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Abstract

Osteoclasts play a critical role not only in bone homeostasis but also in inflammatory osteo-

lysis, such as that occurring in inflammatory arthritis and systemic inflammation. In both

inflammation conditions, inflammatory cytokines like Interleukin (IL)-1, IL-6 and tumor necro-

sis factor (TNF)-α induce RANKL expression in osteoblasts, but the roles of these cytokines

in osteoclast activation remain unclear. S100A12, an S100 family member, is a low-molecu-

lar-weight calcium-binding protein. Although it has a pro-inflammatory role, its effects on os-

teoclast differentiation have been unclear. Here we examined the direct effects of S100A12

on human osteoclasts in vitro. S100A12 facilitated osteoclast formation in the presence of

RANKL, as judged by the cells’ morphology and elevated expression of osteoclast-related

molecules, including NFATc1, ACP5, CALCR, and ITGβ3. In addition, S100A12 administra-

tion markedly enhanced the osteoclasts’ bone resorption ability, consistent with their

increased expression levels of CTSK and CA2. Blocking RAGE and TLR4 cancelled the

effects of S100A12. Our results indicate that S100A12 is a potential therapeutic target for

inflammatory osteolysis.

Introduction

Osteoclasts originate from hematopoietic precursors of monocyte/macrophage lineage cells,

which differentiate into multinucleated osteoclasts under the influence of macrophage colony-

stimulating factor (M-CSF) and receptor activator of nuclear factor kappa-B ligand (RANKL).

Osteoclasts play a critical role not only in bone homeostasis but also in inflammatory osteolysis

[1, 2]. For example, the bone erosion in rheumatoid arthritis (RA) is a local osteolysis that is

induced by the enhanced formation and activity of osteoclasts in affected joints. Inflammatory

bone loss also includes the systemic bone loss that occurs in other inflammatory diseases such

as inflammatory bowel disease, periodontitis, and chronic obstructive pulmonary disease [2].

In both inflammation conditions, inflammatory cytokines like Interleukin (IL)-1, IL-6, and

tumor necrosis factor (TNF)-α, which are produced by activated macrophages in the inflamed

tissue, play a critical role in osteoblast and osteoclast activation [1, 3].

The “alarmins” are endogenous substances that are released by dying cells or activated cells.

They bind to certain pattern recognition receptors (PPRs) and induce tissue damage and/or
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inflammatory processes [4]. Representative alarmins include high-mobility-group

box (HMGB) proteins, heat-shock proteins, and S100 family proteins [5]. There are 24 S100

protein family members, which are low-molecular-weight calcium-binding proteins that are

predominantly expressed by neutrophils, monocytes, and activated macrophages. Their func-

tions include the modulation of enzyme activity, calcium homeostasis, cell growth and mobil-

ity, cell differentiation, and cell survival. S100 proteins are reported to be involved in

numerous human pathologies, including cancer, neurodegenerative diseases, Crohn’s disease,

rheumatoid arthritis, Kawasaki disease, cystic fibrosis, and other inflammatory conditions [6–

8].

Among the S100 proteins, S100A12 is constitutively expressed in neutrophils and macro-

phages. S100A12 is released from activated neutrophils, has proinflammatory effects on

immune cells, and promotes inflammatory arthritis [9]. For example, Rouleau et al. revealed

that the S100A12 expression is increased in the synovial fluids of patients with RA, gout, and

psoriatic arthritis, but not osteoarthritis, a non-inflammatory disorder [10]. The serum

S100A12 levels in RA patients are higher than those in healthy controls [11]. Moreover, Liao

et al. detected elevated levels of S100A12 protein in both the synovial fluid and serum of

patients with erosive forms of RA compared with those with non-erosive forms [12]. These

findings suggest that S100A12 is significantly associated with both the inflammation and the

bone erosion in RA.

