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Abstract

27‐Hydroxycholesterol (27‐HC) has been implicated in the pathological process of

estrogen receptor positive breast cancer. However, the role of 27‐HC in lung

adenocarcinoma is still unclear. Because bone metastasis is a main reason for the high

mortality of lung adenocarcinoma, this study aimed to investigate the effect of 27‐HC

on osteoclastogenesis in lung adenocarcinoma microenvironment. The results showed

that the conditioned media (CM) from lung adenocarcinoma cells cocultured with

macrophages promoted osteoclast differentiation, which was enhanced by 27‐HC.

Further investigation showed that CM inhibited miR‐139 expression and promoted c‐
Fos expression. Luciferase reporter assay identified c‐Fos as a direct target of miR‐
139. CM also induced the expression and nuclear translocation of NFATc1 and STAT3

phosphorylation, which was enlarged by 27‐HC but was attenuated by miR‐139.
Coimmunoprecipitation assay demonstrated that 27‐HC increased the interaction

between NFATc1 and phosphorylated STAT3, which was restricted by miR‐139.
Chromatin immunoprecipitation assay showed that pSTAT3 could bind to the

promoter of c‐Fos, c‐Fos could bind to the promoter of NFATc1, and both pSTAT3

and NFATc1 could bind to the promoter of Oscar, which were enlarged by 27‐HC but

were blocked by miR‐139. Knockdown of c‐Fos mimicked the effect of miR‐139.
These results suggested that CM, especially containing 27‐HC, promoted osteoclas-

togenesis by inhibiting miR‐139 expression and activating the STAT3/c‐Fos/NFATc1

pathway.
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1 | INTRODUCTION

Osteolytic bone metastasis is a frequent event in the late stage of

lung cancer (Luis‐Ravelo et al., 2014). Metastatic tumor cells can

affect bone remodeling by regulating the interaction with

osteoblasts and osteoclasts (Coughlin et al., 2017). After tumor

cells spread to bone tissue, several cell types are recruited into the

microenvironment that supports the cytokines secretion, immune

responses, osteoblast, and osteoclast differentiation (Bussard,

Gay, & Mastro, 2008). The immune cells may play key roles in

communication between tumor cells and skeletal functional cells

(Bussard et al., 2008). Tumor cells can interact with immune cells

to secrete some cytokines, which in turn stimulates osteoclast

differentiation.

Osteoclasts are a kind of multinucleated giant cells that

regulate bone resorption (Pereira et al., 2018). Osteoclast

differentiation requires two critical factors, macrophage‐colony
stimulating factor (M‐CSF) and receptor activator of nuclear factor

κB ligand (RANKL; Koga et al., 2005). These molecules can be

produced by osteoblasts, immune cells, and fibroblasts (Wythe,

Nicolaidou, & Horwood, 2014). Tumor cells also secrete a variety

of cytokines for osteoclast differentiation, including PTHrP, IL‐1β,
IL‐6, IL‐8, TGF‐β1, GM‐CSF, M‐CSF, and TNF‐α (Hernandez,

Moreno, Zandueta, Montuenga, & Lecanda, 2010; Kuo, Liao, Hung,

Huang, & Hsu, 2013; B. K. Park et al., 2007; Schulze et al., 2012;

Shih, Shih, & Chen, 2004; Yamada et al., 2016), among of which

some factors stimulate the expression of RANKL in osteoblast and

promote osteoclast differentiation (Kuo et al., 2013). A series of

transcriptional factors are implicated in osteoclast differentiation,

such as NFATc1, c‐Fos, and PU.1 (S. Y. Park et al., 2015). RANKL

stimulates the expression of activator protein 1 (AP‐1) composed

of Fos and Jun (Hyeon, Lee, Yang, & Jeong, 2013). During

osteoclast differentiation, c‐Fos plays a key role in expression

and nuclear translocation of NFATc1 (M. Asagiri & Takayanagi,

2007). NFATc1 acts as a partner of AP‐1 to recognize the

promoters of multiple targeted genes involved in osteoclastogen-

esis, including tartrate‐resistant acid phosphatase (TRAP) and

cathepsin K (M. Asagiri & Takayanagi, 2007). Tumor cell‐derived
cytokines might regulate the expression of NFATc1 and c‐Fos in

osteoclast precursors in bone marrow microenvironment.

