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� Cigarette smoke-induced increases in
OPN expression in lung cancer cells.

� Cigarette smoke-induced increases in
OPN expression recruit mesenchymal
stem cells to the lung cancer cells.

� The JAK2/STAT3 axis is required for
OPN expression and the recruitment
of MSCs to lung cancer cells.

� OPN receptors are critical for MSC
homing to lung cancer cells.

� Tumor-associated MSCs facilitate
invasiveness of lung cancer cells.
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Introduction: Cigarette smoking is the main risk factor for lung cancer. MSCs in the TME promoting tumor
angiogenesis, growth, and metastasis. SIBLING proteins enable cancer cells to extend, invade and metas-
tasize.
Objectives: Cigarette smoke promotes the progression and metastasis of lung cancer, although how this
occurs is poorly understood. We evaluated the impact of whether cigarette smoking motivates SIBLING
protein expression and is involved in MSC-mediated lung tumor metastasis.
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Methods: We investigated the expression of OPN in the Gene Expression Omnibus (GEO) databases and
confirmed the results by immunohistochemistry (IHC), qPCR and Western blotting (WB) of lung cancer
cells and tissues. The effect of OPN on the recruitment and adhesion of mesenchymal stem cells
(MSCs) to lung cancer cells and lung cancers metastasis was investigated by Transwell, adhesion assays.
A series of in vitro and in vivo experiments were conducted to demonstrate the mechanisms by which
OPN modulates recruitment and adhesion of MSCs to lung cancer cells and lung cancer metastasis.
Results: Cigarette smoke extract (CSE) and benzo[a]pyrene (B[a]P) increased levels of OPN expression
and facilitated the recruitment and adhesion of MSCs to lung cancer cells via JAK2/STAT3 signaling.
We also observed that OPN promotes tumor-associated MSC (TA-MSC) formation through the OPN recep-
tor (integrins avb1, avb3, avb5 or CD44), inducing lung cancer cell migration and invasion. In an ortho-
topic mouse model of lung cancer, increases in OPN expression promoted by cigarette smoke upregulated
MSC recruitment and facilitated lung cancer metastasis. Knockdown of OPN expression inhibited cigar-
ette smoke-induced lung cancer metastasis in vivo.
Conclusion: Cigarette smoke increases OPN expression through the JAK2/STAT3 signaling pathway to
attract MSC cell recruitment and promote lung cancer metastasis. Our findings offer important insights
into how lung cancer metastasis develops in smokers.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Cigarette smoking, the main risk factor for lung cancer, contains
at least 93 carcinogens that are harmful to human health, including
nicotine, nitrosamines, and benzene [1]. On average, the risk of
developing lung cancer is increased 20-fold among lifetime smok-
ers compared with nonsmokers [2]. Importantly, lung cancer
patients who continue to smoke tobacco reduce the effectiveness
of their treatments such as chemotherapy, increase their risk for
recurrence and decrease their overall survival and quality of life
[3]. Improving our understanding as to how cigarette smoking
worsens mortality in lung cancer is expected to improve therapeu-
tic strategies for ever-smokers with lung cancer.

Advances in cancer research have witnessed treatment benefits
extending from the tumor site to the tumor microenvironment
(TME), involving stromal cells, mesenchymal stem cells (MSCs),
immune cells and blood vessels [4]. Cancer cells have been termed
the ‘‘heart” of the TME, harnessing nonmalignant cells to work for
the benefit of cancer cells, leading to tumor progression and distant
metastasis [5]. MSCs have the ability to self-renew and differenti-
ate into myocytes, osteoblasts, chondrocytes and adipocytes [6].
Critically, MSCs confer pro-oncogenic effects in many different
types of tumors, helping cells in the TME to avoid immune-
mediated attacks and promoting tumor angiogenesis, growth,
and eventual metastasis [7,8]. Targeting this crosstalk between
cancer cells and MSCs in the TME could help to improve the out-
comes of cancer treatment.

