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Abstract

Osteoclasts are the only multinucleated cells in vivo responsible for bone resorption and are

vital for regulating bone remodeling and maintaining bone mass. The RAW264.7 cell line is

widely used to study osteoclastic differentiation and biological molecular mechanism. How-

ever, protocols for inducing osteoclast formation in RAW264.7 cells vary considerably

between laboratories, hindering the replication of results. Therefore, we tested the influence

of culture conditions on osteoclast differentiation, including cell density and receptor activa-

tor of nuclear factor kappa-B ligand (RANKL) concentrations with or without macrophage

colony-stimulating factors (M-CSF). Tartrate-resistant acid phosphatase (TRAP) staining

was used to detect the morphology of osteoclasts. qPCR was used to detect gene expres-

sion of osteoclast-specific gene marker cathepsin K (CTSK), osteoclast transcription factors

c-Fos and nuclear factor of activated T cells, cytoplasmic 1 (NFATc1). The bone resorption

function was evaluated by a scanning electron microscope (SEM). RANKL treatment

increased multinucleated osteoclasts formation and increased CTSK, c-Fos and NFATc1

gene expression. Compared with RANKL treatment, M-CSF significantly decreased multi-

nucleated osteoclasts formation, reduced CTSK gene expression and had little effect on c-

Fos and NFATc1 gene expression. Concerning bone resorption activity, RANKL treatment

increased bone resorption pits on bovine bone slices. Significantly higher levels of osteo-

clastogenesis were observed with RAW264.7-cell density of 2×104 cells/well in 24-well

plates. Our results suggest that the addition of 50 ng/ml M-CSF has no positive effect on

osteoclastogenesis. RANKL treatment and cell density contribute to osteoclast formation,

and the optimal conditions are beneficial when exploring osteoclast function and

mechanism.

Introduction

Osteoclasts originate from the monocyte/macrophage lineage and are unique multinucleated

giant cells capable of bone resorption. They play indispensable roles in regulating bone
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remodeling and maintaining bone mass [1]. Increased or decreased osteoclast development or

function results in an imbalance between bone formation and resorption, which can result in

metabolic bone disorders such as osteosclerosis, osteolysis, and osteoporosis [2, 3]. As a result,

it is critical to establish an in vitro culture system to further explore the biological properties of

osteoclasts.

Osteoclasts are highly metabolized terminally differentiated cells. They are difficult to cul-

ture separately because of the small quantity, large volume and proximity to bone [4]. There-

fore, the establishment of an efficient in vitro osteoclasts culture method has always been a

research hotspot in the medical field. In 1982, British scientists Chambers and Magnus isolated

and cultured mature osteoclasts from the limb bones of lactating rabbits for the first time,

which laid a technical foundation for the mechanical isolation and culture of osteoclasts in
vitro [5]. Since then, osteoclasts have been induced from primary cells and osteoclast precursor

cell lines, including bone marrow macrophages, peripheral blood monocytes and splenocytes

[6–8], as well as RAW264.7 cells.

The RAW264.7 macrophage cell line is widely applied in osteoclast precursor cells research.

However, due to its strong adhesion, difficult digestion, sensitivity and high differentiation [9],

the induction results vary between research laboratories and experimental approaches. Multi-

ple induction methods have been reported, including receptor activator of nuclear factor

kappa-B ligand (RANKL) [10, 11], RANKL and macrophage colony-stimulating factors

(M-CSF) [12, 13], lipopolysaccharide [14, 15] and tumor necrosis factor alpha [16]. The first

two methods are most commonly used. This study aimed to investigate whether RANKL and

M-CSF were essential cytokines for osteoclast differentiation and the effect of cell density on

induction efficiency in RAW264.7 cells. This research lays down a foundation for future stud-

ies of osteoclast function and biological molecular mechanisms.

