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Abstract
Amelogenin is the most abundant protein of the enamel organic matrix and is a structural protein
indispensable for enamel formation. One of the amelogenin splicing isoforms, Leucine-rich
Amelogenin Peptide (LRAP) induces osteogenesis in various cell types. Previously, we
demonstrated that LRAP activates the canonical Wnt signaling pathway to induce osteogenic
differentiation of mouse ES cells through the concerted regulation of Wnt agonists and
antagonists. There is a reciprocal relationship between osteogenic and adipogenic differentiation in
bone marrow mesenchymal stem cells (BMMSCs). Wnt10b-mediated activation of canonical Wnt
signaling has been shown to regulate mesenchymal stem cell fate. Using the bipotential bone
marrow stromal cell line ST2, we have demonstrated that LRAP activates the canonical Wnt/β-
catenin signaling pathway. A specific Wnt inhibitor sFRP-1 abolishes the effect of LRAP on the
stimulation of osteogenesis and the inhibition of adipogenesis of ST2 cells. LRAP treatment
elevates the Wnt10b expression level whereas Wnt10b knockdown by siRNA abrogates the effect
of LRAP. We show here that LRAP promotes osteogenesis of mesenchymal stem cells at the
expense of adipogenesis through upregulating Wnt10b expression to activate Wnt signaling.

Introduction
Amelogenin is the most abundant protein of the enamel organic matrix and is a structural
protein indispensable for enamel formation [1–6]. A serendipitous finding showed that
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amelogenin also can be used to induce the regeneration of periodontal tissues in monkeys
and humans [7–9]. mdogain, a commercial product consisting largely of alternatively spliced
and processed porcine amelogenins, can induce new bone, cementum and periodontal
ligament formation in the jaws of dogs, monkeys and humans [7–11]. One naturally
occurring amelogenin splicing isoform, Leucine-rich Amelogenin Peptide (LRAP),
consisting of the N-terminal 33 and the C-terminal 26 residues of the full-length protein, has
been shown to induce osteogenesis in various cell types [12–14]. We detected LRAP
expression during osteogenesis of wild-type (WT) mouse embryonic stem (ES) cells and
observed the absence of LRAP expression in amelogenin-null (KO) ES cells. LRAP
treatment of WT and KO ES cells induces significant increases in mineral matrix formation,
bone sialoprotein and osterix gene expression. In addition, the impaired osteogenesis of
amelogenin-null ES cells is partially rescued by the addition of exogenous LRAP [15]. We
also demonstrated that LRAP activates the canonical Wnt signaling pathway to induce
osteogenic differentiation of mouse ES cells through the concerted regulation of Wnt
agonists and antagonists [16].

Bone marrow mesenchymal stem cells (BMMSC) can differentiate into a number of cell
types, including adipocytes and osteoblasts [17, 18]. Compelling evidence from both in vitro
and in vivo experiments indicate a reciprocal relationship between these two cell lineages
[19–21]. For example, bone marrow stromal cells and immortalized clonal lines (e.g. ST2)
are capable of undergoing both osteogenic and adipogenic differentiation, depending upon
culture conditions. Moreover, single cell clones from bone marrow can differentiate in vitro
into either adipocytes or osteoblasts [22]. Activation of Wnt/β-catenin signaling inhibits
adipogenesis and stimulates osteogenesis by a rapid suppression of the adipogenic
transcription factors C/EBPα and PPARγ followed by an increase in osteoblastic
transcription factors [23, 24]. The endogenous Wnt signal may be initiated by Wnt10b,
which is expressed in preadipocytes and stromal vascular cells but is rapidly suppressed
upon induction of adipogenesis [25, 26]. Although there is no evidence that Wnt10b
deficiency in mice alters adipose tissue development, transgenic mice overexpressing
Wnt10b in adipose tissues have ~50% less white adipose tissue and arrested development of
brown fat [27, 28]. Furthermore, these mice resist expansion of adipose tissue under
conditions of diet-induced and genetic obesity [27, 29]. Mice expressing the Wnt10b
transgene also exhibit improved glucose homeostasis and increased insulin sensitivity [27,
29]. Mice expressing the Wnt10b transgene in bone marrow have increased bone mass and
strength and resist the loss of bone that occurs with aging or estrogen deficiency. In addition,
Wnt10b-null mice have decreased trabecular bone mass and serum osteocalcin levels,
indicating that Wnt10b is an endogenous regulator of bone mass [23].