27‐Hydroxycholesterol (27‐HC) is the most prevalent circulat-

ing oxidized cholesterol and is particularly abundant in athero-

sclerotic plaques (Carpenter et al., 1995). 27‐HC can trigger the

secretion of tumor necrosis factor‐α (TNFα) and interleukin‐8
(IL‐8) from macrophages (S. M. Kim et al., 2013; Koarai et al.,

2012). TNF‐α has been identified as an effective inducer of

osteoclast differentiation (Courbon et al., 2017). IL‐8 can stimulate

osteoclastogenesis independent of the RANKL pathway (Bendre

et al., 2005). Thus, we hypothesized that 27‐HC could enhance

osteoclastogenesis in the coculture system of lung adenocarcino-

ma cells and macrophage. In the present study, we set out to

investigate the role of 27‐HC in osteoclast differentiation in lung

adenocarcinoma microenvironment.

2 | MATERIALS AND METHODS

2.1 | Materials

27‐HC was purchased from Yuanye Biological Technology (Shanghai,

China); a Leukocyte Acid Phosphatase Kit was purchased from Sigma

(St. Louis, MO); Dulbecco’s modified Eagle’s medium (DMEM) medium

and fetal bovine serum (FBS) were purchased from Invitrogen Life

Technologies (Grand Island, NY); anti‐NFATc1, anti‐c‐Fos, and anti‐β‐
actin were purchased from Abcam (Cambridge, MA); anti‐STAT3 and

anti‐pSTAT3 were purchased from Cell Signaling Technology (Beverly,

MA).The rabbit anti‐goat secondary antibody (BA1060) was purchased

from Boster. The goat anti‐rabbit secondary antibody (ZB‐2301) was

purchased from ZSGB‐Bio (Beijing, China).

2.2 | Cell culture

The lung adenocarcinoma cells A549 and NCI‐H1299 were cultured

in DMEM supplemented with 10% FBS, 100 IU/ml penicillin and

100mg/ml streptomycin at 37°C in a humidified atmosphere of 5%

CO2. THP‐1 cells were cultured in DMEM with 10% FBS, penicillin/

streptomycin, and 100 ng phorbol‐12‐myristate‐13‐acetate (PMA)

for 48 hr. To exclude the effect of PMA, THP‐1‐derived macrophages

were cultured in DMEM with 10% FBS for another 24 hr. In

Transwell chamber, THP‐1‐derived macrophages were grown in the

low chamber containing DMEM with 10% FBS and antibiotics in the

presence or absence of 27‐HC and A549, and NCL‐H1299 cells were

seeded into the upper chambers containing free‐serum DMEM. After

24 hr of culture, the supernatant was collected and passed through

0.2‐μM filter to use for conditioned media (CM). For osteoclast

differentiation, RAW264.7 cells were plated into 24‐well plate at a

density of 2 × 104, and were cultured in CM for 6 days. The media

were replaced by fresh CM daily.

2.3 | Tartrate‐resistant acid phosphatase staining

Cells were fixed with 4% paraformaldehyde and stained for TRAP

using a Leukocyte Acid Phosphatase Kit (Sigma). TRAP‐positive cells

containing three or more nuclei were considered as multinucleated

osteoclasts. The cell fusion index was calculated according to the

method previously described by us.

2.4 | Protein extraction and western blot analysis

The total protein was isolated using RIPA lysis buffer (Thermo

Fisher Scientific, Waltham, MA). The cytoplasmic protein and

nuclear protein were isolated according to the method previously

described (Ma et al., 2016). The protein concentration was

measured by the bicinchoninic acid method. Equal amounts of

proteins were subjected to sodium dodecyl sulfate polyacrylamide

gel electrophoresis, followed by electrotransfer to polyvinylidene

difluoride membranes. The membranes were blocked for 1 hr with

5% nonfat milk, and were then labelled with primary antibodies
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including anti‐β‐actin (1:2000), anti‐c‐Fos (1:1000), anti‐NFATc1

(1:500), anti‐STAT3 (1:2000), and anti‐pSTAT3 (Tyr705, 1:1000).