Materials and methods

Cell line and reagents

RAW264.7 cells were bought from Cell Resource Center, Peking Union Medical College (Bei-

jing, China). Recombinant Mouse TRANCE/RANKL/TNFSF11 (Cat#462-TEC-010) and

Recombinant Mouse M-CSF Protein (Cat#416-ML-010) were purchased from R&D Systems

(Minneapolis, MN). Dulbecco’s modified Eagle’s medium (DMEM, Cat#C12430500BT) with

high glucose and fetal bovine serum (FBS, Cat#10099–141) were bought from Gibco (Grand

Island, NY). Tartrate-resistant acid phosphatase (TRAP) stain kit (Cat#G1492) was purchased

from Beijing Solarbio Science & Technology Co., Ltd (Beijing, China).

Cell culture

RAW264.7 cells were routinely maintained in DMEM supplemented with 10% FBS at 37˚C in

a 5% CO2 humidified incubator, changing medium every other day. Cells at 80%-90% conflu-

ence were harvested with a pipette and passaged at a 1:3 ratio.

TRAP staining

Different cell densities (5×103 cells/well, 1×104 cells/well, 2×104 cells/well and 4×104 cells/well)

of RAW264.7 cells were plated into a 24-well plate and differentiated into osteoclasts in the

presence of RANKL (50 ng/ml and 100 ng/ml) alone or with 50 ng/ml M-SCF. The induction

medium was replaced every other day from day 0 to day 5. To detect multinucleated osteo-

clasts, TRAP staining was performed following the manufacturer’s instructions.
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Real-time quantitative polymerase chain reaction (qPCR)

On day 3, total RNA was isolated from cells with Trizol, cDNA was obtained by reverse tran-

scription, and gene expression levels were detected by qPCR. The following primers were

used: cathepsin K (CTSK)-forward 5´- CTCGGCGTTTAATTTGGGAGA-3´ and CTSK-

reverse 5´- TCGAGAGGGAGGTATTCTGAGT-3´, c-Fos-forward 5´-CGGGTTTCAACGCC-
GACTA-3´ and c-Fos-reverse 5´- TGGCACTAGAGACGGACAGAT-3´, nuclear factor of

activated T cells, cytoplasmic 1 (NFATc1)-forward 5´- GCCTTTTGCGAGCAGTATCTG-3´
and NFATc1-reverse 5´- GCTGCACCTCGATCCGAAG-3´, GAPDH-forward 5´- AGGTC
GGTGTGAACGGATTTG-3´ and GAPDH-reverse 5´- TGTAGACCATGTAGTTGAGGTCA
-3´. The relative mRNA expression levels were calculated using the 2−ΔΔCt method, and

GAPDH was measured as an internal control.

Bone resorption assay

RAW264.7 cells at a density of 8×103 cells/well were plated on bovine bone slides in 96-well

plates, and cultured in an osteoclast induction medium. On day 7, bone slices were washed 3

times for 5 mins with 40 Hz ultrasonic and fixed in glutaraldehyde 5%. After gradient dehydra-

tion, drying and gold-coating, the bovine bone slices were observed under a scanning electron

microscope (SEM; Hitachi S-3400N, Tokyo, Japan) at an accelerating voltage of 15 kV to

observe and record bone resorption pits. The bone resorption areas were quantified by the

Image-Pro Plus software.

Statistical analysis

Statistical analysis was performed using SPSS 25.0 software. The data are expressed as

mean ± standard deviation (SD). Two-group comparisons were conducted using the Students

t-test, multiple-group comparisons were conducted using one-way ANOVA, and any two-

group comparisons were conducted by SNK-q test. Differences were considered to be statisti-

cally significant if P< 0.05.

Results

Effect of RANKL concentrations on osteoclastogenesis

To demonstrate osteoclastogenesis and its activity, TRAP staining and qPCR were used. The

TRAP staining results demonstrated that RANKL was an essential cytokine for osteoclastogen-

esis, and areas of TRAP-positive cells in the presence of 50 ng/ml RANKL was significantly

fewer than in the presence of 100 ng/ml RANKL (Fig 1A and 1B). qPCR was used to detect

osteoclasts marker genes. The results revealed RANKL treatment could increase CTSK gene

expression by 50 to 200 times compared with the untreated group, except for a density of

4×104 cells/well. There was a statistically significant difference in the treatment groups with

different concentrations of RANKL (Fig 1C). In addition, our results showed that RANKL

stimulated the expression of c-Fos and NFATc1, and there was no statistical difference

between RANKL treatment groups when cell densities were 5×103 cells/well and 1×104 cells/

well (Fig 1D and 1E). These results indicated that the increase of RANKL concentration

increased the formation of multinucleated cells and osteoclast activity.