Alarmins like HMGB1 and S100A8 have been shown to stimulate osteoclast formation and

an activity mediating osteoclastic bone destruction in experimental arthritis [13]. However,

the role of S100A12 in osteoclastogenesis has never been reported. Here we investigated the

role of S100A12, a member of the S100 family, in osteoclast differentiation and activation.

Materials and methods

Reagents

Recombinant human M-CSF and recombinant human RANKL were purchased from R&D

Systems (Minneapolis, MN). Recombinant human S100A8, S100A9, and S100A12 proteins

were purchased from MBL (Aichi, Japan). The toll-like receptor 4 (TLR4) inhibitory peptide

VIPER was from Novus Biologicals (Littleton, CO), and the anti-human receptor for advanced

glycation end products (RAGE) antibody was from R&D Systems.

Isolation and culture of CD14+ monocytes

The procedures were approved by the Ethics Committee of Kobe University Hospital (No.

160126), and oral informed consent was obtained from the healthy volunteers. Human periph-

eral blood mononuclear cells (PBMCs) were isolated from the blood of healthy donors, by cen-

trifugation over Ficoll-Paque Plus (GE Healthcare, Uppsala, Sweden) at 1,500 rpm for 30

minutes. After centrifugation, PBMCs at the interface between the plasma and the Ficoll-

Paque Plus were collected and washed with ice-cold phosphate-buffered saline, followed by

centrifugation at 2,000 rpm for 5 minutes. CD14+ cells were isolated from PBMCs using posi-

tive selection with a MACS magnetic CD14 antibody (Miltenyi Biotec, Auburn, CA). The iso-

lated CD14+ cells (1×105/200 μl/well in a 96-well plate or 5×105/1,000 μl/well in a 12-well

plate) were incubated in α-minimal essential medium (α-MEM; Invitrogen, Tokyo, Japan)

containing 10% fetal bovine serum, 100 units/ml penicillin, 100 μg/ml streptomycin (supple-

mented α-MEM), and 50 ng/ml M-CSF, with or without 100 ng/ml RANKL. S100A12 (1,000

ng/ml or as indicated elsewhere), S100A8 (1,000 ng/ml), and S100A9 (1,000 ng/ml) were

added to cultures. Half of the medium was replaced every 3 days.

S100A12 facilitates human osteoclast differentiation
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Cell culture and inhibitor treatment

To induce osteoclast differentiation, CD14+ monocytes (5×105 cells/12-well plate) were cul-

tured in supplemented α-MEM containing M-CSF (50 ng/ml) and RANKL (100 ng/ml) for

7–16 days.

To elucidate the roles of TLR4 and RAGE in osteoclast differentiation and bone resorption,

VIPER (30 μM) and/or an anti-human RAGE antibody (10 μg/ml) were used. In the bone

resorption assay, VIPER (30 μM) and/or the anti-human RAGE antibody (10 μg/ml), and

S100A12 (1,000 ng/ml) were all added at the beginning of the culture. To examine the effects

of these inhibitors on the mRNA expression of osteoclast-related genes, CD14+ cells were cul-

tured in the presence of M-CSF (50 ng/ml) and RANKL (100 ng/ml) for 7 days, and then stim-

ulated with S100A12 (1,000 ng/ml) with or without VIPER (30 μM) and/or the anti-human

RAGE antibody (10 μg/ml).

Tartrate-resistant acid phosphatase (TRAP) staining

TRAP staining was carried out using a kit (Primary Cell, Hokkaido, Japan) according to the

manufacturer’s instructions. TRAP-positive multinucleated cells containing more than 3

nuclei were identified as osteoclasts and counted under a microscope (Keyence, Osaka, Japan).

Bone resorption assay

CD14+ monocytes (2×105/well) were cultured on a bone resorption assay plate 48 (PG

Research, Tokyo, Japan) in supplemented α-MEM with M-CSF (50 ng/ml), alone or in combi-

nation with RANKL (100 ng/ml) and with or without S100A12 (1,000 ng/ml). On day 16, the

cells were removed by 5% NaOCl, and then each well was photographed by a microscope cam-

era (Keyence), and the areas of the resorption pits were measured with digital image analysis

software (ImageJ 1.49 version from National Institutes of Health, USA).

