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Abstract 

Lung cancer stands as a major contributor to cancer-related fatalities globally, with cigarette smoke 
playing a pivotal role in its development and metastasis. Cigarette smoke is also recognized as a risk factor 
for bone loss disorders like osteoporosis. However, the association between cigarette smoke and 
another bone loss disorder, lung cancer osteolytic bone metastasis, remains largely uncertain. Our Gene 
Set Enrichment Analysis (GSEA) indicated that smokers among lung cancer patients exhibited higher 
expression levels of bone turnover gene sets. Both The Cancer Genome Atlas (TCGA) database and our 
clinic samples demonstrated elevated expression of the osteolytic factor IL-6 in ever-smokers with bone 
metastasis among lung cancer patients. Our cellular experiments revealed that benzo[α]pyrene (B[α]P) 
and cigarette smoke extract (CSE) promoted IL-6 production and cell migration in lung cancer. Activation 
of the PI3K, Akt, and NF-κB signaling pathways was involved in cigarette smoke-augmented 
IL-6-dependent migration. Additionally, cigarette smoke lung cancer-secreted IL-6 promoted osteoclast 
formation. Importantly, blocking IL-6 abolished cigarette smoke-facilitated lung cancer osteolytic bone 
metastasis in vivo. Our findings provide evidence that cigarette smoke is a risk factor for osteolytic bone 
metastasis. Thus, inhibiting IL-6 may be a valuable therapeutic strategy for managing osteolytic bone 
metastasis in lung cancer patients who smoke. 
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Introduction 
Annually, around 2 million cases and 1.8 million 

fatalities of lung cancer are reported, resulting it the 
most general cause of cancer-related mortality 
worldwide [1, 2]. Various risk factors, including 
smoking, radiation, air pollution, and heredity, 
participate to the development of lung cancer [3, 4]. 
Cigarette smoke contains over 7,000 chemical 
components, such as nicotine, nitrosamines, and 
benzene, making it the primary risk factor for lung 

cancer [5]. Compared to non-smokers, lifetime 
smokers face an average 20-fold higher risk of 
developing lung cancer [1, 6]. Crucially, individuals 
with lung cancer who continue to smoke experience 
lower overall survival and quality of life, increased 
likelihood of recurrence, and reduced efficacy from 
therapies such as chemotherapy [7]. 

Metastasis is the term used to describe the 
development of secondary tumors that migrate 
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through the lymphatic or circulatory systems and 
form farther away from the original cancer location 
[8]. Metastasis is responsible for around 90% of 
cancer-related fatalities [9]. Between 30% and 40% of 
patients with advanced lung cancer will progress to 
bone metastases; the majority of these are osteolytic, 
which can lead to pathological fractures and poor 
clinical outcomes [10, 11]. Interleukin (IL) and 
receptor activator of nuclear factor-kappa B ligand 
(RANKL), two osteolytic proteins secreted by 
metastatic bone cancer cells, promote osteoclast bone 
resorption and facilitate the secretion of immobilized 
growth factors from the bone matrix [12]. Interaction 
between osteoclasts and cancer cells induces an 
aggressive tumor phenotype with the potential for 
metastatic dissemination and bone degradation [13]. 
Treatments for bone metastases, such as denosumab 
and bisphosphonates, are based on interrupting 
osteoclastic resorption [14, 15]. Although these 
medications significantly decrease the quantity of 
osteoclasts and the degree of bone resorption, their 
side effects are extremely concerning [16]. 

