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Abstract
Osteoblastic differentiation is an important landmark for bone formation, bone repair and
regeneration, however it is a very complex process controlled by different signaling mechanisms.
Several groups have reported that the cyclic adenosine monophosphate (cAMP) signaling system
is responsible for regulating osteoblast cell differentiation. Nonetheless, to date, the principle role
of the cAMP molecules related to this process remains controversial. Moreover, the underlying
cAMP-dependent signaling cascade governing the osteoblastic differentiation has not been
clarified. In this report, we investigated the roles of the cAMP-dependent protein kinase A (PKA)
signaling in proliferation, differentiation and mineralization of osteoblast-like MC3T3-E1 cells
using the PKA-specific small molecule cAMP analogue, 6-Bnz-cAMP, at 100 µM. Alkaline
phosphatase (ALP) activity, runt transcription factor 2 (Runx2), osteopontin (OPN) and
osteocalcin (OCN) protein expressions were used as osteoblast-specific markers to demonstrate
osteoblastic differentiation. Further, calcium measurement of the extracellular matrix was
employed as the hallmark of matrix mineralization or calcification. We report here that activation
of PKA by the small molecule 6-Bnz-cAMP induces osteoblastic differentiation and matrix
mineralization of osteoblast-like MC3T3-E1 cells. Moreover, 6-Bnz-cAMP does not induce
cytotoxicity to the cells as revealed by our cell proliferation studies. Therefore, based on these
findings, we propose that the PKA-specific small molecule 6-Bnz-cAMP may serve as a novel
bone-inducing growth factor for repairing and regenerating bone tissues during bone regenerative
engineering.
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1 Introduction
Growth factors are a driving force for many cellular processes, including proliferation,
differentiation and gene expression. Therefore, for years scientists have actively searched for
factors that stimulate bone regeneration and repair for bone regenerative engineering
technologies. Traditionally, growth factors are usually a large recombinant protein, and
several groups of protein have been shown to be osteoinductive, i.e. they have the capability
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to induce bone formation in ectopic sites. For instance, bone morphogenetic proteins
(BMPs) (Urist, 1965), platelet-derived growth factor (PDGF) (Hollinger et al., 2008),
transforming growth factor beta (TGF-β) (Ripamonti et al., 2009), and fibroblast growth
factor-2 (FGF-2) (Gong et al., 2001) have shown great potential for use in bone regeneration
and repair. Unfortunately, there are several shortcomings associated with using protein
growth factors for bone disease treatment. For instance, protein instability, low solubility,
high cost, supraphysiologic dose and immunogenicity are the common limitations in
protein-based therapeutic strategy (Boyne et al., 1997; Geesink et al., 1999; Hwang et al.,
2009; Saito et al., 2001). Therefore, an alternative form of bone growth factor is needed to
obviate the drawbacks.

Small molecules with osteoinductive capacity have recently gained much attention in the
field because of their inherent physical properties that minimize the limitations observed in
the protein growth factors. For instance, phenamil, a small molecule BMP inducer, has been
recently shown to stimulate osteoblast differentiation and mineralization via the BMP/Smad
signaling cascade (Park et al., 2009). Compared to the recombinant BMPs, phenamil is an
inexpensive stable small molecule. More importantly, low concentrations of phenamil are
sufficient to induce bone formation via the BMP/Smad signaling pathway, and therefore the
need for high doses of recombinant BMP can be bypassed (Park et al., 2009). Similarly,
several other novel small molecules that also express osteoinductive capabilities at a sub-
micromolar range of concentrations have been recently discovered through chemical screens
(Han et al., 2009). Certain small molecules can serve as a second messenger in a number of
cell signaling cascades. Typically, the small molecules trigger intracellular signaling
pathways by binding to specific protein sensors, which then lead to certain gene
transcriptions and expressions. One such second messenger that controls diverse cellular
properties is cyclic adenosine monophosphate (cAMP), a well-known signaling small
molecule that is found ubiquitously in mammalian cells (Beavo and Brunton, 2002; Daniel
et al., 1998) cAMP-dependent protein kinase A (PKA) is one of the intracellular receptors
responsible for cAMP level elevation. The activated form of PKA results in the
phosphorylation of a large variety of downstream target proteins including various
transcription factors which, in turn, ultimately regulate numerous cellular events (Taylor et
al., 1990). Cyclic AMP-dependent pathways, such as the cAMP/PKA signaling cascade,
have been suggested for regulating osteogenesis in a number of cell types including
osteoblast-like MC3T3-E1 cells. However, the ultimate effect is still controversial, i.e.
whether the cAMP/PKA pathway promotes or inhibits osteogenesis (Ghayor et al., 2009;
Siddappa et al., 2009).

