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Abstract

Lineage allocation of the marrow mesenchymal stem cells (MSCs) to osteoblasts and adipocytes is dependent on both Wnt
signaling and PPARc2 activity. Activation of PPARc2, an essential regulator of energy metabolism and insulin sensitivity,
stimulates adipocyte and suppresses osteoblast differentiation and bone formation, and correlates with decreased bone
mass and increased fracture rate. In contrast, activation of Wnt signaling promotes osteoblast differentiation, augments
bone accrual and reduces total body fat. This study examined the cross-talk between PPARc2 and b-catenin, a key mediator
of canonical Wnt signaling, on MSC lineage determination. Rosiglitazone-activated PPARc2 induced rapid proteolytic
degradation of b-catenin, which was prevented by either inhibiting glycogen synthase kinase 3 beta (GSK3b) activity, or
blocking pro-adipocytic activity of PPARc2 using selective antagonist GW9662 or mutation within PPARc2 protein.
Stabilization of b-catenin suppressed PPARc2 pro-adipocytic but not anti-osteoblastic activity. Moreover, b-catenin
stabilization decreased PPARc2-mediated insulin signaling as measured by insulin receptor and FoxO1 gene expression, and
protein levels of phosphorylated Akt (pAkt). Cellular knockdown of b-catenin with siRNA increased expression of adipocyte
but did not affect osteoblast gene markers. Interestingly, the expression of Wnt10b was suppressed by anti-osteoblastic, but
not by pro-adipocytic activity of PPARc2. Moreover, b-catenin stabilization in the presence of activated PPARc2 did not
restore Wnt10b expression indicating a dominant role of PPARc2 in negative regulation of pro-osteoblastic activity of Wnt
signaling. In conclusion, b-catenin and PPARc2 are in cross-talk which results in sequestration of pro-adipocytic and insulin
sensitizing activity. The anti-osteoblastic activity of PPARc2 is independent of this interaction.
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Introduction

Regulation of marrow MSC fate toward adipocyte or osteoblast

lineage involves multiple mechanisms including modulation of

lineage-specific transcription factors [1]. Such modulation may

comprise of direct interactions between transcription factors and

their co-modulators, which is often coordinated by changes in the

activity of signaling pathways. The example of such interaction

includes regulation of Wnt signaling and PPARc2 activity.

PPARc nuclear receptor is an essential regulator of energy

metabolism and a key transcription factor for adipocyte differen-

tiation [2]. The transcriptional activity of PPARc is controlled by

binding of lipophilic ligands to the ligand binding pocket. The

natural ligands consist of polyunsaturated fatty acid derivatives

and eicosanoids [2]. Synthetic ligands include a class of

antidiabetic drugs, thiazolidinediones (TZDs), which bind to

PPARc with high affinity, activate its adipogenic activity, and

act as insulin sensitizers [2]. PPARc protein is expressed in mice

and humans as two different isoforms, PPARc1 and PPARc2, due
to alternative promoter usage and alternative splicing [3]. In mice,

PPARc2 differs from PPARc1 by the presence of 30 amino acids

(28 amino acids in humans) located at the N-teminus of the AF-1

domain. PPARc1 is ubiquitously expressed, whereas PPARc2
expression is restricted to adipocytes, including marrow adipocytes

[2,4]. Although both isoforms have overlapping transcriptional

activities, PPARc2 seems to be more specific for lipids and

carbohydrates metabolism. The most common PPARc poly-

morphism (Pro12Ala), which is associated with alterations of

physiological metabolic status, is located in the unique AF-1

domain of PPARc2 protein [5], and PPARc2 but not PPARc1
can restore adipocytic differentiation in cells previously ablated

from both PPARc isoforms [6,7]. The studies of the PPARc role in
marrow MSCs differentiation suggest PPARc2 function in

commitment to adipocyte lineage, while PPARc1 in control of

osteoblast differentiation and production of mineralized matrix

[4,8,9].

PPARc2 expression and activity increases in marrow MSCs

with aging and upon treatment with TZDs, and it correlates with

decreased number of osteoblasts and decreased bone formation,

and increased number of adipocytes and accumulation of fat in the
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bone marrow [10,11]. In contrast, insufficiency in PPARc activity

in MSCs leads to increased number of osteoblasts and increased

bone mass, and decreased adipocyte number and fat accumulation

in the bone marrow [12,13]. In vitro studies suggest a role for

PPARc2 isoform in commitment of marrow MSCs to adipocytic

lineage at the expense of osteoblastic lineage [4,14]. An analysis of

PPARc2 transcriptome of U-33/c2 cells, which represent a model

of MSC differentiation under the control of PPARc2, showed that

its activation with TZD rosiglitazone (Rosi) leads to simultaneous

induction of adipocytic and suppression of osteoblastic gene

expression, including suppression of multiple members of Wnt

signaling pathway [14]. Although Rosi activates both pro-

adipocytic and anti-osteoblastic properties of PPARc2, these

activities can be separated by using ligands of different chemical

structures, as we have demonstrated previously [15,16]. Indeed,

the possibility to separate different activities of PPARc by

manipulating with its phosphorylation status has been recently

demonstrated in respect to PPARc anti-diabetic and pro-

adipocytic properties. Insulin-sensitizing activity requires blocking

phosphorylation of serine 273 [17], while pro-adipocytic activity

requires dephosphorylation of serine 112 within PPARc protein

[18,19]. However, the mechanism by which PPARc2 acquire anti-
osteoblastic activity is not yet elucidated.

Osteoblast differentiation is regulated by a number of osteo-

genic pathways, including Wnt signaling [20]. Binding of Wnt

glycoprotein ligands to LDL-related protein 5/6 (Lrp5/6) and

Frizzled (Fzd) co-receptors triggers release of b-catenin from

protein degradation complex, its translocation to the nucleus and

activation of TCF/LEF transcriptional complex, which facilitates

the expression of canonical Wnt-controlled genes regulating cell

proliferation and differentiation [21]. The association between

naturally occurring mutations in human Lrp5 receptors and high

or low bone mass phenotype demonstrates an essential role of Wnt

signaling in the regulation of the skeletal homeostasis [20,22,23].

However, the phenotypes of mice with genetically altered

components of canonical signaling, including b-catenin and

Wnt10b, point toward an interesting phenomenon that different

members of the canonical Wnt pathway have distinct effects on the

skeleton [24–29]. Moreover, they indicate that the same protein

may have different functions during MSC differentiation. For

example, b-catenin ablation in early mesenchymal progenitors has

deleterious effects on skeletal development due to suppressed

osteoblast differentiation [25,30], whereas its ablation in lineage

committed osteoblasts increases support for osteoclastogenesis

without affecting osteoblastic bone formation [24,28].

b-Catenin-mediated Wnt signaling requires interaction with

other transcriptional regulators. Besides TCF/LEF complex, b-
catenin may interact with a number of transcription factors and

nuclear receptors including PPARc [31–33]. The interaction

between both proteins is facilitated through TCF/LEF binding

domain of b-catenin and helices 7 and 8 of PPARc [33,34]. It has

been demonstrated that pro-adipocytic activity of PPARc leads to

b-catenin dissociation from the complex and its subsequent

degradation [33].

Differentiation of marrow MSCs towards osteoblasts relies on

functional Wnt10b/b-catenin canonical signaling [35,36], while

their differentiation to adipocytes requires PPARc2 [4,12].

Wnt10b/b-catenin signaling suppresses PPARc2 activity and

adipogenesis, while PPARc2 suppresses Wnt10b/b-catenin sig-

naling and osteoblastogenesis, suggesting fully reciprocal commu-

nication between PPARc2 and canonical Wnt signaling [15,35].

