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CCL4 enhances preosteoclast migration
and its receptor CCR5 downregulation by
RANKL promotes osteoclastogenesis
Dabin Lee1, Kyung-Ju Shin1, Dong Wook Kim1, Kyung-Ae Yoon1, Young-Jin Choi1, Bom Nae Rin Lee1 and Je-Yoel Cho1

Abstract
Chemokine CCL4 (MIP-1β) is released from osteoblast cells to restore the homeostasis of hematopoietic stem cells
during the activation of bone marrow. In this study, we investigated the function of CCL4 and its receptor CCR5 during
osteoclastogenesis. CCL4 promoted the migration and viability of preosteoclast cells. However, CCL4 had no direct
effect on the receptor activator of nuclear factor-κB ligand (RANKL)-induced osteoclast differentiation in mouse
preosteoclast cells. In addition, CCR5 expression was rapidly reduced by RANKL treatment, which was recovered by
IFN-γ during osteoclastogenesis. CCR5 downregulation by RANKL was mediated by MEK and JNK in preosteoclast cells
and promoted osteoclastogenesis. These results suggest that CCL4 can enhance the recruitment of preosteoclasts to
bone in the early stage, and the reduction of CCR5 promotes osteoclastogenesis when RANKL is prevalent.

Introduction
The stem cell niche is a microenvironment where stem

cells interact with themselves, other cells, secreted factors,
immunological factors, the extracellular matrix, and
physical factors1. Above all, the hematopoietic stem cell
niche is important in hematopoiesis, inflammation, and
bone homeostasis. Hematopoietic stem cells (HSC) are
precursor cells of blood and immune cells, including
monocytes/macrophages that arise from osteoclast pro-
genitor cells2. There are two forms of hematopoietic stem
cell niche: one is an endosteal niche (osteoblastic niche),
and the other is a sinusoidal vascular niche. Among them,
the osteoblastic niche contributes to the maintenance of
the HSC balance, quiescence, and activation3.
Bone marrow is a niche where HSCs are maintained and

hematopoiesis and osteoclastogenesis occur. Bone mar-
row is suppressed by diverse sources of stress conditions,
such as oxidation, anemia, hypoxia, radiation, cytotoxic

chemotherapy, and inflammation4–7. Suppression of the
bone marrow leads to a reduction in the function of bone
marrow, including osteoclastogenesis. At that time, var-
ious inflammatory factors, such as cytokines and che-
mokines, are secreted from the diverse niche cells8,9.
Previous studies in our lab have investigated the

expression of genes encoding secreted proteins that
enforce HSC niche restoration after 5-FU treatment. After
administration of a sublethal dose of 5-FU, HSC niche-
related gene expression in osterix (Osx)-positive osteo-
progenitor cells isolated from Osx-GFP::Cre transgenic
mouse femurs and tibiae was examined by RNA-seq
analysis. Among the regulated genes, the genes encoding
secreted proteins and cellular membrane proteins were
further analyzed. Genes that were shown to be upregu-
lated in 5-FU-activated Osx-positive cells in the RNA-seq
analysis were selected (Supplementary Table 1). To vali-
date the expression of these candidate genes from the
RNA-seq analysis in 5-FU-activated Osx-positive cells,
real-time RT-PCR was performed (Supplementary Fig. 1),
and the results revealed that the expression of CCL4 was
dramatically increased in activated bone marrow niche
cells in the 5-FU treatment group. Based on these
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previous results, CCL4 was chosen as a reinforcing factor
of endosteal niche function.
CCL4, also known as macrophage inflammatory

protein-1β (MIP-1β), is known to play a role in chemo-
tactic activity in the immune cells10. CCL4 can activate
chemokine receptor CCR5, which is involved in diverse
immune responses11. Among the diverse chemokines,
CCL4 and its receptor CCR5 have been a focus of
research on HIV12–15. CCL4 is also secreted by CD8+
T cells16,17 and attracts monocytes, natural killer cells, and
other immune cells18. CCR5 is mainly expressed on
T cells, macrophages, dendritic cells, eosinophils, and
microglia19. In addition, CCR5 has been demonstrated to
be involved in cancer20. For example, breast cancer
metastasis is promoted by CCL5–CCR5 activation21. The
tumor suppressor miRNA-107 has also been reported to

directly target CCR5 and antagonizes the proliferation
and invasion of cervical cells20.
Osteoclasts are developed by the fusion of macrophage

