not obviously different, we did observe that
after Cre-mediated deletion of B-catenin, basal activation of both IRS-1 and IRS-2, as
assessed by tyrosine phosphorylation, appeared to increase (Fig. 3A). We also analyzed
other downstream targets of insulin signaling in mice. In the absence of B-catenin, both basal
and insulin-stimulated phosphorylation of Akt and glycogen synthase kinase—-3p (GSK-3p)
was modestly but reproducibly enhanced (Fig. 3B). Consistent with these biochemical
observations, we noted that g-catenin—deleted mice also exhibited evidence for improved
insulin tolerance (fig. S3). In contrast, transient overexpression of -catenin triggered a
corresponding reduction in insulin signaling, which was most evident with insulin-
stimulated insulin receptor phosphorylation and downstream GSK-3p phosphory! ation (Fig.
3C). Furthermore, insulin stimulation appeared to result in the cytosolic localization of
FoxO1 in control hepatocytes but not in hepatocytes overexpressing B-catenin (fig. S4).
Given that GSK-3p is an intermediate of both insulin and Wnt signaling pathways that has a
role in glycogen metabolism, we next directly measured rates of glycogen synthesis in
control mice or in mice that overexpressed B-catenin. Overexpression of B-catenin led to
decreased de novo insulin-stimulated hepatic glycogen synthesis (Fig. 3D). These
observations are consistent with the observed decrease in insulin receptor and GSK-3
phosphorylation after -catenin overexpression. As expected, we saw no effects of Ad-pcat
infusion on the rate of glycogen synthesis measured in skeletal muscle, consistent with the
pattern of adenoviral-mediated gene expression after tail vein infusion (Fig. 1A).
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B-Catenin regulates the hepatic gluconeogenic response

The ability of B-catenin to regulate the localization of FoxO1 through direct interaction
suggested that this interaction might increase FoxO1 function. In Hepal-6 hepatoma cells
transiently transfected with a FoxO-dependent luciferase reporter, p-catenin expression did
not have a direct stimulatory effect but appeared to synergize with cotransfected FoxO1
(Fig. 4A). Glucose-6-phosphatase (G6Pase, which is encoded by G6PC) and
phosphoenolpyruvate carboxykinase (PEPCK, which is encoded by PCKZ1) are thought to be
the rate-limiting enzymes involved in hepatic gluconeogenesis, and FoxO1 and PGC-1a.
working in concert are required for robust induction of the genes encoding these enzymes
under fasting conditions (22-26). Cre recombinase—mediated deletion of B-catenin reduced
the MRNA abundance for both gluconeogenic enzymes in isolated primary hepatocytes (Fig.
4B). Similarly, overexpression of 3-catenin stimulated hepatocyte expression of both G6PC
and PCK1 (Fig. 4C). We next asked whether B-catenin was required for FoxO-dependent
expression of these two gluconeogenic enzymes. Although FoxO1 expression was sufficient
to stimulate both G6PC and PCK1 expression in control hepatocytes, we did not observe
any FoxO-dependent stimulation of expression of these genes in hepatocytes lacking f3-
catenin (Fig. 4D and fig. S5). Similarly, short hairpin RNA (shRNA)-mediated knockdown
of FoxO1 decreased B-catenin—stimulated expression of G6PC and PCK1 (fig. S6). Finally,
we directly measured hepatocyte glucose production in the setting of deletion or
overexpression of B-catenin. Deletion of B-catenin significantly reduced in vitro hepatic
glucose output, whereas overexpression resulted in increased production (Fig. 4E).

We next assessed the role of B-catenin in regulating the in vivo expression of G6PC and
PCKZ1. As observed in isolated hepatocytes, Cre-mediated deletion of B-catenin also resulted
in reduced in vivo expression of G6PC and PCK1 (Fig. 5A). Moreover, p-catenin
overexpression resulted in a potent in vivo stimulation of the expression of these enzymes
(Fig. 5B). Finally, chromatin immunoprecipitation (ChIP) analysis revealed a nutrient-
sensitive increase in the binding of B-catenin to the FoxO1 regulatory region of the
promoters for G6PC and PCK1 (Fig. 5C).