Previously, we have shown that LRAP stimulates osteogenic differentiation of murine ES
cells through activating the canonical Wnt/β-catenin signaling pathway [16]. Given that
Wnt10b-mediated activation of Wnt/β-catenin signaling stimulates osteogenesis and inhibits
adipogenesis of bone marrow mesenchymal stem cells [23–26], we hypothesized that LRAP
might affect fate determination (osteogenesis versus adipogenesis) of mesenchymal stem
cells through Wnt/β-catenin signaling. In this study, we used the bipotential bone marrow
stromal cells ST2 to characterize the effect of LRAP on mesenchymal stem cells and to
delineate the underlying mechanism.

Materials and Methods
Reagents

LRAP was chemically synthesized and HPLC purified as described previously [16].
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Cell Culture
ST2 cells were maintained in α-minimal essential medium containing 10% fetal bovine
serum and 100 units/ml penicillin/streptomycin. For adipogenesis, cells that had been
confluent for a day were treated with 10% fetal bovine serum, 1 µM dexamethasone, 0.5
mM methylisobutylxanthine, 1 µg/ml insulin, and 5 µM troglitazone (day 0). Cells were fed
with 1 µg/ml insulin in 10% fetal bovine serum media (day 2), and refed with 10% fetal
bovine serum media every 2 days subsequently. To induce osteogenesis, over-confluent cells
were switched to mineralization media containing 25 µg/ml ascorbic acid and 10 mM β-
glycerophosphate.

Analysis of Mineral Deposition or Lipid Deposition
Two-week post-osteogenic-induction, cells were stained with Alizarin Red. Quantification
of calcium concentration was measured by spectrophotometry at 612 nm (QuantiChrom
Calcium Assay kit; BioAssay Systems). The total amount of protein in each sample was
used as a standard with which to normalize calcium concentration. Eight-day post-
adipogenic-induction, cells were stained with Oil Red O (0.5 g Oil Red O in 100 ml
isopropanolol) for analysis of triglyceride and lipid deposition. Oil Red O staining was
extracted by isopropanol and measured by spectrophotometry at 490nm.

RNA Extraction and cDNA Synthesis
RNA was isolated using RNAqueous®-4PCR Kit (Ambion) following the manufacturer’s
instructions. Synthesis of cDNA was performed using RETROscript® Kit (Ambion). For
cDNA template preparation, 1 µg of total RNA was used in a 20 µL reaction.

Western Blot Analysis
Cell lysate was prepared by washing the cells with PBS twice followed by the addition of
M-PER mammalian extraction reagent (Pierce). An aliquot of the protein was added to 2X
SDS loading buffer consisting of 4% v/v SDS, 200 mM dithiothreitol, 100 mM Tris pH 6.8,
20% v/v glycerol, 0.2% w/v bromphenol blue for polyacrylamide gel electrophoresis
(PAGE). Protein concentration was measured using the Bio-Rad protein assay on the lysate
samples, with known amounts of bovine serum albumin to establish a standard curve.
Approximately 10 µg of protein from each experimental sample group was loaded to a 4%–
20% Tris-glycine SDS-polyacrylamide gel electropheoresis (PAGE) gel. The size-resolved
proteins were transferred to Immobilon-P membranes (Millipore) for 1 hour at 100 mA. The
membrane was blocked with 5% non-fat milk in TBST (1×TBS, 0.1% Tween-20) for 1 hour
at room temperature. Mouse anti-β-catenin antibody (1:2000; BD Bioscience) was added to
the TBST and the membrane was incubated at 4°C overnight. HRP-conjugated anti-mouse
antibody (1:10000; Amersham Biosciences) was used as a secondary antibody and incubated
with the membrane for 1h. The antigen-antibody signal was detected by ECL detection
system and normalized to the amount of β-actin from the same sample. Quantification of the
signal was described previously [16].

Detection of Wnt reporter activity
MC3T3 cells grown in a 12-well culture dish were transiently transfected with the Wnt
responsive TOPFLASH construct (1.6 µg/well), which contains 16 copies of a TCF/LEF
site, using Lipofectamine 2000 (Invitrogen). For control, parallel dishes were transfected
with the FOPFLASH construct, which contains 16 copies of a mutant TCF/LEF site. In each
case, CMV-lacZ (0.16 µg/well) was co-transfected. Sixteen-hour post-transfection, the
media was replaced with the conditioned media from LRAP-treated ST2 cells. Luciferase
activity was detected using the Dual-Light reporter gene assay system (Applied Biosystems)
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24 hours later. Relative luciferase activity was calculated by normalizing the average
luciferase activity to the β-galactosidase activity.