Cell-permeable cAMP analogs have been developed for decades and routinely used as
biological tools for investigating various cAMP mediated signal transduction pathway
mechanisms (Poppe et al., 2008). Recently, a research group suggested the use of a cAMP
analogue, N6,2'-O-dibutyryladenosine 3':5' cyclic monophosphate (db-cAMP), as a novel
growth factor for osteoblastic differentiation and bone formation (Siddappa et al., 2008). db-
cAMP is first generation cell permeable non-specific cAMP analogue. One of the drawbacks
of using db-cAMP is the generation of butyrate as a side product during hydrolysis
(Swislocki, 1970). It has been reported in the literature that the butyrate released from db-
cAMP can alter the PKA activity, and also functions as a stimulator of gene expression and
differentiation in a number of cell types including osteoblasts and mesenchymal stem cells
(Aukema et al., 1997; Chen et al., 2007; Katono et al., 2008). These observations raise the
possibility that the osteoinductive impact of db-cAMP might partially be due to effects from
the generated the side product butyrate. Moreover, the unspecific targeting of db-cAMP and
more recent developed cAMP analog, 8-bromo-cAMP (8-Br-cAMP), not only activates the
PKA signaling pathway, but also other cAMP-dependent signaling cascades such as
exchange protein activated by cAMP (Epac) and cAMP-gated ion channel (Herness et al.,
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1997; Somekawa et al., 2005). Thus, such non-specific cAMP analogs cannot be used in
elucidating the influences of cAMP-mediated PKA-independent signaling mechanisms on
osteogenesis regulation. In addition, it has been shown that these non-specific cAMP
analogs could negatively affect the proliferation of mescenchymal stem cells and osteoblast-
like cells (Siddappa et al., 2008; Tintut et al., 1998). Based on these findings, the principle
roles of the cAMP molecules and the PKA signaling mechanism governing osteogenesis still
remains inconclusive. Moreover, the small molecule non-specific db-cAMP may not be an
ideal candidate for serving as a bone-inducing growth factor for bone regeneration and
repair purposes.

In this study, we investigated the principle effect of small molecule cAMP analogue on the
osteogenesis of osteoblast-like MC3T3-E1 cells. We employed a newly developed cAMP
analogue, N6-benzoyladenosine-3’,5’-cyclic monophosphate (6-Bnz-cAMP), which is a
butyrate-free PKA-specific cAMP analogue, to study the proliferation, differentiation and
mineralization of osteoblast-like MC3T3-E1 cells in vitro. 6-Bnz-cAMP is a target-specific
cAMP analogue which exclusively activates the PKA signaling, as validated in the literature
(Poppe et al., 2008). Our data indicated that 6-Bnz-cAMP supports cell proliferation and
effectively induces osteoblastic differentiation and mineralization of osteoblast-like MC3T3-
E1 cells. Our experimental evidences also suggest the involvement of PKA/CREB signaling
in the osteoblast-like cell differentiation event. These results suggest that the small molecule
cAMP analogue, 6-Bnz-cAMP, may represent a novel osteogenic molecule for bone
regeneration and repair.

2 Materials and Methods
2.1. Reagents

N6-benzoyladenosine-3’,5’-cyclic monophosphate (6-Bnz-cAMP) was purchased from
Biolog Life Science Institute (Bremen, Germany); anti-Runx2 antibody was purchased from
Invitrogen (Camsrillo, CA); anti-phosho-CREB (1B6), anti-phospho-Erk1/2, anti-Erks
antibodies were purchased from Cell Signaling Technology Inc (Temecula, CA); anti-β-
tubulin (clone AA2) antibody was purchased from Millipore (Billerica, MA); anti-
osteopontin antibody (AKm2A1), anti-osteocalcin antibody (FL-95) and Protein A/G
agarose were purchased from Santa Cruz Biotechnology, Inc (Santa Cruz, CA). Horseradish
peroxidase (HRP)-labeled affinity purified antibodies to mouse IgG and rabbit IgG were
purchased from KPL (Gaithersburg, MD). Chemiluminescent substrate for detection of HRP
and X-Ray films were purchased from Thermo Scientific (Rockford, IL).