Whnt signaling is involved in the hepatic response to starvation

The above data suggest that -catenin is an important hepatic cofactor for the FoxO1-
dependent gluconeogenic response. However, it was unclear whether nutrient availability
could directly affect Wnt signaling pathways. We isolated the hepatic nuclear fraction from
wild-type mice under fed or fasting conditions. Although B-catenin was evident in the
nucleus under fed conditions, the overall amount of nuclear 3-catenin appeared to increase
after an overnight fast (Fig. 6A). In contrast, the total amount of p-catenin appeared to be
unaffected by nutrient status (Figs. 2E and 6B). Similarly, fasting led to an apparent increase
in the amount of the active, dephosphorylated form of B-catenin (Fig. 6B). Previous data
have demonstrated that multiple Wnt isoforms are present in the adult liver (40). We
analyzed the expression pattern of various Wnt isoforms present in adult liver under both fed
and starved conditions. Starvation increased the expression of most, but not all, of these Wnt
isoforms (Fig. 6C). Furthermore, increased Wnt3 or Wnt7a expression was sufficient to
stimulate B-catenin binding to the G6Pase promoter (fig. S7), and exogenous Wnt addition
increased the basal metabolism of isolated hepatocytes (fig. S8).

The oxidant-stimulated interaction between FoxO3a and B-catenin results in increased
expression of FoxO-regulated stress resistance genes and decreased TCF-dependent
transcription (33). This was attributed to competition between FoxO3a and TCF factors for a
limited pool of B-catenin. To assess whether a similar competition might exist in the starved
liver, we immunoprecipitated B-catenin from fed or starved liver and assessed the amount of
coprecipitating TCF4. Although the abundance of B-catenin and TCF4 did not apparently
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differ under fed and starved conditions, the amount of TCF4 that associated with B-catenin
appeared to decrease under starved conditions (Fig. 7A). A survey of six B-catenin and TCF
target genes revealed that most of these targets also exhibited a corresponding starvation-
induced decrease in expression (Fig. 7B). In contrast, under these conditions, starvation
increased the association of B-catenin with FoxO1 and increased FoxO-dependent gene
expression (Fig. 2D).

Deletion of B-catenin improves metabolic homeostasis in a diet-induced obesity model

Given that hepatic gluconeogenesis is deranged in diabetes, we next determined whether
selective interruption of hepatic Wnt signaling might provide a therapeutic advantage in a
model of glucose intolerance. We placed mice bearing floxed B-catenin alleles on a high-fat
diet. Ten weeks after being placed on such a diet, animals were randomized to receive tail
vein injection of replication-deficient adenoviruses encoding either Cre recombinase or
GFP. One week after injection, those animals that received Cre recombinase showed
improved overall glucose tolerance (Fig. 8A), which coincided with reduced hepatic
gluconeogenesis when assessed by a PTT (Fig. 8B).

DISCUSSION

Our data suggest that hepatic Wnt signaling is an important physiological regulator of
mammalian hepatic metabolism. Our models were transient overexpression of B-catenin or
the partial deletion of the floxed gene in adult animals, a strategy that avoids the
developmental effects of a liver-specific knockout (36) and the massive hepatomegaly and
death caused by continuous B-catenin activation (41). We demonstrate that B-catenin
regulated the localization and activity of FoxO1. Furthermore, p-catenin can modulate the
gluconeogenic response through regulation of the gluconeogenic enzymes G6Pase and
PEPCK. We also noted that nutrient availability modified hepatic expression of various Wnt
ligands. Further study is required to understand the basis and importance of the complex
pattern of induction and suppression of various Wnt ligands. Furthermore, although most of
our experiments have centered on the starved state, additional experiments delineating the
role of Wnt ligands under fed conditions or after other metabolic perturbations appear
warranted. To date, we cannot fully replicate the pattern of starvation-induced Wnt ligand
expression by simple glucagon stimulation of isolated hepatocytes (fig. S9). Nonetheless, it
is conceivable that circulating peptides such as glucagon or GLP-1 may exert part of their
biological effects through the regulation of Wnt expression or through the regulation of
hepatic B-catenin activity through non-classical pathways (42). Future experiments in which
specific Wnt isoforms expressed in the liver have undergone either a gain or a loss of
function may be useful in resolving some of these issues.

