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Abstract: We established a differentiation method for homogeneous α7 integrin-positive human
skeletal muscle stem cell (α7+hSMSC)-derived osteoblast-like (α7+hSMSC-OB) cells, and found that
interleukin (IL)-1β induces matrix metalloproteinase (MMP)-13-regulated proliferation of these cells.
These data suggest that MMP-13 plays a potentially unique physiological role in the regeneration of
osteoblast-like cells. Here, we examined whether up-regulation of MMP-13 activity by IL-1β was
mediated by Wingless/int1 (Wnt) signaling and increased the proliferation of osteoblast-like cells.
IL-1β increased the mRNA and protein levels of Wnt16 and the Wnt receptor Lrp5/Fzd2. Exogenous
Wnt16 was found to increase MMP-13 mRNA, protein and activity, and interestingly, the proliferation
rate of these cells. Treatment with small interfering RNAs against Wnt16 and Lrp5 suppressed
the IL-1β-induced increase in cell proliferation. We revealed that a unique signaling cascade
IL-1βÑWnt16ÑLrp5ÑMMP-13, was intimately involved in the proliferation of osteoblast-like cells,
and suggest that IL-1β-induced MMP-13 expression and changes in cell proliferation are regulated
by Wnt16.
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1. Introduction

Matrix metalloproteinases (MMPs) play central roles in cell proliferation, migration,
differentiation, angiogenesis, apoptosis, and host defenses. Deregulation of MMPs has been
implicated in many diseases including rheumatoid arthritis (RA), chronic ulcers, encephalomyelitis,
and cancer [1–3]. Human collagenase-3 is an enzyme encoded by the MMP13 gene. During embryonic
development MMP-13 is expressed in the skeleton to restructure the collagen matrix for bone
mineralization. MMP-13 is highly overexpressed in pathological situations such as carcinomas RA,
and osteoarthritis (OA). Furthermore, MMP-13 may be involved in the articular cartilage turnover and
cartilage pathophysiology associated with OA. Dramatic up-regulation of MMP-13 by inflammatory
cytokines, such as interleukin (IL)-1β, has been observed in chondrocytes [4]. We previously reported
that MMP-13 accelerates bone remodeling following the development of periradicular lesions [5], and
presented evidence suggesting that MMP-13 plays a potentially unique physiological role in wound
healing and the regeneration of alveolar bone. Because alveolar bone tissue consists predominantly
of osteoblasts, these cells may represent a potential target cell type for new therapeutic strategies to
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mitigate these disease states. Moreover, we have reported that the proinflammatory cytokine IL-1β
induces MMP-13 activity in purified osteoblast-like cells derived from human stem cells [6]. IL-1 plays
an important role in proliferation of cells at sites of tissue injury at relatively low concentrations [1].
However, the signaling cascade underpinning such stimulation is uncharacterized.

Wingless/int1 (Wnt) signaling plays an important role in the development and maintenance of
many organs and tissues by regulation of cell growth, differentiation, functions, and death via various
signaling pathways [7]. Noncanonical Wnt signaling, which is independent of β-catenin, may also play
a role in bone formation through promotion of osteoblastic differentiation [3]. Wnt signaling might
be involved in the destruction of temporomandibular joint condylar cartilage after experimentally
induced OA [8]. Several Wnt isoforms (Wnt5a, Wnt7a, and Wnt11) are involved in IL-1-induced
differentiation of articular chondrocytes [9,10]. In addition, Wnt16 is a key factor in developing long
bones, is a member of the wingless-type MMTV integration site family, which mediates signaling via
canonical or non-canonical Wnt pathways. Interestingly, several independent human genome-wide
association studies have identified the Wnt16 locus as an important genetic determinant contributing
to variations in the bone mineral density of humans [11–13]. For example, Zheng et al. [14] found
significant associations between single nucleotide polymorphisms in the Wnt16 locus and cortical
thickness in a genome-wide association study of five cohorts including 5672 participants. These
findings indicate that Wnt16 is crucial for the development of bones and regulation of bone mass.
However, the exact role of Wnt16 in human osteoblast development remains unclear. Furthermore,
although Wnt5a has been linked to the regulation of MMP-1, MMP-3, and MMP-7 in various cell
types [15], there is currently no evidence indicating that Wnt16 influences the expression of MMP-13
in human osteoblasts. We previously demonstrated that IL-1β-induced MMP-3-regulated proliferation
of mouse odontoblastic cells is mediated by the Wnt5 signaling pathway [16].

Human osteoblastic cells are commercially available as osteosarcoma-derived cell lines including
MG-63, Hos, U2Os, and SaoS-2. Because of the challenges associated with obtaining sufficient numbers
of purified human osteoblasts, studies have yet to focus on purified osteoblasts treated with IL-1β as a
model of early-phase inflammation. Therefore, we employed purified osteoblast-like cells derived from
α7 integrin-positive human skeletal muscle stem cells (α7+hSMSCs) [17] as an appropriate cell model
to examine the mechanism of wound healing and cell survival in vitro. These cells are an excellent
in vitro model to examine the mechanisms of wound healing.

Here, we examined whether Wnt signaling is associated with the expression of MMPs during
osteoblast activity, which may occur in inflamed bone fragility fractures. Our study of human skeletal
muscle stem cell-derived osteoblast-like cells aimed to delineate the degree of involvement of Wnt16
in the expression of MMPs and the molecules that regulate this process. We show, for the first time,
that Wnt16 up-regulates MMP-13 in osteoblast-like cells, which induces cell proliferation.

