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Abstract
Large doses of bone morphogenetic protein 2 (BMP2) are used clinically to induce bone formation
in challenging bone defects. However, complications after treatment include swelling, ectopic
bone formation, and adjacent bone resorption. While BMP2 can be effective, it is important to
characterize the mechanism of the deleterious effects to optimize its use. The aim of this study was
to determine the effect of BMP2 on apoptosis in osteoblast lineage cells and to determine the role
of the BMP inhibitor Noggin in this process. Human mesenchymal stem cells (MSCs), immature
osteoblast-like MG63 cells, and mature normal human osteoblasts (NHOst) were treated with
BMP2. A model system of increased endogenous BMP signaling was created by silencing Noggin
(shNOG-MG63). Finally, the BMP pathway regulating apoptosis in NHOst was examined using
BMP signaling inhibitors (5Z-7-oxozeaenol, dorsomorphin, H-8). Apoptosis was characterized by
caspase-3, BAX/BCL2, p53, and DNA fragmentation. BMP2 induced apoptosis in a cell-type
dependent manner. While the effect was minor in MSCs, MG63 cells had modest increases and
NHOst cells had robust increases apoptosis after BMP2 treatment. Apoptosis was significantly
higher in shNOG-MG63 than MG63 cells. 5Z-7-oxozeaenol and dorsomorphin eliminated the
BMP2-induced increase in DNA fragmentation in NHOst, suggesting roles for TAB/TAK1 and
Smad signaling. These results indicate that the apoptotic effect of BMP2 is dependent on cell
maturation state, inducing apoptosis in committed osteoblasts through Smad and TAB/TAK1
signaling, and is regulated by Noggin. Dose and delivery must be optimized in therapeutic
applications of BMP2 to minimize complications.
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INTRODUCTION
Bone morphogenetic proteins (BMPs) are members of the transforming growth factor-β
(TGF-β) super family [Miyazono et al., 2005], and a subset of BMPs possess the ability to
induce bone and cartilage formation and enhance osteogenesis [Reddi and Huggins, 1972;
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Urist, 1965]. BMP2 is used clinically to induce bone formation in challenging done defects
in orthopaedics and dentistry [Vukicevic and Sampath, 2004]. However, incidences of
complications have been reported in orthopaedic applications including soft tissue swelling,
ectopic bone formation, and even resorption of adjacent vertebral bodies [Lewandrowski et
al., 2007; Smoljanovic et al., 2009].

BMP2 must form homodimers or heterodimers to activate the BMP signaling pathway [Guo
and Wu, 2012]. The dimer then binds to a complex of four transmembrane receptors,
consisting of two BMP type I receptors and two BMP type II receptors [Miyazono et al.,
2005], and one of three signaling pathways is initiated depending on the conformation of
receptors upon ligand binding [Nohe et al., 2002]. In the first, BMP type I receptors
phosphorylate Smad1, Smad5, or Smad8. This Smad then associates with Smad4 and the
complex translocates to the nucleus and activates transcription of downstream genes
[Miyazono et al., 2010]. Alternatively, p38 or JNK mitogen-activated protein kinase
(MAPK) signaling can be initiated by TGF-β1 activated kinase-1 (TAK-1) and TAK1
binding protein (TAB) [Shibuya et al., 1996]. Finally, protein kinase A (PKA) can be
activated [Lee and Chuong, 1997; Zhao et al., 2006], potentially leading to ERK1/2 MAPK
activation. BMP signaling is regulated extracellularly by soluble inhibitors such as Noggin,
Gremlin, Cerberus, and Chordin, which physically bind to BMPs, preventing their
dimerization or receptor binding, inhibiting transduction of downstream signaling [Walsh et
al., 2010].