Effect of M-CSF on osteoclastogenesis

Although recombinant M-CSF is required for the generation of osteoclasts from bone mar-

row-derived macrophages, it is not essential for the induction of RAW264.7-osteoclasts [17–

19]. TRAP staining showed that after treatment with M-CSF, the number of monocytes
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increased significantly and the formation rate of multinucleated osteoclasts decreased signifi-

cantly (Fig 2A and 2B). qPCR results showed that the osteoclast-specific gene of CTSK was sig-

nificantly inhibited by M-CSF (Fig 2C). Transcription factors c-Fos and NFATc1 are crucial in

osteoclast differentiation [20]. qPCR results showed treatment with 50 ng/ml RANKL plus

M-CSF did not affect c-Fos and NFATc1 expression, but c-Fos and NFATc1 expression were

similar to treatments with RANKL alone and 100 ng/ml RANKL plus M-CSF (Fig 2D and 2E).

These results indicated that the cells stimulated by M-CSF tended towards early differentia-

tion, but were less mature osteoclasts.

Effect of RANKL or M-CSF on pit formation

Although RANKL or M-CSF have the ability to stimulate or inhibit osteoclastogenesis, it is

unknown whether these cells possess osteoclast function. To determine osteoclast functional-

ity, we performed an evaluation of pit formation by SEM. The analysis revealed that the fiber

structure of bone slice in the untreated group was clear and the surface was flat. After adding

RANKL, varying degrees of fiber structure damage were observed in the bone slices, and the

surface of bone slices was uneven with bone resorption pits. Treatment with 100 ng/ml

RANKL alone resulted in a high number and deep bone resorption pits compared with other

Fig 1. Effects of different concentrations of RANKL alone on osteoclast differentiation in RAW264.7 cells. RANKL (50 ng/ml and 100 ng/ml)

induced differentiation of osteoclasts from RAW264.7 cells for 3 days or 5 days. (A) multinucleated osteoclasts were observed by light microscopy on

day 5, original magnification of ×200 (Scale bar = 200 μm). (B) TRAP-positive cells area was analyzed and quantified. The expressions of CTSK (C), c-

Fos (D) and NFATc1 (E) were tested by qPCR on day 3. Data are presented as mean ± SD (n = 3). #P<0.05, ##P<0.01, ###P<0.001 vs. 0ng/ml RANKL

group; �P<0.05, ��P<0.01, ���P<0.001 vs. 50ng/ml RANKL group; ns, no significance.

https://doi.org/10.1371/journal.pone.0277871.g001
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treatments (Fig 3). These findings demonstrated that osteoclasts were capable of bone resorp-

tion and that the greater the number of osteoclasts, the more bone lacuna produced.

Effect of cell density on osteoclastogenesis

Cell density is an important parameter affecting differentiation. To determine the effect of cell

density on cell differentiation, TRAP staining was used. TRAP staining showed that from

5×103 cells/well to 2×104 cells/well, the induction efficiency of RAW264.7-osteoclasts

increased with the increase of cell density. However, high cell density (4×104 cells/well) pro-

moted the superimposed growth of cells and reduced the formation of osteoclasts (Fig 4).

These findings revealed that excessive or low cell density affects the induction efficiency and

that cell differentiation into mature osteoclasts requires a suitable cell density and adequate

growth space.

Discussion

Hsu et al. first reported in 1999 that recombinant RANKL factor could induce RAW264.7 cells

into osteoclasts, which are highly homogeneous with bone marrow-derived osteoclasts [21].