After washed using TBST, the membranes were incubated with

horseradish peroxidase‐conjugated secondary antibodies for 1 hr at

room temperature. The protein bands were visualized using the

enhanced chemiluminescence method.

2.5 | RNA extraction and northern blot analysis

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad,

CA). Northern blot analysis was performed as previously described.

Thirty micrograms of RNA was loaded onto a 15% urea–polyacryla-

mide gel, followed by electrotransfer to nylon membrane using Trans‐
blot cell (Bio‐Rad, Hercules, CA). The expression of miR‐139‐5p or U6

was detected using biotin‐labeled oligonucleotide probes (5′‐ACTCCAA
CAGGGCCGCGTCTCCA‐3′ for mmu‐miR‐139‐5p; 5′‐TATTCTTATAT
TTTCTGTGACAT‐3′ for U6).

2.6 | Quantitative reverse transcription
polymerase chain reaction

The complementary DNA (cDNA) was obtained by reverse transcription

using the RevertAid First Strand cDNA Synthesis Kit (Fermentas). The

cDNA was used as template to amplify c‐Fos with the specific primers

(forward, 5′‐TGTTCTCGGGTTTCAACG‐3′ and reverse, 5′‐TTATCCCT
TCGGCATCAC‐3′), and GADPH with the primers (forward, 5′‐GGATG
CTGCCCTTACCC‐3′ and reverse, 5′‐CCTCCCGCCCTGCTTAT‐3′). The
expression of miR‐139‐5p was measured using the TeqMan MicroRNA

assay Kit (ABI, Foster City, CA) in the LightCycler 480 system (Roche).

The small nuclear RNA U6 was used for a normalizing control. The

miR‐139‐5p expression was evaluated using the comparative cycle

threshold value. Each sample was performed in triplicate.

2.7 | Luciferase reporter assay

The sequence containing murine miR‐139 targeting site at position 537–

543 of c‐Fos 3′UTR were amplified using forward (5′‐TCCAATTA
GAAACGACCAA‐3′) and reverse (5′‐TCAGAACATTCAGACCACC‐3′)
primers. The PCR product was cloned into pMIR‐REPORT (Promega,

Madison). HEK293 cells were cotransfected with 200ng reporter vector,

30 nM wild‐type miR‐139 or mutant miR‐139 using Lipofectamine 3000,

and 5 ng pRL‐SV40 plasmid (Promega). After 24‐hr of incubation,

luciferase activities were measured using the Dual‐Luciferase Assay

(Promega) according to the manufacturer’s instructions.

2.8 | Gene transfection

Raw264.7 cells were seeded at a density of 2 × 104 cells/ml in 24‐well

microplates overnight. The cells were then transfected with small

interfering RNA against c‐Fos, miR‐139 or anti‐miR‐139 (Biosune,

Shanghai, China) using Lipofectamine 3000 (Invitrogen) for 6 hr.

After the media was replaced by fresh complete DMEM medium,

cells were cultured for 48 hr.

2.9 | Coimmunoprecipitation assay and chromatin
immunoprecipitation assay

Immunoprecipitation was performed as described previously (Zhang,

Lv, Xian, & Lin, 2017). In brief, cells were incubated for 30min in a cold

lysis buffer (20mM Tris [pH 7.5], 150mM NaCl, 1mM ethylenedia-

minetetraacetic acid, 1mM egtazic acid, 1% Triton X‐100, 2.5mM

sodium pyrophosphate, 1mM β‐glycerophosphate,1mM Na3VO4 and

phenylmethylsulfonyl fluoride, 1mg/ml leupeptin). The lysates were

obtained by centrifugation and incubated with indicated antibodies

and Protein G‐Sepharose (Invitrogen, Life Technologies, Carlsbad, CA)

at 4°C for 2 hr, and was analyzed by western blot.

Chromatin immunoprecipitation assay (ChIP) was performed as

described previously (Zhang et al., 2017). Briefly, treated cells were

cross‐linked using fresh 1% formaldehyde for 10min at room tempera-

ture. Unreacted formaldehyde was quenched using glycine. The cells

were harvested and resuspended in sodium dodecyl sulfate lysis buffer.