However, selective activation of PPARc2 anti-osteoblastic prop-

erties leads to suppression of Wnt10b expression, while selective

activation of PPARc2 pro-adipocytic properties does not affect

Wnt10b expression [15]. This suggests a possibility that the cross

talk between these two regulatory pathways may not be fully

reciprocal and may rely in part on a different mechanism, which

can be manipulated to advantage one of the MSC phenotypes.

Indeed, it has been demonstrated that Wnt signaling, indepen-

dently of b-catenin activity, may silence PPARc expression by

phosphorylation of histone lysine methyltransferase and recruit-

ment the corepressor complex to PPARc promoter region [37,38].

In this study, we demonstrate that PPARc2 pro-adipocytic and

pro-insulin signaling activities require degradation of b-catenin
protein and that the degradation of b-catenin does not directly

affect anti-osteoblastic activity of PPARc2. This activity rather

depends on Wnt10b, which is under negative control of PPARc2
and under positive, PPARc2-independent, control of b-catenin.

Materials and Methods

Reagents and Antibodies
Specific reagents for this study were obtained from the following

sources: MEM-a medium (Invitrogen, Carlsbad, CA), DMEM

medium and fetal bovine serum (Hyclone, Logan, UT), G418

(Sigma-Aldrich, St. Louis, MO), protease inhibitor (Thermo

Scientific, Rockford, Il), phosphatase inhibitor (Roche, Man-

nheim, Germany), Opti-MEM, Lipofectamine, and Plus Reagent

(Invitrogen), rosiglitazone (Tularik, Inc., San Francisco, CA),

GW9662 (GlaxoSmithKline, King of Prussia, PA). The following

primary antibodies were used: anti-b-catenin (cat.# 610153, BD

Biosciences, San Jose, CA), anti-b-actin (cat.# A1978, Sigma-

Aldrich, St. Louis, MO), anti-Akt and anti-phospho-Akt (cat.#
9272 and cat.# 9271, Cell Signaling Technology, Beverly, MA)

anti-PPARc (cat.# sc-22020 and sc-7196, Santa Cruz Bio-

technology, Santa Cruz, CA). The following secondary antibodies

were used: goat anti-mouse IRDye 800CW and donkey anti-goat

IRDye 600 (cat.# 926-32210 and cat.# 926-32224, LI-COR

Biosciences, Lincoln, NE), chicken anti-goat Alexa Fluor 594 and

goat anti-mouse Alexa Fluor 488 (cat.# A21468 and cat.#
A11001, Invitrogen), goat serum (Vector Laboratories, Burlin-

game, CA). b-Catenin-specific siRNA containing a mixture of four

different 20–25 nt oligonucleotides was purchased from Santa

Cruz Biotechnology. The following kits were used; BCA Protein

Assay (Thermo Scientific), RNeasy Mini (Qiagen, Valencia, CA),

DNase I (Invitrogen), iScript cDNA synthesis (Biorad, Hercules,

CA), QuikChange Site-Directed Mutagenesis (Stratagene, La

Table 1. Transcript levels for b-catenin and Wnt10b during
treatment with 1 mM Rosi.

Gene Fold Change (Rosi vs.Vehicle)

2 h 4 h 6 h 12 h 24 h 48 h 72 h

b-catenin NC NC NC NC NC 22.1 23.4

Wnt10b NC NC 23.5 27.4 252.5 240.7 2120.1

U-33/c2 cells were seeded on 6-well plates at the 16104 cells/cm2 density in
triplicates and 24 h later media was changed to either 1 mM Rosi supplemented
or, as a vehicle, DMSO supplemented. RNA was isolated at the indicated time
points from the beginning of treatment. The expression of b-catenin and
Wnt10b after Rosi treatment were calculated as fold change as compared to the
levels of these transcripts in a parallel culture of vehicle treated cells at the same
time points. NC indicates that the tested gene expression in Rosi-treated cells
was not significantly different from the expression of this gene in vehicle-
treated control. Numbers indicate significant (p,0.05) fold change in transcript
levels of tested genes in Rosi-treated vs. vehicle-treated cells.
doi:10.1371/journal.pone.0051746.t001

b-Catenin Regulates PPARc2 Activity
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Jolla, CA), Power SYBR Green PCR Master Mix (Applied

Biosystems, Carlsbad, CA), Dual Luciferase Reporter Assay

System (Promega, Madison, WI), Cell Titer 96 AQueous Non-

Radioactive Cell Proliferation Assay (Promega). All other

chemicals and reagents were purchased from Sigma-Aldrich.

Plasmids
Luciferase gene reporter constructs, TOP-Flash and FOP-Flash

(Millipore, Billerica, MA), were used to measure b-catenin
transcriptional activity. The TOP-Flash construct contains three

copies of the TCF/LEF sites, whereas FOP-Flash has mutated

copies of TCF/LEF sites and is used as a control for measuring

nonspecific activation of the reporter. b-Catenin expression

plasmid constructed on a pSPORT6 vector backbone was

purchased from Invitrogen. pEF-PPARc2 expression construct,

a kind gift from Dr. J. Gimble (Pennington Institute, LA), was

generated by cloning PPARc2 cDNA into pEF-BOS expression

vector downstream of the translation elongation factor 1a (EF-1a)
promoter sequence, which permits the levels of ectopically

expressed transcript to be within the physiological range (Figure

S1A and B) [39]. PPARc transcriptional activity was measured

using p2AOx construct which has inserted two tandem copies of

the rat PPRE sequence specific for acyl-CoA promoter region into

pCPSluc vector [40]. Site-directed mutagenesis of the D409

residue of the ligand binding domain (LBD) of PPARc2 was

performed using the following primers: forward 59-GCA CTG

GAA TTA GAT GCC AGT GAC TTG G- 39 and reverse 59-

CCA AGT CAC TGG CAT CTA ATT CCA GTG C-39. The

accuracy of the introduced mutation was confirmed by DNA

sequencing.

Cell Lines and Cell Culture Conditions
Murine marrow-derived U-33 cells represent a clonal cell line

spontaneously immortalized in the long term bone marrow culture

Figure 1. Rosi-mediated activation of PPARc2 degrades the pool of active, protein-unbound b-catenin. A. Western blot analysis of
protein-unbound (Active) and protein-bound (Inactive) fractions of b-catenin isolated from U-33/c2 cells treated with either vehicle (DMSO) or 1 mM
Rosi for 1 h. Protein loading per lane: 3 mg of protein-bound and 50 mg of protein-unbound fraction. B. Relative expression of b-catenin mRNA
analyzed after 1 h treatment of U-33/c2 cells with either vehicle or 1 mM Rosi. C. Western blot analysis of total b-catenin protein levels isolated from
U-33/c cells and U-33/c2 cells treated with either vehicle or 1 mM Rosi for 72 h. Each lane was loaded with 50 mg of total protein lysate. D. Relative
expression of b-catenin mRNA analyzed in U-33/c and U-33/c2 cells after 72 h treatment with either vehicle or 1 mM Rosi. Gene expression is
presented as fold difference as compared to levels of b-catenin transcript in vehicle treated U-33/c cells (* p,0.05). E. Immunofluorescent
visualization of b-catenin and PPARc2 proteins in untreated U-33/c2. V – vehicle; R – Rosi; A – active; I – inactive.
doi:10.1371/journal.pone.0051746.g001
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[4]. In basal conditions, the U-33 cells display both pre-

osteoblastic phenotype characterized by high alkaline phosphatase

enzyme activity and expression of osteoblast-specific gene markers,

and preadipocytic phenotype as assessed by levels of expression of

adipocyte-specific gene markers [4]. To study the effect of

adipocyte-specific transcription factor PPARc2 on marrow MSC

differentiation, U-33 cells were stably transfected with either pEF-

PPARc2 expression construct (referred to as U-33/c2 cells) or an

empty vector pEF-BOS (referred to as U-33/c cells) as described

previously [4]. U-33/c2 and U-33/c cells were maintained in

MEM-a supplemented with 10% FBS, 1% penicillin/streptomy-

cin solution (Invitrogen), and 0.5 mg/ml G418 for positive

selection of transfected cells. The human kidney HEK293 cells

were grown in high glucose DMEM supplemented with 10% FBS

and 1% penicillin/streptomycin solution. All cultures were grown

at 37C in a humidified atmosphere containing 5% CO2.