The siRNA knockdown assay
Knockdown of endogenous Wnt10b was accomplished using a commercially available
siRNA (Ambion). The trypsinized ST2 cells were resuspended at 1 × 105 cells/mL in growth
medium. Transfection agent siPORT NeoFX (3 µL) was diluted in OPTI-MEM I medium
(47 µL). The siRNA was diluted in OPTI-MEM I medium by adding 1.5 µL of 20 µM
siRNA to 48.5 µL of OPTI-MEM I medium, mixed with the transfection agent, and
incubated at room temp for 10 min. The RNA/transfection agent complexes were dispensed
into the empty wells of a 12-well culture plate and 900 µL of cells were transferred to each
well of the culture plate containing the RNA/transfection agent complexes. The cells and
RNA/transfection agent complexes were mixed gently and incubated at 37°C for 48 hours.
An unrelated siRNA was included at the same concentration and conditions to serve as
controls.

Quantitative RT-PCR
Quantitative PCR was performed according to the manufacturer's protocol. Briefly, a 25 µL
reaction was prepared for each sample. Included in this reaction volume was 1 µL of the
resulting cDNA, iQ SYBR green supermix (Bio-Rad) containing dNTP and iTaq DNA
polymerase, and the appropriate primers. The resulting threshold cycle (CT) value from each
primer pair was normalized with the CT value for 18S RNA, which serves as an internal
control. After amplification, melting curve analysis was performed as described in the
manufacturer's protocol, and samples with aberrant melting curves were excluded. The
corresponding primer sequences are 18S RNA (forward, 5′-
CGATGCTCTTAGCTGAGTGT-3′; reverse, 5′-GGTCCAAGAATTTCACCTCT-3′),
Runx2 (forward 5’-CCGTGGCCTTCAAGGTTGT-3’, reverse 5’-
TTCATAACAGCGGAGGCATTT-3’), osterix (forward 5’-
CCCTTCTCAAGCACCAATGG-3’, reverse 5’-AAGGGTGGGTAGTCATTTGCATA-3’),
Dlx5 (forward 5’-GTCCCAAGCATCCGATCCG-3’, reverse 5’-
GCGATTCCTGAGACGGGTG-3’), collagen I (forward 5’-
GCTCCTCTTAGGGGCCACT-3’, reverse 5’-CCACGTCTCACCATTGGGG-3’), C/EBPα
(forward, 5′-TGAACAAGAACAGCAACGAG-3′; reverse, 5′-
TCACTGGTCACCTCCAGCAC-3′), PPARγ (forward, 5′-
GGAAAGACAACGGACAAATCAC-3′; reverse, 5′-
TACGGATCGAAACTGGCAC-3′),Wnt10b (forward 5’-
TTCTCTCGGGATTTCTTGGATTC-3’, reverse 5’-
TGCACTTCCGCTTCAGGTTTTC-3’).

Statistical analysis
All experiments were performed in triplicate unless stated otherwise. Final values were
reported as means±standard deviation (SD). Data were analyzed using Student's t-test and
P<0.05 was considered statistically significant.