The family of glycophosphoproteins consisting of osteopontin
(OPN), dentin matrix protein 1 (DMP1), bone sialoprotein (BSP),
matrix extracellular phosphoglycoprotein (MEPE) and dentin
sialophosphoprotein (DSPP) are small integrin-binding ligand N-
linked glycoproteins (SIBLINGs) [9] that were once thought to be
present only in mineralized tissues, such as bones and teeth [10].
Now, numerous studies suggest that SIBLING proteins enable can-
cer cells to expand, invade and metastasize [9]. For instance,
osteoinductive carcinoma expresses all five SIBLING members,
which is believed to be the reason for the ability of this cancer to
metastasize to bone [11,12]. OPN, one of the most closely studied
SIBLING proteins, directly affects many different functions of cells
and tissues, such as assisting with cellular survival by inhibiting
apoptotic signaling of melanocytes [13] and, in particular, OPN
promotes cancer cell migration, invasion and angiogenesis
[14,15]. OPN is over-expressed in various human cancers and is
upregulated in the blood of patients with metastatic cancers [16].
The OPN protein is therefore considered to be a potential prognos-
tic marker and an appropriate therapeutic target.
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Our research sought to determine whether cigarette smoking
stimulates SIBLING protein expression and is involved in MSC-
mediated lung tumor metastasis. Our analysis of records from
the Gene Expression Omnibus (GEO) database revealed upregu-
lated OPN expression in lung cancer patients who were cigarette
smokers compared with nonsmokers; no other SIBLING proteins
were affected by cigarette smoking status. Our in vitro and
in vivo evidence showed that long-term exposure (for 30 weeks)
to CSE and its carcinogen polycyclic aromatic hydrocarbon benzo
[a]pyrene (B[a]P) elevates OPN secretion from lung cancer cells
through the JAK2/STAT3 signaling pathway. We observed that high
levels of OPN in the lung TME stimulated MSCs to infiltrate and
adhere to cancer cells, then promote tumor growth. Our findings
emphasize the importance of further investigations into strategies
that can silence OPN and sabotage the crosstalk between cancer
cells and MSCs in smokers with lung cancer.
Materials and Methods

Configuration of cigarette smoke extract (CSE) medium

Twenty-five commercially available cigarettes (Taiwan Tobacco
& Liquor Corporation, Taipei, Taiwan) were used in this study, each
containing 0.8 mg of nicotine and 10 mg of tar, to prepare 250 mL
of culture medium. After adjusting the pH value of the culture
medium to 7.4, the mixture was filtrated using a 0.22 lm filter
to remove all large particles. The CSE stock medium was 100% (1
cigarette per mL of medium) and was diluted with complete med-
ium, then kept frozen at –20 �C until use [17].
Analysis of the GEO dataset

Lung cancer tissue samples were collected from the GEO dataset
(GSE31210) involving 123 ever-smokers and 123 nonsmokers and
analyzed for SIBLING gene expression.
Gene set enrichment analysis

Gene set enrichment analysis (GSEA) methodology was down-

loaded (http://www.broadinstitute.org/gsea/index.jsp) to deter-
mine which signaling pathway is involved in promoting the
secretion of OPN when lung cancer cells are exposed to cigarette
smoke. The 246 lung cancer samples in GEO database GSE31210
were divided into ever-smokers and non-smokers. One thousand
gene sampling permutations were examined for statistical signifi-
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cance to ensure the credibility of the results. The p-values were
normalized to < 0.05 and the false discovery rate (FDR) was < 25%.

Cell culture

Human A549 cells were exposed to 1% CSE or 1 lΜ B[a]P for
1 week (short-term; A549-S stable cells) or for 30 weeks (long-
term; A549-L stable cells). The A549-S cell line was generated in
our laboratory; the A549-L cell line and CSE were kindly provided
by Dr. Wei-Chien Huang (China Medical University, Taiwan). Both
cell lines were cultured in RPMI 1640 medium (Gibco, USA). MSC
cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
medium (Gibco, USA). Streptomycin (100 lg/mL), penicillin (100
U/mL), N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid)
(HEPES) (20 mM), glutamine (2 mM) and 10% fetal bovine serum
(FBS; Gibco, USA) were added to the cell line medium. The cells
were maintained at 37 �C in an atmosphere of humidified air with
5% CO2 [17].

