
Pre-Clinical Research Report

Spherical silica nanoparticles
promote malignant
transformation of BEAS-2B
cells by stromal cell-derived
factor-1a (SDF-1a)

Chong Guo1,2, Ding-Yun You3, Huan Li1,
Xiao-Yu Tuo2 and Zi-Jie Liu1,2

Abstract

Objective: This study aimed to examine the role of spherical silica nanoparticles (SiNPs) on

human bronchial epithelial (BEAS-2B) cells through inflammation.

Methods: Human mononuclear (THP-1) cells and BEAS-2B cells were co-cultured in transwell

chambers and treated with 800mmol/L benzo[a]pyrene-7, 8-dihydrodiol-9, 10-epoxide (BPDE)

and 12.5mg/mL SiNPs for 24 hours. For controls, cells were treated with BPDE alone.

Subcutaneous tumorigenicity and epithelial-mesenchymal transition (EMT) of BEAS-2B cells

were measured. The cells were blocked with a stromal cell-derived factor-1a (SDF-1a)-specific
antibody. EMTwas analyzed in cells treated with 800mmol/L BPDE and 12.5 mg/mL SiNPs relative

to matched control cells and xenografts in vivo. Serum SDF-1a levels were measured in 23

patients with lung adenocarcinoma in Xuanwei, in 25 with lung adenocarcinoma outside

Xuanwei, and in 22 with benign pulmonary lesions in Xuanwei.

Results: SiNPs significantly promoted tumorigenesis and EMT, induced the release of SDF-1a,
and activated AKT (ser473) in BEAS-2B cells. EMT and phosphorylated AKT (ser473) and gly-

cogen synthase kinase-3b levels were decreased when blocked by SDF-1a antibody in BEAS-2B

cells. SDF-1a was mainly secreted by THP-1 cells.

Conclusion: SiNPs combined with BPDE promote EMTof BEAS-2B cells via the AKT pathway

by inducing release of SDF-1a from THP-1 cells.
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Introduction

Xuanwei City in Yunnan Province has a
particularly high incidence of lung cancer.
The incidence of lung cancer is 20 to 30
times higher than in other regions of
China, and even ranks first in the world in
non-smoking women.1 Epidemiological
studies have shown that the high incidence
of lung cancer in Xuanwei has a significant
correlation with locally produced bitumi-
nous coal.2 Polycyclic aromatic hydrocar-
bons (PAHs) can be generated after
combustion of bituminous coal. The carci-
nogenic effects of PAHs, represented by
benzo[a]anthracene, have been supported
by most studies, and their metabolites can
directly bind to DNA to form DNA
adducts, thereby causing DNA damage.3,4

However, the concentration of PAHs in the
air is not entirely consistent with the inci-
dence of lung cancer in Xuanwei.
Additionally, PAHs are not specific to bitu-
minous coal in Xuanwei. Therefore, the
theory of carcinogenesis of organic carcino-
gens, represented by benzopyrene, is not
sufficient to explain the high incidence of
lung cancer in Xuanwei. However, the
burning of Xuanwei bituminous coal pro-
duces not only PAHs, but also dust.
Geology and chemistry studies have
shown that the incidence of lung cancer in
Xuanwei is also correlated with the high
content of silica nanoparticles in the C1
coal seam.5,6 The spatial distribution of
lung cancer mortality coincides with the dis-
tribution of the C1 coal seam, and the mor-
tality rate is higher in corresponding
production areas.6 Crystalline silica is a

carcinogen, but silica nanoparticles in
Xuanwei bituminous coal are amorphous,
(i.e., mainly irregular and spherical).7 At
present, amorphous silica is believed to be
relatively safe. Therefore, explaining the
high incidence of lung cancer in Xuanwei
is difficult just by the theory of direct car-
cinogenesis of amorphous silica
nanoparticles.

