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Binding of N-formyl-methionyl-leucyl-phenylalanine
(fMLP) to its specific cell surface receptor, N-formyl peptide
receptor (FPR), triggers different cascades of biochemical
events, eventually leading to cellular activation. However, the
physiological role of fMLP and FPR during differentiation of
mesenchymal stem cells is unknown. In this study, we
attempted to determine whether fMLP regulates differentia-
tion of mesenchymal stem cells derived from bone marrow.
Analysis by quantitative-PCR and flow cytometry showed sig-
nificantly increased expression of FPR1, but not FPR2 and
FPR3, during osteoblastic differentiation. fMLP, a specific
ligand of FPR1, promotes osteoblastic commitment and sup-
presses adipogenic commitment under differentiation condi-
tions. Remarkably, fMLP-stimulated osteogenesis is associ-
ated with increased expression of osteogenic markers and
mineralization, which were blocked by cyclosporine H, a
selective FPR1 antagonist. In addition, fMLP inhibited
expression of peroxisome proliferator-activated receptor-�1,
a major regulator of adipocytic differentiation. fMLP-stimu-
lated osteogenic differentiation was mediated via FPR1-
phospholipase C/phospholipase D-Ca2�-calmodulin-depen-
dent kinase II-ERK-CREB signaling pathways. Finally, fMLP
promoted bone formation in zebrafish and rabbits, suggest-
ing its physiological relevance in vivo. Collectively, our find-
ings provide novel insight into the functional role of fMLP in
bone biology, with important implications for its potential
use as a therapeutic agent for treatment of bone-related
disorders.

Mesenchymal stem cells (MSCs)3 derived frombonemarrow
have the potential for differentiation into several different cell
types, including osteoblasts, chondrocytes, adipocytes, and
myocytes in response to stimulation bymultiple environmental
factors (1–6). Regulation of stem cell fate down these various
lineages is essential for tissue development, homeostasis, and
repair (1, 6). Recent studies have revealed critical transcription
factors involved in the commitment of different MSC-derived
lineages (7). For example, osteoblastic differentiation is con-
trolled by Runx2, whereas PPAR-� is involved in adipose
commitment.
Continuous remodeling of bone occurs throughout life by a

tightly coupled process involving absorption by osteoclasts and
formation of osteoblasts. Dysregulation of this coupled remod-
eling leads to diseases such as osteoporosis (8, 9). Osteoporosis
is a degenerative disease of the skeleton that occurs due to alter-
ation of bone turnover homeostasis and is characterized by
fragile bones and increased susceptibility to bone fractures (10).
Decreased bone synthesis because of reduced osteoblastic
activity, which occurs in parallel with increased adipocyte for-
mation, is a mechanism that can lead to this degenerative dis-
order (11). MSCs can be derived from bone marrow, manipu-
lated in culture, and administered back to donor individuals;
therefore,MSCs are of great promise in regenerationmedicine,
providing potential tools for use in therapeutic intervention in
diseases related to impaired function of osteoblasts (12–14).
However, the mechanistic pathways that drive differentiation
ofMSCs along the osteoblast lineage are not completely under-
stood. Therefore, elucidation of molecular mechanisms under-
lying osteogenesis is not only important to our understanding
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of bone development, but it may also advance strategies for
bone repair. Targeting of therapeutic molecules to bone for
enhancement of bone forming activity of osteoblast precursors
may aid in treatment of bone disease.
For the proper action of MSCs in differentiation into a cer-

tain type of cell in a specific location, MSCs should migrate to
the site of injury. Recruitment of MSCs to damaged tissues is a
promising approach to in situ tissue regeneration. Formyl pep-
tide receptor (FPR), a chemoattractant receptor belonging to
the G protein-coupled receptor family (15), binds to N-formyl
peptides, such as N-formyl-methionyl-leucyl-phenylalanine
(fMLP), which is derived either from bacterial proteins (16) or
from endogenous mitochondrial proteins, and is released as a
result of cell death or severe dysfunction (17). Expression of
FPR in phagocytic leukocytes and nonphagocytic cells, such as
fibroblasts, has been reported (18). Activation of FPR receptor-
mediated signal transduction pathways is known to be respon-
sible for various biochemical responses that contribute to the
physiological defense against bacterial infection and cell dis-
ruption in the regulation of myeloid cell lineage, such as neu-
trophils (19).We (20) and Viswanathan et al. (21) have recently
reported on the expression of functional FPR in human bone
marrow-derived MSCs, which has been suggested as playing
potential roles in mediation of adhesion and migration of stem
cells to sites of injury for tissue repair. However, it is unknown
whether FPR1 and its ligand, fMLP, regulate differentiation of
MSCs. Thus, this study was undertaken in an effort to deter-
mine whether fMLP influences human MSC commitment
along osteoblastic and adipocytic lineages.

EXPERIMENTAL PROCEDURES

Materials—Dulbecco’s modified essential medium (DMEM),
fetal bovine serum, trypsin-EDTA, and antibiotic/antimycotic
solution were purchased from Invitrogen. Anti-FPR1, anti-
FPR2, and anti-FPR3mousemonoclonal antibodies and phyco-
erythrin-conjugated anti-mouse IgG were purchased from
R&D Systems, Inc. (Minneapolis, MN). Isotype mouse IgG was
used as a negative control antibody. Anti-PLC�1 antibody was
purchased from Santa Cruz Biotechnology. Previously de-
scribed procedures were used for generation of the polyclonal
anti-PLD antibody that recognizes both PLD1 and PLD2 (22).
The secondary antibodywas FITC-conjugated goat anti-mouse
IgG (BD Biosciences). fMLP, cyclosporine H (CysH), and
5-fluoro-2-indolyl des-clorohalopemide hydrochloride hydrate
were purchased from Sigma. Pertussis toxin (PTX), U73122,
U73343, KN-92, KN-93, and U0126 were purchased from Cal-
biochem. A 21-nucleotide sequence siRNA corresponding to
the human FPR1 sequence (5�-AGAAAUUGGUAUUGCAG-
UGUU-3�), PLC�1 (5�-GGAGACGGAGCUGUUAGAU-3�),
and PLD1 (5�-AAGGUGGGACGACAAUGAGCA-3�) were pur-
chased fromDharmacon Research (Lafayette, CO). Antibodies to
CREB, phospho-CREB, ERK, or phospho-ERK were purchased
from Cell Signaling, Inc. (Beverly, MA). Horseradish peroxidase-
conjugated antibodies to rabbit IgGwere purchased fromKirkeg-
aard & Perry, Inc. (Gaithersburg, MD).
Culture of hMSCs—Human (h) MSCs were purchased from