Quantitative real-time polymerase chain reaction (qRT-PCR)

Total RNA was isolated using an RNeasy Mini kit (Qiagen, Valencia, CA), and 1 μg of the total

RNA was reverse-transcribed with a QuantiTect reverse transcription kit (Qiagen). Quantitative

real-time PCR was performed using a QuantiTect SYBR Green PCR kit (Qiagen) with a PikoR-

eal 96 Real-Time PCR system (Thermo Fisher Scientific, Waltham, MA, USA) according to the

manufacturer’s protocol. All primer pairs were purchased from Qiagen. Messenger RNA

(mRNA) levels were normalized to Glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Statistical analysis

Results are expressed as the mean and SD. Statistical analyses were performed using GraphPad

Prism 5 (GraphPad Prism Software). Student’s 2-tailed t-test was used to evaluate the TRAP-

positive cell counts, bone resorption area measurements, and mRNA expression levels of

mature osteoclast markers. To evaluate the effects of inhibiting TLR4 and RAGE, one-way

analysis of variance and Turkey’s multiple comparison test were used. P values less than 0.05

were considered to be statistically significant.

Results

S100A12 facilitates osteoclast formation from human CD14+ monocytes

Human blood CD14+ monocytes were cultured in the presence of M-CSF (50 ng/ml) and

RANKL (100 ng/ml) to promote their differentiation into osteoclasts, and various
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concentrations of S100A12 were added to examine whether S100A12 enhances osteoclast dif-

ferentiation. Fig 1B shows representative findings of TRAP staining for the 3 treatment groups.

While there was no osteoclast differentiation under M-CSF alone, human blood CD14+ mono-

cytes differentiated into osteoclasts in the presence of M-CSF and RANKL. Adding S100A12

facilitated the human osteoclast differentiation in a dose-dependent manner (p< 0.05), as

shown in Fig 1A. On the other hand, adding S100A12 to human CD14+ monocytes in the pres-

ence of only M-CSF did not induce osteoclast differentiation (data not shown). Thus, S100A12

enhances RANKL-induced osteoclastogenesis.

Bone resorption is also stimulated by S100A12

We next performed a bone resorption assay to determine whether S100A12 treatment

enhances the bone resorption capacity of differentiated osteoclasts. Osteoclasts were generated

on a bone resorption assay plate with or without S100A12 (1,000 ng/ml) for 16 days. The

added S100A12 appeared to increase the bone resorption levels. Representative patterns of the

Fig 1. S100A12 stimulates human osteoclast differentiation in a dose-dependent manner. Human blood CD14+ monocytes were cultured with M-CSF (50 ng/ml),

alone or in combination with RANKL (100 ng/ml) and the indicated concentration of S100A12. Cells were fixed and stained for TRAP after 6 days of culture. (A)

TRAP-positive multinucleated cells (MNCs) were counted. Values are the mean and SD of the results from 6 independent experiments. � = p< 0.05 (B) Representative

images of TRAP staining (original magnification × 40).

https://doi.org/10.1371/journal.pone.0204140.g001
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resorption pit formation are shown in Fig 2B. Image quantification demonstrated that the per-

centage of bone resorbed by S100A12-stimulated osteoclasts increased compared with those

treated with RANKL alone. (Fig 2A).

S100A12 enhances the expression of markers of mature osteoclasts

Next, the messenger RNA (mRNA) expression levels of several osteoclast-related markers

were determined by qRT-PCR. As shown in Fig 3, the expression level of nuclear factor of acti-

vated T cells c1 (NFATc1), which is known to act as a master transcription regulator of osteo-

clast differentiation, was increased by S100A12. In addition, the expressions of mature-

osteoclast markers TRAP (ACP5), calcitonin receptor (CALCR), and integrin β3 (ITGβ3) were

markedly increased by S100A12 administration (Fig 3A). S100A12 treatment also enhanced

the expression levels of cathepsin K (CTSK) and carbonic anhydrase II (CA2), which are

known to be critical factors for bone resorption. These findings confirmed the effects S100A12

on osteoclastogenesis at the molecular level.