Transwell migration assay

Cell migration assays were performed using Transwell� inserts
(8-lm pore size; Costar�, NY, USA) in 24-well dishes. After seeding
MSCs or A549-L cells (1 � 104 in 200 mL of serum-free medium)
into the upper chamber of the Transwell assay, 30% of the resulting
conditioned medium (CM) was placed in the lower chamber. After
18 h, migratory cells were stained with crystal violet and manually
counted under a microscope.

Adhesion assay

A549-L cells were cultured in RPMI medium on 24-well plates.
MSC activity was quantified with 10 mM of the fluorescent probe,
20,70-bis(2-carboxyethyl)-5(6)-carboxyfluorescein (BCECF) (Catalog
No. 14562, Sigma-Aldrich, St. Louis, MO, USA) in 10% culture med-
ium for 1 h. MSCs were centrifuged at 1,200 revolutions per minute
(rpm) for 10 min, then the culture mediumwas replaced with fresh
medium containing 1% FBS. MSCs (104/well) were counted under
the microscope and added to 24-well plates coated with A549-L
cells for 1 h. Unattached MSC cells were removed by washing the
A549-L cells once with PBS, before fixing with 3.7% formalin and
photographing them.

Establishment of OPN knockdown A549-L cells

To establish OPN knockdown A549-L cells, a lentiviral vector
capable of expressing OPN-specific short hairpin RNA (shRNA)
was purchased from the National RNAi Core Facility Platform (Tai-
pei, Taiwan). A lentivirus was prepared according to a standard
protocol [18]. For infection, A549-L cells were seeded in a 6-well
dish and the lentivirus was added to the medium (multiplicity of
infection = 10). After 24 h, the culture medium was changed and
then at 48 h, 2 lg/mL of puromycin was added to select for OPN
shRNA-expressing cells.

Orthotopic animal model and bioluminescence imaging

Following an established protocol, 6- to 8-week-old male SCID
mice were anesthetized with isoflurane inhalation, then inoculated
with 5 � 106 A549-Luc cells suspended in 100 lL Matrigel into the
upper margin of the sixth intercostal rib on the left side [19,20].
Pleural metastasis of lung carcinoma was monitored by biolumi-
nescence imaging with an in vivo imaging system (IVIS) (Xenogen,
UK). The mice were sacrificed after 5 weeks and their dissected
lungs underwent immunohistochemical (IHC) staining. All mice
were handled in accordance with the Animal Care and Use Guide-
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lines of China Medical University, Taichung, Taiwan, under a proto-
col approved by the Institutional Animal Care and Use Committee
(No. CMU IACUC-2019–134).

Statistical analysis

All values are expressed as the mean ± standard deviation (SD).
Statistical differences between the experimental groups were
assessed for significance using the Student’s t-test. Statistical com-
parisons of more than two groups were performed using one-way
analysis of variance (ANOVA) with Bonferroni’s post hoc test.
Between-group differences were considered to be significant if
the p value was<0.05.

Ethics statement

All experiments involving animals were conducted according to
the ethical policies and procedures issued by the Institutional Ani-
mal Care and Use Committee of China Medical University, which
approved our experiments (Approval no. CMU IACUC-2019–134).
Results

Cigarette smoking increases OPN expression in lung cancer patients

The expression of SIBLING family members is important in the
process of malignant transformation, invasion and metastasis in
several different types of cancers [9]. However, it is uncertain as
to whether or not SIBLING family members worsen cigarette
smoke-induced lung cancers. Our analysis of 246 lung cancer sam-
ples from the GEO database for SIBLING gene expression included
123 samples from ever-smokers and 123 samples from nonsmok-
ers. OPN levels in the ever-smokers were significantly higher than
those in the nonsmokers (Fig. 1A, p = 0.0214) and higher than all
other SIBLING measurements; no other significant between-
group differences were observed (Fig. 1B-E). In Kaplan-Meier anal-
ysis, progressively higher OPN expression among the ever-smokers
was associated with correspondingly lower overall survival rates
(hazard ratio 1.65; 95% confidence interval, 1.03 to 2.65; logrank
p = 0.037) (Fig. 1F). Thus, OPN overexpression among lung cancer
patients who were ever-smokers positively correlated with a poor
clinical prognosis.