2. Results

2.1. IL-1β Induction of Wnt16 mRNA and Protein Expression in α7+hSMSC-OB Cells

α7+hSMSC-OB cells, MC3T3-E1 cells, and α7+hSMSCs were cultured in the presence of four
concentrations of IL-1β (0, 0.1, 0.3 and 1 ng/mL). Induction of Wnt16 mRNA and protein was assessed
by real-time quantitative polymerase chain reaction (qPCR) (Figure 1A–C) and Western blot analysis
(lower panels), respectively. Both the mRNA and protein levels of Wnt16 were increased by IL-1β
at 0.3 ng/mL, but not 0.1 or 1 ng/mL (Figure 1A,B). However, a different profile was observed
in α7+hSMSCs (Figure 1C). Bone-associated cells also express other Wnt proteins such as Wnt3a,
Wnt5a, Wnt5b, Wnt6, Wnt10a and Wnt11 [18–22]. To assess whether induction of Wnt16 by IL-1β is
a specific response in α7+hSMSC-OB cells, we evaluated the expression of these other Wnt mRNAs
and proteins following treatment with the same concentrations of exogenous IL-1β (0, 0.1, 0.3 and
1 ng/mL). However, there were no significant increases in these other Wnt mRNAs in response to
IL-1β (Supplementary Material, Figure S1).
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Figure 1. IL-1β-induced expression of Wnt16 mRNA and protein in α7+hSMSC-OB cells, MC3T3-E1
cells, and α7+hSMSCs. (A–C) Cells were treated with IL-1β (0, 0.1, 0.3 and 1 ng/mL), followed by
real-time qPCR analysis of Wnt16 mRNA expression relative to the control (18S rRNA). Data are the
mean ˘ SD of four independent experiments. ** p < 0.01. Western blot analysis of Wnt16 and β-tubulin
protein levels was performed following stimulation with IL-1β (lower panels). Blots shown are
representative of three independent experiments; (D–F) Effect of exogenous IL-1β on cell proliferation
in α7+hSMSC-OB cells, MC3T3-E1 cells, and α7+hSMSCs. The effect of exogenous IL-1β on cell
proliferation as evaluated using the BrdU-cell proliferation ELISA and BrdU immunohistochemistry kit
that stains the nuclei of proliferating cells (dark brown; bottom panels). Scale bars = 100 µm. The cells
were incubated in the absence or presence of IL-1β (0, 0.1, 0.3 and 1 ng/mL) for 24 h. Data are presented
as the mean ˘ SD of four independent experiments. * p < 0.05, ** p < 0.01 vs. control.

2.2. IL-1β Affects the Proliferation of α7+hSMSC-OB Cells

The lower concentrations of exogenous IL-1β (0.1 and 0.3 ng/mL) significantly increased cell
proliferation (p < 0.05, p < 0.01; Figure 1D,E) in both α7+hSMSC-OB and MC3T3-E1 cells as determined
by enzyme-linked immunosorbent assay (ELISA) and microscopic analyses. However, a different
profile was observed in α7+hSMSCs (Figure 1F). In contrast, 1 ng/mL IL-1β drastically reduced cell
proliferation (p < 0.05) and significantly increased apoptosis in both cell types (data not shown). These
results demonstrate an inverse correlation between cell proliferation and apoptosis in α7+hSMSC-OB
and MC3T3-E1 cells treated with IL-1β.
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2.3. Expression of Lrp5 and Fzd2 mRNAs in α7+hSMSC-OB Cells

We examined whether a Wnt receptor, Lrp5 and Fzd2, was present in α7+hSMSC-OB cells,
MC3T3-E1 cells, and α7+hSMSCs, and whether its expression was influenced by IL-1β. Lrp5 mRNA
and protein were constitutively expressed in α7+hSMSC-OB cells, and their levels were elevated by
IL-1β treatment (0.1 and 0.3 ng/mL; Figure 2A). However, several other Wnt5 receptors are known,
including Lrp6, Ror1, Ror2, Ryk, and Fzd9 [23–25]. We therefore measured the mRNA and protein
expression of these Wnt5 receptors in our osteoblast-like cells. There was no evidence of Lrp6, Ror1,
Ror2, Ryk, or Fzd9 expression in unstimulated or IL-1β-stimulated cells (Supplementary Material,
Figure S2). Conversely Fzd2 was constitutively expressed in unstimulated cells, and its mRNA and
protein levels were both increased by low-to-moderate concentrations of IL-1β (0.1 and 0.3 ng/mL;
Figure 2D). IL-1β had no effects on Lrp5/Fzd2 expression in α7+hSMSCs (Figure 2C,F). Similar results
were obtained from MC3T3-E1 cells (Figure 2B,E).

Figure 2. Expression of Lrp5 and Fzd2 mRNAs and proteins in α7+hSMSC-OB cells, MC3T3-E1 cells,
and α7+hSMSCs. (A–F) Cells were stimulated with IL-1β (0, 0.1, 0.3 and 1 ng/mL) prior to real-time
qPCR analysis of Lrp5 and Fzd2 expression relative to the control (18S rRNA). Data are the mean ˘ SD
of four independent experiments. * p < 0.05, ** p < 0.01. Lower panels show Western blot analysis of
Lrp5, Fzd2, and β-tubulin protein levels following stimulation with IL-1β. Blots are representative of
three independent experiments.

2.4. Effect of Exogenous Wnt16 on MMP-13 Expression and Cell Proliferation

In subsequent experiments, we used α7+hSMSC-OB cells with MC3T3-E1 cells as an authentic
standard osteoblast-like cell type. We tested whether exogenous Wnt16 enhanced MMP-13 expression
in osteoblast-like cells. MMP-13 protein expression and activity, as well as cell proliferation were all
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slightly increased by 50 ng/mL Wnt16 and dramatically increased by 100 ng/mL Wnt16 (p < 0.05;
Figure 3A,C). However, the effect of 150 ng/mL Wnt16 was equivalent to that of 50 ng/mL Wnt16,
indicating a significant decrease in efficiency at this higher dose (Figure 3A,C). Similar results were
obtained from MC3T3-E1 cells (Figure 4A,B).

Figure 3. Effect of exogenous Wnt16 on MMP-13 expression and activity, and the proliferation of
α7+hSMSC-OB cells. (A,B) Cells were treated for 6 h (grey bars) and 12 h (black bars) with 0, 10,
30, 50, 100, 150 and 200 ng/mL exogenous Wnt16 prior to analysis. Upper panels show Western
blots of MMP-13 protein expression compared with β-tubulin levels. Blots are representative of
three independent experiments; lower panels show MMP-13 activity. Data are the mean ˘ SD of
four independent experiments * p < 0.05 and ** p < 0.01; (C,D) Effect of exogenous Wnt16 on cell
proliferation. Cells were treated with Wnt16 (0, 10, 30, 50, 100, 150, and 200 ng/mL) for 24 h. Their
proliferation status was then evaluated using the BrdU-cell proliferation ELISA (graphs) and BrdU
immunohistochemistry kit (images; nuclei are stained brown in proliferating cells). Scale bars = 100 µm.
ELISA data are the mean ˘ SD of four independent experiments. * p < 0.05, ** p < 0.01.
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Figure 4. Effect of exogenous Wnt16 on MMP-13 expression and activity, and the proliferation of
MC3T3-E1 cells. (A) Cells were treated for 6 h (grey bars) and 12 h (black bars) with 0, 10, 30, 50, 100,
150 and 200 ng/mL exogenous Wnt16 prior to analysis. Upper panels show Western blots of MMP-13
protein expression compared with β-tubulin levels. Blots are representative of three independent
experiments. Lower panels show MMP-13 activity. Data are the mean ˘ SD of four independent
experiments. * p < 0.05, ** p < 0.01; (B) Effect of exogenous Wnt16 on cell proliferation. Cells were
treated with Wnt16 (0, 10, 30, 50, 100, 150 and 200 ng/mL) for 24 h. Their proliferation status was
then evaluated using the BrdU-cell proliferation ELISA (graphs) and BrdU immunohistochemistry
kit (images; nuclei are stained brown in proliferating cells). Scale bars = 100 µm. ELISA data are the
mean ˘ SD of four independent experiments. * p < 0.05, ** p < 0.01.