Fig 2. Osteoclasts generated with S100A12 exhibit increased bone resorption. Osteoclasts were generated on a bone resorption assay plate with or without S100A12

(1,000 ng/ml) for 16 days. The resorption lacunae were examined by microscopy. (A) The percentage of the resorbed area (i.e., bright areas in (B)) was quantified and

expressed as the mean and SD of 3 independent experiments. � = p< 0.05; �� = p< 0.01. (B) Representative images of resorption pit formation (original

magnification × 200).

https://doi.org/10.1371/journal.pone.0204140.g002
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TLR4 and RAGE are involved in the bone resorption capacity induced by

S100A12

S100A12 has been shown to bind multiple receptors, including TLR4 and RAGE. We next

examined whether TLR4 or RAGE was critical for the S100A12-induced osteoclast differentia-

tion and bone-resorption capacity. To test this, we performed a bone-resorption assay with

S100A12 in the presence of the TLR4 inhibitor VIPER and/or a specific RAGE-blocking anti-

body. Osteoclasts were induced for 16 days, and VIPER and/or the anti-RAGE antibody was

added at the beginning of the culture. As shown in Fig 4, inhibiting RAGE and/or TLR4

markedly suppressed the S100A12-enhanced bone resorption capacity (p< 0.001), indicating

that both TLR4 and RAGE are involved in the of S100A12-induced osteoclast function. In

these experiments, the S100A12-enhanced osteoclast differentiation was also suppressed by

these inhibitors (data not shown).

S100A12-induced osteoclast functional-marker expression occurs through

TLR4 and RAGE

We next examined the roles of TLR4 and RAGE in the S100A12-induced osteoclast-specific

mRNA expressions. To this end, human CD14+ monocytes were differentiated into osteoclasts

with M-CSF and RANKL for 7 days, and then stimulated with S100A12 in the presence of

Fig 3. S100A12 stimulates the expression of mature-osteoclast markers. Human CD14+ monocytes were cultured in the presence of M-CSF (50 ng/ml), alone or in

combination with RANKL (100 ng/ml) and with or without S100A12 (1,000 ng/ml) for 7–9 days. Levels of mRNA expression for nuclear factor of activated T cells c1

(NF-ATc1), TRAP (ACP5), calcitonin receptor (CALCR), integrin β3 (ITGβ3), cathepsin K (CTSK), and carbonic anhydrase II (CA2) were determined by qRT-PCR.

Messenger RNA levels were normalized to GAPDH. Values are the mean and SD of 7 independent experiments. � = p< 0.05; �� = p< 0.01.

https://doi.org/10.1371/journal.pone.0204140.g003
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VIPER and/or the specific RAGE-blocking antibody for 24 hours. As shown in Fig 5, blocking

RAGE significantly suppressed the S100A12-enhanced NFATc1, CTSK, and CA2 expression

(p< 0.05, Fig 5). Although VIPER alone did not show significant effects, the combination of

Fig 4. Blocking TLR4 and RAGE reduces the bone resorption capacity of S100A12-induced osteoclasts. Osteoclasts were generated on a

bone resorption assay plate with or without S100A12 (1,000 ng/ml), and the additional administration of VIPER (30 μM) and/or an anti-RAGE

antibody (10 μg/ml). The resorption lacunae were examined by microscopy after 16 days of culture. (A) The percentage of the resorbed area was

quantified and expressed as the mean and SD of 3 independent experiments. � = p< 0.05; ��� = p< 0.001. (B) Representative images of

resorption pit formation (original magnification × 200).

https://doi.org/10.1371/journal.pone.0204140.g004
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VIPER and the anti-RAGE antibody markedly decreased the expression levels of NFATc1,

ACP5, ITGβ3, CTSK, and CA2 compared to the no-inhibitors control (p< 0.01, Fig 5). Thus,

RAGE and TLR play a co-operative role in S100A12’s induction of osteoclast formation.