To validate whether cigarette smoke increases levels of OPN
protein in lung cancer cells, we exposed A549 cells (Parental) to
1% CSE or 1lΜ B[a]P as either short-term (A549-SB[a]P and A549-
SCSE) or long-term exposure (A549-LB[a]P and A549-LCSE) (hereafter
referred as to A549-S and A549-L, respectively), to mimic cigarette
smoking behavior. Levels of OPN mRNA and protein expression
were significantly increased in A549-S and A549-L cells compared
with levels in parental cells (Fig. 1G-I). We selected A549-L cells for
follow-up experiments, as the levels of significance in comparison
with parental cells were greater than those with A549-S cells.

Cigarette smoke-induced increases in OPN expression recruits
mesenchymal stem cells to the lung cancer cells

Multiple signals generated by cancer cells recruit MSCs to the
TME, where the MSCs adhere to the cancer cells and promote
tumor progression and metastasis [21]. To investigate whether
the amount of OPN secreted from tumor cells affects the recruit-
ment and attachment of MSCs, we collected CM from A549-L cells,
MSCs were added to the upper chamber and A549-L CM to the
lower chamber of the Transwell migration assay for 18 h. We found
that A549-L CM attracted MSCs and that OPN shRNA inhibited the
ability of A549-L CM to recruit MSCs (Fig. 2A). In the adhesion



Fig. 1. OPN levels were higher in ever-smokers than in nonsmokers in patients with lung cancer. (A-E) Lung cancer tissue samples from ever-smokers and nonsmokers in the
Gene Expression Omnibus (GEO) GSE31210 dataset were analyzed for SIBLING expression. (F) Kaplan-Meier analysis determined levels of OPN expression and overall survival
rates of patients with lung cancer. (G-I) The effects of CSE and B[a]P on OPN expression in A549-S and A549-L cells were examined by quantitative real-time PCR andWestern
blot. Densitometric analysis of protein expression normalized to b-actin. All values are expressed as the mean ± SD of three independent samples. *p < 0.05 compared with
parental expression.
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Fig. 2. OPN attracts MSCs to lung cancer cells. (A) A549-L cells were incubated with OPN shRNA (1.5 ug/mL) for 24 h. The Transwell assay determined MSC recruitment in the
CM. An adhesion assay examined levels of MSC adhesion in A549-L cells. (B) Quantification chart of the migration and adhesion assay data. All results are expressed as the
mean ± SD of three independent samples. *p < 0.05 compared with the parental group; #p < 0.05 compared with 1 lM B[a]P or 1% CSE treatment.

Ya-Jing Jiang, Chia-Chia Chao, An-Chen Chang et al. Journal of Advanced Research 41 (2022) 77–87
experiment, we found that A549-L cells increased MSCs attach-
ment ability and that this effect was inhibited when the cancer
cells were treated with OPN shRNA (Fig. 2B). Clearly, OPN secreted
from lung cancer cells affects MSC recruitment and adhesion.

The JAK2/STAT3 axis is required for OPN expression and the
recruitment of MSCs to lung cancer cells

Cigarette smoke is linked with genetic abnormalities and tumor
promotion by inducing the abnormal regulation of several signal-
ing transduction pathways [22,23]. We sought to determine which
signaling pathway is involved in promoting the secretion of OPN
when lung cancer cells are exposed to cigarette smoke. Performing
GSEA upon the BioCarta records in the GEO database revealed 12
gene sets between smokers and nonsmokers in lung cancer
patients (Fig. 3A, Supplementary Fig. 1). In our experiments,
A549-L cells increased the phosphorylation of JAK2 and STAT3 pro-
tein expression; no marked effects were observed with the other
signaling pathway proteins (Fig. 3B). We then treated the A549-L
cells with the JAK2 inhibitor for 24 h, to determine whether
phosphorylation of STAT3 occurs upstream or downstream in the
JAK2/STAT3 signaling pathway. We found that STAT3 is a down-
stream protein of JAK2 (Fig. 3C).