The observation that Wnt stimulation increases mitochondrial respiration in skeletal muscle
(20), coupled with our observation that exogenous Wnt can alter the metabolism of primary
hepatocytes (fig. S8), raises the possibility that Wnt signaling may regulate the basal
metabolism of other tissues. The range of metabolic activities regulated by Wnt signaling
does not appear to be confined to glucose and glycogen metabolism, because we have
observed that hepatic B-catenin activity affects lipid metabolism and hepatic triglyceride
concentrations (fig. S10). Whether these lipid alterations occur through FoxO1-dependent or
-independent pathways is unknown at this point. The overall scope of these metabolic
effects suggests that the capacity of -catenin to alter intracellular metabolism may be
essential for the observed phenotypic alterations induced by Wnt ligands in the context of
development and tumorigenesis. In particular, it is intriguing to speculate that the metabolic
effects described in this report may somehow relate to the link that we and others have made
regarding Wnt signaling in aging and senescence (43-45).
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Our data suggest that in the starved liver, B-catenin may increase its binding to FoxO1 while
decreasing its binding to the TCF family of transcriptional activators. This situation is
reminiscent of the previously described oxidant-stressed induced interaction of FoxO3a with
jB-catenin, in which expression of FoxO-regulated stress resistance genes increased, whereas
TCF-dependent transcription decreased (33). Thus, it may be that the binding partner and
transcriptional activity of B-catenin are altered during either redox or metabolic stress. The
molecular basis for how this shift occurs requires further study. Nonetheless, our data
suggest that nutrient status regulates whether B-catenin interacts with TCF or with FoxO1.
Although considerable caution regarding causality must be applied to any genetic
association study, these observations are at least provocative as to how variations in
TCF7L2 might contribute to diabetes (7). In addition, our observation demonstrating that
there is considerable cross-modulation between the Wnt and the insulin signaling pathways
provides additional insights regarding the potential role of the Wnt pathway in metabolic ho
meostasis. Further study is needed to understand how this cross-regulation is achieved,
although our in vivo glycogen synthesis results suggest that the activity of GSK-3p, a
molecule common to both pathways, may be a particularly important nodal point.

Finally, although Whnt signaling has been extensively studied in many diverse contexts, the
role of this pathway in metabolism has been largely ignored. Our observations that Wnt—-
catenin signaling affects hepatic glucose, glycogen, and lipid metabolism, as well as that
partial deletion of B-catenin improves metabolic homeostasis in a model of diet-induced
obesity, suggest that modulation of hepatic Wnt signaling may have therapeutic value.
Furthermore, given these observations, it will be of interest to test whether other pathways
that regulate stem and progenitor biology (such as Notch or transforming growth factor—)
may also be implicated in the regulation of intracellular metabolism.

MATERIALS AND METHODS

Cell culture and adenoviral infection

Primary mouse hepatocytes were isolated and cultured as previously described (46).
Hepal-6 hepatoma cells (American Type Culture Collection) were cultured in Dulbecco's
modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS). The adenoviruses
encoding GFP and Cre recombinase were obtained from the University of lowa Gene
Transfer Center. The adenovirus encoding for 3-catenin (Ad-pcat) was made by standard
methods with the AdEasy adenoviral vector system (Stratagene). Oxygen consumption was
assessed with a Seahorse XF24 analyzer as previously described (47).