Protein Isolation, Fractionation, and Western Blot
Analysis
Cell lysate fractionation was performed as described previously

[41]. In brief, cells were washed with PBS and scraped into

hypotonic lysis buffer (10 mM Tris-HCl pH 7.5, 140 mM NaCl,

5 mM EDTA, 2 mM dithiothreitol, and protease inhibitors),

homogenized, and spun at 1,0006g for 10 min at 4C to pellet

down nuclei. The remaining supernatant was centrifuged at

100,0006g for 90 min at 4C to yield the high molecular weight

protein fraction containing b-catenin bound to the destruction

complex (protein-bound or transcriptionally inactive b-catenin)
and the cytosol fraction containing b-catenin released from the

complex (protein unbound or transcriptionally active b-catenin).
For whole cell lysis, cells were scraped into lysis buffer (50 mM

Tris-HCl pH 7.5, 150 mM NaCl, 0.5% NP-40, 50 mM NaF, and

protease inhibitors) and spun at 7,0006g for 5 min to remove cell

debris. For detection of phospho-proteins, cells were scraped into

the same lysis buffer and subjected to 5-sec freeze/thaw three

times prior to centrifugation at 12,0006g for 5 min. Protein

concentration was measured using BCA Protein Assay kit and

proteins were separated on 10% SDS-PAGE. For detection of

proteins, the following antibodies were used: PPARc (1:167), b-
catenin (1:1000), Akt (1:1000), phospho-Akt (1:1000), and b-actin
(1:5000). Proteins were visualized using Odyssey Infrared Imaging

System (LI-COR Biosciences) after incubation with IR-Dye-

conjugated secondary antibodies at dilution of 1:10,000. A relative

quantity of proteins was determined by densitometric measure-

Figure 2. GSK3b antagonist LiCl protects b-catenin protein from PPARc2-mediated degradation and preserves b-catenin
transcriptional activity. U-33/c2 cells were treated with either vehicle, 1 mM Rosi, 10 mM LiCl, or in combination for 72 h. A. Western blot
analysis of total levels of b-catenin protein. b-actin was used as a loading control. Each lane was loaded with 50 mg of total protein lysate. B. Relative
expression of b-catenin mRNA as compared to vehicle treated cells. C. Immunocytochemistry of b-catenin protein. Green: b-catenin; purple: DAPI
staining of nuclei. D. Percentage of b-catenin positive cells (T) and cells positive for b-catenin in the nucleus (N). E. Transcriptional activity of b-catenin
measured in U-33/c2 cells treated as above for 48 h using TOP-Flash construct in luciferase gene reporter assay. Promoter activity of firefly luciferase
was normalized to renilla luciferase which was used as a transfection control (* p,0.05). V – vehicle; R – Rosi; L – LiCl; L+R or LR – LiCl+Rosi.
doi:10.1371/journal.pone.0051746.g002

b-Catenin Regulates PPARc2 Activity

PLOS ONE | www.plosone.org 4 December 2012 | Volume 7 | Issue 12 | e51746



ments of adequate bands using ImageJ (NIH, Bethesda, MD) and

values corresponding to fold change in protein expression after

normalization to b-actin levels are presented at the bottom of each

Western blot image.

Immunocytochemistry
U-33/c2 cells were briefly washed with PBS buffer and

permeabilized by incubating with ice cold methanol for 10 min.

After washing, cells were blocked using 5% goat serum in 0.2%

Triton-X for 1 h and incubated with mouse anti-b-catenin (1:50)

and/or goat anti-PPARc2 (1:50) diluted in 5% goat serum

containing 0.1% Triton-X for 1 h at room temperature. To

visualize b-catenin and PPARc2 cells were incubated with either

goat anti-mouse Alexa Fluor 488 or chicken anti-goat Alexa Fluor

594 respectively for 1 h at room temperature. As a negative

control, cells were incubated with Alexa Fluor antibodies without

prior incubation with primary antibodies. Finally, the cells were

mounted using Prolong Gold anti-fade reagent with DAPI

(Invitrogen). Images were taken within 24–48 h after immunos-

taining.

Quantitative Real-time RT-PCR Analysis
Total RNA was extracted using RNeasy Mini kit. Its purity and

concentration were determined using Agilent 2100 Bioanalyzer

(Agilent Technologies, Santa Clara, CA). After DNase treatment,

0.75mg of RNA was converted to cDNA using the iScript cDNA

synthesis kit. The amount of cDNA corresponding to 7.5 ng of

RNA was used for each reaction containing Power SYBR Green

mix and was processed using StepOne Plus System (Applied

Biosystems, Carlsbad, CA). Relative gene expression was de-

termined by the DD-Ct method using 18S RNA levels for

normalization. Primers were designed using Primer Express 3.0

software (Applied Biosystems). All primers used in this study are

listed in Table S1.

b-Catenin Knockdown using siRNA
U-33/c2 cells (16105 cells) were transfected with 200 ng of b-

catenin siRNA or nonspecific random siRNA as a negative control

using Lipofectamine 2000. Seventy two hours after transfection,

total RNA and protein were extracted and analyzed for b-catenin
knockdown and expression of target genes.

Luciferase Gene Reporter Assay
b-Catenin transcriptional activity was measured in U-33/c2

cells. Cells were seeded in a 24-well plate at the 16104 cells/cm2

density and transfected with 0.3 mg of either TOP-Flash or FOP-

Flash plasmid. Twenty four hours later, cells were treated with

either 1 mM Rosi, 10 mM LiCl, 10 mM GW9662, or a combina-

tion of Rosi with either LiCl or GW9662 for 48 h and luciferase

activity was measured using Dual Luciferase Reporter Assay

System. Transcriptional activites of PPARc2 constructs were

measured in Hek293 cells. Cells were seeded in a 24-well plate at

the 96104 cells/cm2 density and transfected with 0.2 mg of either

pEF-BOS empty vector or non-mutated or mutated pEF-PPARc2
expression plasmids, mixed with 0.2 mg of either pSPORT6 empty

vector or pSPORT6 expression plasmid containing wild type b-

Figure 3. Stabilization of b-catenin suppresses pro-adipocytic activity of PPARc2 and impairs insulin signaling in U-33/c2 cells. U-33/
c2 cells were treated for 72 h with either vehicle, 1 mM Rosi, 10 mM LiCl, or in combination. A. Adipocyte differentiation was assessed by measuring
the number of Oil Red O positive cells. B–E. Relative expression of adipocyte-specific gene markers (FABP4/aP2 and Cidec) and insulin signaling gene
markers (FoxO1 and insulin receptor). Fold change in transcript levels was calculated as compared to vehicle treated cells. F. Western blot analysis of
status of Akt posphorylation detected in whole cell lysates using pAkt- and Akt-specific antibodies. Changes in transcript levels and protein levels
were calculated as fold as compared to vehicle treated cells. Each lane was loaded with 50 mg of total protein lysate. Statistically significant
differences are shown between Rosi-treated samples and samples receiving combined treatment (* p,0.05). V – vehicle; R – Rosi; L – LiCl; L+R or LR –
LiCl+Rosi.
doi:10.1371/journal.pone.0051746.g003
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PLOS ONE | www.plosone.org 5 December 2012 | Volume 7 | Issue 12 | e51746



catenin. All transfection mixtures contained 0.2 mg of p2AOx

luciferase reporter construct and 0.02 mg of renilla reporter

construct for normalization of transfection efficiency. Twenty four

hours after transfection, cells were treated with 1 mM Rosi for the

next 24 h and luciferase activity was measured.