2.5. Effect of Anti-Wnt16 Small Interfering RNA (siRNA) on IL-1β-Induced Cell Proliferation

Under identical culture conditions, we tested the effect of anti-Wnt16 siRNA on IL-1β-induced
changes in cell proliferation. Wnt16 silencing considerably decreased the number of proliferating
α7+hSMSC-OB cells following IL-1β stimulation compared with untransfected and control
siRNA-transfected cells. Similar results were obtained after siRNA-mediated knockdown of Lrp5 and
MMP-13 (p < 0.01; Figure 5A–C). The reduction in the proliferative potential was estimated to be ~95%.
These results were confirmed by microscopic analysis of cell proliferation (images in Figure 5A–C).

Figure 5. Cont.



Int. J. Mol. Sci. 2016, 17, 221 7 of 14

Figure 5. Effect of Wnt16, Lrp5, and MMP-13 siRNAs on IL-1β-induced cell proliferation.
(A–C) α7+hSMSC-OB cells were transfected for 24 h with Wnt16, Lrp5, and MMP-13 siRNAs, stimulated
with IL-1β (0, 0.1 0.3, and 1 ng/mL), and then analyzed by the BrdU-cell proliferation ELISA (graphs)
and BrdU immunohistochemistry kit (images, right row). * p < 0.01 vs. control; ** p < 0.01 vs. control;
# p < 0.01 vs. control siRNA; ## p < 0.01 vs. control siRNA; † p < 0.01. The BrdU immunohistochemistry
kit stains the nuclei of proliferating cells (dark brown). Images are representative of at least three
independent experiments. Scale bars = 100 µm.

2.6. Evaluation of the Expression Order during IL-1β-Induced Cell Proliferation by siRNA-Mediated Silencing

Using several specific siRNAs, we examined the sequential order in which Wnt16, Lrp5, and
MMP-13 are expressed in osteoblast-like cells by Western blot analysis (Figure 6A–C). IL-1β-induced
expression of Wnt16 was only inhibited by anti-Wnt16 siRNA (Figure 6A), whereas Lrp5 expression
was inhibited by both anti-Wnt16 and anti-Lrp5 siRNAs (Figure 6A,B). Furthermore, IL-1β-induced
MMP-13 expression was inhibited by anti-Wnt16, anti-Lrp5, and anti-MMP-13 siRNAs (Figure 6A–C).
Therefore, this signaling cascade appears to be IL-1βÑWnt16ÑLrp5/Fzd2ÑMMP-13, and is intimately
involved in the proliferation of α7+hSMSC-OB cells (Figure 6D).
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Figure 6. Determination of the signaling sequence using specific siRNAs. Cells were incubated for
24 h in serum-free medium containing IL-1β (0.3 ng/mL) and (A) Wnt16; (B) Lrp5; or (C) MMP-13
siRNAs. Protein expression of Wnt16, Lrp5, and MMP-13 was determined by Western blotting and
compared with the expression of a housekeeping gene (β-tubulin). Images are representative of at least
three independent experiments; (D) Schematic illustrating the putative signaling pathway by which
IL-1β stimulates MMP-13 activity to induce the proliferation of α7+hSMSC-OB cells; (E) the different
signaling cascades in IL-1β-induced proliferation of α7+hSMSC-OB cells.

3. Discussion

To date, functional data on the role(s) of Wnt16 signaling in human osteoblasts remain scarce.
In the present study IL-1β was found to stimulate the Wnt16 signaling cascade, resulting in activation
of MMP-13 and enhancement of osteoblast-like cell proliferation. This observation might represent a
novel physiological function of Wnt16, and may be physiologically relevant to counteract the effects of
inflammation in vivo.

Our data highlight three main points. First, this is the first study to use a specific siRNA
targeting Wnt16 to elucidate the mechanism of IL-1β-induced proliferation in human skeletal
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muscle stem cell-derived, osteoblast-like cells. The lack of such a study until now is primarily
because of the difficulty in generating sufficient numbers of purified human osteoblast-like cells.
No study has investigated the effect of MMP-13 silencing on the proliferation of these cell types,
except for our previous work [6]. The development of our basic knowledge with regard to human
stem cell-derived osteoblastic cells is nevertheless highly important. Second, while Wnt5a and
Wnt5b act as odontoblast growth factors [16], we demonstrated that Wnt16 is a growth factor for
human osteoblastic cells. High concentrations of Wnt16 (>150 ng/mL) induced no cell proliferation,
whereas lower concentrations (50–100 ng/mL) upregulated MMP-13 in these cells and increased
cell proliferation. Because Wnt16 is a secreted protein, and its receptor (Lrp5/Fzd2) is present in
these cells, it is possible that the addition of Wnt16 drove the proliferation of the osteoblastic cells,
which might have led to wound healing in vivo. Therefore, targeting Wnt16 signaling in osteoblasts
represents a promising approach to enhance the natural repair processes of bone fragility fractures and
bone-destructive diseases such as RA, osteoporosis, and periodontitis. Finally, our most striking finding
is that IL-1β induces an increase in Wnt16 signaling through Lrp5/Fzd2 as its receptor, leading to
induction of MMP-13 expression and promotion of cell proliferation. In vitro, this activity is associated
with an anti-inflammatory effect in osteoblast-like cells. Because this signaling cascade appears to
be IL-1βÑWnt16ÑLrp5/Fzd2ÑMMP-13, Wnt16 as a counter partner plays an important role in
IL-1β-induced cell proliferation at a relatively early step in the signaling cascade. As shown in Figure 5,
the combined weak inflammatory state induced by IL-1β and anti-Wnt16 siRNA resulted in potent
suppression of cell proliferation, suggesting that Wnt16 expression might be a key determinant of cell
survival. It remains to be established how IL-1β-induced MMP-13 activity regulates the proliferative
effects observed in this study.