In vivo mouse experiments

For the in vivo deletion or overexpression of p-catenin in liver, 1 x 109 plaque-forming units
(PFU) of adenoviruses encoding GFP, Cre recombinase, or B-catenin were injected into the
tail vein of 8- to 12-week-old floxed B-catenin mice (Jackson Labs). PTTs were routinely
performed 3 days after viral infusion for overexpression studies and 7 days after virus
delivery for loss-of-function studies. The test consisted of an intraperitoneal injection of 2 g
of sodium pyruvate per kilogram of body weight. All tests were conducted after overnight
fasting. Serum glucose measurements were made with a Contour glucometer, and insulin
concentration was determined with an Insulin Elisa kit (Crystal Chem Inc.). For the insulin
tolerance test (ITT), insulin was injected at 0.5 U per kilogram of body weight. Where
indicated, mice were placed on a high-fat diet (42% of calories from fat; Harlan Teklad) for
10 weeks before infusion of the indicated adenovirus. To determine the rate of glycogen
synthesis, we analyzed mice under hyperinsulemic-euglycemic clamp conditions. In brief,
after animals were starved for 5 hours, insulin was infused initially as a bolus of 16 mU/kg
over a period of 3 min, followed by continuous insulin infusion at a rate of 2.5 mU/kg per
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minute (Humulin R; Eli Lilly) to maintain a target plasma insulin concentration of ~2 ng/ml.
Simultaneously, a 20% glucose solution was infused at a variable rate to maintain plasma
glucose at ~140 mg/dl in control mice. Glycogen synthesis was estimated with a continuous
infusion of high-pressure liquid chromatography—purified [3-3H]glucose (0.1 pCi/min; NEN
Life Science Products) throughout the clamp and subsequent determination of 3H
incorporation into glycogen in both liver and skeletal muscle tissue as previously described
(48).

Protein-protein interactions

Liver samples were harvested in lysis buffer (150 mM NaCl, 20 mM tris-HCI, 0.5% Triton
X-100, and protease inhibitor cocktail). Protein lysates (2 mg) were then incubated as
indicated with antibodies for FoxO1 (Santa Cruz Biotechnology), PGC-1a (Santa Cruz
Biotechnology), or B-catenin (BD Pharmingen) along with protein A/G Sepharose beads at
4°C overnight. The following day, immunoprecipitates were washed with lysis buffer five
times, resolved by SDS-gel electrophoresis, and subsequently analyzed by Western blotting
using the above antibodies or, where indicated, an antibody recognizing the activated,
hypophosphorylated form of -catenin (Upstate Cell Signaling). Nuclear extracts were in
general assessed for equal protein loading with histone H3 (Abcam) as a loading control,
whereas whole-cell lysate loading was assessed with an antibody directed against actin (BD
Pharmingen). To determine the nutrient-sensitive change in the p-catenin—-TCF4 interaction,
we isolated liver samples of wild-type mice under fed or starved conditions. Samples were
lysed and 1 mg of protein liver lysate was immunoprecipitated with a B-catenin—-specific
antibody (BD Pharmingen) or an immunoglobulin G (IgG) nonspecific control antibody.
Immunoprecipitates were resolved on SDS—polyacrylamide gel electrophoresis (SDS-
PAGE), and coimmunoprecipitating TCF4 was analyzed by Western blotting with an
antibody recognizing TCF4 (Cell Signaling).

Immunofluorescence and nuclear fractionation

Isolated primary hepatocytes or cryosections of harvested liver were fixed with 4%
paraformaldehyde in phosphate-buffered saline (PBS) for 10 min and then rinsed three times
(5 min each wash) with PBS. Samples were then blocked with 0.5% bovine serum albumin
(BSA) and subsequently incubated with a FoxO1 or B-catenin antibody followed by a
fluorescently conjugated secondary antibody (Molecular Probes); nuclei were visualized by
DAPI (4',6-diamidino-2-phenylindole) staining. The hepatic nuclear fractions were prepared
with the Nuclear and Cytoplasmic Extraction Re-agent Kit (Pierce). Briefly, ~80 mg of liver
tissue was homogenized and lysed in the Cytoplasmic Extraction Reagent for 10 min and the
extract was subsequently centrifuged to separate a nuclear pellet from the cytoplasmic
supernatant. After washing, the nuclear pellet was resuspended into Nuclear Extraction
Reagent and lysed on ice for 40 min combined with 15 s of vortexing every 10 min. The
nuclear lysate was then centrifuged to obtain the nuclear extract (supernatant). Routinely, 50
ng of nuclear extract was used for SDS-PAGE and subsequent Western blotting.