2.2. Cell Culture
MC3T3-E1 osteoblast-like cells subclone 4 (American Type Culture Collection, Manassas,
VA) (passage 21 to 30) were used to study the effects of 6-Bnz-cAMP on cell differentiation
and mineralization. The cells were maintained in tissue culture flasks containing regular
growth medium, i.e. alpha minimal essential medium (Invitrogen, Carlsbad, CA)
supplemented with 10% FBS and 1% of antibiotic (100U/ml penicillin G and 100mg/ml
streptomycin). Cells were incubated at 37 °C in a humidified incubator containing 5 %
carbon dioxide. To investigate the osteogenic effects of the cAMP analogue, cells were
cultured in regular growth medium with or without 6-Bnz-cAMP. Cells cultured in
mineralization medium (alpha minimal essential medium supplemented with 10% FBS, 1%
of antibiotic, 3 mM β-glycerolphosphate, and 10 µg/ml ascorbic acid) served as a positive
control for osteoblastic differentiation (Beck et al., 2000). To clarify which media were
being used in the experimental studies in each figure, the term “Control” refers to regular
growth medium, “6-Bnz-cAMP” refers to regular growth medium supplemented with 6-
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Bnz-cAMP, “Mineralization” refers to mineralization medium, and “6-Bnz-cAMP +
Mineralization” refers to mineralization medium supplemented with 6-Bnz-cAMP.

2.3. Cell Proliferation and Viability Assay
Cell proliferation and viability studies were performed using PicoGreen dsDNA assay kit
(Molecular Probes, Eugene, OR) and trypan blue viability assay, respectively. The
procedure of the PicoGreen dsDNA assay was performed according to the manufacturer’s
instructions. Briefly, 5 × 104 cells ml−1 were seeded in a well of a 24-well tissue culture
plate. 100 µM of 6-Bnz-cAMP was added to the regular growth medium during cell seeding.
The regular growth medium and 6-Bnz-cAMP (100 µM) were replaced every 3 to 4 days. At
day 7, 14, and 21, media were removed and cells were washed with phosphate buffered
saline (PBS) prior to the procedures of the assays. For trypan blue viability assay method, at
day 7, 14, and 21, cells were collected by trypsinization and stained with trypan blue dye
(MP Biochemicals LLC, Solon, OH). The cells were then numbered in a hemacytometer
(Hausser Scientific, Horsham, PA) under a light microscopy (Olympus Corporation, Tokyo,
Japan). Cell stained blue was scored a dead cell, while unstained cell was scored a live cell.
The results are presented in % of viability.

2.4. Polyacrylamide Gel Electrophoresis (PAGE) and Western Blotting
Osteogenic protein markers were analyzed by SDS-PAGE and Western Blotting. Protein
samples were resolved by SDS-PAGE on precast 12.5% polyvinylidene-Tris gels and
transferred electrophoretically onto polyvinylidene difluoride membranes according to the
manufacturer’s instructions (Bio-Rad, Hercules, CA). Membranes were blocked with skim
milk and then probed with respective antibodies. Protein bands on blots were visualized by
an enhanced chemiluminescent detection kit.

2.5. Immunoprecipitation
The cell culture media after 18 days incubation were collected in microcentrifuge tubes. The
extracellullar protein osteocalcin and osteopontin in the culture media was individually
isolated by incubating with anti-osteocalcin antibody and anti-osteopontin antibody,
respectively. Antibody-bound proteins were then precipitated by incubating with Protein A/
G agarose for another 2 h at 4 °C. Immune complexes were washed 4 times with PBS to
eliminate non-specific bindings. The resulting pellets were resuspended in Laemmli SDS
sample buffer (Bio-Rad, Hercules, CA) for polyacrylamide gel electrophoresis and Western
Blot analysis.