Cigarette smoking is a major risk factor for lung 
cancer and plays a key role in lung cancer 
progression, metastasis and survival [17]. While 
cigarette smoking has been confirmed to be 
deleterious to bone remodeling by adversely affecting 
osteoclast and osteoblast functions [18, 19], the 
association between cigarette smoking and lung 
cancer with bone metastasis has never been 
thoroughly discussed. Our investigation of records 
from the Gene Expression Omnibus (GEO) database 
exhibited upregulated bone remodeling, bone 
resorption and bone formation genes in lung cancer 
patients who were cigarette smokers compared with 
nonsmokers. In both in vitro and in vivo data, we 
demonstrated that long-term exposure to cigarette 
smoke extract (CSE) and its carcinogen polycyclic 
aromatic hydrocarbon benzo[α]pyrene (B[α]P) 
elevates IL-6 generation from lung cancer cells 
through the PI3K, Akt, and NF-κB signaling pathway, 
subsequently enhancing lung cancer migration and 
metastasis. We noted that high levels of IL-6 in lung 
cancer cells exposed to CSE and B[α]P stimulated IL-6, 
promoting osteoclastogenesis. Our results emphasize 
the value of further examinations into strategies that 
block IL-6 to abolish lung cancer migration and 
osteolytic bone metastasis in smokers with lung 
cancer. 

Materials and methods 
Materials  

IL-6 antibody was purchased form R&D Systems 
(MA, USA). p85, Akt and p65 antibodies were 
purchased from Santa Cruz Biotechnology (CA, USA). 

Antibodies against the phosphorylated forms of p85, 
Akt and p65 as well as integrin β3, MMP9, CTSK and 
DC-STAMP were obtained from Cell Signaling 
Technology (Danvers, MA, USA). All ON- 
TARGETplus siRNAs were sourced from Dharmacon 
(Lafayette, CO, USA). All other chemical reagents not 
already mentioned were obtained from Sigma- 
Aldrich (St. Louis, MO, USA).  

Cell culture 
Human A549 cells line was purchased from 

American Type Culture Collection (Manassas, VA, 
USA); the murine RAW 264.7 cell line was obtained 
from the Bioresource Collection and Research Center 
(Hsinchu, Taiwan). Human A549 cells were exposed 
to 1% CSE or 1 μΜ B[α]P for 30 weeks (A549CSE and 
A549B[α]P) was generated according our previous 
publications [20, 21]. The A549CSE-Luc and 
A549B[α]P-Luc luciferase-expressing cell lines, which 
contain the firefly luciferase gene, were established 
according to our previous report [20]. The luciferase 
activities were detected using a luciferase assay 
(Supplementary Fig. S1). To clone IL-6 knockdown 
A549CSE-Luc and A549B[α]P-Luc cells, a lentiviral vector 
capable of expressing IL-6-specific shRNA was 
obtained from the National RNAi Core (Taipei, 
Taiwan). Cells were seeded in a 6-well dish and the 
lentivirus was applied to the medium (multiplicity of 
infection = 10). After 24 h, the culture medium was 
changed and then at 48 h, 2 μg/mL of puromycin was 
applied to select for IL-6 shRNA-expressing cells. 
Cells were cultured in RPMI 1640 medium (Gibco, 
USA) supplemented with 10% fetal bovine serum 
(FBS; Gibco, Grand Island, NY, USA), penicillin- 
streptomycin (Gibco, Grand Island, NY, USA), and 
incubated at 37°C in a humidified environment 
containing 5% CO2. 

Analyses of databases 
GEO dataset (GSE31210) involving 123 

ever-smokers and 123 never-smokers was analyzed 
for IL-6 gene expression in the lung cancer tissues. 
Gene set enrichment analysis (GSEA) software was 
analyzed the bone remodeling gene expression when 
lung cancer cells are subjected to cigarette smoke. 
Associations between levels of IL-6 and RANKL 
protein expression and survival prognoses of lung 
cancers smoker were examined in records 
downloaded from the Kaplan-Meier database. 
Records from The Cancer Genome Atlas (TCGA) 
database were analyzed for levels of IL-6 expression 
in never-smokers and ever-smokers in lung cancer 
patients. 

Ingenuity Pathway Analysis (IPA) 
A list of differentially expressed human lung 
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cancer patient genes from the GEO database 
(GSE31210), including gene names and associated 
expression levels, was imported into the IPA program 
(Qiagen). The differentially expressed data, 
comprising biological processes, signaling pathways, 
regulation transcriptional factors, and gene networks, 
were analyzed using the software's "core analysis" 
tool [22]. 