BMPs induce cartilage and bone formation both during embryonic development and post-
natally [Cao and Chen, 2005; Nie et al., 2006] and they regulate other developmental and
adult processes including cell growth and differentiation [Hogan, 1996; Reddi, 2005], as
well as apoptosis [Hay et al., 2001; Kawamura et al., 2002; Marazzi et al., 1997; Zhang et
al., 2012]. Control of apoptosis during development ensures proper tissue morphogenesis.
For example, BMP2 regulates fibroblast growth factor signaling to induce apoptosis in the
apical ectodermal ridge during limb formation [Pajni-Underwood et al., 2007]. In the chick
limb bud, both BMP2 and BMP4 are expressed in the anterior, posterior, and interdigital
necrotic zones prior to apoptosis [Yokouchi et al., 1996]. However, there is limited evidence
about the effects of BMP2 on apoptosis in adult osteoprogenitor cells or in committed
osteoblasts.

Given the effects seen following the clinical use, the aim of this study was to characterize
the effect of BMP2 on apoptosis of osteoprogenitor cells and osteoblasts, and the role of
soluble BMP antagonist Noggin on this process, and lastly the BMP pathway used to induce
apoptosis.

MATERIALS AND METHODS
Cell Culture

The effect of BMP2 on apoptosis was examined in osteoprogenitor cells (MSCs), immature
osteoblasts (MG63 cells), and mature osteoblasts (NHOst cells). Human bone marrow-
derived mesenchymal stem cells (MSCs) were purchased from Lonza Biosciences
(Walkersville, MD) and cultured in Mesenchymal Stem Cell Growth Media (MGSCGM,
Lonza Biosciences). Human MG63 cells (American Type Culture Collection, Manassas,
VA) were cultured in Dulbecco’s modification of Eagle’s medium (cellgro®, MediaTech,
Manassas, VA) supplemented with 10% fetal bovine serum (Gibco, Carlsbad, CA) and 1%
penicillin-streptomycin (Gibco). Normal human osteoblasts (NHOst cells, Lonza) were
cultured in Osteoblast Growth Media (Lonza). For all experiments, cells were plated at a
density of 10,000 cells/cm2 and cultured at 37°C, 5% CO2, and 100% humidity. Media were
changed 24 hours after plating and every 48 hours thereafter until cells reached confluence.
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Recombinant human BMP2 (R&D Systems, Minneapolis, MN) was reconstituted in sterile 4
mM HCl containing 0.1% bovine serum albumin to a stock concentration of 100 μg/ml. The
stock was diluted to final concentrations in culture medium. At confluence, cells were
treated with 50, 100, or 200 ng/ml BMP2 unless noted otherwise.

Proteome Profiler Array
The effect of BMP2 on osteoblast apoptosis was investigated using a Human Apoptosis
Proteome Profiler Array (R&D Systems), which examined changes in 35 apoptosis-related
proteins. Confluent cultures of NHOst cells were treated with 200 ng/ml BMP2 for 6 hours.
After incubation, cells were lysed and analyzed by modified Western blot. Membranes were
imaged by chemiluminescence (VersaDoc, Bio-Rad, Hercules, CA) and changes in proteins
determined by densitometry (QuantyOne, Bio-Rad).

Caspase-3
Cells were treated with BMP2 as described for 6 hours and assayed for caspase-3 activity
using a commercial kit (R&D Systems) following manufacturer’s instructions. Briefly, cell
monolayers were lysed in cold lysis buffer for 10 minutes at 4°C, and the cell lysates
centrifuged at 10,000g for 1 minute. The resulting supernatant was combined with 2x
reaction buffer and DEVD-pNA substrate and incubated at 37°C for 2 hours. Absorbance at
405 nm was determined using a microplate reader (VersaMax, Molecular Devices,
Sunnyvale, CA).

BAX/BCL2 mRNA Levels
Cells were treated with BMP2 for 12 hours. RNA was isolated using TriZOL® (Invitrogen,
Carlsbad, CA) and was quantified (Nanodrop Spectrophotometer, Thermo Scientific,
Waltham, MA). 250 ng of RNA was used to synthesize cDNA libraries (High Capacity
cDNA Reverse Transcription kit, Applied Biosystems, Carlsbad, CA). Levels of mRNA
were quantified with real-time quantitative PCR (StepOnePlus, Applied Biosystems) using
gene-specific primers (Table 1) and Power SybrGreen® Master Mix (Applied Biosystems).
Starting mRNA quantities were determined by standard curve method. Levels of mRNA are
presented as a ratio of BAX to BCL2.