2.6. Alkaline phosphatase activity (ALP)
ALP activities were measured using ALP assay kit according to the manufacturer’s
instructions (Bio-Rad, Hercules, CA). Briefly, at day 7 and 14, cells were collected and
washed 4 times with PBS and then lysed with 0.1 % TX-100. Cell lysates were collected and
mixed with the ALP substrate solution for 1h at 37 °C incubation. The colorimetric change
due to the presence of ALP activity was measured by a spectrophotometric plate reader at
405 nm. The absorbance values were then normalized to cellular DNA.

2.7. Matrix Mineralization assay
The osteoblast-like MC3T3-E1 cells were incubated in mineralization medium and
supplemented with 6-Bnz-cAMP (100 µM) during cell seeding. The mineralization medium
and 6-Bnz-cAMP (100 µM) were replaced every 3 to 4 days. For the qualitative
determination of calcified matrix mineralization, at day 21 media were removed and cells
were rinsed with calcium-free PBS for 3 times. The precipitated calcium of mineralized
matrix was dissolved overnight in 0.6N hydrochloric acid at 4°C. The extracted calcium was

Lo et al. Page 4

J Tissue Eng Regen Med. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



then measured with a calcium assay kit (Calcium Liquicolor, Stanbio Laboratory, Boerne,
TX) according to the manufacturer’s instructions. The absorbance values were normalized to
cellular DNA.

2.8. Statistical Analysis
Significant values (P < 0.05) were determined by using the two-tailed Student's t-test. An
asterisk denotes a significant (P < 0.05) in the figures.

3 Results
3.1. Cellular proliferation in 6-Bnz-cAMP treated osteoblast-like MC3T3-E1 cells

The viability and cell proliferation of osteoblast-like MC3T3-E1 cells in the presence or
absence of 6-Bnz-cAMP were determined by cell proliferation assay using the PicoGreen
fluorescence dsDNA. PicoGreen is an ultrasensitive fluorescent stain for the quantification
of dsDNA in solution. Since it provided a good linear correlation between cell number and
fluorescence (data not shown), the fluorescent signals generated from the PicoGreen assay
served as a surrogate for cell numbers. The data from Figure 1A indicated that both
untreated control and 6-Bnz-cAMP treated cells showed statistically significant increase in
cell proliferation from day 7 to day 21. However, there were no significant differences in
cell proliferation among the cells treated with 6-Bnz-cAMP when compared to the untreated
control group at day 7, 14, and 21. We then used trypan blue stain to access the viability of
cells in the presence of 6-Bnz-cAMP. Figure 1B demonstrated that both 6-Bnz-cAMP
treated and untreated control groups maintained greater than 90% of the cell viability
throughout the study period. Moreover, there were no significant changes in cell viability
among the cells treated with 6-Bnz-cAMP when compared to the untreated control at any
time point. Taken together, these observations indicated that 6-Bnz-cAMP (100 µM) does
not induce cytotoxicity to MC3T3-E1 cells. Consistent with these observations, our
previously published data demonstrated that 6-Bnz-cAMP supported MC3T3-E1 cell
proliferation using nonradioactive cell proliferation (MTS) assay method (Lo et al., 2010).

3.2. 6-Bnz-cAMP upregulates the expression of osteoblast-specific transcription factor,
Runx2

It is generally believed that Runx2 is strongly associated with osteoblastic differentiation
and it is one of the early-stage osteoblastic differentiation markers (Ducy et al., 1997).
Runx2 increases bone formation by stimulating the transcription of bone-marker genes such
as ALP and osteopontin, and osteocalcin (Phimphilai et al., 2006). To investigate whether
the small molecule 6-Bnz-cAMP could induce Runx2 protein expression, osteoblast-like
MC3T3-E1 cells cultured in regular growth medium were exposed to 6-Bnz-cAMP for 7
days. At day 7, cells were lysed with laemmli sample buffer and the whole cell lysates were
used for Runx2 protein expression analysis (Figure 2A). Runx2 protein was detected in the
MC3T3-E1 cell lysates when cultured in regular growth medium supplemented with 6-Bnz-
cAMP (100 µM) for 7 days. In contrast, Runx2 protein was not detected when cells were
grown in the regular growth medium alone. However, as expected, Runx2 protein was
detected by Western Blot in MC3T3-E1 cell lysates after 7 days of culture in mineralization
medium (positive control). These observations suggested that treatment of MC3T3-E1 cells
with 6-Bnz-cAMP in regular growth medium is sufficient to induce Runx2 expression.