After centrifugation, the cell lysates were obtained and sonicated to

share DNA to 200–1,000 base pairs in length. Protein/DNA complexes

were precipitated using indicated antibodies or control immunoglobulin

G. After crosslinks were reversed using NaCl, free DNA was purified

using spin columns, and was subjected to PCR amplification using specific

primers (forward primer, 5′‐TCTCAGGTCCCAGACGCCAAAA‐3′ and

reverse primer, 5′‐GCAGCCTGGAAACTGCGCTTA‐3′ to identify the

binding site of pSTAT3 on c‐Fos promoter; forward primer, 5′‐GGGACGC
CCATGCAATCTGTTAGTA‐3′ and reverse primer, 5′‐GCTGAAGTCATTA
TGTAAAATCGCAGGCT‐3′ to identify the binding site of c‐Fos on

NFATc1 promoter; forward primer, 5′‐TAGACATAAGCTCATTCTGGAA
AT‐3′ and reverse primer, 5′‐GCTCAATCGGAGATGGGTAG‐3′ to

identify the binding site of pSTAT3 on Oscar promoter; forward primer,

5′‐TTTGTTGTTGTTGTTGTTTT‐3′ and reverse primer, 5′‐GTCATAGTTT
CATTGTCTTGG‐3′ to identify the binding site of NFATc1 on Oscar

promoter).

2.10 | Immunofluorescence

Cells were fixed with 4% paraformaldehyde for 10min, permeabi-

lized with 0.2% Triton X‐100 for 5 min, and blocked with 2% bovine

serum albumin for 1 hr at room temperature. After rinsing with PBST,

cells were labelled with anti‐NFATc1 (1:500) or anti‐pSTAT3 (1:100)

overnight at 4°C. Then, the cells were incubated with Texas Red‐
conjugated or fluorescein isothiocyanate‐conjugated secondary anti-

bodies for 1 hr, respectively. Cell images were captured using

confocal laser scanning microscopy (Leica, Wetzlar, Germany).

2.11 | Statistical analysis

Statistical analysis was performed using GraphPad Prism 5.0 (GraphPad

Software, San Diego, CA). All data are presented as mean± standard

deviation from at least three independent experiments. Student’s t test

was used to determine the difference between two groups. One‐way
analysis of variance was used to determine the difference among multiple

groups. p<0.05 was considered as statistical significance.
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3 | RESULTS

3.1 | CM from lung adenocarcinoma cells
cocultured with THP‐1‐derived macrophage inhibited
miR‐139 expression and promoted c‐Fos expression
in RAW264.7 cells

When they spread to bone tissues, tumor cells can stimulate

osteoblasts to secrete M‐CSF and RANKL for osteoclast differentia-

tion, which in turn accelerates tumor bone metastases (Thomas et al.,

1999). Given that macrophages play key roles in tumor metastases,

we speculated that the interaction between tumor cells and

macrophages affected osteoclast‐related genes expression during

osteoclast differentiation. In this study, we found that CM from A549

or H1299 cells cocultured with THP‐1‐derived macrophage inhibited

miR‐139 expression in osteoclast precursor RAW264.7 cells in a

time‐dependent manner (Figure 1 a). Exposure of RAW264.7 cells to

5 and 10 μM 27‐HC also reduced the miR‐139 level (Figure 1b).

Northern blot analysis confirmed that miR‐139 expression was

inhibited in RAW264.7 cells cultured in CM for 6 days (Figure 1c,d).

We further tested the effect of 27‐HC‐treated CM on the expression

of miR‐139. The results showed that miR‐139 expression was lower

in RAW264.7 cultured in CM containing 5 μM 27‐HC for 6 days

compared with CM group (Figure 1c,d). Further investigation showed

that exposure of RAW264.7 cells to CM promoted the expression of

c‐Fos, which was enhanced by 27‐HC (Figure 1e,f). The results

indicated that 27‐HC enlarged the inhibitory effect of CM on miR‐
139 expression and the stimulating effect of CM on c‐Fos expression.