Cambrex BioScience (Walkersville, MD) and cultured in Dul-
becco’s modified Eagle’s media (low glucose) containing 20%

fetal bovine serum (FBS) (Invitrogen). hMSCswere used for the
experiments until six passages. Cells were cultured at 37 °C in a
humidified incubator with 5% CO2.
Osteoblastic Differentiation Assay—hMSCs were cultured to

confluence in the growthmedium (20% FBS inDMEM). Osteo-
blastic differentiation was induced by exposure of confluent
hMSCs to osteogenic medium (10% FBS, 0.1 �M dexametha-
sone, 10 mM �-glycerolphosphate, and 50 �M ascorbic acid in
�-minimum essential medium), and extracellular matrix calci-
fication was visualized by Alizarin Red-S staining. Briefly, cells
were washed twice with PBS and fixed with 95% ethanol at 4 °C
for 30 min. Fixed cells were incubated with 4% Alizarin Red-S
(Sigma) for 15 min with shaking. To minimize nonspecific
staining, cells were rinsed five times with deionized water and
once with PBS for 20 min. Osteoblastic differentiation was
quantified by measurement of the area of Alizarin Red staining
and photographed using a digital camera equipped with Nikon
TS100 inverted microcopy (Nikon, Japan) using 10�/0.25 ph1
ADLor LWD40�/0.55 ph1ADLanddensity using Scion imag-
ing software (Scion Corp., Frederick, MD). Mineralization, an
osteogenic marker, was also evaluated by calcein staining for
indication of osteoblastic differentiation. For assays, the culture
was supplemented with 1 �g/ml of calcein AM (Sigma C1359)
during the observation period.An image analyzer (Axiovert 200
M, Zeiss, Germany) with EC PLAN-NEOFLUAR 10�/0.3 ph1
and AxioVision designed especially for fluorescence micros-
copy was used for visualization of fluorescence of incorporated
calcein.
Adipogenic Differentiation Assay—MSCs were cultured to

confluence in the growthmedium and then treated with adipo-
genic differentiation medium (10% FBS, 0.1 �M dexametha-
sone, 0.5 mM 1-methyl-3-isobutylxanthine, 10 �g/ml insulin,
and 200 �M, indomethacin). As described previously, accumu-
lation of intracellular triglyceride droplets was visualized byOil
Red O staining (23), and phase contrast images were photo-
graphed using a digital camera equipped with Nikon inverted
microcopy (Nikon, Japan) using 10�/0.25 ph1 ADL or LWD
40�/0.55 ph1 ADL. The number of cells committed to the adi-
pogenic lineage was quantified by counting the number of cells
having numerous cytoplasmic lipid-filled vacuoles in three ran-
domly selected visual fields in the same well.
Flow Cytometric Analysis—hMSCs undifferentiated or dif-

ferentiated into osteoblasts for 12 days were incubated with
monoclonal antibody against FPR1, FPR2, or FPR3 for 30min at
4 °C, followed bywashingwith FACS buffer (PBS containing 5%
FBS, 0.1% sodium azide), and then incubated with FITC-conju-
gated anti-mouse IgG for 20min at 4 °C. Sampleswere acquired
on an FACSCaliburTM flow cytometer, and CellQuest Pro soft-
ware (BD Biosciences) was used for data analysis.
Western Blot Analysis—Cells were lysed with lysis buffer (20

mM Hepes, pH 7.2, 1% Triton X-100, 1% sodium deoxycholate,
0.2% SDS, 200 mM NaCl, 1 mM Na3VO4, 1 mM NaF, 10% glyc-
erol, 10 �g/ml leupeptin, 10 �g/ml aprotinin, 1 mM pheny-
methylsulfonyl fluoride) and analyzed by immunoblot.
Enhanced chemiluminescencewas used for detection of immu-
noreactive bands (Amersham Biosciences).
Phospholipase C Activity Assay—MSCs were seeded into

35-mm dishes at 2 � 105 cells per dish and grown for 1 day.
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Cells were labeled withmyo-[2-3H]inositol (3 �Ci/ml) in inos-
itol-free DMEM for 24 h. Labeled cells were subsequently
washed and pretreated with 20 mM LiCl for 15 min in DMEM
containing 20 mM Hepes, pH 7.2, and 1 mg/ml bovine serum
albumin. Stimulation was initiated by addition of fMLP and
terminated by addition of ice-cold 5% HClO4. Following incu-
bation of the reaction mixture for 30 min in an ice bath, cell
extracts were centrifuged, diluted with distilled water, and
applied to a Bio-Rad Dowex AG 1-X8 anion exchange column.
The column was initially washed with 10 ml of 60 mM ammo-
nium formate containing 5 mM sodium tetraborate. Total ino-
sitol phosphates were eluted with a solution containing 1 mM

ammonium formate and 0.1 M formic acid.
Phospholipase D Activity Assay—PLD activity was assessed

by measurement of formation of [3H]phosphatidylbutanol, the
product of PLD-mediated transphosphatidylation, in the pres-
ence of 1-butanol.MSCs in 6-well plates were serum-starved in
the presence of 2 �Ci of [3H]myristic acid/ml. After overnight
starvation, the cells were washed three times with 5 ml of PBS
and pre-equilibrated in serum-free DMEM for 1 h. For the final
10min of preincubation, 0.3% butan-1-ol was incubated. At the
end of preincubation, cells were treated with fMLP. Previously
described procedures were used for extraction and character-
ization of lipids by thin layer chromatography (24).
Alkaline Phosphatase Assay—For measurement of alkaline

phosphatase (ALP) activity of the cell layer, cells were rinsed
twice with Hanks’ balanced salt solution and then incubated
with 5mM p-nitrophenyl phosphate in 50mM glycine and 1mM

MgCl2, pH 10.5, at 37 °C for 20min. Absorbance of p-nitrophe-
nol produced by ALP activity was monitored at 405 nm using a
microplate spectrophotometer.
Transient Transfections and Luciferase Reporter Assay—