Western blot  
Cells were subjected to lysis using 100 μl of RIPA 

lysis buffer supplemented with a protease inhibitor 
cocktail (Roche, Indianapolis, IN, USA). The 
subsequent retrieval of supernatants was carried out 
as part of a western blot analysis, with comprehensive 
methods outlined in our prior research publications 
[23, 24]. 

mRNA expression analysis  
Total RNA was isolated from lung cancer cells 

using TRIzol reagent (MDBio Inc., Taipei, Taiwan). 
Subsequently, we conducted reverse transcription of 2 
μg of total RNA to generate complementary DNA 
(cDNA) using the M-MLV RT kit, following the 
respective manufacturer's protocols. For qPCR assays, 
we employed the StepOnePlus™ Real-Time PCR 
System (Applied Biosystems) [25-27]. 

Enzyme-linked immunosorbent assay (ELISA) 
In order to analysis the production of IL-6, we 

quantified their expression levels in cell culture 
medium using ELISA kits (R&D Systems, MA, USA) 
designed for IL-6 [24, 28, 29]. 

Migration assay 
Cell migration assays were performed using 

Track Etched Membrane (8 μm pore size; GVS North 
America Sanford, ME, USA). Lung cancer cells (1 × 
104) were applied with pharmacological inhibitors or 
genetic siRNA then seeded into the upper chamber. 
After 18 h, migratory cells were stained with crystal 
violet and manually counted under a microscope. 

Osteoclast differentiation 
RAW 264.7 cells (2000 cells) were cultured 

incubated with lung cancer condition medium (CM). 
Tartrate-resistant acid phosphatase (TRAP)-positive 
multinucleated (N3 nuclei) cells that were identified 
by the TRAP kit were classified as mature osteoclasts 
after 7 days [30]. 

Luciferase activity 
Lung cancer cells were transfected with NF-κB 

luciferase plasmid (Stratagene; MO, USA) using 
Lipofectamine 2000 (Invitrogen; Carlsbad, CA, USA) 
then applied with pharmacological inhibitors or 

genetic siRNA for 24 hrs. Luciferase activity was 
calculated using the dual luciferase assay system 
according the manufacturer's procedures [31].  

Osteolytic bone metastasis animal model  
Lung cancers (1 × 106) were injected into the 

caudal artery in the tail of six-week-old male nude 
mice purchased from BioLASCO Taiwan Co., Ltd. 
(Taipei, Taiwan). After 8 weeks, the IVIS® Spectrum 
imaging system was used to determine the in vivo 
tumor mass. All mice were humanely sacrificed and 
tumor-induced bone erosion was evaluated by X-ray. 
The specimens counterstained with H&E and 
observed under a light microscope for histological 
changes. The animal study was approved by the 
Institutional Animal Care and Use Committee of 
China Medical University (Approval No.: 
CMUIACUC-2022–237). 

Immunohistochemistry (IHC) staining  
The tumor specimens from lung cancer patients 

were granted approval by the Ethics Review Board of 
Asia University Hospital (No. CMUH111-REC3-094). 
Patients provided informed written consent. The 
sections underwent deparaffinization with xylene 
followed by rehydration using ethanol. Subsequently, 
they were subjected to overnight incubation at 4°C 
with specific primary antibodies, following a 
previously established protocols [27, 32, 33]. Two 
independent observers, who were blinded to the 
histopathological data, scored the IHC staining 
intensity. 

Statistical analysis 
All quantified outcomes are based on a 

minimum of three experiments and are expressed as 
the mean value along with the standard deviation 
(SD). Statistical analyses were carried out using 
GraphPad Prism 8.0 (GraphPad Software, La Jolla, 
CA, USA). Significance was determined when the 
p-value was less than 0.05. 