3.2 | c‐Fos was identified as a direct target of
miR‐139

We further explored the relation between miR‐139 and c‐Fos. As
shown in Figure 2a, one putative recognition site for murine miR‐
139 was found in the 3′UTR of c‐Fos by TargetScan (http://www.

targetscan.org/). The sequence containing this site were cloned into

the luciferase reporter vector to construct a plasmid carrying c‐Fos
3′UTR (pMIR‐c‐Fos). 293 T cells were cotransfected with pMIR‐c‐
Fos and miR‐139‐WT (wild‐type) or miR‐139‐MT (mutant type). The

results showed that miR‐139‐WT notably reduced luciferase

activities whereas miR‐139‐MT slight increased luciferase activities

(Figure 2b). Further investigation demonstrated that miR‐139
overexpression not only inhibited the protein expression and

phosphorylation of c‐Fos, but also reduced the messenger RNA

(mRNA) expression of c‐Fos (Figure 2c,d). In contrast, anti‐miR‐139
overexpression promoted the protein and mRNA expression of c‐
Fos, but did not significantly affect the phosphorylation of c‐Fos
(Figure 2c,d). These results suggested that c‐Fos was a direct target

of miR‐139.

F IGURE 1 27‐HC enhanced the effect of conditioned media (CM) on expression of miR‐139‐5p and c‐Fos. The RAW264.7 cells were
cultured in the CM from coculture system of A549 or H1299 cells and THP‐1‐derived macrophages for 6 days. To determine the effect of
27‐hydroxycholesterol (27‐HC), the RAW264.7 cells were treated with different concentration of 27‐HC for 6 days. (a) The time curve of miR‐
139 expression in RAW264.7 cells treated with CM. (b) The effect of 27‐HC on miR‐139 expression in RAW264.7 cells. (c) The RAW264.7 cells
were cultured in CM in the presence or absence of 5 μM 27‐HC for 6 days. The expression of miR‐139‐5p was determined by northern blot
analysis. (d) The RAW264.7 cells were cultured in CM in the presence or absence of 5 μM 27‐HC for 6 days. RT‐PCR was used to determine

miR‐139‐5p expression. (e) The RAW264.7 cells were cultured in CM in the presence or absence of 5 μM 27‐HC for 6 days. The expression and
phosphorylation of c‐Fos was measured by western blot analysis. (f) The RAW264.7 cells were cultured in CM in the presence or absence of
5 μM 27‐HC for 6 days. RT‐PCR was used to determine the mRNA expression of c‐Fos. Data represent means ± SD of at least three independent

experiments. *p < 0.05; ** p < 0.01; *** p < 0.001. 27‐HC: 27‐hydroxycholesterol; mRNA: messenger RNA; RT‐PCR: reverse transcription
polymerase chain reaction; SD: standard deviation [Color figure can be viewed at wileyonlinelibrary.com]
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3.3 | miR‐139 reversed CM‐induced the expression
and nuclear translocation of NFATc1,
phosphorylation of STAT3 and interaction between
phosphorylated STAT3 and NFATc1

To explore the mechanism of how miR‐139 regulated osteoclast

differentiation, we tested the effect of miR‐139 on the expression of

NFATc1. Our results showed that CM from the coculture system of

A549 or H1299 cells and THP‐1‐derived macrophages‐induced
NFATc1 expression in RAW264.7 cells, which was enhanced by

27‐HC (Figure 3a). Overexpression of miR‐139 inhibited‐NFATc1

expression induced by CM despite the presence of 27‐HC (Figure 3a).

Meanwhile, 27‐HC enhanced CM‐induced phosphorylation of STAT3,

which was significantly inhibited by miR‐139 overexpression

(Figure 3b). 27‐HC treatment increased the nuclear NFATc1 and

reduced the cytoplasmic NFATc1, suggesting that 27‐HC‐induced
nuclear translocation of NTATc1, which was blocked by miR‐139
(Figure 3c). Immunofluorescence staining showed that 27‐HC aug-

mented CM‐induced nuclear translocation of NFATc1 and phosphor-

ylation of STAT3 (Figure 3d). Coimmunoprecipitation assay

demonstrated that 27‐HC treatment increased the interaction

between phosphorylated STAT3 (pSTAT3) and NFATc1, which was

attenuated by miR‐139 (Figure 3e). These results indicated that miR‐
139 inhibited CM induced the expression and nuclear translocation of