MSCs were plated in 12-well plates at 1 � 105 cells/well and
grown to 50–60% confluence. Plasmid mixtures containing
luciferase reporter plasmids were transfected by Lipofectamine
Plus, according to the manufacturer’s instructions. Following
24 h of transfection, the medium was changed, and cells were
treated with inhibitors, as indicated. Cells were lysed, followed
by measurement of reporter activity using the Dual-Luciferase
assay system (Promega). For transfection efficiency, relative
luciferase activity was obtained by normalization of firefly lucif-
erase activity against the Renilla luciferase activity of the inter-
nal control.
RNA Isolation and Quantitative Real Time PCR (q-PCR)—

Total RNA was isolated by the TRIzol method (Sigma). First
strand cDNA was synthesized using AMV-RTase (Promega,
Madison, WI). Real time q-PCR was conducted with cDNA
using the Quantitect SYBR Green PCR kit (Qiagen) and a
Rotor-Gene RG-3000A apparatus (Corbett Research). All data
were normalized with GAPDH gene expression values. Oligo-
nucleotide primer sequences were as follows (F, forward primer;
R, reverse primer): FPR1-F, 5�-GGCATCATCCGGTTCA-
TCATT-3�, and FPR1-R, 5�-AGGGCACTTGTCACATCC-
ACT-3�; FPR2-F, 5�-GTCGGACCTTGGATTCTTGCT-3�, and
FPR2-R, 5�-CTTTTTGTGGATCTTGGCTGCA-3�; FPR3-F,
5�-CGCACAGTCAACACCATCTG-3�, and FPR-R, 5�-AGC-
TGTTAAAAAAGGCCAAG-3�; GAPDH-F, 5�-GTGGTCTC-
CTCTGACTTCAAC-3�, and GAPDH-R, 5�-TCTCTTCCTC-

TTGTGCTCTTG-3�; Runx2-F, 5�-CCAGATGGGACTGTG-
GTTACC-3�, and Runx2-R, 5�-ACTTGGTGCAGAGTTCA-
GGG-3�; PPAR�-F, 5�-TCTCTCCGTAATGGAAGACC-3�,
and PPAR�-R, 5�-GCATTATGAGACATCCCCAC-3�; and
Zebrafish RUNX2-F, 5�-CTCAGTGAACTGGAGCGCAT-3�,
and Zebrafish RUNX2-R, 5�-AGTGAGGAGAAGGCAG-
GGAA-3�.
Bone Formation in Zebrafish—Zebrafish (Danio rerio)

embryos were collected from spontaneous spawnings of the AB
line and reared at 28.5 °C. Three days postfertilization (�1 day
after hatching), feeding of the commercial powder for baby fish
was started. Zebrafish embryos were stimulated with fMLP
from 8 to 48 h postfertilization (hpf), washed, and raised at
28.5 °C. At 5 days postfertilization (dpf), 20 zebrafish were
stained with Alizarin Red for examination of the effect of fMLP
on bone formation. Zebrafish were fixed in 4% paraformalde-
hyde for 12–18 h. Following fixation, fish were depigmented
overnight in 1% KOH containing 3% H2O2 and immersed for
2 h in 0.5% KOH containing 0.05% Alizarin Red, pH 4.2. Aliza-
rin-stained fish were then cleared again in 1% KOH and
observed under a microscope.
Bone Formation in Rabbit—Four rabbits were used for this

experiment. After preliminary breeding, they were divided into
two groups according to the design of the experiment; control
and 4 weeks. Rabbits were in good health prior to the experi-
ment and were bred in an excluded environment. All animal
experiments were approved by the guidelines of the Institu-
tional Animal Care and Use Committee ofWonkwang Univer-
sity. Rabbits were subjected to general anesthesia by intramus-
cular injections with 0.2 ml/kg of xylazine HCl (Rompun�,
Bayer in Korea) and 0.3 ml/kg of ketamine HCl (Ketalar�,
Yuhan Co., Korea). Lidocaine containing epinephrine was
administered subcutaneously for local anesthesia. Full thick-
ness flap was performed for exposure of the cranium and a
trephine bur with a diameter of 4.8 mmwas used to make bony
defects. For improvement of manipulation, fMLP was added to
hyaluronic acid gel as a carrier. Fifty �M of fMLP was adminis-
teredwith hyaluronic acid for the experimental group, and hya-
luronic acid was added only to the control group. The total
volume administered to each defect was 10 �l. At 4 weeks post-
surgery, animals were induced by general anesthesia and sacri-
ficed with CO2 inhalation for histological examination. After
dyeing withMasson trichrome, sections were observed under a
microscope. Peak-Pro software (BaromKorea, Korea) was used
for quantification of bone formation. Bone gain was quantified
by a relative percentage of regenerated bone comparedwith the
area of surgically created bone defect under�20magnification.
Statistics—Results are expressed as mean � S.D. of the num-

ber of determinations indicated. Statistical significance of dif-
ferences was determined by analysis of variance. Significance
was accepted with p � 0.05.

RESULTS

Expression of Functional FPR1 Is Significantly Increased dur-
ing Osteoblastic Differentiation of Human MSCs—To deter-
mine whether expression of FPR family members is regulated
during osteoblastic differentiation, hMSCs were differentiated
into osteoblasts, and an analysis of FPR expression was per-

fMLP as a Novel Regulator of Osteogenesis

MAY 13, 2011 • VOLUME 286 • NUMBER 19 JOURNAL OF BIOLOGICAL CHEMISTRY 17135

 at Y
onsei U

niversity M
edical Library, on M

ay 22, 2011
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/


formed. As shown in Fig. 1A, expression of FPR1, but not FPR2
and FPR3, was significantly increased in a time-dependent
manner during osteoblastic differentiation of MSCs, as ana-
lyzed by q-PCR. Expression of Runx-2, a major transcription
factor in osteoblast differentiation, also increased during the
indicated time course of osteoblast differentiation. To further
examine the protein level of FPR familymembers during osteo-
blast differentiation, we performed immunostaining of MSCs
followed by flow cytometric analyses. Without permeabiliza-
tion, the cellswere immunostainedwithmonoclonal antibodies

against FPR1, FPR2, or FPR3. In immunostaining of undiffer-
entiated cells, mean fluorescence intensity (MFI) for FPR1 was
49.02, whereas MFI for FPR2 and FPR3 were 5.17 and 4.88,
respectively (Fig. 1B). However, immunostaining of the isotype
antibody resulted in background staining with aMFI of 2.26. In
MSCs differentiated into osteoblasts for 12 days, MFI for FPR1
was 99.17, whereas MFI for FPR2 and FPR3 were 14.44 and
13.68, respectively. Immunostaining of the isotype antibody
resulted in background staining with an MFI of 5.67 (Fig. 1B).
These results indicate that the expression level of FPR1 protein,