As a differentiation factor, endogenous Wnt signaling has functions in osteoblastogenesis and
bone formation [26]. The importance of Wnt/β-catenin signaling in osteogenesis has been highlighted
by the fact that (i) loss-of-function mutations in Lrp5, a co-receptor for Wnt/β-catenin signaling, cause
osteoporosis and (ii) sclerostin, an osteocyte-derived inhibitor of Wnt/β-catenin signaling, suppresses
bone formation [27]. A deficiency of Wnt10b, which is expressed in bone marrow, leads to reductions
in trabecular bone mass, bone mineral density, and the serum osteocalcin level [28].

Wnt16 has been reported to induce the canonical Wnt pathway in osteoblasts [29]. Although we
did not confirm that IL-1β induces the canonical Wnt pathway in human osteoblasts, we observed
significant increases in Wnt16 mRNA expression, but not expression of Wnt3a, Win5a, Wnt5b, Wnt6,
Wnt10a, or Wnt11 mRNAs in cells treated with IL-1β (data not shown). Furthermore, whereas
IL-1β up-regulates the expression of MMP-1, -3, -9, and -13 via Wnt5a in rabbit TMJ condylar
chondrocytes [23], we confirmed that IL-1β-mediated activation of Wnt16 in osteoblast-like cells led
to induction of MMP-13 only (data not shown). Based on an analysis of Wnt16-deficient mice, it was
concluded that Wnt16 mostly affects osteoclastogenesis directly and in an osteoprotegerin-dependent
manner [29]. Because we have no definitive evidence, it remains to be elucidated.

Similarly, although numerous Wnt16 receptors exist (Lrp5, Lrp6, Ror1, Ror2, Ryk, Fzd2, and
Fzd9) [30–33], we found that only Lrp5 and Fzd2 were induced by IL-1β in osteoblast-like cells
(Figure 2) excepted for other Wnt16 receptors (data not shown). Because Lrp5 and Fzd2 are known
to form a complex [34,35], this complex may act as the Wnt16 receptor in osteoblast-like cells.
We previously reported that Lrp5/Fzd9 and Wnt5 are induced by IL-1β in odontoblast-like cells
derived from mouse embryonic stem cells [16]; however, the different signaling cascade remains to
be elucidated.

The effective dose range of IL-1β is very narrow (0.1 and 0.3 ng/mL). As described in our previous
study [6], we concluded that, at lower IL-1β concentrations (i.e., during the early stages of inflammation
in vivo), MMP-13 contributes to tissue wound healing during osteoblast inflammation. It is likely that
the switch from pro-proliferative to pro-apoptotic activity occurs as an instantaneous “step” rather
than a gently “phased” shift. However, the physiological significance of this type of switch and the
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mechanism underlying it are unclear, and the reason why only low IL-1β levels can stimulate MMP-13
production in these cells remains to be elucidated.

4. Materials and Methods

4.1. Materials

Human and mouse recombinant IL-β were obtained from PeproTech (Rocky Hill, NJ, USA).
Human and mouse recombinant Wnt16 were obtained from R & D Systems, Inc. (Minneapolis, MN,
USA). Human and mouse ligands were used for human and MC3T3-E1 cells, respectively.

4.2. Cell Culture

α7+hSMSCs were a kind gift from Dr. Randall H. Kramer (University of California, San Francisco
(UCSF), CA, USA) and maintained as described previously [17] with minor modifications. In brief, the
cells were cultured in Ham’s F-10 medium containing 20% fetal bovine serum (FBS), 50 U/mL penicillin,
50 µg/mL streptomycin, 1 µg/mL insulin, 2.5 µg/mL fungizone, 0.5 mg/mL gentamicin, and 2 mM
L-glutamine (all purchased from Invitrogen-Gibco, Carlsbad, CA, USA). This study was approved
by the UCSF Committee on Human Research and the Aichi Gakuin University Ethics Committee
(Approval No. 82, Approval Date: 21 September 2015). We had previously isolated human fetal and
satellite muscle stem cells by taking advantage of the high expression of α7 integrin as a marker for
the myogenic lineage [17]. These α7 integrin-positive fetal cells are capable of fusion and differentiate
into myotubes with high efficiency. Therefore, fetal human cells can be easily purified and expanded
in vitro to obtain large numbers of differentiation-competent myoblasts that might be suitable for
differentiation into other cell types such as osteogenic cells. In our previous study, we found that bone
morphogenetic protein-2 increases α2 integrin expression in differentiated α7+hSMSC-OB cells [17],
which is concomitant with a loss of α7 integrin expression. Therefore, using flow cytometry, we
evaluated the ratios of α2 integrin-positive cells as a percentage of the total population of differentiated
cells to determine the purity of the differentiated cell population. Dead cells and debris were
excluded by appropriate gating of forward and side scatter. Our α7+hSMSC-OB cell cultures were
98.33% ˘ 1.45% homogenous (% total, n = 3). We also detected the expression of osteoblastic markers
osteopontin and osteocalcin in α7+hSMSC-OB cells, further indicating that the α7+hSMSCs had
differentiated along the osteoblastic lineage (data not shown). We also confirmed specific osteogenic
physiological changes in the cells (e.g., calcification and increased alkaline phosphatase activity), which
continued for 21 days (data not shown). Mouse osteoblast-like MC3T3-E1 cells were purchased from
the RIKEN BioResource Center Cell Bank (Ibaraki, Japan) and cultured as described previously [36,37].
These cells were used throughout the study as a positive control for the changes observed in human
osteoblast-like cells.

4.3. Cell Proliferation Assay and Microscopic Analysis

Cell proliferation was evaluated using a 5-bromo-21-deoxyuridine (BrdU)-cell proliferation ELISA
(Roche Applied Science, Mannheim, Germany) as described previously [36,37]. The cells were
seeded into 96-well culture plates at a density of 1 ˆ 105 cells/cm2. Cell proliferation was also
evaluated visually with a BZ-9000 microscope (Keyence, Osaka, Japan) and/or IN Cell Analyzer 2000
(GE Healthcare UK Ltd., Buckinghamshire, UK) using a BrdU immunohistochemistry kit (Abcam,
Cambridge, UK) according to the manufacturer’s instructions.