Modulation of insulin signaling

For assessment of in vivo insulin signaling, mice with deletion or over-expression of -
catenin were assessed 5 min after intraperitoneal injection of either insulin (1 U/kg) or a
control injection of PBS. Harvested liver samples were stored in liquid nitrogen and
subsequently solubilized in lysis buffer. For detection of insulin signaling intermediates, 1
mg of liver protein lysate was used for immunoprecipitation with antibodies directed against
the insulin receptor (IR) B chain (Santa Cruz Biotechnology), IRS-1 (Santa Cruz
Biotechnology), or IRS-2 (Santa Cruz Biotechnology), respectively. After being washed five
times with lysis buffer, the protein A and/or G beads were boiled with 1x sample buffer at
95°C for 5 min and the immunoprecipitated proteins were subsequently loaded on SDS-
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PAGE gels. Phosphorylation of the IR, IRS-1, and IRS-2 was assessed with an anti-
phosphotyrosine antibody (Santa Cruz Biotechnology). Assessment of Akt and GSK-3f3
phosphorylation was measured directly by Western blotting and the use of phosphospecific
antibodies for Akt phosphorylated at Ser4’3 and GSK-3p phosphorylated at Ser? (Cell
Signaling).

Isolated hepatocyte assays

To determine expression of gluconeogenic enzymes in vitro, we isolated primary
hepatocytes from B-catenin flox/flox mice. These cells were subsequently infected with Ad-
GFP, Ad-Cre, or Ad-Bcat virus particles (25 PFU) as indicated. Thirty-six hours after
infection, cells were collected and gene expression was measured by quantitative reverse
transcription—polymerase chain reaction (RT-PCR) and the primer sets listed below. To
determine the requirement of B-catenin for FoxO-mediated gluconeogenic gene expression,
we isolated primary hepatocytes from B-catenin flox/flox mice. Isolated cells were infected
with 25 PFU of Ad-Cre or, as a control, 25 PFU of Ad-GFP. After 12 hours, cells were
reinfected with 25 PFU of Ad-FoxO1 adenovirus (a gift of D. Accili) or, as a control, a
similar amount of Ad-GFP virus. After an additional 24 hours, the hepatocytes were
trypsinized, and RNA was isolated for quantitative PCR analysis of gluconeogenic enzymes.
For the reciprocal experiment demonstrating a role for FoxO1 in B-catenin—-stimulated gene
expression, we used Hepal-6 cells. These cells were first infected with a shFoxO1 lentivirus
(Open Biosystems) or control shRNA virus and subsequently selected with puromycin (2
ug/ml). Knockdown of FoxO1 was confirmed by quantitative PCR analysis. Control or
FoxO1 knockdown cells were subsequently infected with Ad-Bcat or Ad-GFP virus (25
PFU). After 24 hours, cells were collected for RNA isolation and the expression of G6Pase
and PEPCK was quantified with quantitative RT-PCR.

For the in vitro assessment of glucose production, hepatocytes were isolated from B-catenin
flox/flox mice. These hepatocytes were subsequently infected with 25 PFU of Ad-GFP, Ad-
Cre, or Ad-fcat. After 20 hours, cells were switched to minimal medium (glucose-free
DMEM, 0.1% BSA, and 1 mM sodium pyruvate). After an additional 12-hour incubation in
minimal medium, cells were washed with PBS three times and then placed in glucose
production buffer (phenol red and glucose-free DMEM, 20 mM sodium lactate, and 2 mM
sodium pyruvate). After 4 hours, the supernatant was collected and the glucose
concentration was measured with the Glucose (GO) assay kit (Sigma).

FoxO reporter and ChlIP assay

Hepal-6 cells were seeded in 12-well plates 24 hours before transfection. In each well, 100
ng of a FoxO firefly luciferase reporter and 10 ng of a Renilla luciferase reporter were
transfected into cells along with constructs (2 pg) expressing p-catenin (Origene) and/or
FoxO1 (Addgene). One day after transfection, cells were collected for a luciferase assay
with the Dual-Luciferase Assay System (Promega). FoxO reporter activity was normalized
in each case to the internal Renilla control. For ChIP analysis, cells or liver samples were
fixed with formaldehyde, lysed, and sonicated with the Active Motif ChIP assay kit. Soluble
chromatin was immunoprecipitated with antibodies directed against B-catenin or RNA
polymerase 11. After de-cross-linking, DNA samples were used for quantitative PCR with
the following primers: G6PC: 5'-CCTTGCCCCTGTTTTATATGCC-3' and 5'-
CGTAAATCACCCTGAACATGTTTG-3'; PCK1: 5'-
AGGTAACACACCCCAGCTAAC-3"and 5-GGCTCTTGCCTTAATTGTCAG-3'. Values
were normalized to the signal obtained from RNA polymerase Il immunoprecipitation of the
ubiquitously expressed EF-1a gene according to the manufacturer's instructions (Active
Motif). Where indicated, primary hepatocytes were transfected with a Wnt3 expression
plasmid as previously described (43) or similarly with a plasmid encoding Wnt7a.
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Gene expression analysis