However, increasing evidence has shown
that silica nanoparticles can cause inflam-
mation.8 Inflammation is considered to be
an important cause of the onset of some
tumors. Spherical silica nanoparticles
(SiNPs) are the smoothest type of amor-
phous silica. Consequently, they are less
likely to be eliminated through the respira-
tory tract than irregular silica nanopar-
ticles, and more likely to cause chronic
inflammation. In the chronic inflammatory
environment, DNA damage induced by
benzopyrene in Xuanwei bituminous coal
is more likely to induce tumorigenesis and
development of tumors. Therefore, we spec-
ulate that organic compounds, represented
by benzopyrene, and SiNPs released from
Xuanwei bituminous coal, may have a com-
bined effect on tumorigenesis of lung cancer
in Xuanwei. Inflammatory cells and
immune regulation mediate the tumor
microenvironment, affecting tumor pro-
gression through the specific phenotype of
the host immune response.9 Lens epithelial
cells can be changed into interstitial
like cells in a collagen gel, which leads to
epithelial-mesenchymal transition (EMT).10

EMT occurs in the tumor microenviron-
ment and is regulated by inflammatory
cells and cytokines. EMT is also an
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important factor in the occurrence and
metastasis of tumors. Stromal cell-derived

factor-1a (SDF-1a) is one of the major che-
mokines that is consistently overexpressed

in most solid tumors, where it contributes
to carcinogenesis and promotes angiogene-

sis and recruitment of cells to the tumor
microenvironment.11 SDF-1a is also a con-

stitutively expressed and inducible chemo-
kine that plays a fundamental role in

embryonic development, organ homeosta-
sis, angiogenesis, and immune system

modulation.12

This study aimed to examine the role of

SiNPs in EMT of human bronchial epithe-
lial cells and human mononuclear cells

through inflammation. Proliferation and
expression of EMT markers of BEAS-2B

cells were detected. To study the mecha-
nism, cytokine chips and an enzyme-linked

immunosorbent assay (ELISA) were used
to screen out the differentially expressed

cytokines and explore the role of cytokines
in vitro and in vivo.

Materials and methods

Ethics

The study was approved by the Ethics

Committee of Kunming Medical
University, China (No. KMMC2017056).

Animal work was performed in compliance
with the guidelines established by the

Kunming Medical University Institutional
Animal Care and Use Committee (No.

KMIACU2017043). All subjects signed
informed consents.

Blood samples

Blood samples were collected from the First
and Third Affiliated Hospitals of Kunming

Medical University after clinical examina-
tion from November 2017 to May 2018.

The criteria for inclusion of patients with
lung adenocarcinoma from Xuanwei were

as follows: patients lived in Xuanwei,

Yunnan, and had lived there for longer

than 15 years; and the patients were diag-

nosed with lung adenocarcinoma by pathol-

ogy and had received no systemic

treatment. The criteria for inclusion of

non-Xuanwei patients with lung adenocar-

cinoma were as follows: patients lived out-

side of Xuanwei, Yunnan, and had not

previously lived in Xuanwei; and patients

were diagnosed with lung adenocarcinoma

by pathology and had received no systemic

treatment. The inclusion criteria for

patients with benign pulmonary lesions in

Xuanwei were as follows: patients lived in

Xuanwei, Yunnan, and had lived there for

longer than 15 years; lung cancer was clear-

ly excluded and other pulmonary diseases

were diagnosed; and there were no bacterial

and viral pulmonary infections. A total of

70 patients were enrolled in this study,

including 23 patients with lung adenocarci-

noma in Xuanwei (8 men and 15 women),

25 patients with lung adenocarcinoma out-

side of Xuanwei, Yunnan (13 men and 12

women), and 22 patients with benign pul-

monary lesions in Xuanwei (9 men and 13

women). The serum of patients was collect-

ed after clinical tests and stored in

liquid nitrogen.

Cell lines and cell culture

Human bronchial epithelial cells (BEAS-

2B) (KCB 200922YJ), human mononuclear

cells (THP-1) (KCB 200549YJ), and LHC-9

medium were purchased from Kunming

Institute of Zoology, Chinese Academy of

Sciences. BEAS-2B cells were cultured in

LHC-9 medium supplemented with 1%

penicillin and streptomycin (Thermo

Fisher Scientific, Rockford, IL, USA).