Total p53 Levels
Total p53 levels were determined in cells 24 hours after treatment using a sandwich ELISA
(Human Total p53 DuoSet® IC, R&D Systems). After treatment, monolayers were rinsed
with PBS and lysed [PBS containing 1 mM EDTA, 0.5% Triton™ X-100, 10 mM NaF, 150
mM NaCl, 20 mM β-glycerophosphate, 1 mM dithiothreitol, 10 μg/ml leupeptin, 10 μg/ml
pepstatin, 3 μg/ml aprotinin]. Lysates were centrifuged at 2000g for 5 minutes and the
supernatant assayed for total p53 following manufacturer’s instructions. Results were
normalized to total protein content (Pierce 600nm Protein Assay, Thermo Scientific).

DNA Fragmentation
TUNEL Assay—DNA fragmentation was assessed by colorimetric terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling (TUNEL,
TiterTACS™ in situ Microplate TUNEL Assay, R&D Systems). Confluent cultures were
treated for 24 hours. Media were removed, and cells were fixed with 3.7% sucrose-buffered
formaldehyde and processed following manufacturer’s instructions. Absorbance at 450 nm
was determined using a microplate reader.

Radiometric Assay—At 60% confluence, cells were incubated with 1 μCi/ml 3H-
thymidine (Perkin Elmer, Waltham, MA). At confluence, cultures were treated for 24 hours
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with BMP2. Cells were lysed [10mM Tris-HCl, 1mM EDTA, 0.2% Triton X-100] and
subjected to three freeze-thaw cycles. Intact DNA was separated from fragmented DNA by
ultracentrifugation at 13,000g for 15 minutes. Intact DNA (pellet) and fragmented DNA
(supernatant) were counted by liquid scintillation counting (Beckman Coulter). Results are
presented as percent fragmented DNA/total DNA.

Noggin Expression
Since soluble inhibitors regulate the actions of BMPs, we wanted to determine the effect of
BMP2 treatment on mRNA levels of NOG, one of the most powerful inhibitors of BMPs.
Cells were treated with BMP2 as described. Levels of mRNA for NOG were determined
after 12 hours as described above and are presented as normalized to mRNA levels of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Noggin Silencing
shNOG-MG63 cells were examined to determine the role of Noggin in osteoblast apoptosis.
MG63 cells silenced for Noggin (shNOG-MG63) were generated using lentiviral shRNA
transduction particles (NM_005450, TRCN0000058563, Mission®, Sigma Aldrich, St.
Louis, MO). MG63 cells were plated at 20,000 cells/cm2 and cultured overnight in full
medium. Particles were added to the cells at a multiplicity of infection of 7.5 in full medium
supplemented with 8 μg/ml hexadimethrine bromide (Sigma Aldrich) and incubated for 18
hours. After incubation, transduced cells were selected with full medium containing 0.25 μg/
ml puromycin. The resulting cell line had a 70% reduction in NOG mRNA levels as
determined by real-time qPCR and 72% reduction in secreted Noggin as determined by
ELISA (data not shown).

BMP2 Signaling Pathway
Confluent cultures of NHOst cells were pre-treated for one hour with inhibitors of BMP2-
dependent signaling pathways. 5Z-7-oxozeaenol (100 nM) was used to inhibit TAB/TAK1
signaling [Choo et al., 2006]; dorsomorphin (10 nM) was used to inhibit Smad signaling
[Hao et al., 2008; Yu et al., 2008]; H-8 (1 μM) was used to inhibit PKA signaling [Rosado et
al., 2002]. All inhibitors were purchased from EMD Chemicals (San Diego, CA). BMP2
was added to the media containing the inhibitor to a final concentration of 200 ng/ml. Cells
were incubated and assayed as described above.