4.4. Real-Time qPCR Analysis

Real-time qPCR analyses were performed in triplicate in 96-well optical microtiter plates
with ~25 ng RNA, 0.25 µL RT Mix (Qiagen Quantitect RT Mix, Valencia, CA, USA), 1.25 µL
of 20ˆ Primer/Probe Mix, and 12.5 µL Master Mix (Qiagen Quantitect RT-PCR kit) in a 25 µL
reaction volume. The following primer/probe sets were used: human Wnt16, Mm00437347_m1;
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mouse Wnt16, Mm00437347_m1; human Wnt5a, Mm00437347_m1; mouse Wnt5a, Mm00437347_m1;
human Wnt5b, Mm00437347_m1; mouse Wnt5b, Mm01183986_m1; human Lrp5, Mm01227476_m1;
mouse Lrp5, Mm01227476_m1; human Fzd2, Mm02524776_s1; mouse Fzd2, Mm02524776_s1;
human Fzd9, Mm01206511_s1; mouse Fzd9, Mm01206511_s1; human Lrp6, Hs00233945_m1; mouse
Lrp6, Mm00999795_m1; human Ror1, Hs00938677_m1; mouse Ror1, Mm00443462_m1; human
Ror2, Hs00896176_m1; mouse Ror2, Mm00443470_m1; human Ryk Hs00243196_m1; mouse Ryk,
Mm01238551_m1 (Assays-On-Demand™, Applied Biosystems, Foster City, CA, USA). PCR samples
were subjected to the following thermal cycling conditions: an initial holding stage of 30 min at 50 ˝C
(for reverse transcription), 15 min at 95 ˝C (to activate HotStarTaq polymerase enzyme), and then 40
cycles of 15 s at 94 ˝C and 60 s at 60 ˝C. mRNA expression was quantified as relative to a standard curve.
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and 18S amplicon rRNA were employed as
housekeeping genes. For each experimental sample, the amounts of target and endogenous reference
were determined from the appropriate standard curve. The amount of target was then divided by the
amount of endogenous reference to obtain a normalized target value. Ct (threshold cycle) values for
target and housekeeping genes were extrapolated from the standard curve to produce an arbitrary
value of expression, the ratio of which (target/housekeeping gene) within a given tissue sample was
plotted as the relative mRNA expression level.

4.5. Western Blot Analysis

Wnt16, Wnt5a, Wnt5b, Lrp5, Fzd2, Fzd9, Lrp6, Ror1, Ror2, Ryk and MMP-13 protein levels in
cell lysates were determined by Western blot analyses. Cells were cultured for 6 h with or without
IL-1β, lysed, and then protein lysates were separated on sodium dodecyl sulfate polyacrylamide
gels (12%). Western blot analyses were then performed using anti-Wnt16, -Wnt5a, -Wnt5b, -Lrp5,
-Fzd2, -Fzd9, -Lrp6, -Ror1, -Ror2, -Ryk, -MMP-13, and -β-tubulin polyclonal antibodies (sc-271897,
sc-365370, sc-109464, sc-21390, sc-68328, sc-33509, sc-12363, sc-25317, sc-130867, sc-374174, sc-83080
and sc-9935, respectively; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA). The anti-MMP-13
antibody showed no significant cross-reactivity with other MMPs (data not shown). Visualization and
quantification of blotted protein bands were performed with Multi Gauge-Ver3.X software (Fujifilm,
Tokyo, Japan).

4.6. Measurement of MMP-13 Activity

The protocol to measure MMP-13 activity has been described previously [38,39] using a
commercially available MMP-13 activity assay kit (SensoLyte® Plus 520 MMP-13 assay kit AnaSpec,
San Jose, CA, USA). MMP-13 was immunoprecipitated from the culture medium by incubation with
an anti-MMP-13 goat antibody (sc-6839, Santa Cruz Biotechnology Inc.) and protein A/G-agarose for
6 h at 4 ˝C. After centrifugation, the agarose pellets were suspended in MMP-13 assay buffer from
the kit (containing the MMP-13 substrates), and MMP-13 activity was determined according to the
manufacturer’s instructions.

4.7. Silencing of Wnt16, Lrp5, and MMP-13 Genes by siRNA Transfection

Wnt16, Lrp5, and MMP-13 siRNAs for gene silencing were acquired commercially (sc-41128,
sc-43900 and sc-41559, respectively; Santa Cruz Biotechnology Inc.) and transfected into cultured
cells using an siRNA reagent system (Santa Cruz Biotechnology Inc.) according to the manufacturer’s
protocol. In brief, 2ˆ 105 cells were seeded in 2 mL complete medium (Ham’s F-10 medium containing
20% FBS) in a 6-well plate. After 36 h, the cells were transfected with 66 pmol of the respective
siRNA using the siRNA reagent system. We confirmed 96% inhibition achieved according to the
manufacturer’s protocol. An anti-GAPDH siRNA and control siRNA (Thermo Scientific, Lafayette,
CO, USA) without known homogeny for any vertebrate sequence were used as positive and negative
controls, respectively.
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4.8. Statistical, Analysis

Data are shown as the mean ˘ standard deviation (SD) of four to six independent experiments.
Statistical significance was assessed using the Mann-Whitney U-test. A value of p < 0.05 was considered
as statistically significant.

5. Conclusions

In summary, we have demonstrated that up-regulation of MMP-13 expression via the Wnt16
signaling pathway has an important role in the proliferation of human stem cell-derived, osteoblast-like
cells. These results provide new insights into the role of Wnt16 in osteoblasts, and may have relevance
to our understanding of, and ability to improve, wound healing following bone fragility fractures and
bone-destructive diseases such as RA, osteoporosis, and periodontitis.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/17/
2/221/s1.

Acknowledgments: We thank Randall H. Kramer for supplying reagents and contributing to helpful discussions.
This work was supported by a research grant from the Suzuken Memorial Foundation, a Grant-in-Aid-for
Scientific Research (A) (Grant No. 25253101; to Satoshi Yokose), and a Grant-in-Aid-for Scientific Research (C)
(Grant No. 26462904; to Nobuaki Ozeki) from the Ministry of Education, Culture, Sports, Science and Technology
of Japan.