THP-1 cells were cultured in RPMI1640

medium (HyClone, Logan UT, USA) with

10% fetal bovine serum (HyClone) and 1%

penicillin and streptomycin. The cells were
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routinely cultured at 37�C in a humidified

atmosphere with 5% CO2.

Cell viability

The Cell Counting Kit-8 (Dojindo

Molecular Technologies, Inc., Kumamoto,

Japan) was used to detect the viability of

THP-1 and BEAS-2B cells. The cells were

exposed to various concentrations of benzo

[a]pyrene-7, 8-dihydrodiol-9, 10-epoxide

(BPDE) (0, 200, 400, 800, and 1000mmol/

L) or SiNPs (0, 3.125, 6.25, 12.5, and

25.0 mg/mL) for 48 hours. After replacing

the RPMI 1640 medium, 10 mL of

cholecystokinin-8 reagent (Dojindo

Molecular Technologies, Inc.) was added

to each well, and the 96-well plate was

incubated at 37�C for 1.5 hours. The

absorbance was measured at 450 nm by a

microplate reader (Thermo Fisher

Scientific). All of the experiments were per-

formed in triplicate.

Xenografts

BEAS-2B cells were cultured for three gen-

erations and 0.2 mL of a 1� 106 cell/mL

suspension was inoculated subcutaneously

into the right flank of male BALB/c nude

mice (Animal Experiment Center of

Kunming Medical University, Yunnan,

China). The experimental and control

groups each contained three nude mice.

Measurement of tumor volume began

when the tumors were visible to the naked

eye and was conducted every 2 days there-

after. The tumor volume was calculated as

follows: V (mm3)¼A (mm)�B2 (mm2)

� 0.5 (A, length; B, width).13 The tumor

growth curve was plotted against time.

After 25 days, the mice were sacrificed and

the tumor tissues were measured and stored

at �80�C.

Analysis of cytokines

BEAS-2B cells were primed with 800 nmol/

L BPDE for 12 hours and THP-1 cells
were starved in a reduction medium

based on RPMI 1640 medium for 12

hours. THP-1 cells were then re-
suspended in LHC-9 medium and added

to the upper chamber, and cultured with

or without 12.5 mg/mL SiNPS for 48

hours. The culture supernatant was
collected and centrifuged at 5000� g for

10 minutes. The release of cytokines and

chemokines was analyzed using a Human
XL Proteome ProfilerTM Array, in con-

junction with the Cytokine Array Kit

(ARY022B; R&D Systems, Minneapolis,
MN, USA). Export signal values and the

average signals (pixel density) of the

pairs of duplicate spots were determined
and compared with corresponding signals

on different arrays to determine the rela-

tive change between the control and
treated groups.

Immunohistochemistry and

immunocytochemistry

Paraffin-embedded tissue sections were

deparaffinized, dehydrated, and boiled for
15 minutes in 0.01 M phosphate buffer (pH,

7.2). BEAS-2B cells were fixed on slides for

further use. Endogenous peroxidases were
blocked by incubation in 3% hydrogen per-

oxide for 30 minutes. Non-specific binding

sites were blocked with 10% normal goat

serum (Boster, Wuhan, China) for 30
minutes at 37�C, after which the tissue sam-

ples were incubated at 4�C overnight with

the following primary antibodies: anti-E-
cadherin antibody (ab76055; Abcam,

Cambridge, MA, USA), anti-vimentin anti-

body (ab92547; Abcam), anti-pan cytokera-
tin antibody (ab215838; Abcam), anti-

fibronectin antibody (30339; ProMab,

Richmond, CA, USA), anti-AKT (21054-1;
SAB, Nanjing, China), anti-p-AKT(Ser473)
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(ab81283; Abcam), anti-GSK-3b (ab93926,
Abcam), anti-p-GSK-3b (Ser9) (5558; Cell
Signaling Technology, Danvers, MA,
USA), anti-b-actin (sc-47778; Santa Cruz
Biotechnology, Dallas, TX, USA). The
tissue samples were then incubated with sec-
ondary peroxidase-conjugated antibodies
(5210-0191, 5210-0176; KPL, Milford,
MA, USA) for 30 minutes at 37�C and
developed with 2% 3,3-diaminobenzidine
tetrachloride (MaiXin, Fuzhou, China)
until the desired brown product was
obtained. Finally, the sections were counter-
stained with hematoxylin (MaiXin). The
negative control group went through the
same steps as described above, except for
replacing the primary antibody with
phosphate-buffered saline. All slides were
observed under a BX53 light microscope
(Olympus, Tokyo, Japan). For immunocy-
tochemistry, BEAS-2B cells co-cultured
with THP-1 cells (after treatment with 800
nmol/L BPDE and 12.5 mg/mL SiNPs) were
fixed on slides with 4% paraformaldehyde
and air-dried. The subsequent steps were
the same as those described for
immunohistochemistry.