Since then, RAW264.7 cells have been widely used to research osteoclast-mediated diseases

Fig 2. Effects of M-CSF on the differentiation of RAW264.7 cells into osteoclasts. RANKL (50 ng/ml and 100 ng/ml) plus 50 ng/ml M-CSF induced

differentiation of osteoclasts from RAW264.7 cells for 3 days or 5 days. (A) multinucleated osteoclasts were observed by light microscopy on day 5,

original magnification of ×200 (Scale bar = 200 μm). (B) TRAP-positive cells area was analyzed and quantified. The expressions of CTSK (C), c-Fos (D)

and NFATc1 (E) were tested by qPCR on day 3. Data are presented as mean ± SD (n = 3). #P<0.05, ##P<0.01, ###P<0.001 vs. Control group (M-CSF-,

RANKL-); �P<0.05, ��P<0.01, ���P<0.001 vs. M+R(50ng/ml) group (50ng/ml M-CSF, 50ng/ml RANKL); ns, no significance.

https://doi.org/10.1371/journal.pone.0277871.g002
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ranging from rheumatoid arthritis and osteoporosis to periodontitis. However, because of the

different experimental conditions, cell phenotype and induction methods used, the optimal

induction concentration of RANKL reported in the literature ranges from 25 to 100 ng/ml,

and there is no consensus on whether other recombinant factors are needed for co-culture

[22–24]. Therefore, we evaluated the induction efficiency of different concentrations of

RANKL, the effects of M-CSF on RANKL-induced osteoclastogenesis in RAW264.7 cells and

the effect of cell density on the induction efficiency.

The results showed that an increase in RANKL promoted osteoclast formation under con-

stant cell densities, indicating that RANKL was essential in the differentiation of RAW264.7

cells into osteoclasts, which provides a reference for subsequent experimental research. Some

studies have also pointed out that RANKL at the concentration of 10 to 20 ng/ml can only

Fig 3. Effects of different induction conditions on bone resorption pits. RAW264.7 cells were plated on bovine bone slides with different

concentrations of RANKL with or without M-CSF for 7 days. (A) Bone resorption pits were detected by SEM on day 7, original magnification of ×300

(Scale bar = 100 μm), red arrow indicates bone resorption pits. (B) Quantitative analysis of bone resorption pit area. Data are presented as mean ± SD

(n = 3). Statistically significant (���P<0.001).

https://doi.org/10.1371/journal.pone.0277871.g003

Fig 4. Effects of different cell densities on differentiation of RAW264.7 cells into osteoclasts. (A) Multinucleated cells were stained by TRAP

staining and observed under light microscopy, original magnification of ×200 (Scale bar = 200 μm). (B) TRAP-positive cells area was analyzed and

quantified.

https://doi.org/10.1371/journal.pone.0277871.g004
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cause the aggregation of RAW264.7 cells without osteoclasts formation [25]. The induction

efficiency of RANKL on RAW264.7 plateaus at a certain concentration, which is not

completely proportional to the concentration. There was no significant difference in osteoclast

formation induced by RANKL at concentrations equal to or higher than 100 ng/ml [25].

M-CSF is indispensable for the proliferation and survival of osteoclast precursors through

extracellular-regulated kinase and protein kinase B [26]. After validating the key role of

RANKL, we investigated whether M-CSF plays an essential role in the formation of osteoclasts.

While maintaining constant cell density and RANKL concentration, we found that M-CSF

supplementation can reduce osteoclastogenesis and bone-resorption activities. This may be

because M-CSF supplementation increased the number of monocytes, thereby reducing the

formation of multinucleated cells (Fig 2A). Consistent with previous reports, M-CSF is respon-

sible for cellular proliferation, while RANKL mainly promotes cellular differentiation [27].

Induction time and cell density are two key factors related to the differentiation of RAW264.7

cells [28]. The effects of cell density were studied while the induction factor and the induction

time remained unchanged. The RAW264.7 cells inoculated in 24-well plates at 5×103 cells/well

were not conducive to the migration and fusion of osteoclast precursor cells, while the 4×104

cells/well concentration was too high to form mature osteoclasts with vesicle structure. The

highest induction efficiency was observed at a density of 2×104 cells/well.

