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Abstract Osteoclastogenesis is an essential process in

bone metabolism, which can be induced by RANKL

stimulation. The F4/80 glycoprotein is a member of the

EGF-transmembrane 7 (TM7) family and has been

established as a specific cell-surface marker for murine

macrophages. This study aimed to identify the role of F4/

80 in osteoclastogenesis. Using mouse bone marrow-

derived macrophages (BMMs), we observed that the

mRNA level of F4/80 was dramatically reduced as these

cells differentiated into osteoclasts. Furthermore, osteo-

clastogenesis was decreased in F4/80high BMMs com-

pared to F4/80-/low BMMs. The inhibitory effect of F4/

80 was associated with decreased expression of nuclear

factor of activated T cells, cytoplasmic 1 (NFATc1).

Ectopic overexpression of a constitutively active form of

NFATc1 rescued the anti-osteoclastogenic effect of F4/80

completely, suggesting that the anti-osteoclastogenic

effect of F4/80 was mainly due to reduction in NFATc1

expression. As an underlying mechanism, we demon-

strated that the presence of F4/80 abrogated the effect of

RANKL on the phosphorylation of CREB and activated

the expression of IFN-b, which are restored by cyclic

AMP. Collectively, our results demonstrate that the

presence of F4/80 suppresses RANKL-induced osteo-

clastogenesis by impairing the expression of NFATc1 via

CREB and IFN-b. Therefore, F4/80 may hold therapeutic

potential for bone destructive diseases.

Keywords F4/80 � Osteoclast � RANKL � NFATc1 � Bone
loss

Introduction

Bone remodeling is a highly regulated process that

involves osteoblast-induced bone formation and osteoclast-

mediated bone resorption. An imbalance between osteo-

clasts and osteoblasts leads to either osteopetrosis or

excessive bone resorption (Rodan and Martin 2000; Kar-

senty and Wagner 2002). Osteoclasts are generated from

monocytes or macrophage populations (Tinkler et al. 1981;

Quinn et al. 2002). The formation of osteoclasts takes place

in several stages, including commitment, differentiation,

multinucleation, and activation of immature osteoclasts;

the process is regulated by both systemic hormones and

cytokines in the bone microenvironment, which contains

stromal cells, osteoblasts, and other local factors (Yavro-

poulou and Yovos 2008).

One of the key factors needed for osteoclast formation

is the receptor activator of nuclear factor-jB (RANK)

ligand (RANKL) (Anderson et al. 1997), which is a

major osteoclastogenic cytokine of the tumor necrosis

factor (TNF) family. It has been reported that osteoblastic

cells express RANKL on their surfaces and promote the

differentiation of monocytes/macrophages into osteo-

clasts (Lacey et al. 1998; Teitelbaum 2000). In osteoclast

precursor cells, the binding of RANKL to its receptor,

RANK, induces the activation of multiple intracellular
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signaling pathways that are necessary for osteoclast

differentiation and activation (Teitelbaum and Ross

2003; Asagiri and Takayanagi 2007). RANK recruits

adaptor molecules such as TNF receptor-associated fac-

tor (TRAF) 6 to its cytoplasmic domain, resulting in the

activation of NF-jB and mitogen-activated protein

kinases (MAPKs) (Lee and Kim 2003). Nuclear factor of

activated T cells (NFATc1) is a downstream transcrip-

tion factor in the RANKL/RANK signal pathway and

plays a crucial role in osteoclastogenesis (Walsh et al.

2006; Kim and Kim 2014). As a key molecule of

osteoclastogenesis, NFATc1 induces a series of osteo-

clast-specific genes, including cathepsin K, tartrate-re-

sistant acid phosphatase (TRAP), calcitonin receptor,

and osteoclast-associated receptor (Walsh et al. 2006;

Kim and Kim 2014). c-Fos and cAMP response element

binding protein (CREB) are also essential transcription

factors for osteoclastogenesis and positively regulate

osteoclastogenesis via NFATc1 activation (Lee and Kim

2003; Sato et al. 2006).

Although RANKL stimulates osteoclast differentiation,

it also initiates a negative auto-regulatory effect on osteo-

clasts through the induction of interferon beta (IFN-b)
expression (Takayanagi et al. 2002), which has an inhibi-

tory effect on osteoclasts by interfering with RANKL-in-

duced expression of c-Fos and NFATc1 (Takayanagi et al.