Relative quantitative real-time polymerase
chain reaction

Total RNA was reverse transcribed using the
RevertAidTM H Minus First Strand cDNA
Synthesis Kit (Fermentas; Thermo Fisher
Scientific). The abundance of mRNA was
determined on an HT7900Real-Time PCR
system (Applied Biosystems, Foster City,
CA, USA) using SYBR Green PCR Master
Mix (Applied Biosystems), and each sample
was measured three times. Relative expres-
sion levels were calculated according to the
comparative threshold cycle method (2-DDCt)
using glyceraldehyde-3-phosphate dehydro-
genase as an endogenous control gene.14

Primers for expression analysis were synthe-
sized by Sangon Biotech (Shanghai, China).
The primers for SDF-1a were 50-

AGGTCCGAAAACACTGTGA GT-30

and 50-AGCAAGCGGTTCTTCCCTTC-

30, and the primers for glyceraldehyde-3-

phosphate dehydrogenase were 50-GG

AGCGAGATCCCTCCAAAAT-30 and 50-
GGCTGTTGTCATACTTCTCATGG-30.

Western blot analysis

Total protein of BEAS-2B cells was

extracted using the Total Protein

Extraction Kit (ProMab). The total protein

concentration was measured using the Bio-

Rad DC Protein Assay kit (Bio-Rad,

Hercules, USA). An aliquot comprising

20 mg of total protein was used for

sodium dodecyl sulfate-polyacrylamide gel

electrophoresis. The separated protein

bands were transferred to a polyvinylidene

difluoride membrane after blocking with

defatted milk at 37�C for 2 hours, and

incubated individually with anti-AKT,

anti-p-AKT (Ser473), anti-glycogen syn-

thase kinase (GSK)-3b, anti-p-GSK-3b
(Ser9), and anti-b-actin antibodies at 4�C
overnight (see the Immunohistochemistry

and immunocytochemistry section above).

The antibody-bound polyvinylidene

difluoride membrane was rinsed with Tris-

buffered saline supplemented with 0.1%

Tween 20 (3� 5 minutes) and incubated

with horseradish peroxidase-labeled sec-

ondary antibody (KPL) for 1 hour. The

secondary antibody was discarded, and

the membrane was rinsed with Tris-

buffered saline supplemented with 0.1%

Tween 20 (3� 5 minutes). The proteins

were detected using enhanced chemilumi-

nescence (NCI4106; Pierce, Waltham,

MA, USA) in conjunction with Bio-Rad

Electrophoresis Documentation software

(Gel Doc 1000; Bio-Rad) and Quantity

One Version 4.5.0 (Bio-Rad). The proteins

were quantified and expressed as their ratio

to b-actin.
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ELISA

Cell culture supernatants or patients’ serum
samples were analyzed using a commercial-
ly available ELISA kit for SDF-1a
(Xinbosheng Biological Technology,
Shenzhen, China). After the kit was bal-
anced at room temperature, 100 mL of
blank control, specimen, and standard
were added to individual wells of a 96-well
plate, incubated for 90 minutes at 37�C, and
washed five times with washing solution.
Subsequently, 100 mL of the biotinylated
antibody working fluid was added, incubat-
ed for 60 minutes at 37�C, and washed five
times. After 100 mL of enzyme binding solu-
tion was added, the plate was incubated for
30 minutes at 37�C in the dark. After wash-
ing five times, 100 mL of tetramethylbenzi-
dine was added to each well, and the plate
was incubated in the dark for 15 minutes at
37�C. Finally, 100 mL of stopping buffer
was added to each well. After mixing, the
OD450 value was immediately measured in a
Multiskan sky microplate reader (Thermo
Fisher Scientific).