Results
Effect of LRAP on osteogenic and adipogenic differentiation of ST2 cells

To decipher the mechanism underlying the signaling effect of LRAP on BMMSCs, we
employed the bipotential stromal cell line ST2, which can be induced to both osteogenic and
adipogenic differentiation. ST2 cells were cultured to over-confluency and induced to
osteogenic differentiation for a week, and protein samples were extracted and analyzed for
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osteogenic markers. In the presence of LRAP (10 ng/ml) in the osteogenic medium, Runx2
protein levels were upregulated ~4 fold (Fig. 1A) and osteocalcin protein levels were
increased by more than 9 fold (Fig. 1B). Two weeks after osteogenic induction, cells were
subject to Alizarin Red staining (Fig. 1C). In the presence of LRAP, there was a 5.2-fold
increase of mineral deposition (Fig. 1D). To examine whether LRAP alters the adipogenic
differentiation potential, cells were cultured until over-confluent and induced to
adipogenesis in the presence of LRAP (10 ng/ml). Five days after adipogenic induction,
protein samples were collected for analyses of adipogenic markers. LRAP treatment resulted
in a 3.5-fold decrease of the protein level of PPARγ, which is the master transcription factor
of adipogenesis (Fig. 2A). Eight days after induction, the cells were subject to Oil Red O
staining (Fig. 2B). Compared to cells cultured in adipogenic medium alone, LRAP-treated
cells showed a marked decrease in the number of cells containing lipid droplets.
Quantitative analyses revealed a statistically significant 3-fold decrease of triglyceride and
lipid accumulation in LRAP-treated cells (Fig. 2C). We also tested LRAP on primary
BMMSCs and observed that LRAP promoted osteogenesis whereas inhibited adipogenesis
of BMMSCs (Fig. S1).

To determine the effect of LRAP on cellular proliferation, ST2 cells were cultured in the
presence of LRAP (10 ng/ml) and labeled with BrdU for 24 hours prior to cell sorting
analyses. In comparison to the control culture, LRAP treatment had little effect on the
proliferation of ST2 cells (Figure S2).

Effect of LRAP on the activation of Wnt/β-catenin signaling in ST2 cells
With active Wnt signaling, stabilized β-catenin accumulates in the cytosol and translocates
to the nucleus, where it interacts with T cell factor/lymphoid enhancer binding factor (TCF/
LEF) to mediate many of the effects of Wnts on gene transcription [30]. To determine
whether canonical Wnt signaling pathway was activated in ST2 cells by LRAP, cytosolic β-
catenin levels were measured with Western blot analysis at various time points post-LRAP
treatment. At 1-hour and 2-hours post treatment, β-catenin levels remained at the baseline.
However, marked increases in β-catenin levels were observed 4 hours and 6 hours after
LRAP treatment (Fig. 3), indicating that the canonical Wnt/β-catenin signaling was
activated.

Wnt signaling is tightly regulated by members of several families of antagonists.
Interactions between Wnts and frizzled receptors are inhibited by members of the secreted
frizzled-related protein (sFRP) family [31]. To further address the involvement of Wnt
signaling in LRAP-mediated regulation of osteogenic versus adipogenic lineage selection of
ST2 cells, cells were treated with recombinant sFRP-1 (20 ng/ml, R&D Systems), along
with LRAP (10 ng/ml), and induced to osteogenic and adipogenic differentiation,
respectively. Two weeks after osteo-induction, cells were subject to Alizarin Red staining
for analysis of mineral deposition. Eight days after adipo-induction, cells were subject to Oil
Red O staining for analysis of triglyceride and lipid deposition. Treatment with sFRP-1
blocked LRAP-stimulated osteogenesis (Fig. 4A and 4C) and overcame the inhibitory effect
of LRAP on adipogenesis (Fig. 4B and 4D), suggesting that the effect of LRAP was
mediated by Wnt signaling.

Wnt10b has been shown to stimulate osteogenesis and inhibit adipogenesis of BMMSC by
suppression of the adipogenic transcription factors PPARγ and C/EBPα followed by
induction of the osteoblastogenic transcription factors Runx2 and osterix [23–26]. Given
that LRAP treatment gave rise to increased expression of Runx2 and decreased expression
of PPARγ (Fig. 1 and 2), we postulated that the activation of canonical Wnt/β-catenin
signaling by LRAP (Fig. 3) might be mediated by Wnt10b. To determine whether Wnt10b
expression was upregulated, ST2 cells were treated with LRAP (10 ng/ml) for various time
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periods and the Wnt10b mRNA level was measured with quantitative real-time RT-PCR. In
the absence of LRAP, there was no change in Wnt10b expression. Little change was
observed at 1-hour post-treatment; however, a significant increase of Wnt10b expression
was observed 4 hours post-LRAP treatment (Fig. 5A). To determine whether elevated Wnt
activity appeared in the culture medium upon LRAP treatment and not simply an increase in
mRNA levels, a TCF/LEF reporter assay was employed using a luciferase reporter construct
that contains 16 TCF/LEF binding sites for β-catenin (TOPFLASH). Another construct
containing the mutated TCF/LEF binding sites (FOPFLASH) upstream of the luciferase
reporter was used as a control. TOPFLASH and FOPFLASH plasmids were transiently
transfected into MC3T3 cells, respectively, along with pCMV-lacZ plasmid serving as an
internal control for transfection. A transfection efficiency of approximately 40%, a level
sufficient for this reporter assay, was achieved (data not shown). ST2 cells were treated with
LRAP (10 ng/ml) for various time periods. The conditioned medium from each time point
was then collected and transferred to the transiently transfected MC3T3 cells. At 1-hour
post-treatment, there was little difference in luciferase activity between LRAP-treated and
untreated samples. However, significant increases in luciferase activity were observed in
LRAP-treated samples at 4 and 6 hours post-treatment intervals (Fig. 5B), suggesting that
elevated Wnt activity was present in the conditioned medium.