Author Contributions: Nobuaki Ozeki and Makio Mogi conceived and designed the experiments; Nobuaki Ozeki,
Naoko Hase, Taiki Hiyama, Hideyuki Yamaguchi and Rie Kawai performed the experiments; Nobuaki Ozeki,
Ayami Kondo and Kazuhiko Nakata analyzed the data; Nobuaki Ozeki, Makio Mogi and Kazuhiko Nakata wrote
the paper. All authors read and approved the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Paula-Silva, F.W.; da Silva, L.A.; Kapila, Y.L. Matrix metalloproteinase expression in teeth with apical
periodontitis is differentially modulated by the modality of root canal treatment. J. Endod. 2010, 36, 231–237.
[CrossRef] [PubMed]

2. Tseng, W.Y.; Huang, Y.S.; Chiang, N.Y.; Chou, Y.P.; Wu, Y.J.; Luo, S.F.; Kuo, C.F.; Lin, K.M.; Lin, H.H. Increased
soluble CD4 in serum of rheumatoid arthritis patients is generated by matrix metalloproteinase (MMP)-like
proteinases. PLoS ONE 2013, 8, e63963. [CrossRef] [PubMed]

3. Almeida, M.; Han, L.; Bellido, T.; Manolagas, S.C.; Kousteni, S. Wnt proteins prevent apoptosis of both
uncommitted osteoblast progenitors and differentiated osteoblasts by β-catenin-dependent and -independent
signaling cascades involving Src/ERK and phosphatidylinositol 3-kinase/AKT. J. Biol. Chem. 2005, 280,
41342–41351. [CrossRef] [PubMed]

4. Im, H.J.; Pacione, C.; Chubinskaya, S.; van Wijnen, A.J.; Sun, Y.; Loeser, R.F. Inhibitory effects of insulin-like
growth factor-1 and osteogenic protein-1 on fibronectin fragment- and interleukin-1β-stimulated matrix
metalloproteinase-13 expression in human chondrocytes. J. Biol. Chem. 2003, 278, 25386–25394. [CrossRef]
[PubMed]

5. Matsui, H.; Yamasaki, M.; Nakata, K.; Amano, K.; Nakamura, H. Expression of MMP-8 and MMP-13 in the
development of periradicular lesions. Int. Endod. J. 2011, 44, 739–745. [CrossRef] [PubMed]

6. Ozeki, N.; Kawai, R.; Yamaguchi, H.; Hiyama, T.; Kinoshita, K.; Hase, N.; Nakata, K.; Kondo, A.;
Mogi, M.; Nakamura, H. IL-1β-induced matrix metalloproteinase-13 is activated by a disintegrin and
metalloprotease-28-regulated proliferation of human osteoblast-like cells. Exp. Cell Res. 2014, 323, 165–177.
[CrossRef] [PubMed]

7. Cadigan, K.M.; Nusse, R. Wnt signaling: A common theme in animal development. Genes Dev. 1997, 11,
3286–3305. [CrossRef] [PubMed]

8. Meng, J.; Ma, X.; Ma, D.; Xu, C. Microarray analysis of differential gene expression in temporomandibular
joint condylar cartilage after experimentally induced osteoarthritis. Osteoarthr. Cartil. 2005, 13, 1115–1125.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.joen.2009.10.030
http://www.ncbi.nlm.nih.gov/pubmed/20113780
http://dx.doi.org/10.1371/journal.pone.0063963
http://www.ncbi.nlm.nih.gov/pubmed/23700441
http://dx.doi.org/10.1074/jbc.M502168200
http://www.ncbi.nlm.nih.gov/pubmed/16251184
http://dx.doi.org/10.1074/jbc.M302048200
http://www.ncbi.nlm.nih.gov/pubmed/12734180
http://dx.doi.org/10.1111/j.1365-2591.2011.01880.x
http://www.ncbi.nlm.nih.gov/pubmed/21447140
http://dx.doi.org/10.1016/j.yexcr.2014.02.018
http://www.ncbi.nlm.nih.gov/pubmed/24613731
http://dx.doi.org/10.1101/gad.11.24.3286
http://www.ncbi.nlm.nih.gov/pubmed/9407023
http://dx.doi.org/10.1016/j.joca.2005.03.010
http://www.ncbi.nlm.nih.gov/pubmed/15905105


Int. J. Mol. Sci. 2016, 17, 221 13 of 14

9. Hwang, S.G.; Ryu, J.H.; Kim, I.C.; Jho, E.H.; Jung, H.C.; Kim, K.; Kim, S.J.; Chun, J.S. Wnt-7a causes loss
of differentiated phenotype and inhibits apoptosis of articular chondrocytes via different mechanisms.
J. Biol. Chem. 2004, 279, 26597–26604. [CrossRef] [PubMed]

10. Ryu, J.H.; Chun, J.S. Opposing roles of, WNT-5A and, WNT-11 in interleukin-1β regulation of type II collagen
expression in articular chondrocytes. J. Biol. Chem. 2006, 281, 22039–22047. [CrossRef] [PubMed]

11. Estrada, K.; Styrkarsdottir, U.; Evangelou, E.; Hsu, Y.H.; Duncan, E.L.; Ntzani, E.E.; Oei, L.; Albagha, O.M.;
Amin, N.; Kemp, J.P.; et al. Genome-wide meta-analysis identifies 56 bone mineral density loci and reveals
14 loci associated with risk of fracture. Nat. Genet. 2012, 44, 491–501. [CrossRef] [PubMed]

12. Garcia-Ibarbia, C.; Perez-Nunez, M.I.; Olmos, J.M.; Valero, C.; Perez-Aguilar, M.D.; Hernandez, J.L.;
Zarrabeitia, M.T.; Gonzalez-Macias, J.; Riancho, J.A. Missense polymorphisms of the WNT16 gene are
associated with bone mass, hip geometry and fractures. Osteoporos. Int. 2013, 24, 2449–2454. [CrossRef]
[PubMed]

13. Koller, D.L.; Zheng, H.F.; Karasik, D.; Yerges-Armstrong, L.; Liu, C.T.; McGuigan, F.; Kemp, J.P.; Giroux, S.;
Lai, D.; Edenberg, H.J.; et al. Meta-analysis of genome-wide studies identifies WNT16 and ESR1 SNPs
associated with bone mineral density in premenopausal women. J. Bone Miner. Res. 2013, 28, 547–558.
[CrossRef] [PubMed]

14. Zheng, H.F.; Tobias, J.H.; Duncan, E.; Evans, D.M.; Eriksson, J.; Paternoster, L.; Yerges-Armstrong, L.M.;
Lehtimaki, T.; Bergstrom, U.; Kahonen, M.; et al. WNT16 influences bone mineral density, cortical bone
thickness, bone strength, and osteoporotic fracture risk. PLoS Genet. 2012, 8, e1002745. [CrossRef] [PubMed]