Results  
The expression of IL-6 is associated with bone 
metastases from lung cancer in smokers 

Cigarette smoking, known to cause aberrant 
regulation of different signaling transduction 
mechanisms, is associated with genetic abnormalities 
and tumor advancement [34]. Little information 
currently exists on the relationship between cigarette 
smoking in lung cancer patients and bone turnover 
and bone metastasis. Applying GSEA to the BioCarta 
records in the GEO database exhibited that smokers 
among lung cancer patients had higher expression 
levels of three bone turnover gene sets, including 
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bone remodeling, bone resorption, and bone 
formation (Fig. 1A). IL-6 and RANKL, two essential 
components of bone resorption and metastasis [12], 
showed increased expression levels in ever-smokers 
according to Kaplan-Meier analysis, correlating with 
proportionately reduced overall survival probabilities 
(Fig. 1B). In our established long-term exposure 
model to 1% CSE or 1μM B[α]P, IL-6 and RANKL 
mRNA and protein expression significantly increased 
in A549B[α]P and A549CSE cells compared with parental 
cells, with IL-6 showing greater upregulation than 
RANKL (Fig. 1C; Supplementary Fig. S2). Analysis of 
TCGA database results revealed elevated expression 
of IL-6 in ever-smokers with metastasis in lung 
adenocarcinoma (LUAD) and lung squamous 
carcinoma (LUSC) patients (Fig. 1D). Our clinical 
samples also confirmed higher IL-6 expression in lung 
cancer patients with bone metastasis compared to 
those without bone metastasis (Fig. 1E). Thus, IL-6 
levels are linked with lung cancer bone metastasis in 
smoker. 

The PI3K, Akt and NF-κB signaling pathways 
are mediated in cigarette smoke-enhanced 
IL-6-dependet cell migration 

Next, we directly examined the functions of 
cigarette smoke on lung cancer motility. The A549B[α]P 
and A549CSE cells exhibited significantly higher 
migration abilities than parental cells and correlated 
with IL-6 concentration (Fig. 2A). Transfection of 
A549B[α]P and A549CSE cells with IL-6 shRNA reduced 

IL-6 production and cell migration (Fig. 2B-D). These 
results indicate that cigarette smoke promotes 
IL-6-dependent cell migration in human lung cancer. 
To investigate the mechanisms underlying cigarette 
smoke in lung cancer by analyzing molecular 
cascades in the GSE31210 database records using IPA, 
we found that the PI3K, Akt, and NF-κB mechanisms 
were related to the top signaling cascade, namely, the 
acute phase response signaling [35] (Fig. 3A&B). In 
our experiments, A549B[α]P and A549CSE cells enhanced 
the phosphorylation of p85 and Akt (Fig. 3C). 
Applying A549B[α]P and A549CSE cells with PI3K 
inhibitor (wortmannin) and an Akt inhibitor (Akti), or 
transfecting them with p85 and Akt siRNAs, blocked 
cigarette smoke-facilitated induction in IL-6 
expression and cell migration (Fig. 3D-I; 
Supplementary Fig. S3). 

We then investigated whether NF-κB regulates 
cigarette smoke-facilitated cell migration in lung 
cancer. We observed that the A549B[α]P and A549CSE 
cells exhibited up-regulated phosphorylation of p65 
and translocation of p65 into the nucleus (Fig. 
4A&J&K). Treatment of cells with the NF-κB inhibitor 
(PDTC) abolished cigarette smoke-enhanced IL-6 
synthesis and cell migration (Fig. 4B-G; 
Supplementary Fig. S4). Additionally, transfection 
with p65 siRNA produced similar effects (Fig. 4B-G; 
Supplementary Fig. S4). Furthermore, A549B[α]P and 
A549CSE cells enhanced the luciferase activity of 
NF-κB (Fig. 4H&I). Moreover, both PI3K and Akt 
inhibitors antagonized cigarette smoke-promoted 

 