3.3. 6-Bnz-cAMP enhances ALP activity
To further assess the osteoinductive capabilities of 6-Bnx-cAMP, we next tested whether 6-
Bnz-cAMP increased ALP activity, an early/intermediate stage marker of osteoblastic
differentiation. As shown in Figure 2B, in comparision with the untreated “Control,” ALP
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activity in osteoblast-like MC3T3-E1 cells was significantly enhanced by the “6-Bnz-
cAMP” treatment at day 7. On the other hand, ALP activity of the cells cultured in
mineralization medium was not statistically significantly enhanced in comparision with the
“Control,” indicating that 6-Bnz-cAMP was able to promote ALP activity at earlier time
point. At day 14, cells cultured in mineralization medium or in “6-Bnz-cAMP” condition
were found to increase ALP activities significantly in MC3T3-E1 cells. Consistent with the
data from the Runx2 protein expression studies, these results indicate that the small
molecule 6-Bnz-cAMP is able to induce osteogenic differentiation of MC3T3-E1 cells.

3.4. 6-Bnz-cAMP promotes OCN and OPN extracellular protein productions
OCN and OPN are secretory extracellular proteins which constitute major noncollagenous
matrix proteins of bone (Young et al., 1992) and are considered the late-stage markers for
osteoblast differentiation (Beck et al., 2000). To investigate the roles of 6-Bnz-cAMP in
extracellular OCN and OPN protein productions, osteoblast-like MC3T3-E1 cells were
cultured in regular growth medium with or without 6-Bnz-cAMP. At day 18, the culture
media were collected and the extracellular content of OCN and OPN proteins was
determined by the individual isolation and concentration of the proteins by the
immunoprecipitation method. Following, western blot analysis indicated that in the presence
of 6-Bnz-cAMP, both extracellular OCN and OPN proteins were individually
immunoprecipitated by the corresponding antibodies. However, both OCN and OPN
proteins were undetectable when the cells were cultured in the regular growth media without
6-Bnz-cAMP treatment (Figure 3A). Both OPN and OCN proteins were undetected in our
assay system at earlier stage, i.e. at day 10 (data not shown). These data is consistent with
the published data that OPN and OCN were only expressed near or at the time of
mineralization, i.e. day 21, when MC3T3-E1 cells had been induced to differentiate (Beck et
al., 2000).

3.5. 6-Bnz-cAMP promotes in vitro mineralization
Our findings of increased ALP activity and unregulated Runx2, OCN, and OPN expression
in response to 6-Bnz-cAMP treatment prompted us to investigate the role of 6-Bnz-cAMP
on matrix mineralization in MC3T3-E1 cells. Extracellular matrix mineralization or
calcification is a definitive hallmark of osteoblastic differentiation (Declercq et al., 2005).
MC3T3-E1 cells were cultured in mineralization medium with or without 6-Bnz-cAMP for
21 days. We used mineralization media instead of using regular growth medium in this
instance because the one component, beta-glycerophosphate, is essential in providing the
inorganic phosphate group for mineralized matrices (Bellows et al., 1992). Moreover, both
beta-glycerophosphate and ascorbic acid are essential to induce the productions of
proteoglycan-degrading metalloproteinases favoring matrix calcification (Dean et al., 1994).
The mineralized matrix of the cultured osteoblasts was quantified by colorimetric
determination of total calcium deposited in the matrix. In the Figure 3B, cells exposed to the
“6-Bnz-cAMP + mineralization” condition exhibited a significant increase in calcium level
as compared to cells cultured in the mineralization medium alone, suggesting that 6-Bnz-
cAMP further promotes matrices mineralization of osteoblast-like MC3T3-E1 cells. Cells
cultured in the regular growth medium “Control” served as the baseline for the
mineralization study.