cells of hematopoietic lineage. Receptor activator of
nuclear factor kappa-B ligand (RANKL) and macrophage
colony-stimulating factor (M-CSF) from the osteoblast
and stromal cells are essential for osteoclastogenesis22.
The monocytes/macrophages stimulated by M-CSF and
RANKL induce the expression of osteoclast-related genes
such as cathepsin K (CTSK), tartrate-resistant acid
phosphatase (TRAP), calcitonin receptor, and the β3-
integrin. As a result, the mature osteoclasts play a role in
bone resorption23. There are several chemokines, such as
CCL9, CCL9, and CX3CL1, and their receptors that are
related to osteoclastogenesis24–26, but the relationship
between CCL4 and osteoclast differentiation is still
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Fig. 1 CCL4 does not augment RANKL-induced osteoclastogenesis. a Mouse monocytes were differentiated in the presence of recombinant (a)
M-CSF (30 ng/ml), (b) M-CSF (30 ng/ml)+ RANKL (50 ng/ml), (c) M-CSF (30 ng/ml)+ CCL4 (10 ng/ml), or (d) M-CSF (30 ng/ml)+ RANKL (50 ng/ml)+
CCL4 (10 ng/ml) for 6 days. Osteoclast cells were induced by M-CSF+ RANKL treatment, but the differentiated cells were not altered by the addition
of CCL4 treatment. The cells were stained for TRAP. b TRAP-positive cells were counted as osteoclasts (≥3 nuclei). Gene-expression profiles related to
osteoclasts were determined by real-time PCR. c Expression of cathepsin K; d expression of MMP9. The data are presented as the mean ± S.D. (n= 3;
*P-value < 0.05, one-way ANOVA)
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Fig. 2 CCL4 promotes migration and viability of preosteoclast cells. a Migration assay. Preosteoclast cells were resuspended in serum-free cell
culture media in each upper transwell chamber. After incubation for 2 h, cells that had migrated to the lower chamber were counted. The data are
presented as the mean ± S.D. b Effects of CCL4 on the survival of preosteoclast cells in vitro. Cell viability was measured by MTT assay. Cells were
treated with various concentrations (0–100 ng) of CCL4. The data are presented as the mean ± S.D. (n= 3; *P-value < 0.05, Student’s one-way ANOVA).
c Preosteoclast cells were incubated in a medium with or without 10 ng/ml CCL4 for 3 days. To determine the apoptotic cell population, cells were
stained with annexin V/PI staining and analyzed by flow cytometry (FACS) analysis. In each panel, the lower left quadrant (annexin V–/PI–) shows cells
that are viable cell populations, the lower right (annexin V+/PI−) shows cells that are in the early stage of apoptosis, and the upper right (annexin V
+/PI+) shows cells that are in the late stage of apoptosis. d Preosteoclast cells were incubated in a medium with or without 10 ng/ml CCL4 for 24 h.
To confirm the anti-apoptotic effect of CCL4, we performed western blot assay with caspase-3, cleaved caspase-3, Bax, and β-actin antibodies
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Fig. 3 (See legend on next page.)
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unknown. Interestingly, several chemokine receptors,
including CX3CR1 and CXCR6, are also known to be
downregulated by RANKL27,28. Based on previous studies,
the hypothesis that CCL4 and its receptor CCR5 inhibit
osteoclast differentiation by RNAKL was established.
In this study, the functions of CCL4 and its receptor

CCR5 were investigated in preosteoclast cells from mouse
bone marrow to better understand the mechanisms of this
chemokine and its receptor in osteoclastogenesis.

Results
CCL4 does not enhance RANKL-induced osteoclast
differentiation
It was first investigated whether CCL4 had a direct

effect on osteoclast differentiation. In the presence of M-
CSF and RANKL, preosteoclast cells were well differ-
entiated into osteoclasts (Fig. 1a–panel b), but CCL4
treatment (500 pg, 1, 5, and 10 ng) did not show any effect
on differentiation (Fig. 1a-panel b, a–panel d, and Sup-
plementary Fig. 3). TRAP staining showed that increased
osteoclast cells by RANKL are not altered by CCL4
treatment (Fig. 1b). In contrast, high concentration of
CCL4 treatment (25, 50, and 100 ng) induced cell death
from 2 days after treatment (Supplementary Fig 4).
Moreover, RANKL-mediated osteoclastogenesis is not
blocked by CCL4 treatment, which is supported by the
observation that RANKL-mediated induction of CtsK and
MMP9 transcript is not inhibited by CCL4 treatment
(Fig. 1c, d). These results suggested that CCL4 might not
play a role in osteoclast differentiation process itself
induced by M-CSF and RANKL. Additionally, we exam-
ined the expression of CCL4 during differentiation
because of the possibility that CCL4 was induced and
affected the differentiation when M-CSF and RANKL
were treated by real-time PCR. As a result, M-CSF and
RANKL were treated to induce differentiation (Supple-
mentary Fig. 5C, D), but the expression of CCL4 was
downregulated (Supplementary Fig. 5A). That is, CCL4 is
not induced in osteoclast differentiation.

CCL4 promotes the migration and viability of
preosteoclast cells
The chemotaxis of preosteoclast cells was investigated

by a transwell migration assay to determine the function
of CCL4 in preosteoclast cells. CCL4 induced

preosteoclast cell migration when the lower chamber
contained media including CCL4 (Fig. 2a). However,
RANKL treatment resulted in an evident inhibition of cell
chemotaxis mediated by CCL4 (Fig. 2a). The effect of
CCL4 on the viability of the preosteoclast cells was
measured by the MTT assay. Preosteoclast cells were
treated with or without various concentrations of CCL4
for 3 days along with M-CSF (30 ng/ml). Compared to the
cell viability exerted by M-CSF treatment alone, CCL4
treatment at a concentration of 10 ng/ml improved cell
viability (Fig. 2b).
In addition to cell viability, CCL4 treatment showed the

anti-apoptotic effect. FACS analysis with annexin V/PI
staining showed that CCL4 treatment alone increased cell
population that is negative for both annexin V/PI
(Annexin V–/PI–) from 51.7 to 59.2%, and decreased
early apoptotic cells (Annexin V+/PI−) from 44.3 to
34.6% (Fig. 2c–panels a, b). Additionally, western analysis
with the cell lysates treated with CCL4 showed that total
caspase-3 was increased and Bax was decreased, respec-
tively, but no significant change was observed in cleaved
caspase-3 (Fig. 2d–panel a). Moreover, CCL4 could
decrease Bax expression level induced by H2O2

(Fig. 2d–panel b). These results revealed that CCL4
increased the viability of preosteoclast cells and protected
the cells from apoptosis.