Statistical Analysis
Data are presented as mean ± SEM of six independent cultures per variable. Data were first
examined by analysis of variance (ANOVA) and significant differences between groups
determined using Bonferroni’s modification of Student’s t-test. P<0.05 was considered to be
significant.

RESULTS
The results of the proteome profiler array showed that of the 35 apoptosis-related proteins
assessed (Fig. 1A), 9 proteins were significantly higher and 5 proteins were lower in BMP2-
treated NHOst cells than in untreated cells (Fig. 1B). Levels of pro-apoptotic proteins such
as Bad, Bax, pro-caspase-3, and phosphorylated p53 (Ser 15) were increased more than 20%
in NHOst cells treated with BMP2 than in control cells (Fig. 1B). Anti-apoptotic markers
Bcl-x, Omi, Livin, and XIAP were 25% lower in BMP2-treated NHOst cells than in
untreated cultures (Fig. 1B).
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The effect of BMP2 on apoptosis varied with cell type. MSCs treated with 200 ng/ml BMP2
exhibited a small increase in caspase-3, with no effect at lower doses (Fig. 2A). Addition of
BMP2 increased total p53 at all concentrations (Fig. 2C), but had no effect on BAX/BCL2
(Fig. 2B) or TUNEL (Fig. 2D). In MG63 cells, addition of 100 or 200 ng/ml BMP2
increased caspase-3 (Fig. 2A). However, BAX/BCL2 (Fig. 2B) and p53 (Fig. 2C) were only
increased by 200 ng/ml BMP2. BMP2 had no effect on TUNEL in MG63 cells at the doses
examined (Fig. 2D).

In contrast, BMP2 significantly increased caspase-3 in NHOst cells at all doses examined
(Fig. 3A). BAX/BCL2 was increased after BMP2 treatment in a dose-dependent manner,
with a 7-fold increase after 200 ng/ml BMP treatment (Fig. 3B). Levels of p53 were higher
in 100 ng/ml and 200 ng/ml treated cultures than control cultures (Fig. 3C). TUNEL was
increased in cultures treated with 200 ng/ml BMP2 (Fig. 3D), and this was confirmed by a
50% increase in percent fragmented DNA (data not shown).

Noggin expression was regulated by BMP2 in all cell types examined. In MSCs, NOG was
1.5-fold higher than control after BMP2 treatment, but decreased with increasing BMP2
dose (Fig. 5A). In MG63 cells, treatment with BMP2 induced a greater than 2-fold increase
in NOG mRNA levels, an effect that increased with increased BMP2 dose (Fig. 5B). A
similar effect was seen in NHOst, with a 3-fold increase in NOG mRNA levels after 200 ng/
ml BMP2 (Fig. 5C).

Reduced Noggin expression resulted in increased expression of apoptotic markers and
increased apoptosis. shNOG-MG63 cells had higher levels of apoptotic markers than wild
type MG63 cells throughout the culture period. Wild type MG63 cells exhibited time-
dependent increases in MTT activity (Fig. 6A). In contrast, shNOG-MG63 cells had
increased MTT levels until day 5, when cells underwent apoptosis and MTT was reduced to
20% of levels seen in control (Fig. 6A). Caspase-3 was higher in shNOG-MG63 cells at
days 2, 3, and 4 than in wild type MG63 cells (Fig. 6B). BAX/BCL2 was also 100% higher
in shNOG-MG63 cells at day 2 and 4 than in MG63 cells (Fig. 6C). shNOG-MG63 cells had
higher TUNEL than MG63 cells at all times examined (Fig. 6D). TUNEL was 100% higher
in shNOG-MG63 cells at day 2 and 200% higher at day 3 and 4 in comparison to MG63
cells (Fig. 6D).