3.6. The involvement of cAMP/PKA/CREB signaling cascade in 6-Bnz-cAMP induced
osteoblastic differentiation of osteoblast-like MC3T3-E1 cells

Since 6-Bnz-cAMP is specially designed for specifically activating PKA, we next sought to
identify the downstream protein target(s) of the activated PKA that supported the function of
osteoinduction. cAMP response element-binding protein (CREB) is the most attractive
candidate because it is the well-known direct target protein of PKA (Rangarajan et al., 2003;

Lo et al. Page 6

J Tissue Eng Regen Med. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Siddappa et al., 2008). Moreover, phosphorylation of CREB (pCREB) by PKA has been
shown to be involved in regulating osteoblast differentiation (Yang et al., 2008). As
hypothesized, in comparison to the untreated control, pCREB level was obviously
upregulated in MC3T3-E1 cells upon treatment with 6-Bnz-cAMP, suggesting that 6-Bnz-
cAMP-induced osteoblastic differentiation is associated with the CREB activation in
osteoblast-like MC3T3-E1 cells (Figure 4A, upper left panel).

Phosphorylated extracellular signal-regulated kinase (pErk) is also known to play an
important role in osteoblast differentiation through the regulation of Runx2 expression
(Cheung et al., 2006; Xiao et al., 2002). The phosphorylation of Erk is regulated by the PKA
activation, and the process is mediated by Crk SH3 domain guanine nucleotide exchange
factor and its downstream target substrate, Ras-proximate-1. In concert, these factors
constitute the signaling cascade of the cAMP-mediated PKA-dependent activation of Erk
(Gerdin and Eiden, 2007). These observations prompted us to investigate whether 6-Bnz-
cAMP executes its osteogenic effect through the activation of Erk. Cells were cultured in the
regular growth medium with or without 6-Bnz-cAMP for 1 and 7 days. In the presence of 6-
Bnz-cAMP, no obvious upregulation of pErk were observed in the western blots at day 1
and day 7 (Figure 4A, upper right panel). Moreover, statistical analyses of the pixel
intensity levels of the pErk and the total Erk proteins confirmed that no significant
differences of pErk and total Erk protein levels among the cells treated with 6-Bnz-cAMP
compared to control groups at day 1 and day 7 (Figure 4A, lower panel), indicating that 6-
Bnz-cAMP/PKA induced osteoblastic differentiation of MC3T3-E1 cells independent of
Erk.

4 Discusion
The objective of this study was to investigate the osteoinductivity of a PKA-specific cAMP
analogue, 6-Bnz-cAMP, using osteoblast-like MC3T3-E1 cells as a study model. Osteoblast-
like MC3T3-E1 cell line was recruited in our study because they display classical osteogenic
markers when stimulated to differentiate (Beck et al., 2000). Our data demonstrated that 6-
Bnz-cAMP in vitro induces various osteogenic marker protein expressions from early to late
stages of differentiation, and ultimately leads to calcium precipitation in osteoblast-like
MC3T3-E1 cells via the PKA signaling cascade. These results suggested that the small
molecule 6-Bnz-cAMP may potentially function as an alternative growth factor for bone
repair and regeneration.

As an initial step in characterizing the bone-inducing capability of the small molecule 6-
Bnz-cAMP, we examined the role of 6-Bnz-cAMP in regulating cell proliferation. It has
been reported that non-specific cAMP analogs such as db-cAMP and 8-Br-cAMP inhibits
cell proliferation in a number of cell types including osteoblast-like MC3T3-E1 cells
(Siddappa et al., 2008; Siddappa et al., 2009) (our unpublished observations). Interestingly,
we did not observe the anti-proliferative effects of 6-Bnz-cAMP in our proliferation assays
at any time point in our evaluation of MC3T3-E1 cells (Figure 1). Since 6-Bnz-cAMP is a
PKA-selective activator, these observations suggested that cAMP-mediated PKA-
independent signaling pathways stimulated by the non-specific cAMP analogs might
negatively regulate the proliferation of MC3T3-E1 cells. For instance, it was recently shown
that the cAMP/Epac signaling pathway inhibited cell proliferations in human prostate
carcinoma cells and human airway smooth muscle cells (Grandoch et al., 2009; Kassel et al.,
2008). Our viability study also suggests that 6-Bnz-cAMP does not induce cytotoxicity to
MC3T3-E1 cells at the concentration used in this study (Figure 1B).