RANKL downregulates CCR5 expression during
osteoclastogenesis in preosteoclast cells
During osteoclastogenesis, the expression levels of

CCR5 mRNA were investigated in preosteoclast cells
treated with or without RANKL (50 ng/ml) for 3 days.
CCR5 expression was dramatically decreased with
RNAKL treatment, regardless of the presence or absence
of CCL4 (Fig. 3a–b). RANKL-induced reduction of CCR5
was also examined by flow cytometry (FACS) analysis,
western blot, and immunofluorescence assays. These
analyses showed that the number of cells expressing the
CCR5 protein was significantly reduced by RANKL
(Fig. 3c–e). To determine temporal profiles of CCR5
levels by RANKL, CCR5 mRNA levels were analyzed up
to 24 h after RANKL treatment. The primary cells were
treated with CCL4 and M-CSF to differentiate into mac-
rophage lineages. CCR5 levels were downregulated from
3 h after RANKL treatment (Fig. 3f, black bar). When

(see figure on previous page)
Fig. 3 RANKL downregulated CCR5 expression in preosteoclast cells. a Preosteoclast cells were cultured for 4 days in the presence of
recombinant M-CSF (30 ng/ml) with RANKL (50 ng/ml) and CCL4 (10 ng/ml). Total RNA was extracted and converted to cDNA, which was used for
conventional RT-PCR and (b) real-time RT-PCR. c FACS analysis. Preosteoclast cells were pretreated with (a) M-CSF (30 ng/ml), (b) M-CSF (30 ng/ml)+
CCL4 (10 ng/ml), or (c) M-CSF (30 ng/ml)+ RANKL (50 ng/ml) for 48 h. d Western blot of CCR5 with treatment of RANKL or CCRL4-treated cell. e
Immunofluorescence staining for nuclear (blue) and CCR5 (red) in macrophage cells. f Cells were stimulated with RANKL alone (50 ng/ml) or RANKL
with CCL4 (10 ng/ml) for 0–24 h. The expression levels of CCR5 mRNA were measured by real-time RT-PCR and normalized to GAPDH. The data are
presented as the mean ± S.D. (n= 3; *P-value < 0.05, two-way ANOVA)
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CCL4 was treated with RANKL (Fig. 3f, gray bar), the
expression levels were maintained up to 6 h, but after 12
h, CCR5 levels were similarly downregulated compared to
without CCL4 treatment. These results demonstrated
that, even in the presence of CCL4, CCR5 downregulation
occurred in parallel to RANKL-mediated osteoclasto-
genesis in preosteoclast cells.

CCR5 inhibits osteoclast differentiation
To determine the biological meaning of CCR5 reduc-

tion during RANKL-mediated osteoclast differentiation,
osteoclastogenesis was performed in the presence of IFN-
γ. Previous reports demonstrated that IFN-γ, LPS, and
H2O2 upregulate CCR5 expression in T-cells, monocytes,
and other immune cells29–32. These factors are involved in
osteoclast differentiation. In particular, IFN-γ is known to
inhibit osteoclast differentiation33. Considering these
studies, we hypothesized that CCR5 inhibits osteoclast
differentiation. In order to prove our hypothesis that a
high level of CCR5 inhibits osteoclast differentiation,
osteoclast differentiation was investigated in the presence
of IFN-γ. When the preosteoclast cells were treated with
IFN-γ in the presence of RANKL, unlike with RANKL
treatment alone (Fig. 4B–panel b), the cells were not
differentiated into osteoblasts (Fig. 4b–panel b). IFN-γ
induced 30% induction of CCR5 expression
(68.36–93.88%), as compared with CCL4 treatment
(Fig. 4a–panel a, c). It is notable that CCL4 treatment had
no effect on the CCR5 expression 12 h after treatment
(Fig. 3f). As shown again in Fig. 4A–panel b, treatment
with RANKL dramatically decreased CCR5 levels. How-
ever, RANKL treatment did not affect CCR5 expression in
the presence of IFN-γ (93.88–92.45%) (Fig. 4a–panels c,
d). However, blocking CCR5 with its antibody in the
presence of IFN-γ resulted in better osteoclast differ-
entiation, although the differentiation was not fully
recovered (Fig. 4b, panel c). This suggests that there might
be other pathways for the inhibition of IFN-γ on osteo-
clast differentiation in addition to CCR5. However, our
data suggest that CCR5 signal is involved in the inhibition
of osteoclast differentiation. In addition to the TRAP
staining (Fig. 4b), early osteoclastogenesis was also mea-
sured by the expression levels of osteoclast markers TRAP
and cathepsin K. Both markers were significantly higher in
the cells where CCR5 was blocked with its antibody in the
presence of IFN-γ than in the cells where CCR5 was not
blocked (Fig. 4c). Combined all together, these results
suggest that CCR5 inhibits osteoclast differentiation.

CCR5 reduction by RANKL was restored by blocking MEK
and JNK signal
We then tested the signaling mechanism of the CCR5

downregulation by RANKL. Binding of RANKL to its
receptor RANK induces several intracellular signaling

molecules in preosteoclast cells, including MAPKs, Src
kinase, and NF-κB34. To verify the signaling pathways
causing the RANKL-induced reduction of CCR5 expres-
sion, the effects of various kinase inhibitors were exam-
ined, including a MEK inhibitor (U0126), p38 inhibitor
(SB20380), JNK inhibitor (SP600125), NF-κB inhibitor
(BAY 11-7082), and PI3K inhibitor (LY294002) (Supple-
mentary Fig. 6). As shown in Supplementary Fig. 6A,
treatment with 1–20 µM of the MEK inhibitor (U0126)
restored the expression of CCR5 reduced by RANKL. In
contrast, treatment with 5–30 µM of the p38 inhibitor
(SB20380) did not affect RANKL-induced suppression of
CCR5 (Supplementary Fig. 6B). Additionally, the JNK
inhibitor, NF-κB inhibitor, and PI3K inhibitor slightly
restored the levels of CCR5 (Supplementary Fig. 6C–E).
Interestingly, when the MEK inhibitor was given with