 
Figure 1. Association of IL-6 levels with bone metastases from lung cancer in smokers. (A) GSEA-based pathway analysis included bone remodeling, bone 
resorption, and bone formation gene sets linked with lung cancer in smokers and nonsmokers obtained from the BioCarta database. (B) Kaplan-Meier analysis determined levels 
of IL-6 (low expression n=215, high expression n=605) and RANKL (low expression n=310, high expression n=510) and overall survival rates of patients with lung cancer. (C) 
The IL-6 mRNA expression in indicated lung cancer cells was examined by qPCR. (D) The GEO and TCGA database revealed IL-6 expression in never-smoker and ever-smoker 
lung cancer samples, as well as in LUAD and LUSC tissue samples. (E) IHC staining of IL-6 in lung cancer patients with or without bone metastasis (n=7 in each group). *p < 0.05 
versus the parental group. 
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NF-κB luciferase activity (Fig. 4H&I). IL-6 promoter 
constructs containing mutation at the NF-κB site were 
used to confirm whether NF-κB directly influenced 
the transcriptional activity of IL-6. Indeed, the 
enhanced IL-6 promoter activity in A549B[α]P and 
A549CSE cells was abolished by mutation in the NF-κB 
binding site (Supplementary Fig. S5), indicating that 
NF-κB transcriptional activity is crucial in cigarette 
smoke-induced IL-6 synthesis and cell migration 
through the PI3K and Akt pathways. 

Cigarette smoke lung cancer-secreted IL-6 
promotes osteoclastogenesis 

When lung cancer spreads to the bone, it often 
leads to pain and fractures due to bone destruction 
[36]. We investigated whether cigarette smoke 
exacerbates bone erosion caused by lung cancer. 
Compared with parental cells, A549B[α]P and A549CSE 
cell-conditioned media (CM) markedly induced 
osteoclast formation from RAW264.7 cells, as assessed 
by counting TRAP-positive cells and measuring the 
osteoclast area (RANKL-induced osteoclast formation 
was used as a positive control) (Fig. 5A-C). qPCR and 
Western blot analysis of osteoclast markers, including 
integrin β3, MMP9, CTSK, and DC-STAMP, also 
revealed a similar phenomenon (Fig. 5D&E). 

Interestingly, treatment with an IL-6 antibody (1 
µg/ml) in CM significantly abolished A549B[α]P and 
A549CSE cells-CM-induced promotion of 
osteoclastogenesis (Fig. 5A-C). The osteoclastogenesis 
from primary human monocytes has similar results 
(Supplementary Fig. S6). Therefore, IL-6 plays a key 
role in cigarette smoke lung cancer-induced osteoclast 
formation. 

Blocking IL-6 abolishes cigarette smoke- 
induced lung cancer osteolytic bone metastasis 

Next, we injected lung cancer cells into the 
caudal arteries of nude mice to investigate lung cancer 
osteolytic bone metastasis in vivo. After an 8-week 
injection, there were no variations in body weights 
between the groups (Fig. 6C). However, compared 
with parental cells, A549B[α]P and A549CSE cells 
significantly metastasized to bone (Fig. 6A&B). 
Conversely, knockdown of IL-6 reduced B[α]P and 
CSE-facilitated metastasis to bone, as observed 
through in vivo bioluminescence imaging (Fig. 6A&B). 
X-ray findings exhibited inhibited tumor growth and 
bone erosion in mice bearing knockdown IL-6 tumors 
(Fig. 7A-C). H&E staining demonstrated the osteolytic 
nature of the bone lesions formed by A549B[α]P and 
A549CSE cells and their inhibition by stable 

 

 
Figure 2. Cigarette smoke promotes IL-6-dependent lung cancer migration. (A) The cell migration ability in indicated cells was examined. (B-D) Lung cancer cells 
were transfected with IL-6 shRNA, and IL-6 expression and cell migration were examined by ELISA, qPCR and migration assay. *p < 0.05 versus the parental group; #p < 0.05 
versus the control-shRNA group. 
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knockdown of IL-6 cells (Fig. 7D). IHC staining of 
tumor tissue and qPCR of blood mice levels of IL-6 
were markedly inhibited in stable knockdown IL-6 
cells (Fig. 7D-F). The loss of IL-6 expression was 
linked to significantly lower levels of TRAP-positive 
osteoclasts (Fig. 7G&H), consistent with our findings 
that cigarette smoke regulates osteoclast development 
through IL-6-dependent pathways. 