Neutralization of SDF-1a

BEAS-2 cells were treated with 3 ng/mL
rabbit anti-SDF-1a antibody (ab9797;
Abcam) relative to immunoglobulin G con-
trol (ab172730; Abcam,). BEAS-2 and THP-
1 cells were then co-cultured in transwell
chambers and treated with 800mmol/L
BPDE and 12.5mg/mL SiNPs for 48 hours.
EMT was analyzed in cells or xeno-
graft tissues.

Statistical analysis

Statistical analysis was performed using
SPSS software version 17.0 (SPSS Inc.,
Chicago, IL, USA). Measurement data
with a normal distribution are expressed
as mean� standard error of the mean, and
data with a partial distribution are shown
as the median, minimum, and maximum.

For variables with two groups, the t-test
was used for parametric analysis and the
Mann–Whitney test was used for non-
parametric analysis. Differences with p val-
ues< 0.05 were considered statistical-
ly significant.

Results

Study population

Characteristics of the study population are
shown in Table 1.

SiNPs promote EMT of BEAS-2B cells in
vitro and in vivo

SiNPs were analyzed by scanning electron
microscopy at the Advanced Analysis and
Measurement Center of Yunnan
University (Kunming, Yunnan, China).
The particles were spherical with a uni-
form size of approximately 30–50 nm,
with good dispersion and no obvious
agglomeration (Figure 1a). BEAS-2B and
THP-1 cells were treated with different
concentrations of BPDE and SiNPs and
cell viability was then analyzed. Only
25 mg/mL SiNPs showed a significant inhi-
bition on growth of BEAS-2B cells
(p< 0.05 versus 12 mg/mL) (Figure 1b, c).
Therefore, 12.5 mg/mL SiNPs and 800
nmol/L BPDE were chosen for the subse-
quent study. To examine whether SiNPs
can enhance EMT of BEAS-2B cells after
priming with BPDE, immunocytochemis-
try was used to detect EMT markers of
BEAS-2B cells. We found that cytokeratin
and E-cadherin expression in BEAS-2B
cells was lower, while fibronectin and
vimentin expression was higher in cells
with treatment of BPDE and SiNPs com-
pared with cells treated with BPDE alone
(controls) (Figure 2a). BEAS-2B cells were
then inoculated subcutaneously into nude
mice. Visible lumps were found after
approximately 5 days (Figure 2b). Tumor
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tissues were stained by hematoxylin–eosin

staining and identified by two pathologists

(Figure 2c). The tumor cells had a solid

shape, were localized in adenoids, and had

marked pleomorphism. The nucleus was het-

erogeneous and deeply stained. The chroma-

tin was thick and the cytoplasm was

basophilic. Mucous vacuoles and signet

ring-like changes were found in some cells.

Adenocarcinoma-like changeswere identified

by the two pathologists. Cytokeratin and E-

cadherin expression was lower, but fibronec-

tin and vimentin expression was higher com-

pared with the control group of BPDE alone

(Figure 2c). These results suggested that

SiNPs combined with BPDE could promote

tumorigenesis and EMT of BEAS-2B cells in

vitro and in vivo.

Figure 1. (a) Representative electron microscopic image of amorphous silica nanoparticles. (b) Effect of
amorphous silica nanoparticles on the viability of BEAS-2B and THP-1 cells at different concentrations and
(c) B. Effect of BPDE on the viability of BEAS-2B and THP-1 cells at different concentrations.
BPDE: benzo[a]pyrene-7, 8-dihydrodiol-9, 10-epoxide. *p< 0.05.

Table 1. Characteristics of the study population (n¼ 70).