Analysis of Adipocyte and Osteoblast Differentiation of
U-33/c2 cells
For adipogenesis assay, U-33/c2 cells were seeded in 6-well

plate at the 16104 cells/cm2 density. Twenty four hours later,

they were treated with either 1 mM Rosi, 10 mM LiCl, 10 mM
GW9662 or a combination of Rosi with either LiCl or GW9662

for 3 days. Lipid accumulation was assessed using Oil Red O

staining [15]. For analysis of osteoblast differentiation, the U-33/

c2 cells were seeded in 96-well plate at the 16104 cells/cm2

density. After 24 h of growth, they were treated with either 1 mM
Rosi, 10 mM LiCl, or 10 mM GW9662 or a combination of Rosi

and LiCl or GW9662 for 3 days. Cells were washed with HEPES

and alkaline phosphatase (ALP) activity was measured as pre-

viously described [15]. The ALP activity was normalized to cell

number measured using Cell Titer 96 AQueous Non-Radioactive

Cell Proliferation Assay kit.

Statistical Analysis
All experiments were performed in triplicates. Statistical analysis

of results was conducted using one-way ANOVA and t-test, as

applicable. All data showed represent means and standard

deviation of the means (SD). Statistical significance was set to

p,0.05.

Results

Rosi-activated PPARc2 Decreases b-catenin Protein
Levels
The U-33/c2 cells, and their negative control U-33/c cells,

represent a model of marrow MSC differentiation under control of

PPARc2 transcription factor [4]. Stable transfection with PPARc2
under the control of elongation factor 1a (EF1a) promoter in U-

33/c2 cells produces basal expression of PPARc2 transcript

(Figure S1A) and protein (Figure S1B). Activation of ectopic

PPARc2, but not naturally expressed PPARc1, with TZD Rosi

converts U-33/c2 cells to terminally differentiated adipocytes

(Figure S1C), while suppressing osteoblast phenotype of U-33 cells

and expression of numerous members of the Wnt signaling

pathway, including b-catenin [4;14]. A detailed analysis of b-
catenin gene expression as a function of time following Rosi

treatment showed that a decrease in the level of b-catenin
transcript occurred relatively late, when cells acquired phenotype

of fully differentiated adipocytes marked by significant accumula-

tion of fat droplets and expression of lipid metabolism gene

markers (Table 1) [14]. The decrease in b-catenin expression was

preceded by a decrease in Wnt10b expression, which occurred as

early as 6 h after treatment, the time point which marks in U-33/

c2 cells a state of fate determination (Table 1) [14].

Despite the late response of b-catenin gene expression, its

protein levels were decreased much earlier after Rosi treatment

(Figure 1). In cytoplasm, a majority of b-catenin protein is

sequestered between two different forms, either bound to the

multiprotein complex which targets it for proteolytic degradation

(protein-bound or inactive form) or free of the complex en route to

Figure 4. Stabilization of b-catenin protein using LiCl does not affect PPARc2 anti-osteoblastic activity. U-33/c2 cells were treated with
either vehicle, 1 mM Rosi, 10 mM LiCl, or in combination for 72 h. A. Alkaline phosphatase activity. B–D. Relative expression of osteoblast-specific
gene markers and Wnt10b. Fold change in transcript levels was calculated as compared to vehicle treated cells. Statistical differences are shown
between Rosi-treated samples and samples receiving combined treatment (NS – non-significant). V – vehicle; R – Rosi; L – LiCl; LR – LiCl+Rosi.
doi:10.1371/journal.pone.0051746.g004

b-Catenin Regulates PPARc2 Activity
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Figure 5. Selective antagonist GW9662 of PPARc2 pro-adipocytic activity increases b-catenin protein stability. U-33/c2 cells were
treated with either vehicle, 1 mM Rosi, 10 mM GW9662, or in combination for 72 h. A. Adipocyte differentiation was assessed by measuring the
number of Oil Red O positive cells. B – C. Relative expression of adipocyte-specific gene markers. D. Osteoblast differentiation was assessed by
measuring alkaline phosphatase activity. E – G. Relative expression of osteoblast-specific gene markers and Wnt10b. Fold change in transcript levels
was calculated as compared to vehicle treated cells. H. Immunocytochemistry of b-catenin protein. Green: b-catenin; purple: DAPI staining of nuclei. I.
Percentage of b-catenin positive cells (T) and cells positive for b-catenin in the nucleus (N). J. Western blot analysis of total b-catenin protein levels.
Each lane was loaded with 50 mg of total protein lysate. K. Transcriptional activity of b-catenin measured with luciferase gene reporter assay using
TOP-Flash construct. Promoter activity of firefly luciferase was normalized to renilla luciferase which was used as a transfection control. Statistically
significant differences are shown between Rosi-treated samples and samples receiving combined treatment (* p,0.05; NS – non-significant). V –
vehicle; R – Rosi; G – GW9662; GR – GW9662+ Rosi.
doi:10.1371/journal.pone.0051746.g005

b-Catenin Regulates PPARc2 Activity
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Figure 6. PPARc2 mutation, abrogating the pro-adipocytic but not the anti-osteoblastic activity, protects b-catenin protein from
degradation. A. Western blot analysis of protein levels of non-mutated (WT) and mutated (D409A) forms of PPARc2 analyzed 72 h after transfection
of HEK293 cells. b-actin was used as a loading control. Each lane was loaded with 50 mg of total protein lysate. EV – empty vector control. B. Western
blot analysis of b-catenin protein levels after treatment with 1 mM Rosi for 72 h. Hek293 cells were transfected with b-catenin expression construct
and either empty expression vectors (pSPORT6 and pEF-BOS), or non-mutated (WT), or mutated (D409A) PPARc2 expression constructs. Each lane
was loaded with 50 mg of total protein lysate. C. Effect of D409A mutation on transcriptional activity of PPARc2. Hek293 cells were transiently
transfected with above constructs and co-transfected with p2AOx luciferase reporter gene construct under the control PPARc response elements.
Cells were treated with either vehicle or 1 mM Rosi for 48 h and lysates were analyzed for luciferase activity. Promoter activity of firefly luciferase was
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the nucleus to function as a transcriptional regulator (protein-

unbound or active form) [21]. To distinguish between transcrip-

tionally active and inactive forms of cytosolic b-catenin, protein
lysates were fractionated as described in Material and Methods to

yield protein bound and protein unbound forms of b-catenin,
respectively. As shown in Figure 1A, the fraction of protein-

unbound b-catenin decreased by 4-fold in U-33/c2 cells after 1 h

treatment with Rosi. No decreases in the level of protein-bound b-
catenin and in the level of b-catenin transcript, were observed at

this time point (Figure 1A and 1B). After 72 h treatment, the

protein level of total b-catenin was decreased by 5-fold (Figure 1C)

and was paralleled with a decrease in transcript levels by 2.5 fold

(Figure 1D). No change in b-catenin transcript and protein levels

were observed at this time point in control U-33/c cells treated

with Rosi (Figure 1C and 1D). Interestingly, the basal levels of b-
catenin protein in untreated U-33/c2 cells were lower as

compared to untreated U-33/c cells suggesting that even a sole

presence of non-activated PPARc2 isoform has a negative effect

on the levels of b-catenin protein. Immunofluorescence analysis of

PPARc2 and b-catenin cellular localization showed that in

untreated cells both proteins localize in the cytoplasm, where

they may physically interact, as demonstrated previously

(Figure 1E) [33].

Presented results indicate that the PPARc2 negative regulation

of b-catenin protein levels involves two mechanisms; a rapid

proteolytic degradation and a long-term suppression of b-catenin
gene expression.