In addition, osteoclast differentiation by using RAW264.7 cells is also regulated by addi-

tional factors like L-glutamine concentration and different cell passages. 4–6 mM L-glutamine

in the cell culture medium reduced RANKL-induced osteoclast formation in RAW264.7 cells.

In contrast, 1–2 mM L-glutamine had no effect on the induction efficiency of RANKL [16].

Based on the gene expression, RAW264.7 cells of 5–50 passages can be divided into increasing

type, stable type and fluctuating type. Moreover, the gene function may vary according to the

cell passage [29]. This undoubtedly provides valuable insight and is a challenge to overcome in

the culture and induction of RAW264.7 cells.

Conclusion

In conclusion, this paper explores the effects of different concentrations of RANKL for osteo-

clast differentiation and confirms that co-culture with M-CSF and RANKL is not essential for

osteoclast formation. Furthermore, the requirement of cell density in osteoclast differentiation

is described, providing an accurate reference method for osteoclast differentiation of

RAW264.7 cells.
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2. Győri DS, Mócsai A. Osteoclast Signal Transduction During Bone Metastasis Formation. Front Cell Dev

Biol. 2020; 8:507. Epub 2020/07/09. https://doi.org/10.3389/fcell.2020.00507 PMID: 32637413.

3. Kitaura H, Marahleh A, Ohori F, Noguchi T, Shen W, Qi J, et al. Osteocyte-Related Cytokines Regulate

Osteoclast Formation and Bone Resorption. Int J Mol Sci. 2020; 21(14). Epub 2020/07/28. https://doi.

org/10.3390/ijms21145169 PMID: 32708317.

4. Indo Y, Takeshita S, Ishii K-A, Hoshii T, Aburatani H, Hirao A, et al. Metabolic regulation of osteoclast

differentiation and function. J Bone Miner Res. 2013; 28(11):2392–9. Epub 2013/05/11. https://doi.org/

10.1002/jbmr.1976 PMID: 23661628.

5. Chambers TJ. The birth of the osteoclast. Ann N Y Acad Sci. 2010; 1192:19–26. Epub 2010/04/16.

https://doi.org/10.1111/j.1749-6632.2009.05224.x PMID: 20392213.

6. Reinke DC, Kogawa M, Barratt KR, Morris HA, Anderson PH, Atkins GJ. Evidence for altered osteoclas-

togenesis in splenocyte cultures from Cyp27b1 knockout mice. J Steroid Biochem Mol Biol. 2016;

164:353–60. Epub 2015/12/08. https://doi.org/10.1016/j.jsbmb.2015.11.015 PMID: 26639637.

7. Sugimoto T, Kanatani M, Kano J, Kaji H, Tsukamoto T, Yamaguchi T, et al. Effects of high calcium con-

centration on the functions and interactions of osteoblastic cells and monocytes and on the formation of

osteoclast-like cells. J Bone Miner Res. 1993; 8(12):1445–52. Epub 1993/12/01. https://doi.org/10.

1002/jbmr.5650081206 PMID: 8304045.

8. Orcel P, Bielakoff J, Vernejoul MCD. Formation of multinucleated cells with osteoclast precursor fea-

tures in human cord monocytes cultures. Anat Rec. 1990; 226(1):1–9. Epub 1990/01/01. https://doi.org/

10.1002/ar.1092260102 PMID: 2297075.

9. Kong L, Smith W, Hao D. Overview of RAW264.7 for osteoclastogensis study: Phenotype and stimuli. J

Cell Mol Med. 2019; 23(5):3077–87. Epub 2019/03/21. https://doi.org/10.1111/jcmm.14277 PMID:

30892789.