Lung adenocarcinoma

in Xuanwei (n¼ 23)

Lung adenocarcinoma

outside of Xuanwei

in Yunnan (n¼ 25)

Benign pulmonary

lesions in Xuanwei

(n¼ 22) p value

Sex

Male 10 12 12 0.757

Female 13 13 10

Age (years)

<50 9 5 12 0.001

�50 and �60 12 5 6

>60 2 15 4

Smoking status

Former/current 7 8 10 0.512

Never 16 17 12

Stage of TNM

IA, IB 14 10 / 0.272$

IIA, IIB 4 9 /

IIIA, IV 5 6 /

$Patients with lung adenocarcinoma in Xuanwei were compared with those with lung adenocarcinoma outside of Xuanwei

in Yunnan
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SiNPs stimulate secretion of SDF-1a in

THP-1 cells

To investigate whether SiNPs play a role in

tumorigenesis and EMT of BEAS-2B cells

through inflammatory mechanisms, we ana-

lyzed cytokines of co-cultures of BEAS-2B

and THP-1 cells. SDF-1a expression

appeared to be increased after treatment

with SiNPs (Figure 3a). To determine

whether SDF-1a is secreted by THP-1

cells, THP-1 and BEAS-2B cells were

treated with SiNPs. We then tested secre-

tion of SDF-1a in the supernatants of

THP-1 and BEAS-2B cells. We found that

there were no significant changes in SDF-1a
levels in the supernatants of BEAS-2B cell

cultures. However, SDF-1a concentrations

in THP-1 cell supernatants significantly
continuously increased over 36 hours
(p< 0.05) (Figure 3b). These findings indi-
cated that SDF-1a was mainly secreted by
THP-1 in the co-culture system.
Furthermore, to study the effect of SiNPs
on secretion of SDF-1a, we detected SDF-
1a levels with treatment of BPDE with or
without SiNPs. We found that secretion of
SDF-1a in THP-1 cells was significantly
higher with treatment of BPDE compared
with controls, but secretion became even
higher after being treated with SiNP (both
p< 0.05) (Figure 3c). SDF-1a mRNA
expression levels in THP-1 cells were
approximately the same as protein levels,
but the fold change was only significant at
36 hours (p< 0.05) (Figure 3d).

Figure 2. (a) THP-1 and BEAS-2B cells were co-cultured. Cells were treated with BPDE and SiNPs or
BPDE alone for 48 hours. Representative immunocytochemical images showing epithelial-mesenchymal
transition markers of BEAS-2B cells. (b) THP-1 and BEAS-2B cells were co-cultured. Cells were treated with
BPDE ,and SiNPs, or BPDE alone for 48 hours. Xenografting was performed in nude mice. Representative
images of xenograft tissue and (c) Hematoxylin–eosin staining of tumor tissue (top panel). Representative
images of proteins involved in epithelial-mesenchymal transition analyzed by immunohistochemistry (�400).
BPDE: benzo[a]pyrene-7, 8-dihydrodiol-9, 10-epoxide; SiNPs: spherical silica nanoparticles.
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Neutralization of SDF-1a with a specific
antibody inhibits EMT in vivo and in vitro

Neutralization of SDF-1a with a specific
antibody resulted in higher cytokeratin
and E-cadherin expression and lower fibro-
nectin and vimentin expression in BEAS-2B
cells compared with cells with immunoglob-
ulin G treatment (Figure 4a). When BEAS-
2B cells treated with a neutralizing antibody
against SDF-1a were transplanted subcuta-
neously in nude mice, expression of proteins
involved in EMT in tumor tissues showed

similar profiles to those in BEAS-2B cells
(Figure 4b).

SDF-1a promotes EMT of BEAS-2B cells
via the AKT pathway

SDF-1a can activate the AKT pathway.15

We found that SiNPs induced p-AKT
(ser473) and p-GSK-3b (ser9) expression
in BEAS-2B cells and tumor tissue.
Neutralizing SDF-1a with a specific anti-
body resulted in lower p-GSK-3b (ser9)
expression compared with GSK-3b