To determine whether the effect of LRAP was mediated by Wnt10b, siRNA was employed
to specifically knockdown Wnt10b expression. ST2 cells were transfected with Wnt10b-
specific siRNA for 48 hours and subsequently induced to osteogenic and adipogenic
differentiation, respectively. Two days after osteogenic induction, RNA was isolated for
quantitative Real-time RT-PCR analysis of osteoblast marker genes, Runx2, Osx, Dlx5 and
type I collagen (Fig. 6A). Two days after adipogenic induction, RNA was isolated for
quantitative real-time RT-PCR analysis of adipocyte marker genes, C/EBPα and PPARγ Fig.
6B). A knockdown efficiency of ~80% was achieved for Wnt10b (Fig. 6). This Wnt10b
knockdown abolished the upregulation of osteoblast marker genes (Fig. 6A) and the
downregulation of adipocyte marker genes (Fig. 6B) mediated by LRAP. These data
demonstrated that the effect of LRAP on lineage selection between osteogenesis and
adipogenesis of ST2 cells was mediated by Wnt10b.

Discussion
In previous studies, LRAP has been found to induce osteogenesis in various cell types,
including rat muscle fibroblasts [12], mouse cementoblasts [13], and mouse oral mucosal
cells [14]. We have shown that LRAP activates the canonical Wnt signaling pathway to
induce osteogenesis of mouse ES cells [16]. In the present study, we demonstrated that
LRAP stimulates osteogenic differentiation and inhibits adipogenic differentiation of ST2
cells through activating the canonical Wnt/β-catenin signaling pathway. Moreover, the effect
of LRAP on lineage selection of mesenchymal stem cells was mediated by the upregulation
of Wnt10b.

Wnt10b is expressed in bone marrow, and has been shown to function as an endogenous
regulator of mesenchymal cell fate in bone marrow [23, 32, 33]. Amelogenin expression is
detected in long bone, cartilage, epiphyseal growth plate, and bone marrow [34]. We have
observed that LRAP influences the fate determination of primary mouse BMMSCs by
stimulating osteogenic and inhibiting adipogenic differentiation (Fig. S1). Transient
activation of Wnt/β-catenin signaling by Wnt10b rapidly suppresses the master adipogenic
regulators C/EBPα and PPARγ in bipotential ST2 cells and this suppression precedes the
Wnt-induced increase in osteogenic transcription factors [23]. Repression of C/EBPα and
PPARγ appears to be a primary mechanism by which Wnt signaling controls mesenchymal
cell fate between osteogenesis and adipogenesis. Mesenchymal precursors such as ST2 cells
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express low but biologically relevant levels of adipogenic transcription factors (C/EBPα and
PPARγ) and osteoblast transcription factors (Runx2, Dlx5, and osterix) [23]. Expression of
these 2 classes of transcription factors is maintained at low levels due to negative feedback,
and imbalance between them results in changed cell fate leading to differentiation.
Constitutive Wnt/β-catenin signaling favors expression of osteoblast genes at the expense of
adipocyte genes [23]. Wnt signaling could regulate the fate of mesenchymal precursors by
repressing adipocyte transcription factors, stimulating osteoblast transcription factors, or
both. This is consistent with our observation that LRAP treatment upregulated bone marker
genes and downregulated fat marker genes through the activation of Wnt/β-catenin
signaling. Increased adipocyte and decreased osteoblast formation are often associated with
aging and osteoporosis. Human genetic studies have implicated Wnt signaling in human
bone and metabolic diseases [35–41].