FIGURE 1. Expression of functional FPR1 is significantly increased during osteoblast differentiation of human MSCs. A, osteoblast differentiation of
hMSCs was induced in the presence of osteogenic media for the indicated number of days. Expression levels of FPRs and Runx2 were determined by analysis
of Q-RT-PCR. Levels of FPRs and Runx2 were normalized to GAPDH. *, p � 0.05 versus undifferentiation. B, flow cytometric analyses of expression of FPR1, FPR2,
and FPR3 at the protein level. Surface expression of FPR1, FPR2, and FPR3 from undifferentiated or differentiated hMSCs into osteoblasts for 12 days was
determined by FACS analysis. Results are representative of at least three independent experiments. C, MSCs were cultured in growth media or differentiated into
osteoblasts for 12 days, labeled with [3H]myoinositol, pretreated with or without CysH (1 �M) for 30 min, and treated with or without 1 �M fMLP for 1 h; PLC activity was
then measured. D, under the same conditions as those of C, MSCs were labeled with [3H]myristic acid, pretreated with or without CysH (1 �M) for 30 min, and treated
with 1 �M fMLP for 1 h; PLD activity was then measured. Values represent the mean � S.D. of three independent experiments. * and **, p � 0.05.
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but not those of FPR2 and FPR3, is significantly increased dur-
ing osteoblastic differentiation, suggesting that FPR1mayplay a
role in osteoblast differentiation. In the FPR signaling pathway,
binding of fMLP, a specific ligand of FPR1, to FPR1 leads to a
number of downstream cellular events, including activation of
PLC and PLD (19). To determine whether FPR in MSCs is a
functional response to fMLP stimulation during osteogenic dif-
ferentiation, wemeasured the activities of PLC and PLD before
or after osteoblastic differentiation. Cells were labeled with
[3H]inositol or [3H]myristic acid and stimulated with 1 �M

fMLP. As shown in Fig. 1,C andD, fMLP induced an increase in
formation of inositol phosphates and phosphatidylbutanol in
both undifferentiated and differentiated cells. In differentiated
cells, both basal and fMLP-stimulated PLC or PLD activity
showed a significant increase, compared with undifferentiated
cells. In addition, fMLP-induced PLC or PLD activation was
significantly attenuated by pretreatment with CysH, a potent
and selective FPR1 antagonist (25, 26). Taken together, these
data indicate that expression of functional FPR, particularly
FPR1, is significantly increased during osteogenic differentia-
tion of MSCs.
fMLP Promotes Osteoblastic Differentiation of MSCs via

FPR1—To investigate the question of whether fMLP affects
osteoblastic differentiation, osteoblastic differentiation of
MSCs was induced by exposure of cells to OM in the presence
of different concentrations of fMLP. As shown in Fig. 2A (left
panel), continuous treatment with fMLP resulted in a dose-de-
pendent increase of mineralization, which was induced by
osteoblastic differentiation for 14 days, as visualized byAlizarin
Red-S staining. However, fMLP itself at various concentrations
did not induce extracellular mineralization ofMSCs in cultures
maintained in growth medium (GM). Fig. 2A, right panel,
shows the quantitation of Alizarin Red-S staining. For determi-
nation of whether continuous treatment of MSCs with fMLP is
essential for osteoblastic differentiation, cells were pulse-
chasedwith 1�M fMLP inOM for 3 days andwashed; cells were
then cultured in the absence of fMLP during the indicated time
course of osteogenesis. Pulse treatment of MSCs with fMLP
resulted in a significant increase of mineral deposition, com-
paredwith that ofMSCs cultured inOM in the absence of fMLP
(Fig. 2B). These results suggest that exposure of MSCs to fMLP
during early stages of differentiation is essential for fMLP-stim-
ulated osteoblastic differentiation. To further examine the
question of whether fMLP stimulates osteoblast differentiation
of MSCs, cells were cultured in OM containing calcein for 14
days, andmineralizationwasdetectedby thecalcein assay. Fluo-
rescent spots, indicative of calcein uptake into newly mineral-
ized extracellular matrix, showed a significant increase upon
application of 1 �M fMLP to the cell culture (supplemental Fig.
1A). However, fMLP-stimulated mineralization was sup-
pressed by pretreatment with CysH, suggesting selective medi-
ation of fMLP-stimulated osteoblast differentiation of MSCs
via FPR1. Because activity of ALP, an earlymarker of osteoblas-
tic differentiation, plays an important role in both osteoblastic
differentiation and eventual mineralization processes, we next
measured ALP activity in these cells. ALP activity in MSCs
increased by exposure to OM for 5 days, and treatment of cells
with 1 �M fMLP resulted in further promotion of ALP activity

(Fig. 2C). However, fMLP-stimulated ALP activity was inhib-
ited by pretreatment with CysH. fMLP-stimulated ALP activity
is consistent with increased mineralization in fMLP-treated
cells during osteoblastic differentiation (Fig. 2C). We at-
tempted to further determine whether fMLP-stimulated osteo-
genesis is mediated via FPR1. Analysis by Alizarin Red-S stain-
ing and the ALP assay showed that knockdown of FPR1 using
siRNA resulted in a marked reduction of fMLP-stimulated
osteoblastic differentiation of MSCs (Fig. 2D). Expression of
FPR1 by transfection with siRNA for FPR1 was analyzed by
q-PCR (Fig. 2D). In addition, quantitation of Alizarin Red-S
staining was performed (Fig. 2D). Gene silencing of FPR1 also
inhibited osteogenesis at the basal level, compared with control
siRNA. These data suggest an important role for FPR1 in osteo-
genesis. The N-terminal fragment of annexin-1, Anx-1(2–26),
is an endogenous host-derived agonist of FPR1 (27). Thus, we
examined the effect of annexin-1 on osteogenesis of MSCs.
Alizarin Red-S staining and the ALP assay showed that Anx-
1(2–26) significantly promoted osteoblastic differentiation of
MSCs in the presence of OM (Fig. 2E), and Anex-1-stimulated
osteogenesis was suppressed by pretreatment with CysH.
Anex-1 alone did not affect osteoblastic differentiation in the
presence ofGM (data not shown). In addition, we observed that
knockdown of FPR1 inhibited expression of Runx2 under OM-
induced conditions, as analyzed by q-PCR (Fig. 2F). Taken
together, these results suggest that promotion of osteoblastic
differentiation ofMSCs in response to fMLP is selectivelymedi-
ated via FPR1.
fMLPStimulates Expression ofOsteoblasticMarkers—Osteo-