NFATc1, phosphorylation of STAT3 and interaction between pSTAT3

and NFATc1, regardless of the presence of 27‐HC. To determine the

transcriptional regulation among STAT3, NFATc1, and c‐Fos ChIP

assay was performed. The results showed that exposure of RAW264.7

cells to CM induced the recruitment of pSTAT3 to the promoter of

c‐Fos, which was strengthened by 27‐HC (Figure 3f). 27‐HC also

enhanced CM induced the binding of c‐Fos to the promoter of NFATc1

(Figure 3f). In addition, 27‐HC promoted the recruitment of pSTAT3

and NFATc1 to the promoter of Oscar (Figure 3f). These results

suggested that pSTAT3 directly regulated the transcription of c‐Fos, c‐
Fos mediated the transcription of NFATc1, and then pSTAT3

cooperated withNFATc1 to control the transcription of Oscar.

3.4 | Knockdown of c‐Fos inhibited CM‐induced
osteoclast differentiation

To verify the role of c‐Fos in molecular regulation during osteoclast

differentiation, knockdown of c‐Fos was performed. RAW264.7 cells

and c‐Fos‐depleting cells were cultured in CM containing 27‐HC for

48 hr. As shown in Figure 4a, in RAW264.7 cells, the expression of

pSTAT3 reached the peak at 12 hr and returned to baseline at 48 hr.

The expression and phosphorylation of c‐Fos were induced to the

maximum level at 12 hr, and was then gradually reduced at 24 and

48 hr. The expression of NFATc1 and Oscar were progressively

increased within 48 hr. These results suggested that exposure of

RAW264.7 cells to CM with 27‐HC first induced phosphorylation of

STAT3, and next pSTAT3 positively regulated c‐Fos expression, and then

c‐Fos promoted NFATc1 expression, and finally NFATc1 cooperated

with pSTAT3 to regulate Oscar expression, which was consistent with

the results of ChIP assay (Figure 3f). Contrastingly, c‐Fos‐knockdown
blocked the expression of pSTAT3, NFATc1 and Oscar (Figure 4a).

Inhibition of c‐Fos also blocked the interaction between pSTAT3 and

NFATc1 (Figure 4b), which was similar to the effect of miR‐139 (Figure

3e). Following the above findings, we tested the roles of miR‐139 and c‐
Fos in osteoclast differentiation from RAW264.7 cells cultured in CM

containing 27‐HC for 6 days. The results showed that exposure of

RAW264.7 cells to CM with 27‐HC‐induced dose‐dependent osteoclast

F IGURE 2 c‐Fos was a direct target of miR‐139. (a) The putative miR‐139 targeted site in the 3′UTR region of c‐Fos. (b) HEK293 cells were

transfected with wild‐type miR‐139 (miR‐139 WT) or mutant miR‐139 (miR‐139 MT) and c‐Fos‐3′UTR. The luciferase activities were measured
by the Dual‐Luciferase Assay; *p < 0.05. (c) The RAW264.7 cells were transfected with miR‐139 or anti‐miR‐139. Western blot analysis was
used to determine the protein expression and phosphorylation of c‐Fos; *p < 0.05. (d) RT‐PCR was used to determine the mRNA expression of

c‐Fos; *p < 0.05, **p < 0.01. mRNA: messenger RNA; NC: negative control; RT‐PCR: reverse transcription polymerase chain reaction
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differentiation whereas both miR‐139 overexpression and c‐Fos knock-
down significantly reduced CM‐induced osteoclast differentiation

despite presence of 27‐HC (Figure 4c).