the JNK inhibitor, CCR5 levels were completely restored
(Fig. 5b). To confirm these data, the cell surface CCR5 was
measured by flow-cytometry analysis (Fig. 5c). The CCR5-
positive cell proportion was again recovered by the MEK
inhibitor plus JNK inhibitor (Fig. 5c–panel c). These
results implied that RANKL-mediated downregulation of
CCR5 expression was associated with the MEK and JNK
signaling.
RANKL activates several intracellular signaling mole-

cules such as MAPK, NF-kB, and NFATc1. It is also
reported that RANKL activates NFATc1 through MEK/
JNK signaling35,36. Therefore, we tested whether CCR5
downregulation by RANKL through MEK/JNK is also
mediated by NFATc1. Knockdown of NFATc1 by siRNA
on preosteoclast cells rescued CCR5 expression from the
CCR5 downregulation by RANKL (Fig. 5d). Consequently,
these data showed that the expression of CCR5 was also
regulated by NFATc1, possibly through MEK/JNK path-
way activated by RANKL.

Discussion
Activation of chemokine expression has been known to

occur in several stress conditions37. A previous RNA-
sequencing analysis showed that CCL4 was significantly
elevated in Osx-positive cells when acute bone marrow
damage was induced by 5-FU treatment (Supplementary
Table 1, Supplementary Fig. 1). In this study, the func-
tions of CCL4 secreted from the osteoblastic niche and its
receptor CCR5 were investigated in the effector pre-
osteoclast cells.
First, osteoclast differentiation was performed to

determine whether CCL4 promoted osteoclastogenesis.
Osteoclasts are known to resorb bone tissue and release
TGF-b, which recruits preosteoblast cells to remodel bone
and enhances the overall osteoblastic niche condition38.
However, our results revealed that CCL4 was not essential
for osteoclast differentiation. TRAP staining showed that
there was no significant difference in the differentiation of
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Fig. 4 CCR5 inhibits differentiation to osteoclasts. a FACS analysis was done with CCR5 antibodies. For all groups, mouse monocytes were
pretreated with 30 ng/ml M-CSF. The cells were treated with (a) CCL4 (10 ng/ml), (b) RANKL (50 ng/ml), (c) IFN-γ (100 U/ml), or (d) RANKL+ IFN-γ for
48 h. b TRAP staining for the measure of osteoclast differentiation. Mouse monocytes were differentiated in the presence of recombinant 30 ng/ml
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enlarged from (c). c The expression of (a) TRAP and (b) cathepsin K, osteoclast-related genes, was determined by real-time PCR. The data are
presented as the mean ± S.D. (n= 3; *P-value < 0.05, one-way ANOVA)
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Fig. 5 Inhibition of the RANKL-induced reduction of CCR5 mRNA. a Preosteoclast cells were treated with MEK inhibitor U0126 (10 µM), Akt
inhibitor LY294002 (20 µM), JNK inhibitor SP600125 (30 µM), and NF-κB inhibitor BAY11-7082 (0.25 µM) as an indicated combination. Expression levels
of CCR5 mRNA were measured by real-time RT-PCR and normalized to GAPDH. The data are presented as the mean ± S.D (n= 3; *P-value < 0.05, one-
way ANOVA). b Preosteoclast cells were pretreated with U0126 (10 μM)+ SP600125 (30 μM) or U0126 (20 μM)+ SP600125 (50 μM). Expression levels
of CCR5 mRNA were measured by real-time RT-PCR and normalized to GAPDH. The data are RANKL (50 ng/ml) stimulation for 24 h. Expression levels
of CCR5 mRNA were measured by real-time RT-PCR and normalized to GAPDH. The data are presented as the mean ± S.D. (n= 3; *P-value < 0.05,
one-way ANOVA). All the chemicals were dissolved in DMSO and used as a vehicle control in all experiments. c Expression levels of CCR5 were also
detected by the anti-CCR5 antibody using flow-cytometry analysis. d Preosteoclast cells were transfected with NFATc1 siRNA or control siRNA, and
the respective knockdown efficiency was analyzed by real-time RT-PCR with or without RANKL treatment. The expression level of (a) NFATc1 and (b)
CCR5 (n= 2; *P-value < 0.05, one-way ANOVA)
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preosteoclast cells between cells treated with CCL4 and
RANKL and cells only treated with RANKL (Fig. 1). This
result indicated that CCL4 was not directly involved in the
osteoclastogenetic process.
Hence, CCL4 functions in recruiting preosteoclast cells

and improving the osteoblastic niche were investigated. In
the migration assay, CCL4 promoted preosteoclast cell
migration (Fig. 2). On the other hand, preosteoclast
migration was reduced upon RANKL treatment. During
osteoclastogenesis, the expression of the CCL4 receptor,
CCR5, which plays a significant role in osteoclast differ-
entiation, was repeatedly observed to be inhibited by
RANKL (Fig. 3). These results demonstrated that RANKL
inhibited cell migration stimulated by CCL4 (Fig. 2)
through downregulation of its receptor CCR5 (Fig. 3a–e).
Another function of CCL4 was promoting cell viability.