The impact of S100A12 on human osteoclast differentiation is similar to

that of S100A8 and less than that of S100A9

Finally, the effects of S100A12 on the differentiation and function of osteoclasts were com-

pared with those of S100A8 and S100A9, which have been shown to induce osteoclast differen-

tiation [13]. We found that the effect of S100A12 was similar to that of S100A8 and slightly less

than that of S100A9 (Fig 6). Thus, S100A12 exerts a similar influence on human osteoclasto-

genesis as S100A8 and S100A9.

Discussion

In this study, we demonstrated for the first time that S100A12 protein directly enhances osteo-

clast formation and bone resorption through RAGE and TLR4 in the osteoclast differentiation

from human blood CD14+ monocytes. Consistent with these findings, S100A12 enhanced the

expression of mature osteoclast-related molecules, including NFATc1, ACP5, CALCR, and

Fig 5. Blocking TLR4 and RAGE inhibits the expression of functional markers in S100A12-stimulated mature osteoclasts. Osteoclast precursors were differentiated

for 8 days. On day 7 of differentiation, the cells were stimulated with S100A12 (1,000 ng/ml). VIPER (30 μM) and/or an anti-RAGE antibody (10 μg/ml) were added to

the culture 4 hour prior to S100A12 stimulation. After 24 hours of stimulation with S100A12, the mRNA expression levels of NF-ATc1, ACP5, CALCR, ITGβ3, CTSK,

and CA2 were examined by qRT-PCR. Messenger RNA levels were normalized to GAPDH. Values are the mean and SD of 3 independent experiments. Statistical

analysis was performed using one-way analysis of variance and Turkey’s multiple comparison test. � = p< 0.05; �� = p< 0.01.

https://doi.org/10.1371/journal.pone.0204140.g005
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ITGβ3, and up-regulated CTSK and CA2, both of which are well known to be critical factors

in bone resorption [14]. These results show a novel role of S100A12 in inflammatory bone

loss.

Fig 6. S100A12 has a similar stimulatory effect on human osteoclast differentiation as S100A8, and a weaker effect than S100A9. Human blood

CD14+ monocytes were cultured with M-CSF (50 ng/ml), alone or in combination with RANKL (100 ng/ml) and S100A8 (1,000 ng/ml), S100A9 (1,000

ng/ml), or S100A12 (1,000 ng/ml). After 6 days of culture, the cells were fixed and stained for TRAP. (A) Representative images of TRAP staining

(original magnification × 40). (B) TRAP-positive MNCs were counted. Values are the mean and SD of the results of 3 independent experiments. � =

p< 0.05; �� = p< 0.01.

https://doi.org/10.1371/journal.pone.0204140.g006
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Inflammatory osteolysis has been ascribed to inflammatory cytokines such as TNF-α, IL-1,

and IL-6. These cytokines up-regulate the RANKL expression by osteoblasts and thus facilitate

osteoclastogenesis [2]. However, the direct effects of these cytokines on osteoclast differentia-

tion are not simple. The IL-6/sIL-6R system induces osteoclast differentiation in the presence

of low-dose RANKL, but inhibits it in the presence of a high (optimal) dose of RANKL [15]. In

another report, which examined mouse bone marrow-derived osteoclast formation in vitro,

IL-1β enhanced and IL-6 decreased osteoclast formation, and IL-23 and TNF-α showed vari-

able effects depending on the time of administration [16]. Thus, the effects of pro-inflamma-

tory cytokines on osteoclast differentiation are still unclear. However, our report clearly

demonstrated that S100A12, along with S100A8 and S100A9, directly enhances osteoclast dif-

ferentiation in the presence of RANKL, indicating that alarmins are important players in

inflammatory osteolysis.