blast differentiation of MSCs occurs along with an increase in
expression of Runx2, a master transcription factor in osteogen-
esis. Cyclooxygenase 2 (COX-2) is an important inducer of
osteoblastic differentiation in bone biology (28). To further
confirm the pro-osteogenic effect of fMLP, we examined
expression of osteoblast marker genes. Expression levels of
Runx2 and COX2 increased after exposure of MSCs to OM for
14 days (Fig. 3A). Comparedwith nontreated cells, treatment of
cells with OM along with fMLP promoted an increase in
expression levels of Runx2 and COX2 (Fig. 3A). In the presence
of GM, fMLP alone did not induce an increase in the expression
levels of osteogenic markers in MSCs (data not shown). To
further examine fMLP-stimulated expression of osteomarker
genes, MSCs were transfected with promoters of osteogenic
marker genes and treated with fMLP. fMLP induced a signifi-
cant increase in the promoter activities of Runx2, ALP, osteo-
calcin, and bone sialoprotein (Fig. 3B). These results are con-
sistent with the observation that fMLP stimulates extracellular
mineralization of MSCs exposed to OM, suggesting that fMLP
promotes osteoblastic differentiation through increase of the
expression levels of osteogenic markers.
fMLP Suppresses Adipogenic Differentiation of MSCs—Os-

teoblasts and adipocytes are differentiated from bone marrow-
derivedMSCs, and reciprocal regulation of their differentiation
occurs through mechanisms that are largely unknown. To
explore the question of whether fMLP affects differentiation of
MSCs to adipocytes, adipogenic differentiation of MSCs was
induced by exposure of cells to adipogenic differentiation
medium in the presence of fMLP, and accumulation of intra-

fMLP as a Novel Regulator of Osteogenesis

MAY 13, 2011 • VOLUME 286 • NUMBER 19 JOURNAL OF BIOLOGICAL CHEMISTRY 17137

 at Y
onsei U

niversity M
edical Library, on M

ay 22, 2011
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/cgi/content/full/M110.197772/DC1
http://www.jbc.org/cgi/content/full/M110.197772/DC1
http://www.jbc.org/


cellular triglyceride droplets was visualized by Oil Red O stain-
ing. Exposure of MSCs to adipogenic differentiation medium
for 16 days resulted in differentiation into adipocytes (Fig. 4A).
However, fMLP treatment resulted in a dose-dependent reduc-
tion of lipid droplet accumulation (Fig. 4A). The number of Oil
Red O-positive cells was quantitated. In addition, fMLP inhib-
ited expression of PPAR�, a major transcription factor of adi-
pogenesis (Fig. 4B). Therefore, it is suggested that fMLP has a

potent anti-adipogenic activity and might be involved in nega-
tive regulation of adipocyte differentiation of MSCs.
fMLP-stimulated Osteogenesis of MSCs Is Mediated by the

FPR1-PLC/PLD-CaMKII-ERK Signaling Pathway—To further
comprehend the mechanism through which fMLP promotes
osteogenesis of MSCs, cells were pretreated with inhibitors of
downstream targets of fMLP-mediated signaling pathways, and
mineral deposition was detected by Alizarin Red-S staining

FIGURE 2. fMLP promotes osteoblast differentiation of MSCs via FPR1. A, hMSCs were cultured in GM or OM in the presence of the indicated concentrations
of fMLP. After 14 days, matrix mineralization was determined by Alizarin Red-S staining and photographed using a digital camera equipped with a Nikon TS100
inverted microscope (Nikon, Japan). Relative density of each well in the presence of OM was quantified using the Scion image program, and results from
triplicate determinations are shown as means � S.D. *, p � 0.05 versus nontreatment. B, during osteoblast differentiation, MSCs were pulse-treated with fMLP
(1 �M). After 3 days, cells were washed and cultured in the absence of fMLP during the indicated time course of in vitro osteogenesis; matrix mineralization was
then assessed by Alizarin Red-S staining and photographed with a digital camera. Data are representative of three experiments. C, MSCs were cultured in OM
for 5 days, pretreated with or without CysH (1 �M), and stimulated with 1 �M of fMLP. ALP activity was then measured. Stem cells were transfected with siRNA
for control or FPR1 and treated with or without fMLP (1 �M) in osteogenic media for 7 days. Alizarin Red-S staining was then conducted. Expression of FRP1 was
analyzed by q-PCR, and the level of FPR1 was normalized to GAPDH. *, p � 0.05 versus control siRNA. Relative density of each well was quantified using the Scion
image program. ALP assays were then conducted. *, p � 0.05 versus vehicle in control siRNA. Results from triplicate determination are shown as means � S.D.
E, MSCs were cultured in OM in the presence of 1 �M Anx-1(2–26), pretreated with or without CysH (1 �M). After 10 days, matrix mineralization was determined
by Alizarin Red-S staining and photographed with a digital camera. ALP assays were conducted. *, p � 0.05; **, p � 0.05 versus vehicle. F, MSCs were transfected
with siRNA for control and FPR1 in undifferentiated and differentiated conditions. Expression of FPR1 and Runx2 was measured by q-PCR. *, p � 0.05. Data
represent the mean � S.D. of four independent experiments.
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(Fig. 5A). Culture of MSCs in the presence of OM for 10 days
resulted in stimulation of osteogenesis by fMLP. We treated
DMSO as a vehicle control, and the dose of effective inhibitors
was selected as described in many reports. Pretreatment with
CysH inhibited fMLP-stimulated osteoblast differentiation,
indicating that stimulation of osteogenesis in response to fMLP
is mediated via FPR1. In fact, FPR is functionally coupled to
PTX-sensitive G protein (29). After binding to fMLP, FPR1
transmits signals to heterotrimeric G proteins, which rapidly
dissociate into� and�� subunits, resulting in activation of PLC
(30). We investigated the effect of PTX, which specifically
blocks coupling of G protein-coupled receptors to Gi on fMLP-
induced signaling. Pretreatment with PTX resulted in signifi-
cant inhibition of fMLP-stimulated osteogenesis. Activation of
PLC, an effector molecule of fMLP-coupled G protein, gener-
ates second messengers and diacylglycerol. Although inositol
1,4,5-trisphosphate regulates the mobilization of Ca2� from
intracellular stores, diacylglycerol activates protein kinase C.
We found that pretreatment with PLC inhibitor, U7312, but
not its inactive analog, U73343, resulted in dramatic suppres-
sion of fMLP-stimulated osteoblastic differentiation (Fig. 5).
Wehave recently reported that stimulation ofMSCswith fMLP
causes an increase of [Ca2�]i via a PTX-sensitive pathway (20).
Many of the cellular effects of Ca2� are mediated by the Ca2�-
binding protein calmodulin (CaM), which is known to bind to
and activate numerous targets, including Ca2�/calmodulin-de-
pendent protein kinase II (CaMKII). CaMKII has been known
to play a critical role in osteoblastic differentiation (30). KN93,
an inhibitor of CaMKII but not its inactive analog, KN92, sig-
nificantly abolished fMLP-stimulated osteogenesis (Fig. 5).