2002). Besides RANKL, macrophage colony-stimulating

factor (M-CSF) is also a key factor in the differentiation

and activation of osteoclasts. M-CSF induces the prolifer-

ation, survival, and RANK-upregulation of osteoclast pre-

cursor cells (Arai et al. 1999).

The F4/80 glycoprotein is a member of the EGF-

transmembrane 7 (TM7) family, which in turn forms a

subgroup within the superfamily of G-protein-coupled

receptors (GPCRs). The F4/80 molecule has been estab-

lished as one of the most specific cell-surface markers for

murine macrophages (Gordon et al. 2011). F4/80 knock

out animal models showed that F4/80 is not required for

macrophage development (Lin et al. 2005) or responses

to infectious challenge with Listeria (Schaller et al.

2002). Nevertheless, the F4/80 was found to be necessary

for the induction of efferent CD8? regulatory T cells

responsible for peripheral immune tolerance (Lin et al.

2005).

Since the role of F4/80 in osteoclast formation has not

been investigated, we report the inhibitory function of F4/

80 on osteoclastogenesis by using mouse bone marrow-

derived macrophages (BMMs). Our findings suggest that

F4/80 is a negative regulator of the early stages of osteo-

clast differentiation and F4/80 could be exploited for

therapeutic potential to prevent the development of osteo-

clast-associated bone diseases.

Materials and methods

Reagents

Forskolin was purchased from Cayman Chemical Com-

pany (Ann Arbor, USA). Antibodies against phospho-

CREB, c-Fos, and NFATc1 were purchased from Cell

Signaling Technology (Beverly, USA). All other reagents

were purchased from Sigma-Aldrich (St. Louis, USA).

Cells and culture system

All experiments were performed in accordance with insti-

tutional guidelines approved by the Sookmyung Women’s

University Animal Care and Use Committee. Bone marrow

cells were isolated from the long bones of 4- to 6-week-old

C57BL6 (Samtako, Inc. Osan, Korea) mice. Bone marrow

cells were cultured in a-MEM/10% FBS, supplemented

with M-CSF (5 ng/ml, R&D Systems Inc., Minneapolis,

USA), for 12 h to separate adherent and non-adherent cells.

The non-adherent cells were then harvested and cultured

with M-CSF (30 ng/ml) for 4 days. The floating cells were

removed and the attached cells were used as bone marrow-

derived monocytes/macrophages (BMMs). All cells were

cultured in a-MEM/10% FBS at 37 �C in 5% CO2.

BMM cell sorting and osteoclast differentiation

F4/80-/low and F4/80high BMM cells populations were

isolated by fluorescence-activated cell-sorter (FACS)

(FACS AriaTM, BD Bioscience, San Jose, USA). Briefly,

BMMs were stained with FITC-labeled anti-F4/80 (eBio-

science, San Diego, USA). After washing the cells three

times with phosphate buffered saline (PBS) containing

2 mM EDTA, the cells were sorted into F4/80-/low and F4/

80 high populations by F4/80 positive selection using

FACScaliburTM flow cytometer (BD Biosciences). F4/80-/

low or F4/80high cells were differentiated into osteoclasts

with 25 ng/ml M-CSF and 200 ng/ml RANKL (R&D

Systems Inc.) for 4 days (Lee et al. 2016). Cytokines were

replaced every 2 days.

Tartrate-resistant acid phosphatase (TRAP) staining

To confirm the generation of osteoclast cells, cells were

fixed with 3.7% formalin for 15 min, fixed again with

ethanol–acetone (50:50, v/v) for 1 min, and incubated with

the TRAP-staining solution—0.05 M sodium acetate buffer

(pH 5.0) containing naphthol AS-BI phosphoric acid

sodium salt (Sigma-Aldrich) and fast red ITR salt (Sigma-

Aldrich) in the presence of 10 mM sodium tartrate (Sigma-

Aldrich). TRAP-positive cells with three or more nuclei
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formed in the culture system were considered to be

osteoclast-like multinuclear cells.