15. Pukrop, T.; Klemm, F.; Hagemann, T.; Gradl, D.; Schulz, M.; Siemes, S.; Trumper, L.; Binder, C. Wnt 5a
signaling is critical for macrophage-induced invasion of breast cancer cell lines. Proc. Natl. Acad. Sci. USA
2006, 103, 5454–5459. [CrossRef] [PubMed]

16. Ozeki, N.; Hase, N.; Hiyama, T.; Yamaguchi, H.; Kawai, R.; Kondo, A.; Nakata, K.; Mogi, M. IL-1β-induced,
matrix metalloproteinase-3-regulated proliferation of embryonic stem cell-derived odontoblastic cells is
mediated by the Wnt5 signaling pathway. Exp. Cell Res. 2014, 328, 69–86. [CrossRef] [PubMed]

17. Ozeki, N.; Lim, M.; Yao, C.C.; Tolar, M.; Kramer, R.H. α7 Integrin expressing human fetal myogenic
progenitors have stem cell-like properties and are capable of osteogenic differentiation. Exp. Cell Res. 2006,
312, 4162–4180. [CrossRef] [PubMed]

18. Jullien, N.; Maudinet, A.; Leloutre, B.; Ringe, J.; Haupl, T.; Marie, P.J. Downregulation of ErbB3 by Wnt3a
contributes to wnt-induced osteoblast differentiation in mesenchymal cells. J. Cell. Biochem. 2012, 113,
2047–2056. [CrossRef] [PubMed]

19. Koizumi, Y.; Kawashima, N.; Yamamoto, M.; Takimoto, K.; Zhou, M.; Suzuki, N.; Saito, M.; Harada, H.;
Suda, H. Wnt11 expression in rat dental pulp and promotional effects of Wnt signaling on odontoblast
differentiation. Congenit. Anom. 2013, 53, 101–108. [CrossRef] [PubMed]

20. Lin, C.; Fisher, A.V.; Yin, Y.; Maruyama, T.; Veith, G.M.; Dhandha, M.; Huang, G.J.; Hsu, W.; Ma, L. The
inductive role of Wnt-β-Catenin signaling in the formation of oral apparatus. Dev. Biol. 2011, 356, 40–50.
[CrossRef] [PubMed]

21. Lin, G.L.; Hankenson, K.D. Integration of BMP, Wnt, and notch signaling pathways in osteoblast
differentiation. J. Cell. Biochem. 2011, 112, 3491–3501. [CrossRef] [PubMed]

22. Wang, C.; Ren, L.; Peng, L.; Xu, P.; Dong, G.; Ye, L. Effect of Wnt6 on human dental papilla cells in vitro.
J. Endod. 2010, 36, 238–243. [CrossRef] [PubMed]

23. Ge, X.; Ma, X.; Meng, J.; Zhang, C.; Ma, K.; Zhou, C. Role of, Wnt-5A in interleukin-1β-induced matrix
metalloproteinase expression in rabbit temporomandibular joint condylar chondrocytes. Arthritis Rheumatol.
2009, 60, 2714–2722. [CrossRef] [PubMed]

24. Kessenbrock, K.; Dijkgraaf, G.J.; Lawson, D.A.; Littlepage, L.E.; Shahi, P.; Pieper, U.; Werb, Z. A role for matrix
metalloproteinases in regulating mammary stem cell function via the Wnt signaling pathway. Cell Stem Cell
2013, 13, 300–313. [CrossRef] [PubMed]

25. Ma, B.; van Blitterswijk, C.A.; Karperien, M. A Wnt/β-catenin negative feedback loop inhibits
interleukin-1-induced matrix metalloproteinase expression in human articular chondrocytes.
Arthritis Rheumatol. 2012, 64, 2589–2600. [CrossRef] [PubMed]

26. Li, X.; Liu, P.; Liu, W.; Maye, P.; Zhang, J.; Zhang, Y.; Hurley, M.; Guo, C.; Boskey, A.; Sun, L.; et al. Dkk2 has
a role in terminal osteoblast differentiation and mineralized matrix formation. Nat. Genet. 2005, 37, 945–952.
[CrossRef] [PubMed]

http://dx.doi.org/10.1074/jbc.M401401200
http://www.ncbi.nlm.nih.gov/pubmed/15082716
http://dx.doi.org/10.1074/jbc.M601804200
http://www.ncbi.nlm.nih.gov/pubmed/16754689
http://dx.doi.org/10.1038/ng.2249
http://www.ncbi.nlm.nih.gov/pubmed/22504420
http://dx.doi.org/10.1007/s00198-013-2302-0
http://www.ncbi.nlm.nih.gov/pubmed/23417354
http://dx.doi.org/10.1002/jbmr.1796
http://www.ncbi.nlm.nih.gov/pubmed/23074152
http://dx.doi.org/10.1371/journal.pgen.1002745
http://www.ncbi.nlm.nih.gov/pubmed/22792071
http://dx.doi.org/10.1073/pnas.0509703103
http://www.ncbi.nlm.nih.gov/pubmed/16569699
http://dx.doi.org/10.1016/j.yexcr.2014.05.006
http://www.ncbi.nlm.nih.gov/pubmed/24851717
http://dx.doi.org/10.1016/j.yexcr.2006.09.017
http://www.ncbi.nlm.nih.gov/pubmed/17054947
http://dx.doi.org/10.1002/jcb.24076
http://www.ncbi.nlm.nih.gov/pubmed/22274864
http://dx.doi.org/10.1111/cga.12011
http://www.ncbi.nlm.nih.gov/pubmed/23998262
http://dx.doi.org/10.1016/j.ydbio.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/21600200
http://dx.doi.org/10.1002/jcb.23287
http://www.ncbi.nlm.nih.gov/pubmed/21793042
http://dx.doi.org/10.1016/j.joen.2009.09.007
http://www.ncbi.nlm.nih.gov/pubmed/20113781
http://dx.doi.org/10.1002/art.24779
http://www.ncbi.nlm.nih.gov/pubmed/19714632
http://dx.doi.org/10.1016/j.stem.2013.06.005
http://www.ncbi.nlm.nih.gov/pubmed/23871604
http://dx.doi.org/10.1002/art.34425
http://www.ncbi.nlm.nih.gov/pubmed/22328140
http://dx.doi.org/10.1038/ng1614
http://www.ncbi.nlm.nih.gov/pubmed/16056226