10. Collin-Osdoby P, Osdoby P. RANKL-mediated osteoclast formation from murine RAW 264.7 cells.

Methods Mol Biol. 2012; 816:187–202. Epub 2011/12/02. https://doi.org/10.1007/978-1-61779-415-5_

13 PMID: 22130930.

11. Zeng X, He L, Wang S, Wang K, Zhang Y, Tao L, et al. Aconine inhibits RANKL-induced osteoclast dif-

ferentiation in RAW264.7 cells by suppressing NF-kappaB and NFATc1 activation and DC-STAMP

expression. Acta Pharmacol Sin. 2016; 37(2):255–63. Epub 2015/11/26. https://doi.org/10.1038/aps.

2015.85 PMID: 26592521.

12. Ma Z, Yu R, Zhao J, Sun L, Jian L, Li C, et al. Constant hypoxia inhibits osteoclast differentiation and

bone resorption by regulating phosphorylation of JNK and IkappaBalpha. Inflamm Res. 2019; 68

(2):157–66. Epub 2019/01/04. https://doi.org/10.1007/s00011-018-1209-9 PMID: 30604211.

13. Sun Q, Zhang B, Zhu W, Wei W, Ma J, Tay FR. A potential therapeutic target for regulating osteoporosis

via suppression of osteoclast differentiation. J Dent. 2019; 82:91–7. Epub 2019/02/05. https://doi.org/

10.1016/j.jdent.2019.01.015 PMID: 30716449.

14. Xiao Y, Cao Y, Song C, Ren X, Yan L, Hao D, et al. Cellular study of the LPS-induced osteoclastic multi-

nucleated cell formation from RAW264.7 cells. J Cell Physiol. 2020; 235(1):421–8. Epub 2019/06/22.

https://doi.org/10.1002/jcp.28982 PMID: 31222739.

15. Hou G, Guo C, Song G, Fang N, Fan W, Chen X, et al. Lipopolysaccharide (LPS) promotes osteoclast

differentiation and activation by enhancing the MAPK pathway and COX-2 expression in RAW264.7

cells. Int J Mol Med. 2013; 32(2):503–10. Epub 2013/06/07. https://doi.org/10.3892/ijmm.2013.1406

PMID: 23740407.

16. Kobayashi K, Takahashi N, Jimi E, Udagawa N, Takami M, Kotake S, et al. Tumor necrosis factor alpha

stimulates osteoclast differentiation by a mechanism independent of the ODF/RANKL-RANK

PLOS ONE Culture conditions for osteoclastogenesis

PLOS ONE | https://doi.org/10.1371/journal.pone.0277871 November 17, 2022 8 / 9

https://doi.org/10.1210/edrv-17-4-308
http://www.ncbi.nlm.nih.gov/pubmed/8854048
https://doi.org/10.3389/fcell.2020.00507
http://www.ncbi.nlm.nih.gov/pubmed/32637413
https://doi.org/10.3390/ijms21145169
https://doi.org/10.3390/ijms21145169
http://www.ncbi.nlm.nih.gov/pubmed/32708317
https://doi.org/10.1002/jbmr.1976
https://doi.org/10.1002/jbmr.1976
http://www.ncbi.nlm.nih.gov/pubmed/23661628
https://doi.org/10.1111/j.1749-6632.2009.05224.x
http://www.ncbi.nlm.nih.gov/pubmed/20392213
https://doi.org/10.1016/j.jsbmb.2015.11.015
http://www.ncbi.nlm.nih.gov/pubmed/26639637
https://doi.org/10.1002/jbmr.5650081206
https://doi.org/10.1002/jbmr.5650081206
http://www.ncbi.nlm.nih.gov/pubmed/8304045
https://doi.org/10.1002/ar.1092260102
https://doi.org/10.1002/ar.1092260102
http://www.ncbi.nlm.nih.gov/pubmed/2297075
https://doi.org/10.1111/jcmm.14277
http://www.ncbi.nlm.nih.gov/pubmed/30892789
https://doi.org/10.1007/978-1-61779-415-5%5F13
https://doi.org/10.1007/978-1-61779-415-5%5F13
http://www.ncbi.nlm.nih.gov/pubmed/22130930
https://doi.org/10.1038/aps.2015.85
https://doi.org/10.1038/aps.2015.85
http://www.ncbi.nlm.nih.gov/pubmed/26592521
https://doi.org/10.1007/s00011-018-1209-9
http://www.ncbi.nlm.nih.gov/pubmed/30604211
https://doi.org/10.1016/j.jdent.2019.01.015
https://doi.org/10.1016/j.jdent.2019.01.015
http://www.ncbi.nlm.nih.gov/pubmed/30716449
https://doi.org/10.1002/jcp.28982
http://www.ncbi.nlm.nih.gov/pubmed/31222739
https://doi.org/10.3892/ijmm.2013.1406
http://www.ncbi.nlm.nih.gov/pubmed/23740407
https://doi.org/10.1371/journal.pone.0277871