Next, we sought to determine whether JAK2/STAT3 signaling
affects OPN expression, by treating A549-L cells with JAK2 and
STAT3 inhibitors and their respective short-interfering RNAs (siR-
NAs) and control were purchased from Dharmacon (Lafayette,
CO, USA) for 24 h. According to qPCR and ELISA results, CSE and
B[a]P exposure increased OPN expression, while treatment with
JAK2 and STAT3 inhibitors and their respective siRNAs inhibited
this phenomenon (Fig. 3D-G). Most importantly, blocking OPN
expression with JAK2 and STAT3 inhibitors attenuated OPN-
induced migration and adhesion of MSCs to lung cancer cells
(Fig. 3H-I). These results reveal that cigarette smoke increases
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OPN expression in lung cancer cells through JAK2/STAT3 signaling
and thus facilitates MSC homing to lung cancer cells.

OPN receptors are critical for MSC homing to lung cancer cells

Specific OPN receptors containing avb1, avb3, avb5 and CD44
have been discovered on the MSC membrane [24]. To examine
whether cigarette smoke-triggered OPN expression affects the
homing of MSCs to tumor sites and whether their adherence to
lung cancer cells is affected by the integrins and CD44 on the
MSC membranes, we collected the CM from A549-L cells and trans-
fected MSCs with avb1, avb3, avb5, or CD44 siRNAs for 24 h. The
MSCs were then incubated with A549-L CM for Transwell migra-
tion analysis (Fig. 4A). We found that the avb1, avb3, avb5 and
CD44 siRNAs inhibited A549-L CM-mediated recruitment of MSCs
(Fig. 4B-C). Next, A549-L cells were seeded into 24-well plates
and co-cultivated with the MSCs for 1 h (Fig. 4D). We found that
avb1, avb3, avb5 and CD44 siRNAs inhibited the attachment of
MSCs to A549-L cells (Fig. 4E-F). These results suggest that cigar-
ette smoke induced increases in OPN expression and binding with
OPN receptors on MSC cell membranes, enabling MSCs to infiltrate
and attach to lung cancer cells (Fig. 4G).

Tumor-associated MSCs facilitate invasiveness of lung cancer cells.

Evidence suggests that MSCs home to tumor sites, where the
communication between tumor and MSCs contributes to the for-
mation of tumor-associated MSCs (TA-MSCs), enabling TA-MSCs
to facilitate tumor progression and metastasis [25,26]. Although
we identified that CSE-induced increases in OPN expression
enables MSC homing to lung cancer cells, it was unclear as to
whether OPN involvement in the formation of TA-MSCs promotes
invasiveness of lung cancer cells. CM collected from parental and
A549-L cells, as well as from A549-L cells transfected with OPN