Int. J. Mol. Sci. 2016, 17, 221 14 of 14

27. Kato, M.; Patel, M.S.; Levasseur, R.; Lobov, I.; Chang, B.H.; Glass, D.A., 2nd; Hartmann, C.; Li, L.;
Hwang, T.H.; Brayton, C.F.; et al. Cbfa1-independent decrease in osteoblast proliferation, osteopenia,
and persistent embryonic eye vascularization in mice deficient in Lrp5, a Wnt coreceptor. J. Cell Biol. 2002,
157, 303–314. [CrossRef] [PubMed]

28. Bennett, C.N.; Longo, K.A.; Wright, W.S.; Suva, L.J.; Lane, T.F.; Hankenson, K.D.; MacDougald, O.A.
Regulation of osteoblastogenesis and bone mass by Wnt10b. Proc. Natl. Acad. Sci. USA 2005, 102, 3324–3329.
[CrossRef] [PubMed]

29. Moverare-Skrtic, S.; Henning, P.; Liu, X.; Nagano, K.; Saito, H.; Borjesson, A.E.; Sjogren, K.; Windahl, S.H.;
Farman, H.; Kindlund, B.; et al. Osteoblast-derived WNT16 represses osteoclastogenesis and prevents cortical
bone fragility fractures. Nat. Med. 2014, 20, 1279–1288. [CrossRef] [PubMed]

30. Maeda, K.; Takahashi, N.; Kobayashi, Y. Roles of Wnt signals in bone resorption during physiological and
pathological states. J. Mol. Med. 2013, 91, 15–23. [CrossRef] [PubMed]

31. Mikels, A.; Minami, Y.; Nusse, R. Ror2 receptor requires tyrosine kinase activity to mediate Wnt5A signaling.
J. Biol. Chem. 2009, 284, 30167–30176. [CrossRef] [PubMed]

32. Oishi, I.; Suzuki, H.; Onishi, N.; Takada, R.; Kani, S.; Ohkawara, B.; Koshida, I.; Suzuki, K.; Yamada, G.;
Schwabe, G.C.; et al. The receptor tyrosine kinase Ror2 is involved in non-canonical Wnt5a/JNK signalling
pathway. Genes Cells 2003, 8, 645–654. [CrossRef] [PubMed]

33. Sato, A.; Yamamoto, H.; Sakane, H.; Koyama, H.; Kikuchi, A. Wnt5a regulates distinct signalling pathways
by binding to Frizzled2. EMBO J. 2010, 29, 41–54. [CrossRef] [PubMed]

34. Kikuchi, A.; Yamamoto, H. Tumor formation due to abnormalities in the β-catenin-independent pathway of
Wnt signaling. Cancer Sci. 2008, 99, 202–208. [CrossRef] [PubMed]

35. Kikuchi, A.; Yamamoto, H.; Sato, A. Selective activation mechanisms of Wnt signaling pathways.
Trends Cell Biol. 2009, 19, 119–129. [CrossRef] [PubMed]

36. Mogi, M.; Togari, A. Activation of caspases is required for osteoblastic differentiation. J. Biol. Chem. 2003,
278, 47477–47482. [CrossRef] [PubMed]

37. Ozeki, N.; Mogi, M.; Nakamura, H.; Togari, A. Differential expression of the Fas–Fas ligand system on
cytokine-induced apoptotic cell death in mouse osteoblastic cells. Arch. Oral Biol. 2002, 47, 511–517.
[CrossRef]

38. Freije, J.M.; Diez-Itza, I.; Balbin, M.; Sanchez, L.M.; Blasco, R.; Tolivia, J.; Lopez-Otin, C. Molecular cloning
and expression of collagenase-3, a novel human matrix metalloproteinase produced by breast carcinomas.
J. Biol. Chem. 1994, 269, 16766–16773. [PubMed]

39. Stetler-Stevenson, W.G.; Aznavoorian, S.; Liotta, L.A. Tumor cell interactions with the extracellular matrix
during invasion and metastasis. Annu. Rev. Cell Biol. 1993, 9, 541–573. [CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons by Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1083/jcb.200201089
http://www.ncbi.nlm.nih.gov/pubmed/11956231
http://dx.doi.org/10.1073/pnas.0408742102
http://www.ncbi.nlm.nih.gov/pubmed/15728361
http://dx.doi.org/10.1038/nm.3654
http://www.ncbi.nlm.nih.gov/pubmed/25306233
http://dx.doi.org/10.1007/s00109-012-0974-0
http://www.ncbi.nlm.nih.gov/pubmed/23111637
http://dx.doi.org/10.1074/jbc.M109.041715
http://www.ncbi.nlm.nih.gov/pubmed/19720827
http://dx.doi.org/10.1046/j.1365-2443.2003.00662.x
http://www.ncbi.nlm.nih.gov/pubmed/12839624
http://dx.doi.org/10.1038/emboj.2009.322
http://www.ncbi.nlm.nih.gov/pubmed/19910923
http://dx.doi.org/10.1111/j.1349-7006.2007.00675.x
http://www.ncbi.nlm.nih.gov/pubmed/18271916
http://dx.doi.org/10.1016/j.tcb.2009.01.003
http://www.ncbi.nlm.nih.gov/pubmed/19208479
http://dx.doi.org/10.1074/jbc.M307055200
http://www.ncbi.nlm.nih.gov/pubmed/12954609
http://dx.doi.org/10.1016/S0003-9969(02)00035-3
http://www.ncbi.nlm.nih.gov/pubmed/8207000
http://dx.doi.org/10.1146/annurev.cb.09.110193.002545
http://www.ncbi.nlm.nih.gov/pubmed/8280471
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Results 
	IL-1 Induction of Wnt16 mRNA and Protein Expression in 7+hSMSC-OB Cells 
	IL-1 Affects the Proliferation of 7+hSMSC-OB Cells 
	Expression of Lrp5 and Fzd2 mRNAs in 7+hSMSC-OB Cells 
	Effect of Exogenous Wnt16 on MMP-13 Expression and Cell Proliferation 
	Effect of Anti-Wnt16 Small Interfering RNA (siRNA) on IL-1-Induced Cell Proliferation 
	Evaluation of the Expression Order during IL-1-Induced Cell Proliferation by siRNA-Mediated Silencing 

	Discussion 
	Materials and Methods 
	Materials 
	Cell Culture 
	Cell Proliferation Assay and Microscopic Analysis 
	Real-Time qPCR Analysis 
	Western Blot Analysis 
	Measurement of MMP-13 Activity 
	Silencing of Wnt16, Lrp5, and MMP-13 Genes by siRNA Transfection 
	Statistical, Analysis 

	Conclusions 