For in vivo gene expression analysis, cellular RNAs from liver samples were extracted with
the NucleoSpin RNA 11 RNA isolation kit (Macherey-Nagel) and then reverse-transcribed
into complementary DNA (cDNA) with the SuperScript 11 First-Strand Synthesis SuperMix
for gRT-PCR (Invitrogen). PCRs were set up with the SYBR Green PCR Master Mix
(Applied Biosystems). Primers used for Wnt isoforms in liver were as follows: WNT1: 5'-
ATCCATCTCTCCCACCTCCT-3' and 5-AGCAACCTCCTTTCCCACTT-3"; WNT2: 5-
AGAGTGCCAACACCAGTTCC-3' and 5-TACAGGAGCCACTCACACCA-3'; WNT3A:
5-GCGGGCATCCAGGAGTGCCAG-3' and 5-CTCTGCACAGGAGCGTGTCAC-3;
WNT4: 5-GAGAAGTGTGGCTGTGACCGG-3' and 5'-
ATGTTGTCCGAGCATCCTGACC-3'; WNT5A: 5'-TGACAACTGGCAGAAAAACAA-3
and 5'-TCCCTGAATGGAACAACAAA-3’; WNT5B: 5'-
GCAGTTGACCTGACCTGCTA-3' and 5-TTCTGTCACCTGCTACAGCC-3'; WNT7A:
5-CCAAATGGGCCTGGACGAGTG-3' and 5'-CCGGTGGTACTGGCCTTGCTT-3';
WNT7B: 5-TCTCTGCTTTGGCGTCCTCTAC-3' and 5'-
GCCAGGCCAGGAATCTTGTTG-3'; WNT9B: 5-GGGTGTGTGTGGTGACAATC-3' and
5-TCCAACAGGTACGAACAGCA-3’; WNT10A: 5-
GGCGCTCCTGTTCTTCCTACTGCT-3' and 5'-
GATAGCAGAGGCGGCCACGTCAGG-3'; WNT11: 5'-
CTGAATCAGACGCAACACTGTAAAC-3 and 5'-
CTCTCTCCAGGTCAAGCAGGTAG-3'.

Assessment of glucagon-mediated Whnt gene expression was performed in primary
hepatocytes that were serum-starved overnight. Cells were stimulated with glucagon (100
nM) for 2 hours before RNA isolation and subsequent Wnt isoform analysis.

For the analysis of both G6Pase and PEPCK, the following primers were used: G6PC: 5'-
ATGAACATTCTCCATGACTTTGGG-3 and 5'-
GACAGGGAACTGCTTTATTATAGG-3'; PCK1: 5'-
CATAACGGTCTGGACTTCTCTGC-3" and 5'-
GAATGGGATGACATACATGGTGCG-3'.

For Whnt target gene analysis, the following primers were used: AXIN2: 5'-
AACCTATGCCCGTTTCCTCT-3' and 5-CTGGTCACCCAACAAGGAGT-3’; CD1: 5'-
TCTCCTGCTACCGCACAAC-3' and 5-TTCCTCCACTTCCCCCTC-3'; MYC: 5'-
CTAGTCCGACCAGCGTCAC-3' and 5'-GTACCCCAATCCTGAACCAC-3’; DKK1: 5'-
GAGGGGAAATTGAGGAAAGC-3'and 5-GCAGGTGTGGAGCCTAGAAG-3’; FRZB:
5-TCCAACAAGTGATCCGAGCG-3' and 5-CTCCATACAATTGTAAGCCG-3"; WISP2:
5-ATACAGGTGCCAGGAAGGTG-3' and 5'-CAAGGGCAGAAAGTTGGTGT-3'.