Retroviral gene transduction

Plat-E retroviral packaging cells were seeded in culture

dishes 1 day before transfection. The following day, PMX-

puro GFP (GFP-vector) or PMSCV-GFP CA-NFATc1

(CA-NFATc1) was transfected into Plat-E cells using

Lipofectamine 2000 CD (Invitrogen by Life Technologies,

Inc., Grand Island, NY, USA). After 2 days, culture

supernatants of the retrovirus-producing cells were col-

lected. F4/80high BMMs were seeded with the culture

supernatants of PMX-puro GFP or PMSCV-GFP CA

NFATc1 virus-producing Plat-E cells together with poly-

brene (10 mg/ml, Santa Cruz Biotechnology, Inc., Santa

Cruz, USA) and M-CSF (30 ng/ml) overnight. Infected

cells were then selected with puromycin (2 mg/ml) for

2 days and then further cultured in the presence of M-CSF

(30 ng/ml) and RANKL (200 ng/ml) for 3 days.

Quantitative real-time PCR

Total RNA was extracted from cells by Easy-Blue (iNtRON

Biotechnology, Inc., Seongnam, Korea). cDNA was syn-

thesized from total RNA by using the Revert AidTM first

strand cDNA synthesis kit (iNtRON, Biotechnology, Inc.)

and was amplified with gene-specific primers using Applied

Biosystems SYBR Green super-mix (Applied Biosystems

Inc., Foster City, USA) in an Applied Biosystems

7500/7500 Fast Real-time PCR system (Applied Biosys-

tems Inc.). Specific primer sequences for PCR were

designed as follows: cathepsin K (CTK), 50-cttccaatacgt-
gcagcaga-30 (forward), 50-acgcaccaatatcttgcacc-30 (reverse);
Atp6v0d2, 50-tcagatctcttcaaggctgtgctg-30 (forward), 50-gtgc
caaatgagttcagagtgatg-30 (reverse); DC-STAMP, 50-tggaa
gttcacttgaaactacgtg-30 (forward), 50-ctcggtttcccgtcagcctct
ctc-30 (reverse); b3-integrin, 50-gatgacatcgagcaggtgaaagag-
30 (forward), 50-ccggtcatgaatggtgatgagtag-30 (reverse);

F4/80, 50-gaatcttggccaagaagagac-30 (forward), 50-gaattctcctt
gtatatcatcagc-30 (reverse); GAPDH, 50-tgcaccaccaactgctta
gc-30 (forward), 50-ggcatggactgtggtcatgag-30 (reverse). The
real-time PCR program was set as follows: 40 cycles, after

an initial holding stage at 95 �C for 10 min, then the

cycling stage at 95 �C for 15 s, and annealing at 53–57 �C
for 1 min.

siRNA transfection

BMMs were plated on 48-well plates at a density of 3.5 9

104 cells/well with 30 ng/ml M-CSF. After 24 h, cells were

transfected with 50 nM mouse F4/80 on-target plus smart

pool siRNAs (Santa cruz, sc-42865) using Lipofectamine

2000 (Invitrogen, Carlsbad, CA) according to the manu-

facturer’s instructions. The control contained 50 nM non-

targeting siRNA (BIONEER). The transfection took place

in 2.5 ml of serum free media for 6 h; the cells were then

cultured for 4 days in complete media containing 30 ng/

ml M-CSF and 100 ng/ml RANKL to form osteoclasts.

Immunoblot analysis

Total cell lysates were isolated, separated by SDS-PAGE,

and transferred onto Immobilon-P membranes (Millipore,

Bedford, USA). The membranes were blocked with 5%

nonfat-milk in PBS-T (Phosphate Buffered Saline, 0.1%

Tween 20), and then immunostained with specific anti-

bodies. Immuno-reactivity was detected by using an

advanced chemiluminescence detection kit (Amersham

Biosciences, Buckinghamshire, UK).

Statistical analyses

Data are presented as the mean ± SD from at least three

independent experiments. Statistical analysis was per-

formed by using the Student’s t test followed by one-way

analysis of variance. A p value \0.05 was considered

statistically significant.