Stabilization of b-catenin with LiCl Protects from PPARc2-
mediated Degradation
Phosphorylation by glycogen synthase kinase 3b (GSK3b)

targets b-catenin for proteosomal degradation. LiCl prevents b-
catenin phosphorylation which includes inactivating autopho-

sphorylation of GSK3b [21]. LiCl treatment of U-33/c2 cells

counteracted the negative effect of Rosi on b-catenin protein levels

(Figure 2A and 2C) without counteracting Rosi negative effect on

its transcript levels (Figure 2B). Moreover, LiCl treatment resulted

significant translocation of b-catenin to the nucleus, which still

occurred in cells treated simultaneously with LiCl and Rosi

(Figure 2D, Figure S3). This suggests that inhibition of GSK3b
activity with LiCl prevents proteolytic degradation of b-catenin
and that GSK3b is implicated in b-catenin degradation after Rosi

treatment.

normalized to renilla luciferase which was used as a transfection control. D – G. Effect of D409A mutation on expression of adipocyte-specific (D) and
osteoblast-specific (E – G) gene markers, and Wnt10b (H). U-33/c cells were transiently transfected with either empty vector (pEF-BOS), or non-
mutated (WT), or mutated (D409A) PPARc2 expression constructs and treated with either vehicle or 1 mM Rosi for 72 h. Relative transcript levels were
calculated as fold change as compared to vehicle treated cells in each transfection. V – vehicle; R- Rosi; * p,0.05 V vs. R.
doi:10.1371/journal.pone.0051746.g006

Figure 7. The effect of b-catenin silencing on the expression of adipocyte, osteoblast, and Wnt-signaling gene markers. U-33/c2 cells
were transiently transfected with either 200 ng of b-cat siRNA, which consisted of four b-catenin-specific 20–25 nt oligonucleotides, or 200 ng of
scrambled siRNA (sc siRNA) for negative control. Seventy two hours after transfection proteins and RNA were extracted. A. Western blot analysis of b-
catenin protein levels. Each lane was loaded with 50 mg of total protein lysate. B–D. Analysis of gene expression of adipocyte-specific (B), osteoblast-
specific (C), and Wnt signaling (D) gene markers. All values are expressed as fold change compared to control transfected with sc siRNA and
represented by value 1. * p,0.05.
doi:10.1371/journal.pone.0051746.g007
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Consistent with b-catenin translocation to the nucleus, a pro-

tective effect of LiCl was also seen at the level of b-catenin
transcriptional activity tested in luciferase gene reporter assay

using TOP-Flash construct carrying b-catenin responsive TCF/

LEF elements (Figure 2E). As expected, luciferase activity was

significantly decreased by Rosi-activated PPARc2 (by 4-fold),

while this activity was increased by over 12-fold in the presence of

LiCl. Consistent with b-catenin stabilization and nuclear trans-

location, simultaneous treatment with Rosi and LiCl not only

preserved basal b-catenin activity, but even increased it by 4-fold

of that of vehicular control (Figure 2E).

Stabilization of b-catenin Suppresses PPARc2 Pro-
adipocytic and Insulin Sensitizing Activity, but not Anti-
osteoblastic Activity
In U-33/c2 cells, activation of PPARc2 with Rosi increases

expression of adipocyte-specific genes, induces adipocyte forma-

tion, and simultaneously decreases the expression of osteoblast-

specific gene markers and suppresses osteoblast phenotype [14].

Stabilization of b-catenin with LiCl in the presence of Rosi-

activated PPARc2 significantly inhibited adipocyte development,

as measured by intracellular lipids accumulation (Figure 3A), and

suppressed the expression of genes positively regulated by this

transcription factor including FABP4/aP2 and Cidec (Figure 3B

and 3C). To verify the role of GSK3b in PPARc2 mediated

degradation of b-catenin and suppression of adipogenesis, U-33/

c2 cells were treated with a GSK3b-specific reversible competitive

ATP inhibitor 6-6-bromoindirubin-39-oxime (BIO). As showed in

Figure S2A and S2B, BIO treatment offered partial protection of

b-catenin in the presence of Rosi and subsequently inhibited

adipogenesis as measured by formation of lipid droplets.

Since PPARc activation with anti-diabetic Rosi increases insulin

signaling in adipocytes, we examined the effect of b-catenin
stabilization on the expression of gene markers of this pathway.

Upon Rosi treatment, both insulin receptor and FoxO1 gene

expression increased respectively by 14- and 5-fold, however

stabilization of b-catenin in the presence of activated PPARc2
decreased this effect by 2-fold (Figure 3D and 3E). Furthermore, b-
catenin stabilization prevented phosphorylation of Akt, which is

a downstream mediator of insulin signaling and indicator of cell

sensitivity to insulin (Figure 3F). These results suggest that

stabilization of b-catenin suppresses positive adipocytic and insulin

sensitizing PPARc2 activities.

In contrast, b-catenin stabilization did not protect against the

PPARc2-mediated suppression of osteoblast phenotype. As shown

in Figure 4A, alkaline phosphatase (ALP) enzyme activity was

decreased by Rosi and was not restored in the presence of LiCl.

Similarly, LiCl did not protect from PPARc2 suppressive effects

on the expression of Dlx5, Col1a1 and Wnt10b (Figure 4B–D).

This indicates that the status of b-catenin protein is in relationship

to the positive pro-adipocytic and insulin sensitizing PPARc2
activities, but not to the suppressive anti-osteoblastic activity.

Inhibition of PPARc2 Pro-adipocytic Activity Stabilizes b-
catenin and Mimics LiCl Effect
In order to assess a contribution of PPARc2 pro-adipocytic

activity to b-catenin stability, we inhibited Rosi-induced PPARc2
activity with GW9662 selective antagonist previously shown to

block adipogenesis induced by TZD treatment [42]. In U-33/c2
cells, GW9662 inhibited Rosi-induced lipid accumulation and

expression of FABP4/aP2 and Cidec (Figure 5A–C) but it did not

affect Rosi-induced suppression of ALP activity and expression of

Dlx5, Col1a1 and Wnt10b (Figure 5D–G). Since the pattern of U-

33/c2 cells response to GW9662 was identical to the pattern

observed in the presence of LiCl, we analyzed b-catenin protein

degradation status. As shown in Figure 5H–J, GW9662 prevented

b-catenin protein degradation mediated by Rosi-activated

PPARc2 and restored b-catenin localization in the nucleus (Figure

S3). Consistently, GW9662 restored b-catenin transcriptional

activity as measured in TOP-Flash gene reporter construct

(Figure 5K). Similar to LiCl (Figure 2B), treatment with

GW9662 alone did not affect b-catenin transcript levels and

treatment in combination with Rosi did not prevent Rosi negative

effect on b-catenin transcript levels (data not shown).

To test whether PPARc2 anti-osteoblastic activity is dependent

on the protein domain conferring the pro-adipocytic activity and

b-catenin degradation we introduced previously reported muta-

tion of PPARc1 into PPARc2 protein sequence [33]. It has been

shown that substitution in the PPARc1 protein sequence of

aspartic acid in the position 379 with alanine abrogates

proadipocytic activity, prevents b-catenin binding and proteoso-

mal degradation [33]. We introduced the same mutation in the

position of D409 of PPARc2 protein sequence, and verified the

stability of D409A mutant in HEK293 cells (Figure 6A), To avoid

interference with endogenous non-mutated PPARc protein, we

examined the effect of mutated PPARc2 on b-catenin stabilization

and activity in HEK293 cells, which naturally express minimal

amounts of both PPARc isoforms and b-catenin (data not shown).