The increased apoptosis in shNOG-MG63 cells was enhanced by BMP2. MG63 cells treated
with 200 ng/ml BMP2 had a 25% increase in caspase-3; shNOG-MG63 cells had a higher
baseline level of caspase-3, which was increased 25% by addition of BMP2 (Fig. 7A).
Likewise, BAX/BCL2 increased in MG63 cells treated with BMP2. Baseline BAX/BCL was
higher in shNOG-MG63 cells and was synergistically increased by exogenous BMP2 (Fig.
7B).

The effect of BMP2 on apoptosis was via a Smad-dependent signaling pathway. In NHOst
cells, the stimulatory effect of 200 ng/ml BMP2 on caspase-3 activity was blocked by
dorsomorphin, but not by 5Z-7-oxozeaenol or H-8 (Fig. 8A). Likewise, only dorsomorphin
blocked the BMP2-induced increase in BAX/BCL2 (Fig. 8B). However, increased DNA
fragmentation after BMP2 treatment was inhibited by both dorsomorphin and 5Z-7-
oxozeaenol (Fig. 8C), indicating that TAB/TAK1 signaling also played a role.

DISCUSSION
This study demonstrates that BMP2 modulates apoptosis in a cell-dependent manner. In
MSCs, treatment with this morphogen had only small effects on apoptotic signaling. The
immature osteoblast MG63 cells were sensitive to treatment with BMP2, but only at the
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highest dose used in our study. However, in NHOst cells, BMP2 induced apoptosis in a
dose-dependent manner, an important fact given the exceedingly high doses used clinically.

BMP2 had little effect on apoptosis in MSCs in our study. BMPs are known to induce stem
cell differentiation into chondrocytes, osteoblasts, and adipocytes in a dose-dependent
manner [Ryoo et al., 2006]. Moreover, several studies have indicated that BMP signaling is
also required for maintenance of the stem cell niche and MSC survival [Edgar et al., 2007;
Solmesky et al., 2009]. This evidence suggests that BMPs affect maintenance and
differentiation, but not apoptosis, in MSCs, in agreement with the results of our study.

Differential regulation of BMP2 effects were seen in cells committed to the osteoblast
lineage. BMP2 increased BAX/BCL2, caspase-3, and TUNEL in immature osteoblast-like
MG63 cells, confirming results using other immature osteoblast cell lines [Hay et al., 2004;
Hay et al., 2001]. However, this effect was only at the highest dose tested. In committed
osteoblasts, the effect was more robust, and occurred at lower doses. These observations
suggest that the effect of BMP2 on osteoblast apoptosis is dependent on maturation state. In
addition to up-regulating of apoptotic markers, BMP2 down-regulated anti-apoptotic
markers. In NHOst, anti-apoptotic Bcl-x was lower in cells treated with BMP2 than in
untreated cells, confirming results seen in myeloma cells [Kawamura et al., 2002] and
gastric cancer cells [Zhang et al., 2012]. Taken together, this emphasizes that the effect of
BMP2 on cell apoptosis is conserved among cells of diverse origins, particularly those that
are terminally differentiated.

BMPs are tightly regulated intracellularly by Smads [Kawabata et al., 1998] and
extracellularly by diverse families of soluble inhibitors, including Cerberus, Twisted
gastrulation, Chordin, Crossveinless, and Noggin [Walsh et al., 2010]. The present study
demonstrates that Noggin, a powerful inhibitor of BMP signaling, was regulated by
treatment with BMP2, an effect dependent on cell type, and that silencing Noggin resulted in
cell apoptosis. Our results are in agreement with a number of studies in developmental
biology. Loss of function Noggin transgenic mice exhibit increased apoptosis during
palatogenesis [He et al., 2010]. Overexpression of Noggin in transgenic mice reduces
apoptosis in eyelid epithelium [Sharov et al., 2003] and during limb development [Guha et
al., 2002]. Noggin has also been found to regulate apoptosis during neural crest development
[Anderson et al., 2006]. Interestingly, it has also been shown that the BMP inhibitor
Sclerostin can also induce apoptosis in MSCs [Sutherland et al., 2004] and that
administration of Gremlin during chick limb development inhibits apoptosis [Merino et al.,
1999]. In a clinical study, it was suggested that mRNA levels of BMP inhibitors during
fracture healing might predict whether the facture will result in a non-union [Chang et al.,
2003; Cho et al., 2002; Fajardo et al., 2009]. These results demonstrate the complex
regulation of BMPs and their inhibitors are critical in determining the final signaling
outcome in tissue formation, regeneration, and homeostasis.