Analysis of gene expression in lipid metabolism was achieved with the following primers:
CPT1A: 5-TGCACTACGGAGTCCTGCAA-3' and 5-
GGACAACCTCCATGGCTCAG-3’; ACOX1: 5-GCCTGCTGTGTGGGTATGTCATT-3’
and 5'-GTCATGGGCGGGTGCAT-3'; ACCAL: 5-ATGCTTCCATGCTGAGATTGT-3’
and 5'-TCCATCCTTGAAGGCAGGCTT-3'.

All gene expression results were normalized to an internal control with the following primer

set: ACTAL: 5-TGGCATTGTTACCAACTGGGACG-3" and 5'-
GCTTCTCTTTGATGTCACGCACG-3'.
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Statistical analysis

For experiments with multiple comparisons, data were first analyzed by analysis of variance
(ANOVA) with Bonferroni correction. For single comparisons, a Student's t test was
performed on data before normalization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Regulation of hepatic glucose metabolism by B-catenin. (A) Western blot analysis for -
catenin abundance from various tissues 7 days after tail vein infusion of adenoviruses
encoding either Cre recombinase or a GFP control. Shown are protein lysates obtained from
two representative mice for each condition from one of three similar experiments. (B) Serum
glucose concentrations in 3-catenin floxed mice previously infected with an adenovirus
encoding GFP or Cre recombinase. Fasting was for 5 hours. n = 8 mice per condition. *P <
0.05, Student's t test. (C) Hepatic gluconeogenesis as assessed by pyruvate tolerance tests
(PTTSs) in control or B-catenin— deleted (Cre) mice. n = 8 mice per group. *P < 0.05,
ANOVA with Bonferroni correction. (D) PTT in control GFP-infected mice or in mice
overexpres-sing B-catenin. n = 4 mice per group. *P < 0.05, ANOVA with Bonferroni
correction.
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Fig. 2.

Interaction of FoxO1 with B-catenin. (A) Primary hepatocytes isolated from p-catenin floxed
mice were infected with the indicated adenoviruses, and FoxO1 subcellular localization was
subsequently assessed by indirect immunofluorescence. (B) In vivo localization of FoxO1
was determined in mice previously infected with the indicated adenoviruses and starved
overnight. The Ad-Bcat vector is a bicistronic construct that also encodes GFP. (C) Western
blot analysis for the abundance of nuclear FoxO1, PGC-1a, and B-catenin. Nuclear fractions
were prepared from mice previously infected with the indicated adenoviruses. Histone H3
was used as a loading control for nuclear proteins and actin as a control for the total hepatic
lysate. (D) Lysates were prepared from whole livers of either fed mice or animals starved for
18 hours. Equal amounts of protein were immunoprecipitated (IP) with an antibody directed
against p-catenin or with a control 1gG serum, and the amount of coprecipitating FoxO1 was
assessed by Western blot (WB) analysis. (E) Nutrient-sensitive protein interactions in fed
and fasted livers observed between B-catenin and both FoxO1 and PGC-1a. Scale bar in
immunohistochemical panels, 20 um. All Western blots are representative of experiments
that were performed at least three times.
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Fig. 3.

B-Catenin modulates in vivo hepatic insulin signaling. (A) Assessment of IRS-1 and IRS-2
abundance and tyrosine phosphorylation in GFP control animals or Ad-Cre—infected mice (n
= 3). Deletion of p-catenin results in higher basal tyrosine phosphorylation of IRS-1 and
IRS-2. (B) Analysis of phosphorylation of Akt Ser*’3 and GSK-3p Ser® under basal
conditions or 5 min after insulin injection. Signaling was assessed in control GFP mice (n =
4 mice; 2 insulin-stimulated) or a similar number of Ad-Cre—infected animals. (C) Influence
of B-catenin overexpression on in vivo insulin signaling. Insulin-stimulated tyrosine
phosphorylation of the insulin receptor B chain (IRpB) and serine phosphorylation of GSK-3p
were reduced in mice that overexpressed p-catenin. (D) In vivo assessment of de novo
glycogen incorporation in control (GFP) or B-catenin-overexpressing mice. Both hepatic
and skeletal muscle glycogen syntheses were assessed. n = 8 mice per group. All Western
blots are representative of experiments that were performed at least three times. *P < 0.05,
Student's t test. NS, not significant.
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Fig. 4.