Fig. 3. CSE and B[a]P increased levels of JAK2/STAT3 pathway expression and induced increases OPN expression and MSC recruitment in human lung cancer cells. (A) A Gene
Set Enrichment Analysis (GSEA)-based pathway analysis included RAS, ERK, EGF and p38 MAPK gene sets associated with lung cancer in smokers and nonsmokers obtained
from the BioCarta database. (B) Western blot analysis examined levels of MAPK (ERK, JNK, p38), H-Ras, b-actin, JAK2 and STAT3 phosphorylation in A549-L cells. The graphs
demonstrate densitometric analysis of p-p38/p38, p-ERK/ERK, p-JNK/JNK, H-Ras/b-actin, p-JAK2/JAK2 and p-STAT3/STAT3. (C) A549-L cells were incubated with a JAK2
inhibitor for 24 h. Western blot examined levels of STAT3 phosphorylation. A549-L cells were incubated with JAK2/STAT3 inhibitors or JAK2/STAT3 siRNAs for 24 h.
Densitometric analysis of protein expression was normalized to b-actin. (D-G) Levels of OPN expression were examined by qRT-PCR and ELISA assays. (H) The Transwell assay
examined MSC recruitment in CM collected from A549-L cells after 24 h of incubation. (I) The adhesion assay examined levels of MSC adhesion with A549-L cells after 24 h of
incubation. All results are expressed as the mean ± SD of three independent samples. *p < 0.05 compared with levels of the parental group; #p < 0.05 compared with 1 lM B
[a]P or 1% CSE treatment.
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Fig. 4. The OPN receptor on the MSC membrane plays a vital role in MSC recruitment and adhesion to lung cancer cells. (A-C) CM was collected from A549-L cells. MSCs were
treated with avb1, avb3, avb5, or CD44 siRNAs for 24 h. The CM was placed into the lower chamber of a Transwell assay and MSCs were placed into the upper chamber. The
Transwell assay examined MSC recruitment. (D-F) MSCs were treated with avb1, avb3, avb5, or CD44 siRNAs for 24 h. A549-L cells were seeded into 24-well plates and co–
cultivated with the MSCs. An adhesion assay examined levels of adhesion with lung cancer cells. (G) The model shows how cigarette smoke induces increases in OPN
expression in lung cancer cells and OPN binding with OPN receptors on MSC cell membranes stimulates the recruitment and adhesion of MSCs to lung cancer cells. All results
are expressed as the mean ± SD of three independent samples. *p < 0.05 compared with the parental group; #p < 0.05 compared with 1 lM B[a]P or 1% CSE treatment.
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shRNA, was cultured with MSCs for 24 h to promote TA-MSC for-
mation. The resulting TA-MSC CM was collected and used in Tran-
swell migration and invasion experiments involving A549-L cells
(Fig. 5A). TA-MSC CM increased the migratory and invasive abilities
of A549-L cells, which were significantly reduced when MSCs were
cultured with CM from A549-L cells transfected with OPN shRNA
(Fig. 5B-E).

Next, we transfected MSCs with integrins and CD44 siRNAs for
24 h, then cultured the MSCs with A549-L CM, to promote the for-
mation of TA-MSCs (Fig. 6A). The resulting TA-MSC CM was incu-
bated with A549-L cells for 18 h in the Transwell migration and
invasion assay (Fig. 6A). Integrin and CD44 siRNAs inhibited TA-
MSC-mediated lung cancer cell migratory and invasive activities
(Fig. 6B-E). It appears that OPN promotes TA-MSC formation via
integrins and CD44, then subsequently encourages lung cancer cell
migratory and invasive activities (Fig. 6F).
Knockdown of OPN expression inhibits cigarette smoke-
triggered lung cancer metastasis in the orthotopic model

When we examined the in vivo role of OPN in lung cancer cells
treated with CSE or B[a]P, we found that A549-L cells expressing
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OPN shRNA exhibited less tumor growth and didn’t metastasis
from the right lung to the left lung (Fig. 7A-B). Furthermore, OPN
shRNA lowered overall survival of mice in the CSE group
(Fig. 7C). When we analyzed the expression levels of OPN and
MSC cell markers (CD29, CD44 and CD105) in tumor specimens,
we discovered that OPN shRNA downregulates OPN and CD29,
CD44 and CD105 expression (Fig. 7D). Evidently, increases in lung
cancer cell OPN expression promoted by cigarette smoke upregu-
late MSC recruitment and facilitate lung cancer metastasis, which
suggests that targeting OPN may be beneficial in smokers with
lung cancer.
Discussion

Survival rates are lower and more tumor recurrences are
detected among patients with lung cancer who smoke compared
with nonsmokers [27]. Cigarette smoke plays a role in lung cancer
progression and metastasis [28]. The recruitment of MSCs by can-
cer cells promotes cancer metastasis by altering the TME, remodel-
ing the tumor site and enabling tumor cells to proliferate and enter
the circulation [8,29]. We found that the JAK2/STAT3 signaling
pathway stimulates cigarette smoke to increase levels of OPN