These results suggest that fMLP might stimulate osteogenesis
via FPR1/PTX-sensitive G protein/PLC/CaMKII in MSCs.
MAPK is known to be regulated by CaMKII and is also impor-
tant for osteoblastic differentiation (31). Pretreatment with
inhibitor ofMEK (U0126), upstream ofMAPK, blockedminer-
alization stimulated by fMLP. PLD is another intracellular
effector in the fMLP receptor signaling cascade (15). In addi-
tion, 5-fluoro-2-indolyl des-clorohalopemide hydrochloride
hydrate, a PLD inhibitor, essentially abrogated fMLP-stimu-
lated osteoblast differentiation (Fig. 5A).
In addition, to exclude the possibility that pharmacological

inhibitors themselves have pleiotropic effects on cellular
metabolism, which would render them nonspecific, we used
siRNA specific for diminishing the individual signaling com-
ponents in the presence of fMLP treatment. As shown in Fig.
5B, analysis by the ALP assay showed that knockdown of
PLC�1 and PLD1 suppressed fMLP-stimulated osteoblastic
differentiation. Expression of the principal signaling compo-

FIGURE 3. fMLP increases expression of osteogenic marker genes. A, MSCs
were cultured in osteogenic media in the absence or presence of 1 �M fMLP
for 14 days. Expression of Runx2 and COX2 was analyzed by Q-RT-PCR. *, p �
0.05. B, MSCs were transfected with the indicated reporter constructs and
treated with fMLP (1 �M) for 36 h, and luciferase activity was subsequently
measured. A Renilla luciferase control vector was co-transfected for normal-
ization of transfection efficiency. Values are represented as the mean � S.D. of
five independent experiments. Promoter gene constructs. *, p � 0.05. BSP,
bone sialoprotein; OC, osteocalcin.

FIGURE 4. fMLP suppresses adipocyte differentiation of hMSCs. A, MSCs
were cultured in adipoinductive media (AM) in the absence or presence of
fMLP (1 �M). After 16 days, lipid droplets were visualized by Oil Red O staining,
and phase contrast images were photographed using a digital camera
equipped with a Nikon TS100 inverted microscope (Nikon, Japan) using 10�/
0.25 ph1 ADL or LWD 40�/0.55 ph1 ADL (�100, �400) (upper panel). The
number of Oil Red O-positive cells was quantitated (lower panel). *, p � 0.05
versus nontreatment. B, MSCs were cultured in GM or adipoinductive media
with or without 1 �M fMLP over a period of 16 days. Expression of PPAR-� was
analyzed by Q-RT-PCR. The level of PPAR-� was normalized to GAPDH. *, p �
0.05. Values are represented as the mean � S.D. of three independent
experiments.
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nents is shown, as analyzed byWestern blot. Taken together,
these results suggest that fMLP accelerates osteogenesis of
MSCs via a FPR1-PLC/PLD-CaMKII-ERK-mediated signal-
ing pathway.
CaMKII Is Involved in fMLP-induced ERK and CREB Signal-

ing Pathways—We examined the effects of CaMKII on the two
signaling pathways, ERK and CREB, which are known to be
regulated by CaMKII and important for osteoblastic differenti-
ation (31). As shown in Fig. 6A, KN93 andU0126, but notKN92,
suppressed fMLP-induced ERK activation and phosphorylation
ofCREB (Ser-133), indicating involvement ofCaMKII in fMLP-
induced ERK or CREB activation in MSCs. In addition, fMLP
increased transactivation of the serum-response element
(SRE), a downstream target of ERK, and pretreatment of KN93
and U0126, but not KN92, inhibited fMLP-stimulated transac-
tivation of SRE (Fig. 6B). These results demonstrate the critical
role of CaMKII in activation of the ERK/SRE signaling pathway
by fMLP. We also investigated the effect of pharmacological
inhibition on CRE transactivation, which is known to be a
downstream target of CREB. Both KN93 and U0126, but not

KN92, induced significant inhibition of CRE transactivation
(Fig. 6C). These results demonstrate that CaMKII and ERK are
critical kinases in osteoblasts. Regulation of the expression of
c-jun, an immediate response gene, by two important regula-
tory response elements, CRE and SRE, has been demonstrated
(32, 33). Thus, we examined the question of whether fMLP
indeed affects AP-1 transactivation. Transactivation of AP-1 in
MSCs was increased by treatment with fMLP and inhibited by
pretreatment with KN93 and U0126 but not KN92 (Fig. 6D).
Taken together, our results demonstrate that CaMKII activa-
tion by fMLP regulates the activity of both ERK and CREB,
which in turn affects transactivation of SRE andCRE. This leads
to AP-1 transactivation and ultimately influences osteoblastic
differentiation.
fMLP Increases Osteogenesis in Vivo—For a better under-

standing of bone formation by fMLP, we examined the effect of
fMLP on bone formation of zebrafish, D. rerio, which is known
to be a good model system for the study of bone development
(34). Most of the regulatory factors or pathways that control
bone formation are highly conserved in vertebrates, including