Figure 3. SiNPs stimulate secretion of SDF-1a in THP-1 cells. (a) Secretion of SDF-1a in supernatants of
co-cultures of BEAS-2 and THP-1 cells was detected using cytokine chips. SDF-1a is indicted by a black
arrow. (b) Changes in SDF-1a levels in the supernatant of THP-1 and BEAS-2B cells at 6 to 36 hours were
measured using an enzyme-linked immunosorbent assay. (c) Secretion of SDF-1a in the supernatants of
BEAS-2B and THP-1 cells treated by BPDE with or without SiNPs after 24 hours was tested by an enzyme-
linked immunosorbent assay and (d) SDF-1a mRNA expression in THP-1cells after treatment with BPDE
and SiNPs was determined after 48 hours by real-time polymerase chain reaction. *p< 0.05.
BPDE: benzo[a]pyrene-7, 8-dihydrodiol-9, 10-epoxide; SiNPs: spherical silica nanoparticles; SDF-1a, stromal
cell-derived factor-1a.
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expression and lower p-AKT-ser473 expres-

sion compared with AKT expression

(Figure 5a and b). These findings indicated

that SDF-1a promoted EMT of BEAS-2B

cells via the AKT pathway.

Serum SDF-1a levels in patients with lung

cancer from Xuanwei are higher than

those in patients with benign

pulmonary lesions

SDF-1a levels were significantly lower in

patients with lung adenocarcinoma living

outside Xuanwei and those with benign pul-

monary lesions in Xuanwei than in those

with lung adenocarcinoma living in

Xuanwei (both p< 0.05) (Table 2). There

was no significant difference in SDF-1a
levels in patients with lung adenocarcinoma

in patients outside of Xuanwei when

patients were older than 50 years.

Discussion

Many studies have shown that immune

infiltrating cells produce and secrete cyto-
kines, which activate protein kinases in

metastatic diseases and chronic inflamma-
tion to activate many potential develop-

mental processes, including EMT.16 In
chronic inflammation, inflammatory cyto-
kines promote tissue remodeling, angio-

genesis, immunosuppression, and growth.
This process not only regulates cell pheno-

types and functions, but also directly
affects malignant transformation of epithe-

lial cells as an initiator, and promotes pro-
gression of cancer through chronic

inflammation.17 Crystalline and amor-
phous silica can induce inflammation, but

amorphous silica is considered to have no
direct carcinogenicity. Our study showed

that SiNPs promoted EMT of BEAS-2B
cells by inducing release of SDF-1a from
THP-1 cells. These results suggest that

Figure 4. Epithelial-mesenchymal transition was inhibited after neutralizing SDF-1a with antibody in BEAS-
2B cells treated with 800 nmol/L benzo[a]pyrene-7, 8-dihydrodiol-9, 10-epoxide and 12.5 mg/mL spherical
silica nanoparticles and in tumor tissue (�400). SDF-1a, stromal cell-derived factor-1a.
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SiNPs induce an inflammatory response
that promotes lung cancer.

A variety of particles have been reported
to be toxic to BEAS-2B cells.18,19

Amorphous silica nanoparticles are small
and can easily penetrate cells through the
biomembrane, thus causing cell damage
and inflammation. Although amorphous
silica is cytotoxic, it does not directly
cause mutations. However, amorphous
silica nanoparticles can increase the inci-
dence of lung cancer in vivo.20 Consistent
with our results, amorphous silica nanopar-
ticles can accelerate malignant transforma-
tion of cells in the presence of suitable
deregulating mutations, which may lead to
tumorigenesis.21 Therefore, amorphous
silica nanoparticles may have a role in
tumorigenesis of lung cancer.

At present, chronic inflammation is con-
sidered to be related to development of
tumors. However, rats only show an acute
inflammatory response within 8 hours after
inhaling amorphous silica nanoparticles.
Moreover, after long-term inhalation of
SiNPs, most animals only show emphysema
and hyperplasia of alveolar cells.22 In this
study, we found that SiNPs promoted EMT

of BEAS-2B cells, which is different from
the results of these animal experiments.
This inconsistency between studies may be
due to removal of inhaled silica nanopar-
ticles from the respiratory tract by experi-
mental animals, and thus the duration of
inflammation is relatively short. SiNPs act
on BEAS-2B cells persistently in vitro, elic-
iting a continuous inflammatory response.