Some chemokines are known to improve cell viability and
enhance the resistance to apoptosis39. Our data also
showed that CCL4 enhanced cell viability (Fig. 2c) and
prevented apoptosis in preosteoclast cells (Fig. 2d, e).
These results suggest that CCL4 plays a role in recruiting
preosteoclast cells in good condition during the early
osteoclast differentiation process and induces differ-
entiation into mature osteoclasts.
During osteoclastogenesis, RANKL decreases the

expression of several chemokine receptors, and the sig-
naling pathways that are involved in the downregulation
of chemokine receptors by RANKL have been studied27,28.
Our data showed that CCR5 was downregulated by
RANKL (Fig. 3). Next, the mechanism of RANKL-
mediated downregulation of CCR5 during osteoclast dif-
ferentiation was investigated. Comparatively, little is
known about the mechanism and physiological role of
downregulation of chemokine receptors, in contrast to
upregulation of their expression.
The inhibition of CCR5 during osteoclastogenesis fur-

ther extended the idea that high levels of CCR5 would
hinder osteoclast differentiation. The first thing we were
curious about the CCR5 was that its expression level was
downregulated by RANKL which induces osteoclast dif-
ferentiation. So, we have a question as to whether
CCR5 should be downregulated during osteoclastogen-
esis. The best way in understanding the role of CCR5 in
osteoclast differentiation is overexpression of CCR5, but it
is difficult to perform with primary cells. So, IFN-Ɣ was
considered to be the most appropriate when looking for
an alternative that could increase CCR5. IFN-γ has been
known to induce the expression of chemokine receptors
including CCR5 and CCR329. Thus, osteoclast differ-
entiation was carried out in the presence of IFN-γ to
maintain high levels of CCR5. In the presence of IFN-γ,
the CCR5 level was elevated (Fig. 4a–panel c), and
osteoclastogenesis was shown to not occur in our results
(Fig. 4b–panel b). In addition, blocking CCR5 increased

the expression of TRAP and cathepsin K, both osteoclast
markers, compared to that in the IFN-γ-only treatment
group (Fig. 4c). Obviously, our data showed that the
increase in CCR5 expression inhibited osteoclast forma-
tion. Blocking CCR5 may not have completely rescued
osteoclast differentiation due to other chemokine recep-
tors such as CCR3, which may be similarly upregulated by
IFN-γ29 and downregulated by RANKL treatment40. In
our experiment, only CCR5 was blocked by an antibody,
and CCR3 would be maintained at a high level in the
presence of IFN-γ; thus, the increased level of CCR3
might inhibit osteoclastogenesis.
The RANKL-mediated signals, MEK and JNK, were

identified to be involved in downregulation of CCR5
expression. Binding of RANKL to RANK initiates down-
stream signaling pathways that are related to osteoclast
differentiation. ERK, JNK, p38, PI3K/AKT, and IKK1/2,
and transcription factors NFAT, AP-1, c-Fos, and NF-κB
are involved in osteoclast differentiation23,27. Figure 5
shows that the RANKL-induced reduction of CCR5
expression was controlled via two downstream signals of
RANKL, MEK and JNK. RANKL activates the nuclear
factor of activated T-cells, cytoplasmic 1 (NFATc1)
through MEK and JNK signaling36. NFATc1 is a master
transcription factor of osteoclastogenesis known to reg-
ulate the transcription of CCR5 as it binds to the CCR5
promoter41,42. Interestingly, a similar mechanism was
found in the transcriptional regulation of chemokine
receptor CX3CR1; NFAT1 regulates the CX3CR1 pro-
moter in natural killer cells27. Based on the results that
suggest that CCR5 is downregulated by RANKL through
activation of MEK and JNK, and NFATc1 is activated by
RANKL through the MEK and JNK signals, NFATc1
might regulate CCR5 expression. Further studies are
necessary to investigate the association between CCR5
expression and NFATc1 in osteoclast differentiation.
RANKL-mediated chemokine reduction in osteoclast
differentiation is important to study to obtain a better
understanding of the osteoblastic niche.
In conclusion, CCL4 was shown to affect the osteo-

blastic niche, just as chemokines have been shown to play
roles, such as recruiting progenitor cells and maintaining
viability, in the osteoblastic niche43. Although the CCL4
chemokine did not directly promote later osteoclast dif-
ferentiation, our study revealed that CCL4 recruited viable
preosteoclast cells for osteoclastogenesis.

Materials and methods
Reagents
The PI3K inhibitor (LY294002) and MEK inhibitor (U-

0126) were purchased from Enzo Life Sciences (Plymouth
Meeting, PA). The NF-κB inhibitor (BAY11-7082) and
p38 inhibitor (SB203580) were purchased from Calbio-
chem (Ellisville, MO). The phospho-p44/p42 MAPK
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(Erk1/2) antibody was purchased from Cell Signaling
Technology (Cell Signaling, Danvers, MA). PE anti-mouse
CD195 (CCR5) and PE Armenian hamster IgG isotype
control were purchased from Biolegend (Biolegend, San
Diego, CA). Mouse CCR5 antibody was purchased from
R&D System (R&D System, Minneapolis, MN). Recom-
binant murine MIP-1β (CCL4) and recombinant murine
IFN-γ were purchased from Peprotech (Peprotech, Rocky
Hill, NJ). Recombinant mouse RANKL and recombinant
mouse M-CSF were purchased from R&D System (R&D
System, Minneapolis, MN).

Isolation and osteoclast differentiation of murine bone
marrow-derived monocytes
Mouse bone marrow cells were isolated by flushing

femurs and tibias from 8- to 9-week-old BALB/c mice and
incubated for 24 h in MEM-α modification (1×) with 10%
FBS and 1% penicillin/streptomycin. After 24 h, only non-
adherent cells were collected and used for differentia-
tion44. To initiate differentiation, non-adherent cells were
cultured in MEM-α modification with 30 ng/ml recom-
binant mouse M-CSF (R&D, MN, USA). Then, the mouse
bone marrow cells were differentiated into macrophages.
The macrophage cultures in MEM-α modification with
20 ng/ml recombinant mouse M-CSF and 50 ng/ml
recombinant mouse RANKL (R&D, MN, USA) were
treated daily for 3 days to generate osteoclasts23. RANKL-
treated preosteoclast cells had a multinuclear cell phe-
notype, as determined by tartrate-resistant acid phos-
phatase (TRAP) staining (Sigma-Aldrich, MO, USA).
Osteoclasts were counted as TRAP-positive cells under
light microscopy.