A recent study has shown that Hedgehog signaling enhances the osteogenic differentiation
of murine adipose-derived stromal cells, at the expense of adipogenesis [42, 43]. The
Hedgehog signaling pathway is also involved in oxysterol-mediated pro-osteogenic and anti-
adipogenic differentiation of bone marrow mesenchymal stem cells [43, 44]. However,
LRAP treatment of ST2 cells did not activate Hedgehog signaling (unpublished data),
suggesting that the Hedgehog pathway is not implicated in LRAP-mediated lineage selection
of BMMSCs.

Although human recombinant full-length amelogenin protein has been shown to increase the
proliferation of human bone marrow mesenchymal stem cells [45], we found that LRAP has
little effect on the proliferation of ST2 cells, a murine bipotential stromal cell line. The
difference could lie in the variations in cell type, species, and/or signaling motifs contained
in amelogenin isoforms. For example, LRAP and full-length amelogenin have distinct
conformations, with LRAP being highly hydrophilic and full-length amelogenin tending to
aggregate.

It might not be surprising to find a bone-promoting effect for enamel matrix proteins. The
development of teeth within the jaws induces bone around the dental primordia, suggesting a
systems linkage between bone formation and tooth development so that teeth become better
anchored into the jaw bones by supporting ligaments and tissues. Another dental enamel
matrix protein ameloblastin, synthesized and secreted into developing enamel matrix by
ameloblasts, has recently been shown to also express in mesenchymal stem cells, primary
osteoblasts and chondrocytes [46]. Ameloblastin therefore is postulated to play an
independent role in early bone formation and repair [46]. However, the molecular pathway
by which ameloblastin achieves these outcomes has not been described. Here, we showed
that the LRAP molecule promotes bone formation by inducing Wnt10b expression.