HEK293 cells were transiently co-transfected with b-catenin and

either non-mutated or mutated PPARc2 expression constructs. As

expected, activation with Rosi of non-mutated form of PPARc2
decreased b-catenin protein levels, however activation of D409A

mutant did not have an effect on levels of b-catenin protein

(Figure 6B). Consistent with a loss of adipocytic activity, mutation

D409A abrogated PPARc2 transcriptional activity as measured

using PPRE-controlled luciferase reporter gene assay (Figure 6C).

This result was validated in marrow-derived U-33/c cells. The

expression of adipocyte-specific gene marker FABP4/aP2, which

is under the control of PPREs, was suppressed in U-33/c cells

transfected with D409A construct as compared to non-mutated

construct (Figure 6D). Most importantly, mutation D409A

retained the suppressive effect of PPARc2 on the expression of

Dlx5, Runx2, and Osterix confirming that the anti-osteoblastic

activity of PPARc2 is independent of pro-adipocytic activity and

b-catenin degradation (Figure 6E–G). Moreover, Wnt10b was also

downregulated with mutation D409A and in the presence of

stabilized b-catenin providing further proof for a PPARc2-
mediated suppression of Wnt10b independent of b-catenin protein

status (Figure 6H). These results together indicate that PPARc2
pro-adipocytic, but not its anti-osteoblastic acitivity, is responsible

for a decrease in b-catenin protein levels and that the anti-

osteoblastic activity is independent of PPARc2 pro-adipocytic

activity and interaction with b-catenin.

siRNAs Silencing of b-catenin Affects Adipocytic but not
Osteoblastic Gene Expression
To directly test the role of b-catenin in regulation of PPARc2

pro-adipocytic and anti-osteoblastic activities, we silenced cellular

b-catenin using specific siRNA and analyzed alterations in

expression of phenotype-specific gene markers. Down-regulation

of b-catenin transcript by 70% (Figure 7B–D), paralleled with a 2-

fold decrease in b-catenin protein levels (Figure 7A), significantly

enhanced transcript levels for adipogenic gene markers FABP4/

aP2 and Cidec (Figure 7B). At the same time, transcript levels for

osteoblast-specific gene markers Runx2, Dlx5 and Col1a1 were

not affected (Figure 7C), confirming our previous observation that

the expression of these genes is not directly controlled by b-
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catenin. Similarly, expression of Sfrp1 and Wisp1, Wnt signaling

components shown previously to regulate osteoblast differentiation

[43,44] and being under the control of PPARc2 [14] remained

unchanged. However, the expression of Wnt10b was decreased by

2-fold of its basal levels (Figure 7D). These data support the

suppressive effect of b-catenin on adipogenic gene expression and

indicate its positive effect on Wnt10b expression. This observation,

together with the results presented in Figure 4D and Figure 5G,

suggest that Wnt10b is under control of both b-catenin and

PPARc2.
Since mutation D409A had been characterized as unable to

degrade b-catenin, one would expect that high levels of b-catenin
will have a positive effect on expression of Wnt10b. This

expectation was supported by the observation that b-catenin
silencing decreased Wnt10b expression independently of PPARc2
(Figure 7D). However and as shown in Figure 6H, mutant D409A

suppressed Wnt10b expression. This suggests that PPARc2
negative effect on Wnt10b expression is dominant over b-catenin
positive effect, at least in this experimental system.

Discussion

The results presented here demonstrate that PPARc2 activities

positively regulating adipocyte-specific and insulin signaling-

specific gene expression are sequestered through interaction with

b-catenin, whereas PPARc2 anti-osteoblastic activity, which

requires suppression of osteoblast-specific transcriptome, is in-

dependent of this interaction. We have confirmed that b-catenin
degradation is an essential step for a direct activation of PPARc2
pro-adipocytic transcriptional activity mediated through PPRE

[33,34] and we have shown that b-catenin degradation is also

required for induction of mechanisms increasing insulin sensitivity.

Most importantly, we have demonstrated that the PPARc2 anti-

osteoblastic activity is regulated by a different mechanism, which

does not depend on direct cross-talk with b-catenin but involves

negative regulation of Wnt10b expression.

The functional interaction between b-catenin and PPARc2 is

two-directional. Stabilization of b-catenin by inactivation of

degradation process with either LiCl or BIO GSK3b inhibitor

suppresses pro-adipocytic activity of PPARc2, whereas inhibition
of pro-adipocytic activity of PPARc2 by either selective antagonist

GW9662 or D409A mutation stabilizes b-catenin. At the same

time, stabilization of b-catenin in the presence of Rosi does not

suppress the PPARc2 anti-osteoblastic activity.

We hypothesize that PPARc2 anti-osteoblastic activity results

from negative, and b-catenin independent, regulation of Wnt10b

expression, which is an essential activator of pro-osteoblastic

canonical Wnt signaling. Indeed, Wnt10b pro-osteoblastic and

anti-adipogenic activity has been demonstrated in plethora of

in vitro and in vivo studies [26,35,36,45]. Accordingly, overexpres-

sion of Wnt10b in MSCs induces osteoblast gene expression and

inhibits PPARc2 expression [35], and ectopic expression of

Wnt10b in adipocytes produces animals with high bone mass,

which are resistant to the bone loss with aging [26]. In contrast,

mice deficient in Wnt10b have low bone mass, affected MSCs

proliferation and differentiation, and increased propensity of

muscle satellite cells to accumulate fat [36,46]. We have

demonstrated previously that PPARc2 ligands selective only for

pro-adipocytic activity do not affect Wnt10b expression, whereas

ligands selective only for anti-osteoblastic activity suppress Wnt10b

expression [15]. Here, we have shown that Wnt10b is under the

negative control of PPARc2 anti-osteoblastic activity and this

control is independent of b-catenin pool regulating PPARc2 pro-

adipocytic activity.

The possibility to activate b-catenin independently of Wnt

signaling has been recently demonstrated in respect to the bone

marrow response to mechanical stimuli [47,48]. It has been shown

that under mechanical stress b-catenin suppresses adipocyte

differentiation and PPARc activity through a mechanism which

involves inactivation of GSK3b, comprising of mTORC2-

mediated phosphorylation of Akt protein and resulting in in-

creased b-catenin stability [47,48]. Although not investigated here

it would be of interest to examine whether the mechanisms of b-
catenin destabilization by TZD-activated PPARc2 employs some

of the components which increase its stability and prevent

adipogenesis during mechanical stress.

Another important aspect of this study is the regulation of

PPARc insulin sensitizing activity through interaction with b-
catenin. The results showed here indicate that degradation of b-
catenin positively correlates with increased expression of PPARc-
controlled markers of insulin signaling, including pAkt, whereas

stabilization of b-catenin leads to the loss of this positive regulation

even in the presence of Rosi. It is well recognized that one of the

adverse effects of anti-diabetic TZDs is weight gain due to

increased fat mass, which suggests that TZDs anti-diabetic and

pro-adipocytic activities are tied. However, as recently reported

these two activities are independently linked to the phosphoryla-

tion status of two distinct serines within the PPARc protein [17–

19]. Although it is highly speculative at this point, our results raise

an interesting possibility that b-catenin cross-talk with PPARc,
either through direct interaction or through alteration of GSK3b
activity, regulates the phosphorylation of both serine 273 and

serine 112, which are essential to the anti-diabetic and the pro-

adipocytic activity of this nuclear receptor, and that this

interaction is one of the culprits for unwanted effect of TZDs on

weight gain.

Currently both clinically approved TZDs, rosiglitazone and

pioglitazone, undergo critical evaluation of their clinical use due to

adverse cardiovascular, cancer and skeletal effects, nonetheless

there is no doubt that PPARc agonists are the most effective

among available anti-diabetic drugs [49]. Therefore, better

understanding of mechanisms, which regulate multiple activities

of PPARc nuclear receptor including anti-osteoblastic activity, is

important for the development of new class of PPARc agonists,

which will harness selectively the desired insulin sensitizing activity

without unwanted effects. Although our studies may not fully

reflect functional interaction between PPARc and b-catenin
in vivo, because they use a model of U-33/c2 cells which were

specifically designed to study PPARc2 pro-adipocytic and anti-

osteoblastic activities in marrow cells in vitro, however they may

suggests that in the quest for efficient and safe anti-diabetic PPARc
agonists interaction between b-catenin/PPARc and Wnt10b/

PPARc should be considered.