Fig. 5. OPN stimulated TA-MSC-induced promotion of lung cancer cell migration and invasion. (A) A549-L cells were transfected with or without OPN shRNA for 24 h, prior to
collection of CM. The resulting CM was used to treat MSCs for another 24 h, then the medium was collected as TA-MSC CM and used to detect cancer cell migration and
invasion. (B-E) The migratory and invasive abilities of lung cancer cells were examined using the Transwell assay. All results are expressed as the mean ± SD of three
independent samples. *p < 0.05 compared with controls (MSC CM); #p < 0.05 compared with 1 lM B[a]P or 1% CSE treatment.

Fig. 6. OPN receptors on the MSC cell membrane affect OPN-mediated TA-MSC formation. (A) Pretreatment of MSCs with avb1, avb3, avb5, or CD44 siRNAs for 24 h was
followed by A549-L CM incubation for another 24 h. The resulting TA-MSC CM was collected and used to quantify cancer cell migration and invasion. (B and C) The Transwell
assay examined levels of lung cancer cell migration. (D and E) The invasion assay examined levels of lung cancer cell invasion. (F) The model shows that lung cancer cells
secrete OPN, which promotes the transformation of MSC cells into TA-MSCs via integrins and CD44, stimulating the invasiveness of lung cancer cells. All results are expressed
as the mean ± SD of three independent samples. *p < 0.05 compared with controls; #p < 0.05 compared with 1 lM B[a]P or 1% CSE treatment.
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Fig. 7. Knockdown OPN expression inhibits MSC recruitment and lung metastasis in vivo. (A) A549-L-Luc cells were injected into the right lungs of nude mice and tumor
growth was monitored by bioluminescence imaging at baseline and on Day 35. (B) On Day 35, the mice were sacrificed, and the lungs were excised and photographed. (C)
Survival rates over 35 days of mice in the control (B[a]P or CSE) and OPN shRNA groups. (D) Lung specimens from sacrificed mice were stained with OPN and MSC markers
(CD29, CD44 and CD105).
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expression in lung cancer cells. We also observed that MSC recruit-
ment by lung cancer cells is regulated by the OPN receptors (inte-
grins avb1, avb3, avb5 and CD44) and that this process promotes
lung cancer metastasis. Our findings indicate that targeting OPN
may be a worthwhile therapeutic strategy in the management of
lung cancer.

The SIBLING family is important for the progression of lung can-
cer and its metastasis [9]. Our analysis of SIBLING gene variation in
the GEO database records identified abnormal upregulation of OPN
in patients with lung cancer who were smokers compared with
patients who were nonsmokers; no other significant between-
group differences were found for other SIBLING family members.
Our in vitro and in vivo findings demonstrate that upregulated
OPN levels due to cigarette smoke exposure play a critical role in
the worsening of lung cancer. Similarly, previous study have
shown that cigarette smoke increases OPN expression in pancre-
atic ductal adenocarcinoma cells and thereby promotes tumor pro-
gression [30]. Previous research has attributed 17 different cancers
to cigarette smoking, including liver, oral and pancreatic cancer
[31]. Whether cigarette smoking increases OPN expression in other
types of cancer cells besides lung cancer remains to be clarified.

Our GSEA analysis of GEO records found higher levels of JAK2/
STAT3 signaling in patients with lung cancer who smoked versus
those who did not. Much evidence highlights the importance of
the JAK2/STAT3 signaling pathway in lung cancer pathogenesis
[32–34]. For instance, the oncogene zinc finger protein multitype
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2 antisense RNA 1 (ZFPM2-AS1) acts through the JAK, STAT and
AKT pathways to promote the proliferation and migration of lung
cancer cells [32], while the prostate androgen-regulated transcript
1 (PART1) gene targets microRNA (miR)-635 and activates JAK/
STAT signaling to promote lung cancer progression [33]. The ataxia
telangiectasia mutated (ATM) protein kinase regulates tumor pro-
grammed death ligand 1 (PD-L1) expression by activating JAK/
STAT3 signaling in cisplatin-resistant lung cancer cells, while the
inhibition of ATM suppresses JAK/STAT3 signaling, PD-L1 expres-
sion and tumor metastasis in a xenograft mouse model [34]. Our
findings revealed that cigarette smoke increases the phosphoryla-
tion of JAK2/STAT3 in lung cancer cells, and that pharmacologic
and genetic inhibition of the JAK2/STAT3 pathway inhibits cigar-
ette smoke-induced OPN secretion and MSC recruitment by lung
cancer cells. Our study data are in agreement with previous
research suggesting that the JAK2/STAT3 pathway is important in
the progression and metastasis of lung cancer [32–34].