The cAMP/PKA signaling pathway has been shown to be involved in regulating either
anabolic or catabolic effects on bone cells in various cell and animal models including
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osteoblast-like MC3T3-E1 cells (Hock, 2001; Schiller et al., 1999) (Yang et al., 2008). The
ultimate effect depends on the type and dosage of the cAMP activator, treatment duration,
and culture condition (Schiller et al., 1999). For instance, a low and intermittent dose of
parathyroid hormone (PTH), a cAMP PKA-dependent stimulating hormone, has been shown
to be essential for osteoblast differentiation in rat (Krishnan et al., 2003). In contrast,
continuous administration of PTH results in a catabolic effect on rat bone (Uzawa et al.,
1995). Intriguingly, a recent report demonstrated that a repetitive regimen of continuous
treatments of PTH followed by periodic PTH withdrawals induces bone formation (Etoh and
Yamaguchi). In our study, continuous stimulation of the PKA signaling pathway by
administrating the PKA-specific cAMP analogue continuously in osteoblast-like MC3T3-E1
cells resulted in increased ALP activity, up-regulation of Runx2, OPN and OCN protein
productions, and increased matrix mineralization or calcification. To our knowledge, this
study provides the first evidence that prolonged activation of PKA signaling cascade using
PKA-selective cAMP analogue is able to promote differentiation of osteoblast-like MC3T3-
E1 cells in vitro.

Our studies provided a clear connection between 6-Bnz-cAMP, PKA, pCREB, and
osteoblast-specific protein expressions. We thus propose that the 6-Bnz-cAMP/PKA/pCREB
signaling cascade directly and/or indirectly regulates the expression osteoblast-specific
genes in osteoblast-like MC3T3-E1 cells (Figure 4B). However, a detailed look at the
underlying mechanism of pCREB regulation in the expression of osteoblast-specific genes
remains to be addressed. Interestingly, it has been reported that activating transcription
factor 4 (ATF4) promotes Runx2-dependent osteoblast-specifc gene expression and the
activity of ATF4 is regulated by the cAMP/PKA/pCREB signaling pathway (Luo et al.,
2009; Xiao et al., 2005). Thus, it is reasonable for us to speculate that the 6-Bnz-cAMP/
PKA/CREB signaling may regulate osteoblast-specific gene expression through co-factors
including ATF4 and Runx2. Future experiments such as systematic knockdown studies with
small interfering RNAs to CREB, ATF4, and Runx2 will provide the unique opportunity to
test our proposed model.