Supporting Information

Figure S1 Ectopic expression of PPARc2 under control
of elongation factor 1a in U-33/c2 produces basal
expression of PPARc2 and upon TZD activation commits
cells to terminally differentiated adipocytes. A. Analysis of
PPARc1 and PPARc2 transcript levels in U-33/c and U-33/c2
cells. Gene expression is presented as fold difference as compared

to PPARc1 levels in U-33/c cells. B. Western blot analysis of total

PPARc protein levels in U-33/c and U-33/c2 cells. C. Northern

blot analysis of PPARc target gene FABP4/aP2 upon activation

with Rosi indicates that its expression transiently upregulated in

U-33/c, whereas its expression is sustained in U-33/c2 cells (*

p,0.05).

b-Catenin Regulates PPARc2 Activity

PLOS ONE | www.plosone.org 11 December 2012 | Volume 7 | Issue 12 | e51746



(TIF)

Figure S2 GSK3 b inhibitor 6-bromoindirubin-39-oxime
(BIO) protects b-catenin from PPARc2 mediated degra-
dation and suppresses adipogenesis. U-33/c2 cells were

pre-treated with 5 mM BIO for 2 h followed by treatment with

either 5 mM BIO or in combination of BIO with 1 mM Rosi for

24 h. Non-treated cells or treated with 1 mM Rosi alone were used

as controls. A. Western blot analysis of cytoplasmic levels of b -

catenin protein. b -actin was used as a loading control. Each lane

was loaded with 30 mg of protein lysate. B. Oil Red O staining of

lipids. Red: lipid droplets; Purple: cell cytoplasm. V – vehicle; R –

Rosi; B – BIO; BR – BIO+Rosi.
(TIF)

Figure S3 Representative images of U-33/c2 cells used
for counting populations of b-catenin-positive cells and
b-catenin-positive nuclei. Letter symbols indicate cell treat-

ment; V-vehicle, R-rosiglitazone, LiCl-lithium chloride, LiCl+R-
lithium chloride and rosiglitazone, GW-GW9662, GW+R-
GW9662 and rosiglitazone. Images are shown in green channels

of the RGB images, solid arrows indicate positive nuclei, open

arrows indicate negative nuclei. Total number of cells was

determined by counting DAPI-stained nuclei on RGB image.

Results are presented in graphs on Figure 2D and Figure 5I.

(TIF)

Table S1 DNA primers used for a determination of gene
expression in real time q-PCR.

(DOC)

Acknowledgments

We thank Dr. E. Sanchez for critical reading of the manuscript and O.

Lazarenko for technical help with experiments.

Author Contributions

Conceived and designed the experiments: SR PC BLC. Performed the

experiments: SR PC YL BLC. Analyzed the data: SR PC BLC.

Contributed reagents/materials/analysis tools: SR PC BLC. Wrote the

paper: SR PC BLC.

References

1. Lian JB, Stein GS, Javed A, van Wijnen AJ, Stein JL, et al. (2006) Networks and

hubs for the transcriptional control of osteoblastogenesis. Rev Endocr Metab

Disord 7: 1–16.

2. Tontonoz P, Spiegelman BM (2008) Fat and beyond: the diverse biology of

PPARgamma. Annu Rev Biochem 77: 289–312.

3. Heikkinen S, Auwerx J, Argmann CA (2007) PPARgamma in human and

mouse physiology. Biochim Biophys Acta 1771: 999–1013.

4. Lecka-Czernik B, Gubrij I, Moerman EA, Kajkenova O, Lipschitz DA, et al.

(1999) Inhibition of Osf2/Cbfa1 expression and terminal osteoblast differenti-

ation by PPAR-gamma 2. J Cell Biochem 74: 357–371.

5. Rhee EJ, Oh KW, Yun EJ, Jung CH, Park CY, et al. (2007) The association of

Pro12Ala polymorphism of peroxisome proliferator-activated receptor-gamma

gene with serum osteoprotegerin levels in healthy Korean women. Exp Mol Med

39: 696–704.

6. Costa V, Gallo MA, Letizia F, Aprile M, Casamassimi A, et al. (2010) PPARG:

Gene Expression Regulation and Next-Generation Sequencing for Unsolved

Issues. PPAR Res 2010.

7. Ren D, Collingwood TN, Rebar EJ, Wolffe AP, Camp HS (2002) PPARgamma

knockdown by engineered transcription factors: exogenous PPARgamma2 but

not PPARgamma1 reactivates adipogenesis. Genes Dev 16: 27–32.

8. Bruedigam C, Koedam M, Chiba H, Eijken M, van Leeuwen JP (2008)

Evidence for multiple peroxisome proliferator-activated receptor gamma

transcripts in bone: fine-tuning by hormonal regulation and mRNA stability.

FEBS Lett 582: 1618–1624.

9. Bruedigam C, Eijken M, Koedam M, van de Peppel J, Drabek K, et al. (2010) A

new concept underlying stem cell lineage skewing that explains the detrimental

effects of thiazolidinediones on bone. Stem Cells 28: 916–927.

10. Moerman EJ, Teng K, Lipschitz DA, Lecka-Czernik B (2004) Aging activates

adipogenic and suppresses osteogenic programs in mesenchymal marrow

stroma/stem cells: the role of PPAR-gamma2 transcription factor and TGF-

beta/BMP signaling pathways. Aging Cell 3: 379–389.

11. Lazarenko OP, Rzonca SO, Hogue WR, Swain FL, Suva LJ, et al. (2007)

Rosiglitazone induces decreases in bone mass and strength that are reminiscent

of aged bone. Endocrinology 148: 2669–2680.

12. Akune T, Ohba S, Kamekura S, Yamaguchi M, Chung UI, et al. (2004)

PPARgamma insufficiency enhances osteogenesis through osteoblast formation

from bone marrow progenitors. J Clin Invest 113: 846–855.

13. Cock TA, Back J, Elefteriou F, Karsenty G, Kastner P, et al. (2004) Enhanced

bone formation in lipodystrophic PPARgamma(hyp/hyp) mice relocates

haematopoiesis to the spleen. EMBO Rep 5: 1007–1012.

14. Shockley KR, Lazarenko OP, Czernik PJ, Rosen CJ, Churchill GA, et al. (2009)

PPARc2 nuclear receptor controls multiple regulatory pathways of osteoblast

differentiation from marrow mesenchymal stem cells. J Cell Biochem 106: 232–

246.

15. Lecka-Czernik B, Moerman EJ, Grant DF, Lehmann JM, Manolagas SC, et al.

(2002) Divergent effects of selective peroxisome proliferator-activated receptor-

gamma 2 ligands on adipocyte versus osteoblast differentiation. Endocrinology

143: 2376–2384.

16. Lazarenko OP, Rzonca SO, Suva LJ, Lecka-Czernik B (2006) Netoglitazone is

a PPAR-gamma ligand with selective effects on bone and fat. Bone 38: 74–85.

17. Choi JH, Banks AS, Kamenecka TM, Busby SA, Chalmers MJ, et al. (2011)

Antidiabetic actions of a non-agonist PPARgamma ligand blocking Cdk5-

mediated phosphorylation. Nature 477: 477–481.

18. Hosooka T, Noguchi T, Kotani K, Nakamura T, Sakaue H, et al. (2008) Dok1
mediates high-fat diet-induced adipocyte hypertrophy and obesity through

modulation of PPAR-gamma phosphorylation. Nat Med 14: 188–193.