interaction. J Exp Med. 2000; 191(2):275–86. Epub 2000/01/19. https://doi.org/10.1084/jem.191.2.275

PMID: 10637272.

17. Tsubaki M, Komai M, Itoh T, Imano M, Sakamoto K, Shimaoka H, et al. Nitrogen-containing bisphos-

phonates inhibit RANKL- and M-CSF-induced osteoclast formation through the inhibition of ERK1/2 and

Akt activation. J Biomed Sci. 2014; 21:10. Epub 2014/02/05. https://doi.org/10.1186/1423-0127-21-10

PMID: 24490900.

18. Zhang H, Li Y, Yuan L, Yao L, Yang J, Xia L, et al. Interleukin-35 Is Involved in Angiogenesis/Bone

Remodeling Coupling Through T Helper 17/Interleukin-17 Axis. Front Endocrinol (Lausanne). 2021;

12:642676. Epub 2021/05/04. https://doi.org/10.3389/fendo.2021.642676 PMID: 33935967.

19. GuezGuez A, Prod’homme V, Mouska X, Baudot A, Blin-Wakkach C, Rottapel R, et al. 3BP2 adapter

protein is required for receptor activator of NFkappaB ligand (RANKL)-induced osteoclast differentiation

of RAW264.7 cells. J Biol Chem. 2010; 285(27):20952–63. Epub 2010/05/05. https://doi.org/10.1074/

jbc.M109.091124 PMID: 20439986.

20. Guo J, Ren R, Sun K, Yao X, Lin J, Wang G, et al. PERK controls bone homeostasis through the regula-

tion of osteoclast differentiation and function. Cell Death Dis. 2020; 11(10):847. Epub 2020/10/15.

https://doi.org/10.1038/s41419-020-03046-z PMID: 33051453.

21. Hsu H, Lacey DL, Dunstan CR, Solovyev I, Colombero A, Timms E, et al. Tumor necrosis factor recep-

tor family member RANK mediates osteoclast differentiation and activation induced by osteoprotegerin

ligand. Proc Natl Acad Sci U S A. 1999; 96(7):3540–5. Epub 1999/03/31. https://doi.org/10.1073/pnas.

96.7.3540 PMID: 10097072.

22. Valverde P, Tu Q, Chen J. BSP and RANKL induce osteoclastogenesis and bone resorption synergisti-

cally. J Bone Miner Res. 2005; 20(9):1669–79. Epub 2005/08/02. https://doi.org/10.1359/JBMR.

050511 PMID: 16059638.

23. Fujisaki K, Tanabe N, Suzuki N, Kawato T, Takeichi O, Tsuzukibashi O, et al. Receptor activator of NF-

kappaB ligand induces the expression of carbonic anhydrase II, cathepsin K, and matrix metalloprotei-

nase-9 in osteoclast precursor RAW264.7 cells. Life Sci. 2007; 80(14):1311–8. Epub 2007/02/20.

https://doi.org/10.1016/j.lfs.2006.12.037 PMID: 17306833.

24. Wang Y, Galli M, Silver AS, Lee W, Song Y, Mei Y, et al. IL1beta and TNFalpha promote RANKL-

dependent adseverin expression and osteoclastogenesis. J Cell Sci. 2018; 131(11). Epub 2018/05/05.

https://doi.org/10.1242/jcs.213967 PMID: 29724913.