FIGURE 5. fMLP-stimulated osteogenesis of MSCs is mediated by FPR1-
PLC/PLD-CaMKII-ERK signaling pathways. A, top panel, MSCs were pre-
treated with or without the indicated inhibitors (1 �M CysH or PTX; 10 �M

U7312, U7344, KN92, KN93, U0126; or 5-fluoro-2-indolyl des-clorohalo-
pemide hydrochloride hydrate (FIPI)) and cultured in OM in the presence of 1
�M fMLP for 10 days. Media were changed every 2 days for the duration of the
culture. Matrix mineralization was assessed by Alizarin Red-S staining and
photographed using a digital camera equipped with a Nikon TS 100 inverted
microscope (Nikon, Japan). Data are representative of three experiments. Bot-
tom panel, relative density of each well was quantified using a Scion image
program, and results from triplicate determination are shown as means �
S.D. *, p � 0.05 versus vehicle in the presence of OM. B, MSCs were transfected
with siRNA for PLC�1 and PLD1 and then cultured in osteogenic media with
fMLP for 7 days. ALP activity was then measured. *, p � 0.05 versus control
siRNA, Expression of PLC�1 and PLD1 was analyzed by Western blot using the
indicated antibody.

FIGURE 6. CaMKII is involved in fMLP-induced ERK and CREB signaling
pathways. A, MSCs cultured in OM were starved for 24 h and preincubated
with 10 �M KN92, KN93, or U0126 for 30 min. Cells were then treated with
fMLP (1 �M) for 20 min, and phosphorylation of ERK or CREB (Ser-133) was
determined by Western blot analysis. Blots are representative of three exper-
iments. B, MSCs were transfected with an SRE-luciferase (B), CRE-luciferase (C),
or AP-1 luciferase (D) reporter construct, pretreated with the indicated inhib-
itors for 30 min, and treated with fMLP for 12 h. Reporter activity was then
measured. Data are representative of the mean � S.D. of three independent
experiments. *, p � 0.05.
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zebrafish (34). Twenty zebrafish embryos were treated with
fMLP from 8 to 48 hpf, a time at which regulators of bone
formation, such as Runx2, are expressed during skeletal devel-
opment of zebrafish (35). In vivo bone development was visual-
ized in whole embryos (5 dpf) with Alizarin Red (Fig. 7A). fMLP
enhanced lateral skeletal development, whereas pretreatment
with CysH inhibited fMLP-stimulated bone development.
Extensive skeletal developmentwas evident at 5 dpf in over 80%
of fMLP-treated zebrafish. In addition, compared with non-
treated larvae, treatment with fMLP resulted in increased

expression of Runx2; however, pretreatment with CysH re-
sulted in significant suppression of fMLP-stimulated Runx2
expression (Fig. 7B), suggesting that fMLP-induced osteogene-
sis is mediated via FPR1 in zebrafish. Moreover, we attempted
to determine whether fMLP affects bone formation in a mam-
malian system. Rabbits were subjected to a calvarial defect. The
healing process was fair in all animals, and none of the wounds
showed severe inflammation. At 4 weeks, most areas of newly
formed bone were woven bone, rather than lamellar bone, and
bone marrow spaces were not wider in the calvaria of the vehi-
cle-treated rabbit. An abundance of osteoblasts was observed
along the surface of bone, and connective tissue, like perios-
teum, was not observed around bone in the calvaria of vehicle-
treated rabbits (Fig. 7C, left panel). In fMLP-treated calvaria,
the quality of newly formed bone was more developed com-
pared with that of the vehicle (Fig. 7C, right panel). The pattern
of lamellar bone was shown in areas of newly formed bone, and
bone remodeling was more progressed in fMLP-treated cal-
varia than in vehicle-treated calvaria. Bonemarrow spaceswere
widely formed, and connective tissue covering bone was dense,
like periosteum, in fMLP-treated calvaria. Mean bone forma-
tion within the surgically created defect in rabbit calvaria was
36.88 � 16.79% in the vehicle group and 57.28 � 25.76% in the
fMLP-treated group, as measured by histomorphometry, indi-
cating increased bone formation by fMLP in a mammalian sys-
tem. Taken together, it is suggested that fMLP has a beneficial
effect in bone formation from zebrafish and rabbits, suggesting
its physiological relevance in vivo.

DISCUSSION

This study provides evidence to suggest regulation of lin-
eage-specific differentiation ofMSCs by fMLP in favor of osteo-
blastic differentiation and against adipogenic differentiation.
MSCs can be easily isolated from bone marrow and rapidly
expanded in culture; therefore, the cells have been regarded as
an important therapeutic tool for clinical application in the
field of damaged tissue remodeling (36). FPR is an important
chemoattractant receptor, and expression of FPR has mainly
been identified in phagocytic cells, including monocytes, neu-
trophils, and dendritic cells. We (20) and Viswanathan et al.
(21) have recently reported thatMSCs functionally express FPR
and show positive chemotaxis towardN-formyl peptide, which
might play an important role in the repopulation of stem cells.
A potential role for FPR on the surface of MSCs in sensing
microenvironmental signals and the regulation of MSC hom-
ing, migration, tissue remodeling, and engraftment have been
suggested (20, 21). However, the role of fMLP, a selective ligand
of FPR1 in differentiation ofMSCs, has not been studied. In this
study, we demonstrate a novel role for fMLP or FRP1 in osteo-
genic/adipogenic differentiation of MSCs. fMLP promotes
osteoblastic differentiation of MSCs and a selective antagonist,
and knockdown of FPR1 inhibited fMLP-stimulated osteoblast
differentiation, suggesting an important role for FPR1 in osteo-
genesis. fMLP stimulates expression of osteogenic genes and
mineralization in MSCs. Annexin-1, a family of phospholipid-
binding proteins, has reportedly been found in many tissues,
including lung, bone marrow, and intestine (37). We and our
collaborators have recently reported that Anx-1(2–26), an