4 | DISCUSSION

The present study provides evidence to support the role of 27‐HC on

osteoclastogenesis in lung adenocarcinoma microenvironment. Pre-

vious studies have suggested that lung adenocarcinoma A549 cells

can induce RANKL‐independent osteoclast differentiation through

secretion of IL‐8 (Bendre et al., 2005). CM from breast cancer can

also promote osteoclast differentiation by regulating microRNA

expression (Ell et al., 2013). Considering that macrophages are

recruited into tumor microenvironment during lung adenocarcinoma

bone metastases (Lavin et al., 2017), we first investigated the effect

of CM from coculture system of lung adenocarcinoma cells and THP‐
1‐derived macrophages on osteoclast differentiation from RAW264.7

cells. After exposure of RAW264.7 cells to CM, the expression of

miR‐139 was inhibited and c‐Fos expression was increased, which

was enhanced by 27‐HC treatment. Our previous result indicates

that miR‐139 overexpression impairs RANKL‐induced osteoclast

differentiation (Zhang et al., 2017), suggesting that CM might

facilitate osteoclast differentiation from RAW264.7. As expected,

F IGURE 3 miR‐139 suppressed CM induced the expression and nuclear translocation of NFATc1 and phosphorylation of STAT3. The RAW264.7
cells were transfected with negative control (NC) or miR‐139, and were cultured in CM in the presence or absence of 27‐HC. (a) miR‐139 inhibited
CM‐induced NFATc1 despite the presence of 27‐HC. *p < 0.05 versus CM group; **p <0.01 versus CM group; ***p <0.001 versus CM group;
###p <0.001 versus the corresponding NC group. (b) miR‐139 suppressed CM‐induced phosphorylation of STAT3 despite the presence of 27‐HC.
**p <0.01 versus CM group; ***p < 0.001 versus CM group; ###p <0.001 versus the corresponding NC group. (c) miR‐139 suppressed CM‐induced
nuclear translocation of NFATc1 despite the presence of 27‐HC. ***p < 0.001 versus CM group. (d) The expression of NFATc1 and pSTAT3 were

determined by immunofluorescence staining. (e) miR‐139 blocked CM induced the interaction between NFATc1 and phosphorylated STAT3. *p <0.05
versus CM group; **p <0.01 versus CM group; ***p < 0.001 versus CM group; ###p <0.001 versus the corresponding NC group. (e) The binding
capacity of pSTAT3 the promoters of c‐Fos and Oscar, the binding capacity of c‐Fos to the promoter of NFATc1 and the binding capacity of NFATc1

to the promoter of Oscar were determined by ChIP assay, respectively. 27‐HC: 27‐hydroxycholesterol; CM: conditioned media; GAPDH:
glyceraldehyde 3‐phosphate dehydrogenase; IgG: immunoglobulin G [Color figure can be viewed at wileyonlinelibrary.com]
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CM promoted osteoclast differentiation, especially in the presence of

27‐HC. These results suggested that cytokines from CM could induce

osteoclast differentiation, which was enlarged by 27‐HC. 27‐HC has

been found to stimulate the release of several cytokines, such as

TNF‐α, CCL2 and IL‐8 (S. M. Kim et al., 2013; Koarai et al., 2012;

Lavin et al., 2017), among of which TNF‐α and IL‐8 have been

demonstrated as stimulator of osteoclastogenesis (Bendre et al.,

2005; Courbon et al., 2017). Thus, it was likely that 27‐HC enhanced

the secretion of these soluble factors to promote osteoclast

differentiation via inhibition of miR‐139.

The transcription factor c‐Fos plays an important role in

osteoclast differentiation. Mice lacking c‐Fos gene develops into

a severe osteopetrosis phenotype due to the impaired osteoclast

differentiation (Johnson, Spiegelman, & Papaioannou, 1992).

Furthermore, c‐Fos regulates RANKL‐induced NFATc1 expression

that is a master control of osteoclast differentiation (M. Asagiri &

Takayanagi, 2007). In this study, we found that c‐Fos is a direct

target of miR‐139. It has been confirmed that miR‐139 is

implicated in hepatocellular carcinoma metastasis and inflamma-

tory response by suppressing c‐Fos expression (Fan et al., 2013;