Discussion  
Compared to nonsmokers, patients with lung 

cancer who smoke experience worse survival rates 
and more tumor recurrences [27]. Cigarette smoke 
influences the growth, migration, invasion, and 
medication resistance of lung cancer [28]. Attenuation 

of bone homeostasis, enhanced bone resorption, and 
decreased bone formation are associated with 
metastatic bone disease [45]. However, the 
relationship between cigarette smoke and osteolytic 
bone metastasis in lung cancer is still unknown. Our 
results suggest that cigarette smoke enhances the 
PI3K/Akt-activating NF-κB signaling pathways to 
facilitate IL-6 synthesis and cell motility in lung 
cancer cells. The IL-6 secretion from metastatic lung 
cancer promotes osteoclast formation, resulting in 
osteolytic bone metastasis. We also found similar 
results in another lung cancer cell line, H292. The 
H292B[α]P and H292CSE cells exhibited higher IL-6 level 
and migration abilities compared to the parental cells 
(Supplementary Fig. S7). Transfection of IL-6, p85, 

 

 
Figure 3. PI3K and Akt pathways regulate cigarette smoke-induced IL-6 expression and cell migration in lung cancer. (A&B) IPA pathway enrichment figure 
showing pathways in the GSE31210 database that were markedly elevated. (C) The phosphorylation of p85 and Akt in indicated cells was examined by western blot. (D-I) Cells 
were pretreated with wortmannin and Akti or transfected with p85 and Akt siRNA, and IL-6 expression and cell migration were examined by ELISA, qPCR and migration assay. 
*p < 0.05 versus the parental group; #p < 0.05 versus the control-siRNA group. 
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Akt and p65 siRNA all blocked cigarette 
smoke-enhanced IL-6 synthesis and cell migration 
(Supplementary Fig. S8). In addition, an IL-6 antibody 
abolished H292B[α]P and H292CSE cells-CM-induced 
promotion of osteoclastogenesis (Supplementary Fig. 
S9). Our findings suggest that targeting IL-6 may be a 
worthwhile therapeutic strategy in the management 
of lung cancer in smokers. 

There are around 7,000 different compounds 
included in cigarette smoke [37]. Cigarette smoke 
mixtures were shown to include over 60 carcinogens, 
such as B[α]P, N’-nitrosonornicotine (NNN), benzene, 
and catechol, which were identified in the mixtures of 
cigarette smoke [38]. Our previous report indicated 
that B[α]P but not NNN, among the CSE-derived 
carcinogens, renders lung cancer cells more resistant 
to EGFR tyrosine kinase inhibitors [21]. According to 

the International Organization for Standardization 
(ISO), the average B[α]P content is 0.92–3.46 ng per 
cigarette [39]. In the current study, we found that both 
CSE and B[α]P displayed the same effects on IL-6 
production, activating the PI3K/Akt/NF-κB 
pathway, cell motility, osteoclast formation, as well as 
osteolytic bone metastasis in vivo. We, therefore, 
suggest that B[α]P is the major substance in CSE that 
controls IL-6-dependent bone metastasis. However, 
whether other substances are also involved in CSE’s 
effects needs further investigation. 