FIGURE 7. fMLP promotes bone formation in vivo. A, Alizarin Red-S staining
of whole zebrafish embryos revealed enhanced skeletal ossification in fMLP-
treated embryos. Fertilized eggs were transferred to 24-well plates and
treated with or without fMLP (1 �M) at 8 hpf (70% epiboly) in a 28 °C incubator.
After 40 h (48 hpf), embryos were washed and raised in normal egg water. At
5 dpf, zebrafish were stained with Alizarin Red-S, and lateral skeleton views
were photographed. B, zebrafish were raised and treated with or without
fMLP (1 �M) or CysH (1 �M) under the same conditions. Using Q-RT-PCR anal-
ysis, expression of Runx2 was examined from young zebrafish. The level of
Runx2 was normalized to GAPDH. *, p � 0.05. C, histological findings of the
effect of fMLP in rabbit calvarial defects at 4 weeks. The most significant area
of newly formed bone was woven bone (white arrow), rather than lamellar
bone, and bone marrow spaces were not wider in the vehicle-treated group
(�400). An abundance of osteoblasts (white arrowhead) was observed along
the surface of bone, and connective tissue (black arrow), like periosteum, was
not observed around bone in the vehicle group. Lamella bone (white arrow)
was observed in newly formed bone, and bone remodeling was more pro-
gressed in the fMLP-treated group than in the vehicle group. Formation of
bone marrow spaces (black arrowhead) has widely progressed, and connec-
tive tissue (black arrow) covering bone was dense, like periosteum, in the
fMLP-treated group (�400).
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endogenous FPR1 agonist, induced chemotactic migration of
MSCs (18). In this study, we found that Anx-1(2–26), like
fMLP, promoted osteoblastic differentiation ofMSCs via FPR1.
Thus, we propose a new aspect of annexin 1 as a regulator of
migration and osteogenesis of MSCs.
Pulse treatment ofMSCs with fMLP for the initial 3 days was

sufficient for fMLP-stimulated osteoblastic differentiation,
suggesting that exposure of cells with fMLP during the early
stages of osteogenic differentiation is essential for pro-osteo-
genic activity of fMLP. fMLP stimulates osteogenesis of MSCs
via the FPR1/PTX-sensitive G protein/PLC (PLD)/CaMKII/
ERK/CREB signaling cascade. Treatment of osteoblasts in cul-
ture with cAMP analogs is known to inhibit these cells from
deposition of mineral salts in their extracellular matrix. cAMP
is a G protein-coupled signaling component of several GPCRs.
However, because Gi-coupled GPCR, such as FPR, inhibits
cAMP production, an effect of cAMP on fMLP-induced re-
sponse can be ruled out.
Although fMLP itself did not induce osteoblastic differenti-

ation ofMSCs in the presence of nonosteogenic media, skeletal
development in fMLP-treated zebrafish was evidently
enhanced at 5 dpf, and CysH inhibited fMLP-induced bone
formation in zebrafish. In addition, using rabbits subjected to
calvarial defects, we also found that fMLP was beneficial in
mammalian bone formation. The quality of newly formed bone
at 4 weeks was better in the fMLP-treated group than in the
control group. Lamellar bone in the fMLP-treated group
showed better formation than that in the control, and the pro-
gress of bone remodeling was rapid so that bone marrow cut
into lamellar bone. Thus, it is suggested that stem cell niches
could be important factors for fMLP itself in induction of bone
formation in vivo. Because MSCs are the progenitor cells for
both osteoblasts and adipocytes, differentiation of MSCs into
adipocytes, rather than osteoblasts, may be responsible for
reduction in the number of osteoblastic cells in osteoporosis
and aging (38). Moreover, the volume of adipose tissue in bone
increases with age in normal subjects and is substantially ele-
vated in age-related osteoporosis (39). These results suggest
that bone loss in age-related osteoporosis is at least in part
caused by a shift from the osteoblastic to the adipocytic path-
way of MSC differentiation. We also found that fMLP sup-
pressed differentiation of bone marrow-derived monocytes
into osteoclasts (data not shown), suggesting the possibility of
an anti-osteoporosis effect of fMLP. It has been suggested that
the shift ofMSC differentiation from an adipocytic to an osteo-
blastic lineage may be helpful for cell therapy of bone disease
(40). Regulation of osteoblast and adipocyte differentiation is
often reciprocal. Therefore, it is interesting to note that fMLP
promotes osteogenesis through increased expression of osteo-
genic marker genes and suppression of adipocyte differentia-
tion by inhibiting expression of PPAR�. Our studies imply that
deciphering the action mechanisms of bioactive small mole-
cules such as fMLP could provide new insight into MSC biol-
ogy. In particular, further dissection of the molecular mecha-
nisms underlying the effects of fMLP in lineage-specific
differentiation could aid in the advancement of our current
understanding of osteogenesis. Use of MSCs for clinical appli-
cations associated with bone loss is also being contemplated (6,

12). A better understanding of osteogenic inductive pathways
in vivo will be required for advancement of MSCs as tools to
promote bone regeneration. Strategies employing bone mor-
phogenetic proteins have been used successfully for regenera-
tion of bone in animals and humans (41, 42). However, the high
cost and supraphysiological doses of bone morphogenetic pro-
teins necessary for achievement of osteoinductive activity illus-
trate the need for additional strategies for stimulation of osteo-
blast differentiation and bone formation in vivo. Hence,
complementary and/or more cost-effective strategies for clini-
cal modulation of bone formation are needed. fMLP could be
one such candidate molecule.
Despite their potential for clinical use in regenerative medi-

cine and tissue engineering, bone formation by hMSCs is poor.
Findings from this study showing that fMLP enhances osteo-
blast differentiation via an FPR1-mediated signaling pathway
and results in bone formation in an in vivomodel demonstrate
the possibility that systemic or local application of hMSCs to
patients together with fMLP would potentially be useful for
restoration of bone-forming capacity in bone diseases. Collec-
tively, our findings, which define a novel role for fMLP and
FPR1 in osteogenic signaling ofMSCs, will shed light on under-
standing of their molecular mechanisms in bone biology, with
important implications for development of novel strategies for
the promotion of bone healing. Further studies with animal
models will allow us to better describe the pre-osteogenic and
anti-adipogenic properties of fMLP.
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