Alarmins use various receptors. HMGB1 regulates RANKL-induced osteoclastogenesis

through RAGE [17], while S100A8 enhances osteoclastic bone resorption through TLR4 [13].

Our results indicated that both RAGE and TLR4 are critically involved in S100A12’s effects on

osteoclast differentiation and bone resorption capacity (Fig 4). In the short-term S100A12

stimulation experiment in Fig 5, both RAGE and TLR4 were critical for suppressing osteo-

clast-related genes, with RAGE having a dominant effect on the expression of NFATc1, CTSK,

and CA2. The S100A12-RAGE interaction is reported to trigger cytokines and cellular activa-

tion [17]. Our results indicated that this interaction also triggers inflammatory bone

resorption.

Elevated levels of other S100 proteins, including S100A8 and S100A9, are observed in RA

serum and synovial fluid [9]. In addition, an anti-RAGE antibody decreased the osteoclasto-

genic potential in osteoarthritic fibroblast-like synovial cells, indicating that S100A-RAGE is

involved in the inflammation and osteoclastogenesis in arthritis [18]. Here we demonstrated

that S100A12 induced osteoclast differentiation almost to the same extent as S100A8 and

S100A9. These findings suggest that inhibiting S100A12, S100A8, and S100A9, could be an

effective therapeutic strategy for osteoclast-related disease, such as the erosive form of RA and

the systemic bone loss in various inflammatory conditions. On the other hand, S100A12 is

associated with vascular calcification through an osteogenic gene regulatory program [19].

Thus, S100A12 plays a bidirectional role in bone formation and in the resorption of chronic

inflammation by inducing osteoblastic changes and osteoclast differentiation.

In conclusion, we demonstrated that S100A12 is involved in RANKL-induced osteoclast

differentiation and bone resorption. S100A12 and RAGE represent potential therapeutic tar-

gets for inflammatory bone resorption.

Author Contributions

Conceptualization: Akio Morinobu.

Data curation: Miwa Nishida, Jun Saegusa, Shino Tanaka.

Formal analysis: Jun Saegusa.

Investigation: Akio Morinobu.

Methodology: Jun Saegusa.

Supervision: Akio Morinobu.

Writing – original draft: Miwa Nishida.

Writing – review & editing: Jun Saegusa, Akio Morinobu.

S100A12 facilitates human osteoclast differentiation

PLOS ONE | https://doi.org/10.1371/journal.pone.0204140 September 20, 2018 10 / 11

https://doi.org/10.1371/journal.pone.0204140


References
1. Redlich K, Smolen JS. Inflammatory bone loss: pathogenesis and therapeutic intervention. Nat Rev

Drug Discov. 2012; 11(3):234–50. https://doi.org/10.1038/nrd3669 PMID: 22378270.

2. Mbalaviele G, Novack DV, Schett G, Teitelbaum SL. Inflammatory osteolysis: a conspiracy against

bone. J Clin Invest. 2017; 127(6):2030–9. https://doi.org/10.1172/JCI93356 PMID: 28569732; PubMed

Central PMCID: PMCPMC5451216.

3. Schett G, Gravallese E. Bone erosion in rheumatoid arthritis: mechanisms, diagnosis and treatment.

Nat Rev Rheumatol. 2012; 8(11):656–64. https://doi.org/10.1038/nrrheum.2012.153 PMID: 23007741;

PubMed Central PMCID: PMCPMC4096779.

4. Bianchi ME. DAMPs, PAMPs and alarmins: all we need to know about danger. J Leukoc Biol. 2007; 81

(1):1–5. https://doi.org/10.1189/jlb.0306164 PMID: 17032697.