F IGURE 4 Knockdown of c‐Fos inhibited‐osteoclast differentiation. The RAW264.7 cells were transfected with negative control (NC) or
siRNA against c‐Fos, and were cultured for 2 days in CM containing 5 μM 27‐HC. (a) The expression of pSTAT3, p‐c‐Fos, c‐Fos, and NFATc1

were determined by western blot analysis. (b) The interaction between pSTAT3 and NFATc1 was determined by coimmunoprecipitation assay.
(c) The RAW264.7 cells were transfected with NC, miR‐139 or siRNA against c‐Fos, and were cultured for 6 days in CM with or without the
indicated concentration of 27‐HC. Osteoclasts differentiation was measured by TRAP staining. Results are representative of at least three
independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.001 versus the corresponding si‐Ctrl group; ##p < 0.01 versus the

corresponding si‐Ctrl group. 27‐HC: 27‐hydroxycholesterol; CM: conditioned media; GAPDH: glyceraldehyde 3‐phosphate dehydrogenase;
siRNA: small interfering RNA; TRAP: tartrate‐resistant acid phosphatase [Color figure can be viewed at wileyonlinelibrary.com]
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Katsumi et al., 2016). Thus, it was reasonable that CM could

increase c‐Fos expression in RAW264.7 cells by inhibiting miR‐139
expression.

We next tested the effect of CM in the absence or presence of 27‐
HC on NFATc1 expression. The results showed that exposure of

RAW264.7 cells to CM promoted‐NFATc1 expression, which was

enhanced by 27‐HC treatment. However, overexpression of miR‐139
attenuated CM‐induced NFATc1 expression despite in the presence of

27‐HC. CM containing 27‐HC also promoted the phosphorylation of

STAT3, which was restrained by miR‐139 overexpression. Over-

expression of miR‐139 blocked 27‐HC‐induced nuclear translocation

of NFATc1. Overexpression of miR‐139 has been demonstrated to

inhibit the activity of calcineurin that activates the nuclear transloca-

tion of NFATc1 (M. Asagiri et al., 2005; Huang et al., 2010; Karieb &

Fox, 2011; Xu et al., 2018), which might explain the inhibitory effect of

miR‐139 on the nuclear translocation of NFATc1. In addition, CM

promoted the interaction between phosphorylated STAT3 and ‐
NFATc1, which was enhanced by 27‐HC. Overexpression of miR‐139
significantly interfered with the communication between phosphory-

lated STAT3 and NFATc1, regardless of the presence of 27‐HC, which

should attribute to the suppressive effect of miR‐139 on c‐Fos
expression. Knockdown of c‐Fos similarly suppressed CM‐induced
STAT3 phosphorylation and NFATc1 expression despite the presence

of 27‐HC. NFATc1 acts as a master transcription factor that directly

regulates the expression of osteoclast‐related genes, such as Oscar.

Our results suggested that both NFATc1 and pSTAT3 positively

regulated Oscar expression. Mice deficient in c‐Fos gene lost the

ability of osteoclastogenesis, resulting in osteopetrosis (Johnson et al.,

1992). However, ectopic expression of NFATc1 in c‐Fos‐deficient cells
regained the capacity of osteoclast formation (Asagiri et al., 2005). Our

results showed that CM‐induced c‐Fos expression before NFATc1

expression, and c‐Fos could bind to the promoter of NFATc1,

suggesting that NFATc1 is a downstream gene of c‐Fos. Previous
findings have revealed that overexpression of c‐Fos can initiate

RANKL‐independent osteoclast differentiation (Jules et al., 2018).

These results indicated that c‐Fos upregulation induces osteoclast

differentiation by directly increasing NFATc1 expression.

5 | CONCLUSION

In summary, 27‐HC stimulated the secretion of some soluble factors

from the CM of lung adenocarcinoma cells cocultured with THP‐1‐
derived macrophages. CM promoted c‐Fos expression in RAW264.7

cells by inhibiting miR‐139 expression, which was enhanced by 27‐HC.
CM induced c‐Fos‐induced NFATc1 expression and STAT3 phosphor-

ylation. 27‐HC treatment further increased NFATc1 expression and

STAT3 phosphorylation, which was blocked by miR‐139 overexpres-

sion. Moreover, 27‐HC facilitated nuclear translocation of NFATc1 and

interaction between NFATc1 and phosphorylated STAT3, which was

also suppressed by miR‐139. C‐Fos silencing mimicked the function of

miR‐139. These results suggested that 27‐HC enhanced CM‐induced
osteoclastogenesis by regulating the miR‐139/c‐Fos pathway.
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