While it is clear that BMP signaling regulates cell survival, the pathways by which this
occurs are unclear. In our study, inhibitors to Smad signaling blocked BMP-induced
apoptosis in NHOst cells. Smad signaling also modulated apoptosis in colon cancer cells
[Beck et al., 2007], but there is conflicting evidence on the pathway involved in osteoblast
apoptosis. It has been suggested that this effect occurs through PKC-dependent, Smad-
independent signaling [Hay et al., 2001]; however this study used dominant negative Smad1
expression to establish this and did not examine the contributions of Smad 5 or 8. Here, we
used dorsomorphin, which inhibits the ability of the BMP receptor to phosphorylate
Smad1/5/8. Dorsomorphin is commonly used in the literature to inhibit canonical Smad-
BMP signaling, particularly during zebrafish embryogenesis [Cannon et al., 2010; Hong and
Yu, 2009] but also during mammalian processes [Rath et al., 2011; Yu et al., 2008]. Several
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studies have reported that dorsomorphin (and its analog LDN193189) may inhibit pathways
other than BMP signaling [Cannon et al., 2010; Vogt et al., 2011]. However, the dose of
dorsomorphin shown to inhibit these pathways in C2C12 cells was higher (500 nM) than in
our study [Boergermann et al., 2010]. There were no off-target effects demonstrated with 5
or 50 nM dorsomorphin, suggesting that the 10 nM dose used in this study may not induce
off-target effects.

The ability of BMP2 to induce bone formation makes it attractive as a regenerative strategy
[Chang et al., 2003; Kraiwattanapong et al., 2005]. However, the mechanisms regulating the
adverse effects often seen after BMP2 treatment must be elucidated. In cells of
mesenchymal origin, BMP2 can initiate signaling that induces proliferation, differentiation,
or apoptosis. BMPs can dimerize as homodimers or heterodimers to transduce downstream
signals [Marazzi et al., 1997]. BMP heterodimers have a higher affinity for type II BMP
receptors than homodimers; homodimeric BMP2 or BMP4 have high affinity for type I
receptors [Kirsch et al., 2000; Sebald et al., 2004]. BMPR1b is a type I receptor shown to be
required for the apoptotic effect of BMP2 on osteoblasts [Hay et al., 2004]. Therefore, we
hypothesize that BMPs likely function in vivo mainly as heterodimers, activating specific
signaling that results in bone maintenance. It is likely that delivery of exogenous BMP2
results in high levels of homodimers, which bind to BMPR1b with high affinity, initiating
signaling that causes apoptosis and bone resorption. Because the adult skeleton has low
levels of Noggin [Wu et al., 2003], the inhibitor is not able to regulate this signaling. By this
mechanism, the body is able to prevent excessive, uncontrolled bone formation. Clinically,
the large doses of BMP2 delivered may stimulate endogenous production of BMP2. This
effect, coupled with low levels of Noggin in bone to control the process, may explain the
adverse effects seen with BMP2 use. By modulating both BMP ligands and inhibitors, it
may be possible to induce bone formation while minimizing potential complications.