Results

The presence of F4/80 suppresses osteoclast

formation via NFATc1

BMMs are osteoclast precursors and they differentiate into

mature osteoclasts in the presence of M-CSF and RANKL

(Quinn et al. 2002; Teitelbaum and Ross 2003; Asagiri and

Takayanagi 2007). To investigate the role of F4/80 in

osteoclastogenesis, we first investigated the mRNA

expression level of F4/80 using mouse BMMs. Real-time

PCR analysis revealed that RANKL stimulation decreases

the expression level of F4/80 in BMMs (Fig. 1a). Next, we

sorted mouse BMMs into F4/80high and F4/80-/low cells,

and induced osteoclast differentiation by culturing them

with M-CSF and RANKL. Figure 1b depicts the flow

cytometry data of total BMMs. The mRNA level of F4/80

is in agreement with the isolation of F4/80high and F4/80-/

low cells (Fig. 1c). As shown in Fig. 1d, osteoclastogenesis

was severely impaired in the population with high F4/80

expression. In accordance with the mRNA expression

levels of cathepsin K, levels of DC-stamp, ATP6v0d2, and

b3-integrin, which are markers of differentiated osteo-

clasts, were significantly decreased in F4/80high cells trea-

ted with M-CSF and RANKL (Fig. 1e). To further confirm

the role of F4/80 on osteoclastogenesis, we investigated
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whether down-regulation of F4/80 by siRNA would mod-

ulate the osteoclast formation. Compared with the control

siRNA, the knock-down of F4/80 resulted in a significant

increase in the formation of TRAP? MNCs by RANKL

(Fig. 1f). This result indicates that F4/80 is involved in

suppressing osteoclastogenesis by acting directly on

osteoclast precursors.

It is well known that RANKL stimulation increases the

expression of NFATc1 in osteoclast precursors. The

NFATc1 pathway plays a critical and fundamental role in

osteoclast development and the lack of NFATc1 arrests

osteoclastogenesis (Lee and Kim 2003; Asagiri and

Takayanagi 2007). To clarify the involvement of the inhi-

bitory effect of F4/80 on osteoclast formation, the expres-

sion level of NFATc1 was examined at 24 h after RANKL

treatment. Significant increase in NFATc1 protein levels

was detected in F4/80-/low cells treated with RANKL. This

NFATc1 upregulation decreased in F4/80high cells (Fig. 2a).

We next investigated whether the anti-osteoclastogenic

effect of F4/80 was rescued by overexpression of NFATc1.

The constitutively active form of NFATc1 (CA-NFATc1)

genes were overexpressed in F4/80high BMMs (Fig. 2b) and

these NFATc1-transduced BMMs were cultured with

M-CSF and RANKL. As shown in Fig. 2c, the suppression

of osteoclastogenesis in F4/80high cells was efficiently

overcome by the forced expression of CA-NFATc1, sug-

gesting that the anti-osteoclastogenic effect of F4/80 is

mainly due to reduction in NFATc1 expression.

The presence of F4/80 suppresses osteoclastogenesis

via CREB and IFN-b, which is rescued by cyclic

adenosine monophosphate (cAMP)

CREB is an essential transcription factor for osteoclasto-

genesis and positively regulates osteoclastogenesis via

NFATc1 activation (Sato et al. 2006). To define the

molecular mechanism of the inhibitory effects of F4/80 on

osteoclastogenesis, we examined the effects of F4/80 on

CREB activation induced by RANKL. As shown in Fig. 3a,

phosphorylation of CREB was observed after RANKL

treatment in F4/80-/low cells, which was diminished by the

high expression of F4/80 in BMMs. Since cAMP is a well-

known mediator of CREB activation (Wen et al. 2010), we

evaluated whether the elevation of cAMP restores the

RANKL-induced CREB activation in F4/80high BMMs. We

found that the treatment with forskolin, a cAMP elevating

agent, significantly increased the RANKL-induced phos-

phorylation of CREB in F4/80high BMMs (Fig. 3b). These

data suggested that the presence of F4/80 inhibits RANKL-

induced CREB activation, which is rescued by cAMP.

Since the presence of F4/80 was shown to decrease the

pro-osteoclastogenic signals from RANKL, we next

investigated whether F4/80 modulates the anti-osteoclas-

togenic mechanism of RANKL. IFN-b is a negative regu-

lator of osteoclast differentiation (Takayanagi et al. 2002).

Thus we analyzed whether the presence of F4/80 modu-

lates the expression level of IFN-b by RANKL. Real-time

PCR demonstrated that RANKL-induced mRNA expres-

sion level of IFN-b was significantly increased due to the

high expression of F4/80 (Fig. 3c). Moreover, forskolin

treatment in F4/80high BMMs decreased the mRNA

expression of IFN-b by RANKL (Fig. 3d).

Since forskolin was shown to modulate the effect of F4/

80 on RANKL signaling, we finally evaluated the effect of

forskolin on NFATc1 expression and osteoclast formation

in F4/80high BMMs. We found that forskolin increased

RANKL-induced NFATc1 expression and osteoclast for-

mation in F4/80high BMMs (Fig. 4).