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay
The MTT assay was done as an indicator of cell survival

and/or growth. The assay determines the presence of live
cells with functional mitochondria. Cell viability was
measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay to determine rela-
tive cell growth45. Preosteoclast cells were placed into 48-
well plates that were treated with varying concentrations
(0, 1, 5, 10, 50, and 100 ng/ml) of CCL4 for 24 h. MTT
(AMRESCO, Solon, OH) was added to each well and
incubated for an additional 4 h at 37 °C. Following
removal of the culture medium, the remaining crystals
were dissolved in 200 μl of DMSO, and absorbance at 570
nm was measured.

Annexin V/PI staining
For assays measuring apoptosis, the preosteoclast cells

were cultured at a concentration of 3 × 106 cells in a 60-
mm Petri dish and treated as described. For measuring
apoptosis, cells were harvested and stained with 5 µl of

FITC Annexin V and 1 µl of the 100 µg/ml PI working
solution for 15 min at room temperature. After the
incubation period, 400 µl of 1 × annexin-binding buffer
was added, and the samples were mixed gently and
maintained on ice before analysis with flow cytometry.

Migration assay
Monocyte chemotactic activity was tested using 5.0-μm-

pore polycarbonate membrane inserted into transwell cell
culture chambers (Corning, USA). Monocytes were
washed with FBS-free medium and resuspended in 0.1%
BSA medium at a density of 1 × 106 cells per well in 48-
well plates. Two-hundred microliters of aliquots of cell
suspension were added to the upper compartment, while
the lower compartments contained 600 µl of medium with
or without 10 ng/ml CCL4 and with or without 50 ng/ml
RANKL. After incubation for 2 h at 37 °C, cells that had
migrated to the lower surface were counted.

Reverse transcriptase-polymerase chain reaction (RT-PCR)
and real-time RT-PCR analysis
Total RNAs from preosteoclast cells were isolated using

TRIzol reagent (Ambion, Carlsbad, CA) according to the
manufacturer’s recommendations. Then 500 ng to 1 µg of
total RNA from each sample were reverse- transcribed
with an Omniscript Reverse Transcription kit (QIAGEN,
Hilden, Germany). The reverse transcription reaction was
carried out at 37 °C for 1 h. To measure the expression of
genes, fluorescence-based real-time RT-PCR was per-
formed with the thermocycler (Bio-Rad, Hercules, CA).
SYBR green and Go-Taq ® Flexi DNA polymerase (Pro-
mega, Madison, WI) were used for DNA amplification
and detection. Relative mRNA expression levels were
determined by △△Ct calculation46.

Western blot analysis
Preosteoclast cells were incubated with M-CSF,

RANKL, and CCL4. Then, whole-cell lysates were pre-
pared in a RIPA buffer (25 mM Tris•HCl, pH 7.6, 150mM
NaCl, 1% NP-40, 1% sodium deoxycholate, and 0.1% SDS)
(Thermo Scientific, Bellefonte, PA) containing a protease
inhibitor cocktail (Roche, Mannheim, Germany). Lysates
were incubated in ice for 30min and centrifuged at
14,000 r.p.m. for 20min. Protein concentrations were
determined using the Bradford protein assay kit (Bio-Rad,
Hercules, CA, USA). Equal amounts of cell-lysate protein
(30 µg/lane) were subjected to SDS-PAGE and transferred
to polyvinylidene difluoride (PVDF) membranes. Mem-
branes were blocked with 5% BSA in 0.05% Tween 20 in
Tris-buffered saline (TBST). The membranes were incu-
bated with a CD195 (CCR5) antibody (R&D System,
Minneapolis, MN) overnight at 4 °C. The membrane was
washed three times with TBST and then incubated with
the appropriate horseradish peroxidase-conjugated
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secondary antibodies for 1 h at room temperature. The
blots were developed using a chemiluminescence detec-
tion system (ATTO Corporation, Tokyo, Japan) and
exposed to an X-ray film.

Flow cytometry
The expression of CCR5 on the surface of monocytes

was assessed with PE anti-mouse CD195 (CCR5) (Biole-
gend, San Diego, CA). In brief, 3 × 105 treated cells were
washed twice with PBS, labeled for 30min at 4 °C with PE
anti-mouse CD195 (CCR5), and then washed twice with
cold PBS. Finally, cells were washed and resuspended in
PBS containing 3% FBS before flow-cytometry analysis
with a FACS-scan flow cytometer (Becton-Dickinson, San
Jose, CA).

NFATc1 siRNA transfection
The mouse NFATc1 siRNA was purchased from Santa

Cruz Biotechnology (Paso Robles, CA). Mouse macro-
phage cells were seeded into each well of six-well culture
plates using MEM-α modification (1×) with 10% FBS
without antibiotics. The next day, cells were transfected
with Lipofectamine 3000 (Thermo Fisher Scientific,
Carlsbad, CA) according to the manufacturer’s protocol.
After 24–72 h, total RNA was isolated and confirmed by
real-time PCR.

Statistical analyses
Data are presented as the mean ± S.D. GraphPad Prism

software (version 7.01, GraphPad software, Inc., CA, USA)
was used for statistical analyses. Comparisons were per-
formed using a Student’s t-test or one-way ANOVA fol-
lowed by the Tukey–Kramer multiple-comparison tests.
The cell survival data were analyzed by two-way ANOVA
followed by Sidak multiple-comparison tests.