Our findings suggested that SiNPs com-
bined with BPDE promoted EMT by elicit-
ing an inflammatory response. After
analysis of a cytokine microarray, we
found that SiNPs induced release of SDF-
1a levels in the co-culture medium. Further
experiments showed that SDF-1a was
mainly secreted by THP-1 cells. Combined
with BPDE, SiNPs significantly enhanced
secretion of SDF-1a. Previous studies have
shown that amorphous silica nanoparticles
can induce different types of cytokine in
different cell lines.23–25 Our study showed
that SiNPs and other types of amorphous
silica nanoparticles had different effects on
different cytokines, which may be due to
the size, concentration, and surface charac-
teristics of the nanoparticles.26–28

Consequently, different SiNPs may elicit

Figure 5. SDF-1a promotes epithelial-mesenchymal transition of BEAS-2B cells via the AKT pathway.
Protein expression of AKT, p-AKT, GSK-3b, and p-GSK-3b was detected by western blotting in BEAS-2B
cells (a) and by immunohistochemistry in tumor tissue (b) (�400).
BPDE: benzo[a]pyrene-7, 8-dihydrodiol-9, 10-epoxide; SiNPs: spherical silica nanoparticles; SDF-1a, stromal
cell-derived factor-1a; GSK-3b, glycogen synthase kinase-3b; p-: phosphorylated.
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different cytokine expression profiles. We
found that serum SDF-1a levels in patients
with lung cancer were higher than those in
patients with benign lesions in Xuanwei,
but they were not significantly different
from those in lung cancer patients in other
districts of Yunnan. This finding may be
due to the small number of cases enrolled
in this study. In addition, there may be dif-
ferences between SDF-1a levels in lung
tissue and blood samples. Therefore, the
relationship between SDF-1a levels and
lung adenocarcinoma in Xuanwei requires
further study.

SDF-1a (CXCL12) belongs to a class of
chemokines that mediate inflammation.
SDF-1a is specifically recognized by chemo-
kine receptors 4 and 7.29 SDF-1a/CXCR4
(CXCR7) plays an important role in tumor-
igenesis, proliferation, differentiation, and
metastasis of various cancers, including
breast cancer, colorectal cancer, renal cell
carcinoma, ovarian cancer, small cell lung
cancer, and others.30,31 High SDF-1a levels
are associated with a shorter survival in
patients with esophageal, pancreatic, and
lung cancer. However, this finding is the
opposite in breast cancer.32 Recent studies
have shown that SDF-1a can enhance
angiogenesis and proliferation of small cell
lung cancer, and promote invasion and
metastasis of lung cancer.33 Clinical studies
have shown that the rate of distant metas-
tasis of patients with non-small cell lung
cancer and high CXCR7 expression is sig-
nificantly higher and the 5-year tumor-free
survival rate is significantly lower than
those in patients with low
CXCR7expression.34 CXCL12/CXCR4
can activate the AKT pathway. E-cadherin
expression is regulated by the AKT path-
way, and cytokines are the most important
factors that activate AKT signals in tumor
cells, such as transforming growth factor-b,
epidermal growth factor, hepatocyte
growth factor, platelet-derived growth
factor, and vascular endothelial growthT
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factor.35,36 Dooley and coworkers used

transforming growth factor-b to induce

EMT in primary mouse liver cells

(C57BL/6 mice) and activate AKT signal-

ing.37 After AKT signal activation by cyto-

kines, the AKT signal upregulated the

expression of Snail, Slug, Twist, ZEB, and

other nuclear transcription factors, and

directly inhibited E-cadherin levels in

cells.38 Our study showed that neutralizing

antibody treatment against SDF-1a inhib-

ited activation of the AKT pathway and

inhibited EMT of BEAS-2B cells.

Therefore, SiNPs promoted EMT of

BEAS-2B cells by SDF-1a via the AKT sig-

naling pathway.
In summary, our findings provide evi-

dence that SiNPs combined with BPDE

promote EMT of BEAS-2B cells by induc-

ing the release of SDF-1a from THP-1 cells

via the AKT pathway. Although direct car-

cinogenesis of SiNPs cannot be proven cur-

rently, this promotes development of

tumors combined with BPDE. Therefore,

our study provides a theoretical basis for

explaining the high incidence of lung

cancer in the Xuanwei district of

Yunnan, China.
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