5. Chen GY, Nunez G. Sterile inflammation: sensing and reacting to damage. Nat Rev Immunol. 2010; 10

(12):826–37. https://doi.org/10.1038/nri2873 PMID: 21088683; PubMed Central PMCID:

PMCPMC3114424.

6. Foell D, Wittkowski H, Vogl T, Roth J. S100 proteins expressed in phagocytes: a novel group of dam-

age-associated molecular pattern molecules. J Leukoc Biol. 2007; 81(1):28–37. https://doi.org/10.1189/

jlb.0306170 PMID: 16943388.

7. Perera C, McNeil HP, Geczy CL. S100 Calgranulins in inflammatory arthritis. Immunol Cell Biol. 2010;

88(1):41–9. https://doi.org/10.1038/icb.2009.88 PMID: 19935766.

8. Yammani RR. S100 proteins in cartilage: role in arthritis. Biochim Biophys Acta. 2012; 1822(4):600–6. https://

doi.org/10.1016/j.bbadis.2012.01.006 PMID: 22266138; PubMed Central PMCID: PMCPMC3294013.

9. Foell D, Roth J. Proinflammatory S100 proteins in arthritis and autoimmune disease. Arthritis Rheum.

2004; 50(12):3762–71. https://doi.org/10.1002/art.20631 PMID: 15593206.

10. Rouleau P, Vandal K, Ryckman C, Poubelle PE, Boivin A, Talbot M, et al. The calcium-binding protein

S100A12 induces neutrophil adhesion, migration, and release from bone marrow in mouse at concen-

trations similar to those found in human inflammatory arthritis. Clin Immunol. 2003; 107(1):46–54.

PMID: 12738249.

11. Chen YS, Yan W, Geczy CL, Brown MA, Thomas R. Serum levels of soluble receptor for advanced gly-

cation end products and of S100 proteins are associated with inflammatory, autoantibody, and classical

risk markers of joint and vascular damage in rheumatoid arthritis. Arthritis Res Ther. 2009; 11(2):R39.

https://doi.org/10.1186/ar2645 PMID: 19284577; PubMed Central PMCID: PMCPMC2688185.

12. Liao H, Wu J, Kuhn E, Chin W, Chang B, Jones MD, et al. Use of mass spectrometry to identify protein

biomarkers of disease severity in the synovial fluid and serum of patients with rheumatoid arthritis.

Arthritis Rheum. 2004; 50(12):3792–803. https://doi.org/10.1002/art.20720 PMID: 15593230.

13. Grevers LC, de Vries TJ, Vogl T, Abdollahi-Roodsaz S, Sloetjes AW, Leenen PJ, et al. S100A8

enhances osteoclastic bone resorption in vitro through activation of Toll-like receptor 4: implications for

bone destruction in murine antigen-induced arthritis. Arthritis Rheum. 2011; 63(5):1365–75. https://doi.

org/10.1002/art.30290 PMID: 21337316.

14. Zaidi M, Blair HC, Moonga BS, Abe E, Huang CL. Osteoclastogenesis, bone resorption, and osteoclast-

based therapeutics. J Bone Miner Res. 2003; 18(4):599–609. https://doi.org/10.1359/jbmr.2003.18.4.

599 PMID: 12674320.

15. Feng W, Liu H, Luo T, Liu D, Du J, Sun J, et al. Combination of IL-6 and sIL-6R differentially regulate

varying levels of RANKL-induced osteoclastogenesis through NF-kappaB, ERK and JNK signaling

pathways. Sci Rep. 2017; 7:41411. https://doi.org/10.1038/srep41411 PMID: 28128332; PubMed Cen-

tral PMCID: PMCPMC5269740.

16. Moon SJ, Ahn IE, Jung H, Yi H, Kim J, Kim Y, et al. Temporal differential effects of proinflammatory

cytokines on osteoclastogenesis. Int J Mol Med. 2013; 31(4):769–77. https://doi.org/10.3892/ijmm.