19. Hinds TD, Jr., Stechschulte LA, Cash HA, Whisler D, Banerjee A, et al. (2011)
Protein phosphatase 5 mediates lipid metabolism through reciprocal control of

glucocorticoid and PPAR{gamma} receptors. J Biol Chem 286: 42911–42922.

20. Cui Y, Niziolek PJ, MacDonald BT, Zylstra CR, Alenina N, et al. (2011) Lrp5
functions in bone to regulate bone mass. Nat Med 17: 684–691.

21. Logan CY, Nusse R (2004) The Wnt signaling pathway in development and
disease. Annu Rev Cell Dev Biol 20: 781–810.

22. Boyden LM, Mao J, Belsky J, Mitzner L, Farhi A, et al. (2002) High bone density

due to a mutation in LDL-receptor-related protein 5. N Engl J Med 346: 1513–
1521.

23. Gong Y, Slee RB, Fukai N, Rawadi G, Roman-Roman S, et al. (2001) LDL

receptor-related protein 5 (LRP5) affects bone accrual and eye development.
Cell 107: 513–523.

24. Glass DA, 2nd, Bialek P, Ahn JD, Starbuck M, Patel MS, et al. (2005) Canonical

Wnt signaling in differentiated osteoblasts controls osteoclast differentiation. Dev
Cell 8: 751–764.

25. Day TF, Guo X, Garrett-Beal L, Yang Y (2005) Wnt/beta-catenin signaling in

mesenchymal progenitors controls osteoblast and chondrocyte differentiation
during vertebrate skeletogenesis. Dev Cell 8: 739–750.

26. Bennett CN, Ouyang H, Ma YL, Zeng Q, Gerin I, et al. (2007) Wnt10b

increases postnatal bone formation by enhancing osteoblast differentiation.
J Bone Miner Res 22: 1924–1932.

27. Babij P, Zhao W, Small C, Kharode Y, Yaworsky PJ, et al. (2003) High bone

mass in mice expressing a mutant LRP5 gene. J Bone Miner Res 18: 960–974.

28. Holmen SL, Zylstra CR, Mukherjee A, Sigler RE, Faugere MC, et al. (2005)

Essential role of beta-catenin in postnatal bone acquisition. J Biol Chem 280:

21162–21168.

29. Kramer I, Halleux C, Keller H, Pegurri M, Gooi JH, et al. (2010) Osteocyte

Wnt/beta-catenin signaling is required for normal bone homeostasis. Mol Cell

Biol 30: 3071–3085.

30. Hill TP, Spater D, Taketo MM, Birchmeier W, Hartmann C (2005) Canonical

Wnt/beta-catenin signaling prevents osteoblasts from differentiating into

chondrocytes. Dev Cell 8: 727–738.

31. Angers S, Moon RT (2009) Proximal events in Wnt signal transduction. Nat Rev

Mol Cell Biol 10: 468–477.

32. Mulholland DJ, Dedhar S, Coetzee GA, Nelson CC (2005) Interaction of

nuclear receptors with the Wnt/beta-catenin/Tcf signaling axis: Wnt you like to

know? Endocr Rev 26: 898–915.

33. Liu J, Wang H, Zuo Y, Farmer SR (2006) Functional interaction between

peroxisome proliferator-activated receptor gamma and beta-catenin. Mol Cell

Biol 26: 5827–5837.

34. Liu J, Farmer SR (2004) Regulating the balance between peroxisome

proliferator-activated receptor gamma and beta-catenin signaling during

adipogenesis. A glycogen synthase kinase 3beta phosphorylation-defective
mutant of beta-catenin inhibits expression of a subset of adipogenic genes.

J Biol Chem 279: 45020–45027.

35. Cawthorn WP, Bree AJ, Yao Y, Du B, Hemati N, et al. (2012) Wnt6, Wnt10a
and Wnt10b inhibit adipogenesis and stimulate osteoblastogenesis through

a beta-catenin-dependent mechanism. Bone 50: 477–489.

36. Stevens JR, Miranda-Carboni GA, Singer MA, Brugger SM, Lyons KM, et al.
(2010) Wnt10b deficiency results in age-dependent loss of bone mass and

b-Catenin Regulates PPARc2 Activity

PLOS ONE | www.plosone.org 12 December 2012 | Volume 7 | Issue 12 | e51746



progressive reduction of mesenchymal progenitor cells. J Bone Miner Res 25:

2138–2147.
37. Takada I, Mihara M, Suzawa M, Ohtake F, Kobayashi S, et al. (2007) A histone

lysine methyltransferase activated by non-canonical Wnt signalling suppresses

PPAR-gamma transactivation. Nat Cell Biol 9: 1273–1285.
38. Takada I, Kouzmenko AP, Kato S (2009) Wnt and PPARgamma signaling in

osteoblastogenesis and adipogenesis. Nat Rev Rheumatol 5: 442–447.
39. Mizushima S, Nagata S (1990) pEF-BOS, a powerful mammalian expression

vector. Nucleic Acids Res 18: 5322.

40. Marcus SL, Miyata KS, Zhang B, Subramani S, Rachubinski RA, et al. (1993)
Diverse peroxisome proliferator-activated receptors bind to the peroxisome

proliferator-responsive elements of the rat hydratase/dehydrogenase and fatty
acyl-CoA oxidase genes but differentially induce expression. Proc Nat Acad Sci

USA 90: 5723–5727.
41. Kennell JA, MacDougald OA (2005) Wnt signaling inhibits adipogenesis

through beta-catenin-dependent and -independent mechanisms. J Biol Chem

280: 24004–24010.
42. Leesnitzer LM, Parks DJ, Bledsoe RK, Cobb JE, Collins JL, et al. (2002)

Functional consequences of cysteine modification in the ligand binding sites of
peroxisome proliferator activated receptors by GW9662. Biochemistry 41:

6640–6650.

43. Ono M, Inkson CA, Kilts TM, Young MF (2011) WISP-1/CCN4 regulates

osteogenesis by enhancing BMP-2 activity. J Bone Miner Res 26: 193–208.

44. Monroe DG, McGee-Lawrence ME, Oursler MJ, Westendorf JJ (2012) Update

on Wnt signaling in bone cell biology and bone disease. Gene 492: 1–18.

45. Aslanidi G, Kroutov V, Philipsberg G, Lamb K, Campbell-Thompson M,

(2007) Ectopic expression of Wnt10b decreases adiposity and improves glucose

homeostasis in obese rats. Am J Physiol Endocrinol Metab 293: E726–736.

46. Vertino AM, Taylor-Jones JM, Longo KA, Bearden ED, Lane TF, et al. (2005)

Wnt10b deficiency promotes coexpression of myogenic and adipogenic

programs in myoblasts. Mol Biol Cell 16: 2039–2048.

47. Sen B, Xie Z, Case N, Ma M, Rubin C, et al. (2008) Mechanical strain inhibits

adipogenesis in mesenchymal stem cells by stimulating a durable beta-catenin

signal. Endocrinology 149: 6065–6075.

48. Case N, Thomas J, Sen B, Styner M, Xie Z, et al. (2011) Mechanical Regulation

of Glycogen Synthase Kinase 3beta (GSK3beta) in Mesenchymal Stem Cells Is

Dependent on Akt Protein Serine 473 Phosphorylation via mTORC2 Protein.

J Biol Chem 286: 39450–39456.

49. Kahn SE, Haffner SM, Heise MA, Herman WH, Holman RR, et al. (2006)

Glycemic durability of rosiglitazone, metformin, or glyburide monotherapy.

N Engl J Med 355: 2427–2443.

b-Catenin Regulates PPARc2 Activity

PLOS ONE | www.plosone.org 13 December 2012 | Volume 7 | Issue 12 | e51746