Bone loss is a significant concern for patients 
with osteoporosis and osteolytic bone metastasis. 
Anti-resorption drugs, such as bisphosphonates and 
denosumab, are used to treat bone loss [40, 41]. 
Cigarette smoking, one of the most prevalent harmful 

 

 
Figure 4. NF-κB transactivation is involved in cigarette smoke-promoted IL-6-dependent cell migration in lung cancer. (A) The phosphorylation of p65 in 
indicated cells was examined by western blot. (B-G) Cells were pretreated with PDTC or transfected with p65 siRNA, and IL-6 expression and cell migration were examined. 
(H&I) Cells were pretreated with wortmannin and Akti or transfected with p85 and Akt siRNA, and NF-κB luciferase activity was examined. (J&K) The immunofluorescence 
staining of p65 in indicated cells was examined. *p < 0.05 versus the parental group; #p < 0.05 versus the control-siRNA group. 
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habits and the world's greatest avoidable cause of 
death, has been established as a separate risk factor 
for the progression of osteoporosis [42, 43]. The 
human body absorbs and retains cigarette smoke, 
disrupting the process of dynamic equilibrium. This 
disruption leads to a reduction in osteogenesis in 
osteoblasts and an increase in resorption in 
osteoclasts, causing osteoporosis—a condition 
marked by a reduce in bone mass and deterioration in 
bone structure [44]. However, whether cigarette 
smoke is associated with osteolytic bone metastasis 
remains largely uncertain. Our GSEA analysis 
indicated that smokers among lung cancer patients 
had higher expression levels of three bone turnover 
gene sets including bone remodeling, bone resorption, 
and bone formation. Our cellular and preclinical 
models determined that B[α]P and CSE facilitate lung 
cancer migration and osteolytic bone metastasis. To 
the best of our knowledge, this investigation is the 
first to provide experimental data that cigarette smoke 
is a risk factor for osteolytic bone metastasis. 

Originally discovered as a cytokine generated 
from T cells, IL-6 has a wide range of biological 

functions in different tissues and cell types [45]. 
Numerous researchers have documented that IL-6 can 
promote the growth of cancer cells [46, 47]. It has also 
been demonstrated that IL-6 is present in or 
synthesized by a range of malignant tumors, 
including lung cancer, and autocrine growth 
activation has been proposed as a potential 
mechanism of action [48, 49]. Moreover, IL-6 affects 
bone cells in a special and significant way, promoting 
the development of cells that resemble osteoclasts and 
are capable of resorbing bone [50]. Additionally, it has 
been documented that blocking osteoclastic bone 
resorption with a neutralizing antibody against 
human IL-6 restored hypercalcemia linked to cancer 
cells [51]. Here, we demonstrated two important roles 
of IL-6 in cigarette smoke-promoted lung cancer 
osteolytic bone metastasis. First, IL-6 controls 
cigarette smoke-induced lung cancer migration, as 
demonstrated with IL-6 shRNA blocking cell 
migration of A549B[α]P and A549CSE. Second, IL-6 
regulates cigarette smoke lung cancer-promoted 
osteoclast formation, confirmed by using IL-6 
antibody to inhibit A549B[α]P and A549CSE CM-induced 

 

 
Figure 5. Cigarette smoke lung cancer-secreted IL-6 promotes osteoclast formation. (A-C) RAW 264.7 cells were treated with lung cancer CM with or without IL-6 
antibody (1 µg/ml) for 7 days, the mature osteoclast was determined by TRAP staining. (D&E) qPCR and Western blot analysis results showing integrin β3, MMP9, CTSK, and 
DC-STAMP expression in RAW 264.7 cells treated with lung cancer CM for 7 days. *p < 0.05 versus the parental group; #p < 0.05 versus the A549B[α]P or A549CSE CM group. 
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osteoclastogenesis. IL-6 is recognized as a critical 
growth factor in different types of cancer-related 
osteolytic bone metastasis [52]. For instance, IL-6 has 
been demonstrated to regulate osteolytic bone 
invasion in human oral cancer cells [53]. IL-6 regulates 
paracrine-autocrine signaling between cancer cells 
and bone cells, thereby promoting breast 
cancer-related osteolytic bone metastasis [30, 54]. 
Targeting IL-6 suppress prostate cancer progression 
in bone [55]. Finally, IL-6 controls bone resorption 
activity and regulates lung cancer-related osteolytic 
bone metastasis [56]. Taken together, these reports 
and our findings suggest that pharmacological and 
genetic blockade of IL-6 is a novel avenue for treating 
smoke-induced lung cancer-related osteolytic bone 
metastasis. 