25. Song C, Yang X, Lei Y, Zhang Z, Smith W, Yan J, et al. Evaluation of efficacy on RANKL induced osteo-

clast from RAW264.7 cells. J Cell Physiol. 2019; 234(7):11969–75. Epub 2018/12/06. https://doi.org/

10.1002/jcp.27852 PMID: 30515780.

26. Russo R, Mallia S, Zito F, Lampiasi N. Long-Lasting Activity of ERK Kinase Depends on NFATc1 Induc-

tion and Is Involved in Cell Migration-Fusion in Murine Macrophages RAW264.7. Int J Mol Sci. 2020; 21

(23). Epub 2020/12/02. https://doi.org/10.3390/ijms21238965 PMID: 33255852.

27. Lee K, Chung YH, Ahn H, Kim H, Rho J, Jeong D. Selective Regulation of MAPK Signaling Mediates

RANKL-dependent Osteoclast Differentiation. Int J Biol Sci. 2016; 12(2):235–45. Epub 2016/02/18.

https://doi.org/10.7150/ijbs.13814 PMID: 26884720.

28. Nguyen J, Nohe A. Factors that Affect the Osteoclastogenesis of RAW264.7 Cells. J Biochem Anal

Stud. 2017; 2(1). Epub 2017/01/01. https://doi.org/10.16966/2576-5833.109 PMID: 30123890.

29. Taciak B, Białasek M, Braniewska A, Sas Z, Sawicka P, Kiraga Ł, et al. Evaluation of phenotypic and

functional stability of RAW 264.7 cell line through serial passages. PLoS One. 2018; 13(6):e0198943.

Epub 2018/06/12. https://doi.org/10.1371/journal.pone.0198943 PMID: 29889899.

PLOS ONE Culture conditions for osteoclastogenesis

PLOS ONE | https://doi.org/10.1371/journal.pone.0277871 November 17, 2022 9 / 9

https://doi.org/10.1084/jem.191.2.275
http://www.ncbi.nlm.nih.gov/pubmed/10637272
https://doi.org/10.1186/1423-0127-21-10
http://www.ncbi.nlm.nih.gov/pubmed/24490900
https://doi.org/10.3389/fendo.2021.642676
http://www.ncbi.nlm.nih.gov/pubmed/33935967
https://doi.org/10.1074/jbc.M109.091124
https://doi.org/10.1074/jbc.M109.091124
http://www.ncbi.nlm.nih.gov/pubmed/20439986
https://doi.org/10.1038/s41419-020-03046-z
http://www.ncbi.nlm.nih.gov/pubmed/33051453
https://doi.org/10.1073/pnas.96.7.3540
https://doi.org/10.1073/pnas.96.7.3540
http://www.ncbi.nlm.nih.gov/pubmed/10097072
https://doi.org/10.1359/JBMR.050511
https://doi.org/10.1359/JBMR.050511
http://www.ncbi.nlm.nih.gov/pubmed/16059638
https://doi.org/10.1016/j.lfs.2006.12.037
http://www.ncbi.nlm.nih.gov/pubmed/17306833
https://doi.org/10.1242/jcs.213967
http://www.ncbi.nlm.nih.gov/pubmed/29724913
https://doi.org/10.1002/jcp.27852
https://doi.org/10.1002/jcp.27852
http://www.ncbi.nlm.nih.gov/pubmed/30515780
https://doi.org/10.3390/ijms21238965
http://www.ncbi.nlm.nih.gov/pubmed/33255852
https://doi.org/10.7150/ijbs.13814
http://www.ncbi.nlm.nih.gov/pubmed/26884720
https://doi.org/10.16966/2576-5833.109
http://www.ncbi.nlm.nih.gov/pubmed/30123890
https://doi.org/10.1371/journal.pone.0198943
http://www.ncbi.nlm.nih.gov/pubmed/29889899
https://doi.org/10.1371/journal.pone.0277871