2013.1269 PMID: 23403591; PubMed Central PMCID: PMCPMC3621814.

17. Hofmann MA, Drury S, Fu C, Qu W, Taguchi A, Lu Y, et al. RAGE mediates a novel proinflammatory

axis: a central cell surface receptor for S100/calgranulin polypeptides. Cell. 1999; 97(7):889–901.

PMID: 10399917.

18. Franke S, Sommer M, Ruster C, Bondeva T, Marticke J, Hofmann G, et al. Advanced glycation end

products induce cell cycle arrest and proinflammatory changes in osteoarthritic fibroblast-like synovial

cells. Arthritis Res Ther. 2009; 11(5):R136. https://doi.org/10.1186/ar2807 PMID: 19735566; PubMed

Central PMCID: PMCPMC2787298.

19. Hofmann Bowman MA, Gawdzik J, Bukhari U, Husain AN, Toth PT, Kim G, Earley J, McNally EM.

S100A12 in vascular smooth muscle accelerates vascular calcification in apolipoprotein E-null mice by

activating an osteogenic gene regulatory program. Arterioscler Thromb Vasc Biol. 2011 Feb; 31

(2):337–44. https://doi.org/10.1161/ATVBAHA.110.217745 PMID: 20966394

S100A12 facilitates human osteoclast differentiation

PLOS ONE | https://doi.org/10.1371/journal.pone.0204140 September 20, 2018 11 / 11

https://doi.org/10.1038/nrd3669
http://www.ncbi.nlm.nih.gov/pubmed/22378270
https://doi.org/10.1172/JCI93356
http://www.ncbi.nlm.nih.gov/pubmed/28569732
https://doi.org/10.1038/nrrheum.2012.153
http://www.ncbi.nlm.nih.gov/pubmed/23007741
https://doi.org/10.1189/jlb.0306164
http://www.ncbi.nlm.nih.gov/pubmed/17032697
https://doi.org/10.1038/nri2873
http://www.ncbi.nlm.nih.gov/pubmed/21088683
https://doi.org/10.1189/jlb.0306170
https://doi.org/10.1189/jlb.0306170
http://www.ncbi.nlm.nih.gov/pubmed/16943388
https://doi.org/10.1038/icb.2009.88
http://www.ncbi.nlm.nih.gov/pubmed/19935766
https://doi.org/10.1016/j.bbadis.2012.01.006
https://doi.org/10.1016/j.bbadis.2012.01.006
http://www.ncbi.nlm.nih.gov/pubmed/22266138
https://doi.org/10.1002/art.20631
http://www.ncbi.nlm.nih.gov/pubmed/15593206
http://www.ncbi.nlm.nih.gov/pubmed/12738249
https://doi.org/10.1186/ar2645
http://www.ncbi.nlm.nih.gov/pubmed/19284577
https://doi.org/10.1002/art.20720
http://www.ncbi.nlm.nih.gov/pubmed/15593230
https://doi.org/10.1002/art.30290
https://doi.org/10.1002/art.30290
http://www.ncbi.nlm.nih.gov/pubmed/21337316
https://doi.org/10.1359/jbmr.2003.18.4.599
https://doi.org/10.1359/jbmr.2003.18.4.599
http://www.ncbi.nlm.nih.gov/pubmed/12674320
https://doi.org/10.1038/srep41411
http://www.ncbi.nlm.nih.gov/pubmed/28128332
https://doi.org/10.3892/ijmm.2013.1269
https://doi.org/10.3892/ijmm.2013.1269
http://www.ncbi.nlm.nih.gov/pubmed/23403591
http://www.ncbi.nlm.nih.gov/pubmed/10399917
https://doi.org/10.1186/ar2807
http://www.ncbi.nlm.nih.gov/pubmed/19735566
https://doi.org/10.1161/ATVBAHA.110.217745
http://www.ncbi.nlm.nih.gov/pubmed/20966394
https://doi.org/10.1371/journal.pone.0204140