Conclusions
We have shown that LRAP activates Wnt signaling, through the upregulation of Wnt10b, to
promote osteogenesis of mesenchymal stem cells at the expense of adipogenesis. The
discovery of this signaling axis makes LRAP amenable to therapies and interventions to
treat Wnt-related bone and metabolic disorders. LRAP has the potential to harvest the
therapeutic value of Wnt signaling pathways without direct application of Wnt proteins,
thereby mitigating the adverse effect on cells of direct Wnt protein exposure. Compared to
the glycosylated Wnt proteins (over 40 KDa), LRAP is much smaller (~ 6 KDa), giving
LRAP a distinct advantage as a small molecule for delivery as a therapeutic agent.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. LRAP stimulates osteogenesis of ST2 cells
ST2 cells were subject to osteogenic induction in the presence or absence of LRAP (10 ng/
ml). One week after osteogenic induction, cells were collected for analysis of bone marker
protein. (A) Western blot analysis of Runt-related transcription factor 2 (Runx2). “OM”:
osteogenic medium alone; “OM+LRAP”: osteogenic medium with LRAP (10 ng/ml). (B)
Western blot analysis of osteocalcin (OCN). “OM”: osteogenic medium alone; “OM
+LRAP”: osteogenic medium with LRAP (10 ng/ml). GAPDH was used as an internal
control. Band intensity ratio was calculated by normalizing the band intensity for each
sample with the band intensity of GAPDH. (C) Mineral deposition assayed with Alizarin
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Red staining. (D) Quantification of mineral deposition. The graphs represent mean±SD (a:
P<0.01).
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Figure 2. LRAP inhibits adipogenesis of ST2 cells
ST2 cells were induced to adipogenesis in the presence or absence of LRAP (10 ng/ml). (A)
Western blot analysis of PPARγ. GAPDH was used as an internal control. Band intensity
ratio was calculated by normalizing the band intensity for each sample with the band
intensity of GAPDH. (B) Oil Red O staining of ST2 cells. “AM”: cells induced to
adipogenic differentiation in the absence of LRAP; “AM+LRAP”: cells induced to
adipogenic differentiation in the presence of LRAP. (C) Quantification of triglyceride and
lipid deposition in cells induced to adipogenic differentiation. The graphs represent mean
±SD (a: P<0.01).
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Figure 3. LRAP treatment elevates β-catenin protein level in ST2 cells
(A) Western blot analysis of cytosolic β-catenin in ST2 cells cultured in the presence of
LRAP (10 ng/ml) for various time periods. β-actin was used as an internal control. (B) Band
intensity ratio was calculated by normalizing the band intensity for each sample with the
band intensity of β-actin. The graph represents mean±SD (a: P<0.01).
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Figure 4. Wnt antagonist sFRP-1 abolishes the effect of LRAP on the stimulation of osteogenesis
and the inhibition of adipogenesis of ST2 cells
ST2 cells were treated with recombinant sFRP-1 (20 ng/ml), along with LRAP (10 ng/ml),
and induced to osteogenic and adipogenic differentiation, respectively. LRAP and/or sFRP-1
were maintained in the culture media throughout differentiation as indicated. (A) Two days
after osteo-induction, RNA was isolated for quantitative Real-time RT-PCR analysis of
osteoblast marker genes: Runx2, Osx, Dlx5 and type I collagen (coll. I). “OM”: osteo-
induction in the absence of LRAP; “OM+sFRP-1”: osteo-induction in the presence of
sFRP-1; “OM+LRAP”: osteo-induction in the presence of LRAP; “OM+LRAP+sFRP-1”:
osteo-induction in the presence of LRAP and sFRP-1. (B) Two days after adipo-induction,
RNA was isolated for quantitative Real-time RT-PCR analysis of adipocyte marker genes:
C/EBPα and PPARγ “AM”: adipo-induction in the absence of LRAP; “AM+sFRP-1”:
adipo-induction in the presence of sFRP-1; “AM+LRAP”: adipo-induction in the presence
of LRAP; “AM+LRAP+sFRP-1”: adipo-induction in the presence of LRAP and sFRP-1.
(C) Alizarin Red staining for analysis of mineral deposition 2 weeks after osteo-induction.
(D) Oil Red O staining for analysis of triglyceride and lipid deposition 8 days after adipo-
induction. The graphs represent mean±SD (a: P<0.01).
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Figure 5. LRAP treatment results in the upregulation of Wnt10b expression
(A) ST2 cells were treated with LRAP (10 ng/ml) for various time periods and Wnt10b
mRNA level was then measured with quantitative Real-time RT-PCR and normalized to
GAPDH. “Control”: untreated; “LRAP”: treated with 10 ng/ml of LRAP. (B) ST2 cells were
treated with LRAP (10 ng/ml) for various time periods. The conditioned medium from each
time point was then collected and transferred to MC3T3 cells that had been transiently
transfected with TOPFLASH or FOPFLASH reporter. Luciferase activity was measured
using the Dual-Light reporter gene assay system (Applied Biosystems) 24 hours later.
Relative luciferase activity was calculated by normalization of the average luciferase activity
to the β-galactosidase activity. “Control FOPFLASH”: FOPFLASH-transfected MC3T3
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cells with conditioned medium from untreated ST2 cells; “LRAP FOPFLASH”:
FOPFLASH-transfected MC3T3 cells with conditioned medium from LRAP-treated ST2
cells; “Control TOPFLASH”: TOPFLASH-transfected MC3T3 cells with conditioned
medium from untreated ST2 cells; “LRAP TOPFLASH”: TOPFLASH-transfected MC3T3
cells with conditioned medium from LRAP-treated ST2 cells. The graphs represent mean
±SD (a: P<0.01).
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Figure 6. Knockdown of Wnt10b expression by siRNA abolishes the effect of LRAP on the
stimulation of osteogenesis and the inhibition of adipogenesis of ST2 cells
ST2 cells were transfected with Wnt10b-specific siRNA for 48 hours and subsequently
induced to osteogenic and adipogenic differentiation, respectively. (A) Two days after osteo-
induction, RNA was isolated for quantitative Real-time RT-PCR analysis of osteoblast
marker genes: Runx2, Osx, Dlx5 and type I collagen (coll. I). “OM”: osteo-induction in the
absence of LRAP; “OM+LRAP”: osteo-induction in the presence of LRAP; “OM+siRNA”:
osteo-induction in the presence of siRNA; “OM+LRAP+siRNA”: osteo-induction in the
presence of LRAP and siRNA. (B) Two days after adipo-induction, RNA was isolated for
quantitative Real-time RT-PCR analysis of adipocyte marker genes: C/EBPα and PPARγ
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“AM”: adipo-induction in the absence of LRAP; “AM+LRAP”: adipo-induction in the
presence of LRAP; “AM+siRNA”: adipo-induction in the presence of siRNA; “AM+LRAP
+siRNA”: adipo-induction in the presence of LRAP and siRNA. The graphs represent mean
±SD (a: P<0.01).
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