B-Catenin regulates in vitro transcription of two hepatic gluconeogenic enzymes and glucose
production. (A) The hepatoma cell line Hepal-6 was transiently transfected with expression
plasmids encoding FoxO1, B-catenin, or empty vector (—). The activity of a FoxO-dependent
luciferase promoter construct was normalized to an internal Renilla control reporter. Shown
is one experiment performed in triplicate that is representative of at least three similar
experiments. (B) Hepatocytes isolated from p-catenin flox/flox mice were infected with Ad-
GFP or Ad-Cre, and the expression of G6PC and PCK1 was determined. n = 6 mice per
group. (C) Primary mouse hepatocytes were infected with Ad-GFP or Ad-fcat, and G6PC
and PCK1 expression was assessed. n = 6 mice per group. (D) Primary hepatocytes were
isolated from (-catenin flox/flox mice and subsequently infected with Ad-Cre or the control
Ad-GFP. Hepatocytes were then reinfected with an adenovirus encoding FoxO1, and G6PC
gene expression was assessed. The deletion of B-catenin reduces FoxO1-stimulated gene
expression. n = 6 mice per group. (E) Hepatic glucose production from primary hepatocytes
obtained from B-catenin flox/flox mice that were infected with adenoviruses encoding GFP,
Cre recombinase, or B-catenin. n = 6 mice per group. Inset shows corresponding B-catenin
protein abundance.
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Fig. 5.

In vivo regulation of the gluconeogenic program by bcatenin. (A) Relative expression of
G6PC and PCK1 after in vivo deletion of hepatic B-catenin. n = 3; triplicate determinations
from three animals in each group. (B) Expression of G6PC and PCK1 3 days after delivery
of either a control or a B-catenin—expressing adenovirus. n = 4; triplicate determinations
from four mice per group. (C) ChIP assay demonstrating increased in vivo -catenin binding
to the G6PC and PCK1 promoter after mice were fasted for 18 hours. n = 6 mice per
condition. *P < 0.05, Student's t test.
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Fig. 6.

Whnt activity is regulated by nutrient status. (A) p-Catenin abundance observed in hepatic
nuclei isolated from pairs of fed or starved mice. Numerical values represent the arbitrary
ratio of nuclear p-catenin to histone H3 abundance.(B) Abundance of active -catenin in fed
and fasting livers. Total B-catenin was immunoprecipitated from equal amounts (2 mg) of
hepatic protein lysate and then assessed by Western blot (WB) analysis using an antibody
that recognizes the active (hypophosphorylated) form of p-catenin. All Western blots are
representative of experiments that were performed at least three times. (C) In vivo
expression of various Wnt ligands under fed and starved conditions. n = 3 to 4 mice per
condition, each assessed in triplicate. *P < 0.05, Student's t test.
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Fig. 7.

Starvation alters p-catenin binding to TCF4. (A) Hepatic lysates were prepared from fed or
starved mice to assess the interaction of B-catenin with TCF4. Lysates were
immunoprecipitated with a B-catenin antibody or an 1gG control serum. Interaction of -
catenin with TCF4 was determined by immunoprecipitation of -catenin followed by
Western blot analysis of TCF4. Although the abundance of B-catenin and TCF4 was not
altered by starvation, the interaction of -catenin with TCF4 was reduced under starved
conditions. TCF4 appeared as a long and a short isoform in hepatic lysates, of which only
the long form appeared to interact strongly with g-catenin. (B) Analysis of known Wnt
target genes under fed or starved conditions. Consistent with the decline in TCF4 binding,
most previously identified B-catenin/TCF4 targets decreased in expression under starved
conditions. n = 4 to 6 determinations per gene. *P < 0.05, Student's t test.
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Deletion of B-catenin improves glucose homeostasis in a model of diet-induced obesity. (A)
Glucose tolerance test of B-catenin floxed mice on a high-fat diet randomized to tail vein
injection of adenoviruses encoding Cre recombinase or GFP. (B) PTT of control mice or
mice with Cre recombinase—mediated deletion of 3-catenin. n = 6 mice per group. *P < 0.05
by ANOVA with Bonferroni correction.
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