The PI3K and Akt signaling pathways, activating 
NF-κB, have close ties to cell proliferation and 
differentiation, making them crucial contributors to 
the cell signal transduction network [57]. Here, the 
acute phase response signaling, containing PI3K, Akt 
and NF-κB, is a top candidate signaling pathway in 
the GSE31210 database using IPA. Lung cancer cells 
applied with PI3K, Akt, and NF-κB pharmacological 
inhibitors all suppress the cigarette smoke-induced 
promotion of IL-6 generation and cell migration. In 

addition, the genetic siRNAs have similar effects. 
Cigarette smoke stimulation facilitates p85, Akt, and 
p65 phosphorylation. The PI3K and Akt inhibitors 
abolished the cigarette smoke-mediated luciferase 
activity of NF-κB, indicating that the PI3K, Akt- 
activating NF-κB mediate cigarette smoke-induced 
promotion of IL-6 synthesis and cell motility in 
human lung cancer. There is an increasing body of 
report suggesting that the PI3K, Akt, and NF-κB 
pathways play essential roles in the cancer metastasis. 
First, the BDNF/TrkB axis facilitates integrin- 
dependent chondrosarcoma migration via PI3K, Akt, 
and NF-κB signaling [58]. Secondly, the adipokine 
leptin promotes cell motility of prostate cancer cells 
through the PI3K/Akt/NF-κB pathway [59]. Finally, 
CCL5 regulates PI3K, Akt, and NF-κB cascades, 
facilitating lung cancer migration [2]. Our previous 
publication documented that EGFR and c-MET are 
upstream molecules of the PI3K/Akt pathway in 
B[α]P and CSE-regulated lung cancer chemoresistance 
[21]. We therefore suggest that EGFR and c-MET are 
upstream molecules involved in B[α]P- and 
CSE-induced activation of the PI3K/Akt signaling 
pathway, thereby promoting IL-6 generation and cell 
migration. 

 

 
Figure 6. Blocking IL-6 inhibits cigarette smoke-induced lung cancer metastasis to bone in vivo. (A&B) Representative bioluminescent images of bone metastasis at 
8 weeks after caudal artery injections of indicated lung cancer cell lines into nude mice. (C) Mouse body weights were measured weekly after caudal artery. *p < 0.05 versus the 
parental group; #p < 0.05 versus the A549B[α]P or A549CSE group. 
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Figure 7. Blocking IL-6 abolishes cigarette smoke-promoted lung cancer osteolytic bone metastasis. (A-C) Representative bioluminescent and X-ray images of 
bone erosion in each study group. (D&E) Representative H&E and immunohistochemical images of IL-6 in bone specimens from mice. (F) The IL-6 mRNA expression in blood 
from mice was examined by qPCR using human IL-6 primers. (G&H) Representative TRAP-positive staining images of mouse leg bones. *p < 0.05 versus the parental group; #p 
< 0.05 versus the A549B[α]P or A549CSE group. 

 
Figure 8. Schematic diagram summarizing the mechanisms by which cigarette smoke promotes IL-6-dependnet lung cancer osteolytic bone metastasis. 
Cigarette smoke promotes IL-6-dependent lung cancer migration through PI3K, Akt and NF-κB signaling pathways. The IL-6 secreted by metastatic lung cancers enhances 
osteoclastogenesis, leading to osteolytic bone metastasis. 
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In conclusion, our results disclose that cigarette 
smoking promotes IL-6-dependent lung cancer 
migration through PI3K, Akt and NF-κB signaling 
pathways. The IL-6 secreted by metastatic lung 
cancers enhances osteoclastogenesis, leading to 
osteolytic bone metastasis (Fig. 8). Thus, inhibiting 
IL-6 may be a valuable therapeutic strategy in 
managing osteolytic bone metastasis in lung cancer 
patients who smoke. 
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