Acknowledgements
This research was supported by a grant through the National Research
Foundation of Korea (NRF) funded by the Ministry of Science, ICT, and Future
Planning (2014M3A9D5A01073598) and the Bio and Medical Technology
Development Program of the National Research Foundation (NRF) funded by
the Ministry of Science, ICT, and Future Planning (2016M3A9B6026771).

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher's note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at https://doi.org/
10.1038/s41419-018-0562-5.

Received: 23 November 2017 Revised: 12 March 2018 Accepted: 22 March
2018

References
1. Lane, S. W., Williams, D. A. & Watt, F. M. Modulating the stem cell niche for

tissue regeneration. Nat. Biotechnol. 32, 795–803 (2014).
2. Baldridge, M. T., King, K. Y. & Goodell, M. A. Inflammatory signals regulate

hematopoietic stem cells. Trends Immunol. 32, 57–65 (2011).
3. Yoshihara, H. et al. Thrombopoietin/MPL signaling regulates hematopoietic

stem cell quiescence and interaction with the osteoblastic niche. Cell Stem Cell
1, 685–697 (2007).

4. Wilson, A. et al. Hematopoietic stem cells reversibly switch from dormancy to
self-renewal during homeostasis and repair. Cell 135, 1118–1129 (2008).

5. Essers, M. A. et al. IFN&agr; activates dormant haematopoietic stem cells
in vivo. Nature 458, 904–908 (2009).

6. Cao, X. et al. Irradiation induces bone injury by damaging bone marrow
microenvironment for stem cells. Proc. Natl Acad. Sci. 108, 1609–1614 (2011).

7. Lucas, D. et al. Chemotherapy-induced bone marrow nerve injury impairs
hematopoietic regeneration. Nat. Med. 19, 695–703 (2013).

8. Avecilla, S. T. et al. Chemokine-mediated interaction of hematopoietic pro-
genitors with the bone marrow vascular niche is required for thrombopoiesis.
Nat. Med. 10, 64–71 (2004).

9. Sugiyama, T., Kohara, H., Noda, M. & Nagasawa, T. Maintenance of the
hematopoietic stem cell pool by CXCL12-CXCR4 chemokine signaling in bone
marrow stromal cell niches. Immunity 25, 977–988 (2006).

10. Menten, P., Wuyts, A. & Van Damme, J. Macrophage inflammatory protein-1.
Cytokine Growth Factor. Rev. 13, 455–481 (2002).

11. Ren, M. et al. Polymerization of MIP-1 chemokine (CCL3 and CCL4) and
clearance of MIP-1 by insulin-degrading enzyme. Embo. J. 29, 3952–3966
(2010).

12. He, J. et al. CCR3 and CCR5 are co-receptors for HIV-1 infection of microglia.
Nature 385, 645–649 (1997).

13. Guan, E., Wang, J., Roderiquez, G. & Norcross, M. A. Natural truncation of the
chemokine MIP-1 beta /CCL4 affects receptor specificity but not anti-HIV-1
activity. J. Biol. Chem. 277, 32348–32352 (2002).

14. Dong, H. et al. Variants of CCR5, which are permissive for HIV-1 infection, show
distinct functional responses to CCL3, CCL4 and CCL5. Genes. Immun. 6,
609–619 (2005).

15. Fatkenheuer, G. et al. Efficacy of short-term monotherapy with maraviroc, a
new CCR5 antagonist, in patients infected with HIV-1. Nat. Med. 11, 1170–1172
(2005).

16. Cocchi, F., DeVico, A. L., Garzino-Demo, A. & Arya, S. K. Identification of RANTES,
MIP-1alpha, and MIP-1beta as the major HIV-suppressive factors produced by
CD8positive T cells. Science 270, 1811 (1995).

17. Wang, A., Patterson, S., Marwaha, A., Tan, R. & Levings, M. CCL3 and
CCL4 secretion by T regulatory cells attracts CD4+ and CD8+T cells (P1077). J.
Immunol. 190(1 Supplement), 121.110–121.110 (2013).

18. Bystry, R. S., Aluvihare, V., Welch, K. A., Kallikourdis, M. & Betz, A. G. B cells and
professional APCs recruit regulatory T cells via CCL4. Nat. Immunol. 2,
1126–1132 (2001).

19. Barmania, F. & Pepper, M. S. C-Cchemokine receptor type five (CCR5): An
emerging target for the control of HIV infection. Appl. Transl. Genom. 2, 3–16
(2013).

20. Che, L. F., Shao, S. F. & Wang, L. X. Downregulation of CCR5 inhibits the
proliferation and invasion of cervical cancer cells and is regulated by
microRNA-107. Exp. Ther. Med. 11, 503–509 (2016).

21. Velasco-Velázquez, M. & Pestell, R. G. The CCL5/CCR5 axis promotes metastasis
in basal breast cancer. Oncoimmunology 2, e23660 (2013).

22. Suda T., Kobayashi K., Jimi E., Udagawa N. & Takahashi N. The molecular basis
of osteoclast diĦerentiation and activation. Novartis Found Symp. 232,
235–247 (2001).

23. Boyle, W. J., Simonet, W. S. & Lacey, D. L. Osteoclast differentiation and acti-
vation. Nature 423, 337–342 (2003).

24. Yang, M. et al. Chemokine and chemokine receptor expression during colony
stimulating factor-1–induced osteoclast differentiation in the toothless
osteopetrotic rat: a key role for CCL9 (MIP-1γ) in osteoclastogenesis in vivo and
in vitro. Blood 107, 2262–2270 (2006).