Taken together, the results suggest that the effect of BMP2 treatment on osteoblast and
progenitor apoptosis depends on the maturation state of the cell. While in progenitor cells
BMP2 has minimal effects on cell apoptosis, in mature osteoblasts these potent factors
induce apoptosis, especially at higher doses. The data suggest that in progenitor cells BMP2
acts more as a differentiation factor than an apoptogen and that in terminally differentiated
cells, BMP2 induces apoptosis. It is possible that in clinical cases where complications arise
with BMP2 administration, the osteogenic induction effect in MSCs is less robust than the
apoptosis induced in mature osteoblasts, resulting in osteolysis.
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Figure 1. Effect of BMP2 treatment on apoptotic proteins in NHOst cells
Confluent cultures of NHOst cells were treated for 6 hours with BMP2. Cell lysates were
analyzed by modified Western blot for levels of 32 proteins known to be involved in
apoptosis and densitometry analysis performed (A), and proteins with more than 15%
changes after BMP2 treatment identified (B).
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Figure 2. Effect of BMP2 on mesenchymal stem cell apoptosis
MSCs were cultured until they reached confluence. Cells were treated with 50, 100, or 200
ng/ml BMP2 and caspase-3 (A), BAX/BCL2 (B), total p53 (C), and TUNEL (D) measured.
*p< 0.05, versus control; #p< 0.05, versus 50 ng/ml BMP2; $p< 0.05, versus 100 ng/ml
BMP2.
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Figure 3. Effect of BMP2 on MG63 cell apoptosis
MG63 cells were cultured until they reached confluence. Cells were treated with 50, 100, or
200 ng/ml BMP2 and caspase-3 (A), BAX/BCL2 (B), total p53 (C), and TUNEL (D)
measured. *p< 0.05, versus control; #p< 0.05, versus 50 ng/ml BMP2; $p< 0.05, versus 100
ng/ml BMP2.
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Figure 4. Effect of BMP2 on normal human osteoblast apoptosis
NHOst cells were cultured until they reached confluence. Cells were treated with 50, 100, or
200 ng/ml BMP2 and caspase-3 (A), BAX/BCL2 (B), total p53 (C), and TUNEL (D)
measured. *p< 0.05, versus control; #p< 0.05, versus 50 ng/ml BMP2; $p< 0.05, versus 100
ng/ml BMP2.
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Figure 5. Effect of BMP2 treatment on NOG mRNA levels
Confluent cultures of MSCs (A), MG63 cells (B), and NHOst cells (C) were treated for 12
hours with 50, 100, or 200 ng/ml BMP2 and levels of mRNA for NOG measured by real-
time qPCR. *p< 0.05, versus control; #p< 0.05, versus 50 ng/ml BMP2; $p< 0.05, versus
100 ng/ml BMP2.
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Figure 6. Effect of NOG silencing on MG63 cell apoptosis
MG63 and shNOG-MG63 cells were harvested at various time points after plating. MTT
(A), caspase-3 (B), BAX/BCL2 (C), and TUNEL (D) were assessed. *p< 0.05, versus day 2;
#p< 0.05, versus MG63 cells.
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Figure 7. Effect of NOG silencing on BMP2-induced MG63 cell apoptosis
MG63 and shNOG-MG63 cells were treated with 200 ng/ml BMP2. Caspase-3 (A) and
BAX/BCL2 (B) were assessed. *p< 0.05, versus control; #p< 0.05, versus MG63 cells.
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Figure 8. Effect of BMP pathway inhibition on BMP2-induced NHOst cell apoptosis
Confluent cultures of NHOst cells were pre-treated with inhibitors to TAB1/TAK (5Z-7-
oxozeaenol, Ox), Smad (dorsomorphin, DM), or PKA (H8) before treatment with 200 ng/ml
BMP2. Caspase-3 (A), BAX/BCL2 (B), and DNA fragmentation (C) were measured. #p<
0.05, versus untreated cells.
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Table 1

Human primers used in Real-time PCR analysis

Gene Primer Sequence

BAX
F GACGAACTGGACAGTAACATGG

R AAAGTAGAAAAGGGCGACAACC

BCL-2
F CTGTTTGATTTCTCCTGGCTGTCTC

R TCTACTGCTTTAGTGAACCTTTTGC

NOG QuantiTect Primer Assay, QT00210833

GAPDH
F GCTCTCCAGAACATCATCC

R TGCTTCACCACCTTCTTG
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