Taken together, these data suggested that the presence of

F4/80 suppresses RANKL-induced osteoclastogenesis by

impairing the activation of CREB and increasing IFN-b
expression, which is restored by cAMP.

Discussion

Osteoporosis is a disorder caused by increased bone

resorption and reduced bone formation. As osteoporosis

progresses, bone becomes fragile and bone fractures may

readily occur even due to a small impact (Rodan and

Martin 2000). The regulation of bone mass depends on the

dynamic balance between bone formation and bone

resorption, which are driven by osteoblast activation and

osteoclast activation, respectively (Rodan and Martin

2000). RANKL is a key positive regulator of osteoclast

differentiation and excessive RANKL signaling causes

enhanced osteoclast formation and bone resorption (Lee

and Kim 2003). As such, downregulation of RANKL-in-

duced signals may be a valuable approach in the treatment

of pathological bone loss, including osteoporosis.

In this report, we show for the first time that the F4/80

molecule is a negative regulator of RANKL-induced

bFig. 1 The presence of F4/80 negatively regulates RANKL-induced

osteoclast formation. a BMMs were cultured with RANKL (100 ng/

ml) and M-CSF (30 ng/ml) for 4 days. The mRNA expression level of

F4/80 was determined by real-time PCR. b BMMs were stained with

FITC-labeled anti-F4/80 and analyzed by FACS. c F4/80-/low or F4/

80high BMMs were sorted and the mRNA expression level of F4/80

was determined by real-time PCR. d F4/80-/low or F4/80high BMMs

were sorted and differentiated into osteoclasts in the presence of

RANKL (100 ng/ml) and M-CSF (30 ng/ml) for 4 days. TRAP?

multinucleated cells (MNCs) were counted. e The mRNA expression

level of osteoclastogenic marker genes was determined by real-time

PCR. f The siRNA-transfected BMMs were cultured with RANKL

(100 ng/ml) for 4 days, and then TRAP? osteoclasts were counted.

Data are expressed as the mean ± SD from at least three independent

experiments. veh vehicle. *p\ 0.05. Scale bar 200 lm

496 J.-H. Kang et al.

123



osteoclast differentiation. We demonstrated that F4/80

modulates CREB and IFN-b signaling pathways via cAMP,

which leads to the decrease of NFATc1-mediated osteo-

clast formation. These data suggest that NFATc1 is a target

of the F4/80 inhibitory effect on osteoclast development.

Although c-Fos and NF-jB have been well known as

regulators of NFATc1, they unlikely mediate the inhibitory

function of F4/80 on osteoclastogenesis (data not shown).

Given the lack of a known ligand for F4/80, it remains

difficult to further define a molecular mechanism mediating

the differentiation of osteoclasts. The elucidation of the

functional F4/80 ligand may allow us to determine the

mechanism by which F4/80 molecule triggers differentia-

tion and activation of osteoclasts. Identifying the molecular

mechanisms used by the F4/80 molecule to suppress the

differentiation of osteoclasts will contribute to our under-

standing of the processes involved in physiological and

pathological bone loss.

Many therapeutic agents for the treatment of osteo-

porosis have been developed and marketed. Bisphospho-

nate (FosamaxTM) and its derivatives are well-known

agents for patients with osteoporosis (Papapoulos 2000).

However, these compounds have severe side-effects

owing to their very low bioavailability (Iseri et al. 2005).

Soluble estrogen receptor modulator (RaloxifeneTM) for

estrogen replacement increases bone density by 3–4%, but

carries the risk of breast cancer (Vogel et al. 2006).

Parathyroid hormone is a novel drug for the activation of

osteoblasts to balance bone remodeling. However, this

drug enhances the risk of developing osteosarcoma

(Cosman 2008). Recently, the humanized monoclonal

antibody to RANKL (Denosumab; ProliaTM) has become

available. The expected side-effect of this agent is

immune deficiency due to RANKL scavenging (Josse

et al. 2013). In our study, F4/80 suppresses osteoclast

formation and holds promise as a novel therapeutic agent

for osteoporosis.

In summary, we demonstrated that F4/80 functions as an

inhibitor of RANKL-mediated osteoclastogenesis via

CREB and IFN-b signaling pathways. Therefore, drug-

targeting approaches for F4/80 may hold therapeutic

potential for treating post-menopausal osteoporosis.
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