25. Lisignoli, G. et al. CCL20 chemokine induces both osteoblast proliferation and
osteoclast differentiation: Increased levels of CCL20 are expressed in sub-
chondral bone tissue of rheumatoid arthritis patients. J. Cell. Physiol. 210,
798–806 (2007).

26. Koizumi, K. et al. Role of CX3CL1/fractalkine in osteoclast differentiation and
bone resorption. J. Immunol. 183, 7825–7831 (2009).

Lee et al. Cell Death and Disease  (2018) 9:495 Page 11 of 12

Official journal of the Cell Death Differentiation Association

https://doi.org/10.1038/s41419-018-0562-5
https://doi.org/10.1038/s41419-018-0562-5


27. Saitoh, Y., Koizumi, K., Sakurai, H., Minami, T. & Saiki, I. RANKL-induced down-
regulation of CX3CR1 via PI3K/Akt signaling pathway suppresses Fractalkine/
CX3CL1-induced cellular responses in RAW264.7 cells. Biochem. Biophys. Res.
Commun. 364, 417–422 (2007).

28. Li, C. et al. RANKL downregulates cell surface CXCR6 expression through JAK2/
STAT3 signaling pathway during osteoclastogenesis. Biochem. Biophys. Res.
Commun. 429, 156–162 (2012).

29. Zella, D. et al. Interferon-γ increases expression of chemokine receptors CCR1,
CCR3, and CCR5, but not CXCR4 in monocytoid U937 cells. Blood 91,
4444–4450 (1998).

30. Hariharan, D. et al. Interferon-γ upregulates CCR5 expression in cord and adult
blood mononuclear phagocytes. Blood 93, 1137–1144 (1999).

31. Juffermans, N. P. et al. Up-regulation of HIV coreceptors CXCR4 and CCR5 on
CD4+T cells during human endotoxemia and after stimulation with (myco)
bacterial antigens: the role of cytokines. Blood 96, 2649–2654 (2000).

32. Lehoux, G., Le Gouill, C., Stankova, J. & Rola-pleszczynski, M. Upregulation of
expression of the chemokine receptor CCR5 by hydrogen peroxide in human
monocytes. Mediat. Inflamm. 12, 29–35 (2003).

33. Takayanagi, H. et al. T-cell-mediated regulation of osteoclastogenesis by sig-
nalling cross-talk between RANKL and IFN-γ. Nature 408, 600–605 (2000).

34. Wada, T., Nakashima, T., Hiroshi, N. & Penninger, J. M. RANKL–RANK signaling in
osteoclastogenesis and bone disease. Trends Mol. Med. 12, 17–25 (2006).

35. Takayanagi, H. The role of NFAT in osteoclast formation. Ann. N.Y. Acad. Sci.
1116, 227–237 (2007).

36. Zhao, Q., Shao, J., Chen, W. & Li, Y.-P. Osteoclast differentiation and gene
regulation. Front. Biosci. 12, 2519–2529 (2007).

37. Lu, H. et al. Activated expression of the chemokine Mig after chemotherapy
contributes to chemotherapy-induced bone marrow suppression and lethal
toxicity. Blood 119, 4868–4877 (2012).

38. Tang, S. Y. & Alliston, T. Regulation of postnatal bone homeostasis by TGF
[beta]. BoneKEy Rep. 2, (2013).

39. Ticchioni, M. et al. Homeostatic chemokines increase survival of B-chronic
lymphocytic leukemia cells through inactivation of transcription factor
FOXO3a. Oncogene 26, 7081–7091 (2007).

40. Lean, J. M., Murphy, C., Fuller, K. & Chambers, T. J. CCL9/MIP‐1γ and its receptor
CCR1 are the major chemokine ligand/receptor species expressed by osteo-
clasts. J. Cell. Biochem. 87, 386–393 (2002).

41. Liu, R., Zhao, X., Gurney, T. A. & Landau, N. R. Functional analysis of the
proximal CCR5 promoter. AiDS Res. Hum. Retrovir. 14, 1509–1519
(1998).

42. Wierda, R. J., Van Den & Elsen, P. J. Genetic and epigenetic regulation of CCR5
transcription. Biology 1, 869–879 (2012).

43. Mendelson, A. & Frenette, P. S. Hematopoietic stem cell niche maintenance
during homeostasis and regeneration. Nat. Med. 20, 833–846 (2014).

44. Weischenfeldt, J. & Porse, B. Bone marrow-derived macrophages (BMM):
isolation and applications. Cold Spring Harb. Protoc. 2008, pdb. prot5080
(2008).

45. Riss, T. L. et al. Cell viability assays. NCBI Bookshelf, (2015).
46. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using

real-time quantitative PCR and the 2− ΔΔCT method. Methods 25, 402–408
(2001).

Lee et al. Cell Death and Disease  (2018) 9:495 Page 12 of 12

Official journal of the Cell Death Differentiation Association


	CCL4 enhances preosteoclast migration and its receptor CCR5 downregulation by RANKL promotes osteoclastogenesis
	Introduction
	Results
	CCL4 does not enhance RANKL-induced osteoclast differentiation
	CCL4 promotes the migration and viability of preosteoclast cells
	RANKL downregulates CCR5 expression during osteoclastogenesis in preosteoclast cells
	CCR5 inhibits osteoclast differentiation
	CCR5 reduction by RANKL was restored by blocking MEK and JNK signal

	Discussion
	Materials and methods
	Reagents
	Isolation and osteoclast differentiation of murine bone marrow-derived monocytes
	MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay
	Annexin V/PI staining
	Migration assay
	Reverse transcriptase-polymerase chain reaction (RT-PCR) and real-time RT-PCR analysis
	Western blot analysis
	Flow cytometry
	NFATc1�siRNA transfection
	Statistical analyses

	ACKNOWLEDGMENTS