Previous research has described distinct TME alterations
induced by tobacco smoking that contribute to the development
and progression of lung tumors [35,36]. The TME includes lym-
phatic circulation systems, fibroblasts, macrophages, mast cells
and, in particular, MSCs [37], which enhance tumor cell prolifera-
tion and facilitate tumor cell growth [38]. The formation of TA-
MSCs promotes tumor progression and metastasis [25,26,39,40].
For instance, when prostate cancer cells recruit C-X-C motif che-
mokine receptor 6-positive (CXCR6+) MSCs, the CSCR6+ MSCs



Fig. 8. A schematic diagram showing how cigarette smoke increases OPN expression and stimulates the recruitment of MSCs to lung cancer cells. Our model illustrates the
potential mechanisms that facilitate cigarette smoke-induced promotion of OPN expression and MSC recruitment by lung cancer cells. Arrow 1 refers to the effects of long-
term CSE and B[a]P exposure, with subsequent increases in OPN expression in lung cancer cells via the JAK2/STAT3 signaling pathway. Arrow 2 refers to the process whereby
integrin-positive and CD44-positive MSC cells are recruited to the lung TME and adhere to lung cancer cells. Arrow 3 refers to the events that occur when OPN induces MSC
formation to TA-MSCs, which stimulates the invasiveness of lung cancer cells in vitro and lung tumor metastasis in vivo (3).
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transform into cancer-associated fibroblasts (CAFs) that promote
prostate cancer metastasis [41]. Similarly, triple-negative breast
cancer (TNBC) cells recruit platelet-derived growth factor receptor
beta-positive (PDGFRb+) MSCs that transform into CAFs and pro-
mote TNBC metastasis [42]. Our study data confirm this phe-
nomenon, as we observed cigarette smoking-induced increases in
OPN expression that promoted recruitment of integrin+ and
CD44+ MSCs to lung cancer cells. Moreover, the OPN receptor inte-
grins (avb1, avb3 and avb5) and CD44 facilitate the attachment of
MSCs to lung cancer cells and subsequent transformation into TA-
MSCs, leading to lung cancer metastasis. In our in vivo experiments,
IHC staining revealed increases in levels of OPN and MSC markers
CD29, CD44 and CD105 in lung cancer tissue, exhibiting cigarette
smoke-induced increases in lung cancer OPN expression and MSC
recruitment to tumor sites. Recruitment of MSCs by tumors was
inhibited by knockdown of OPN expression in lung cancer cells,
while blocking the expression of the OPN receptor integrins and
CD44 decreased MSC expression, all of which inhibited lung cancer
metastasis. This suggests that cigarette smoke-induced promotion
of OPN expression in lung cancer cells recruits MSCs to tumors and
promotes tumor growth and metastasis via the OPN receptors.
Conclusion

In conclusion, our study results reveal that cigarette smoke
facilitates lung cancer metastasis in the following ways: (1) long-
term CSE and B[a]P exposure can increase the expression of OPN
in lung cancer cells through the JAK2/STAT3 signaling pathway;
(2) as the levels of OPN expression increase in the lung TME,
integrin- and CD44-positive MSC cells will be attracted to the lung
TME and adhere to lung cancer cells; and (3) OPN induces the
transformation of MSCs to TA-MSCs, which facilitates the metasta-
sis of lung cancer cells (Fig. 8).
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