The osteogenic effect and lack of cytotoxicity of 6-Bnz-cAMP suggest that this small
molecule can be transferrable to bone regenerative engineering applications using a
biodegradable polymeric scaffold as a delivery vector. Such delivery vehicles have been
previously reported for full length proteins such as recombinant BMPs (Bessa et al., 2008).
However, these techniques always require the maintenance of protein tertiary structures in
order to ensure protein bioactivities (Fu et al., 2000). The use of osteogenic small molecules
such as 6-Bnz-cAMP can bypass the need of maintaining such structural integrities.
Moreover, due to the small molecular size of 6-Bnz-cAMP, it may facilitate release kinetic
from a tissue-engineered polymeric scaffold system. It is also worth noting that 6-Bnz-
cAMP can promote not only differentiation and mineralization, but also initial cell adhesion
(Lo et al., 2010). This novel property of 6-Bnz-cAMP is of great interest since cell adhesion
is an important pre-requisite for subsequent cell specialization (Marquis et al., 2009).
Therefore, the increased cell adhesion induced by 6-Bnz-cAMP might also contribute to
downstream cellular responses important for differentiation and mineralization of osteoblast-
like MC3T3-E1 cells. Taken together, the results generated from our studies of 6-Bnz-
cAMP warrant further research to evaluate the feasibility of engineering biodegradable
polymeric scaffolds containing the small molecule 6-Bnz-cAMP for bone regenerative
engineering applications.
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Figure 1.
Effect of 6-Bnz-cAMP on the proliferation and viability of osteoblast-like MC3T3-E1 cells.
(A) Cell proliferation was assessed by PicoGreen dsDNA assay. The assay demonstrated
that 6-Bnz-cAMP treated and untreated groups supported cell proliferation from day 7 to
day 21. (B) Cell viability was measured by trypan blue viability stain. No significant
differences were found when comparing between the 6-Bnz-cAMP treated and the untreated
control cells at each time point, indicating that the viability of MC3T3-E1 cells is not
affected by the 6-Bnz-cAMP treatment.
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Figure 2.
6-Bnz-cAMP induces osteoblastic differentiation of osteoblast-like MC3T3-E1 cells. (A) 6-
Bnz-cAMP promotes Runx2 expression. Cells cultured in the mineralization medium served
as a positive control for the Runx2 expression. The blot “tubulin” was used as a control for
equal protein loading. (Note that the blots “Runx2” and “tubulin” were adapted from the
same X-ray films with the equal exposure times) (B) 6-Bnz-cAMP increases ALP activity.
ALP activities of MC3T3-E1 cells were induced by 6-Bnz-cAMP at day 7 and further
increased at day 14. To facilitate the comparison of different experimental settings, the ALP
activity of the cells cultured in the regular growth medium at day 7 was set to one relative
unit.
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Figure 3.
(A) 6-Bnz-cAMP promotes osteogenic markers OCN and OPN extracellular proteins
productions. The OCN and OPN proteins were detected exclusively in the “6-Bnz-cAMP”
treated samples (note that blots in the left panels were from the same X-ray film with the
equal exposure time of 5 min and the blots in the right panels were from the same film with
the exposure time of 3 min). The immunoprecipitate components antibody heavy (H) and
light (L) chains are indicated. (B) 6-Bnz-cAMP promotes osteoblastic mineralization. After
21 days of culture of osteoblast-like MC3T3-E1 cells in mineralization medium with or
without 6-Bnz-cAMP, quantitative calcium levels were determined. Calcium levels were
significantly elevated in osteoblasts cultured in mineralization medium. Osteoblast-like
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MC3T3-E1 cells cultured in mineralization medium supplemented with 6-Bnz-cAMP
further enhanced calcium deposition when compared to the cells cultured in the
mineralization medium alone. To facilitate the comparison of different experimental
settings, the level of calcium measurement of the “Control” cells cultured in the regular
growth medium was set to one relative unit.
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Figure 4.
Proposed molecular mechanism of 6-Bnz-cAMP induced in vitro osteogenesis of osteoblast-
like MC3T3-E1 cells. (A) Compared to the untreated “Control,” 6-Bnz-cAMP activates the
phosphorylation of CREB in osteoblast-like MC3T3-E1 cells (upper left panel). Note that
the faint band in the “Control” lane was likely due to the endogenous pCREB protein. To
demonstrate that 6-Bnz-cAMP induced osteoblastic differentiation of MC3T3-E1 cells is
independent of Erk, MC3T3-E1 cells were stimulated with 6-Bnz-cAMP (100 µM) for 1 day
and 7 days. The cell lysates were analyzed by Western Blots (upper right panel) for pErk
and total Erk proteins (note that the blots are a representative data from 3 independent
experiments). The bar graphs represent densitometry analyses (Adobe Photoshop 7.0) and
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statistical evaluations of the pErk (lower left panel) and Erk (lower right panel) Western
Blots from 3 independent experiments and are presented as relative intensity. To facilitate
the comparison of the intensity differences, the intensity levels of all the “Control” were set
to one relative unit. (B) Schematic representation of the small molecule 6-Bnz-cAMP
signaling pathway involved in osteogenesis of osteoblast-like MC3T3-E1 cells. The cell
permeable 6-Bnz-cAMP small molecules pass through the cell membrane and specially
activate PKA in cytoplasm. Activation of PKA will lead to modification of transcription
factors such as phosphorylation of CREB. pCREB will translocate from cytoplasm to
nucleus. pCREB may then (1) directly modulate the osteoblast-specific gene expression and/
or (2) indirectly induce the expressions of osteoblast-specific genes via Runx2 and its
cofactors.
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