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Abstract Exposure to environmental and occupational
contaminants leads to lung cancer. 3-Nitrobenzanthrone
(3-nitro-7H-benz[de]anthracen-7-one, 3-NBA) is a po-
tential carcinogen in ambient air or diesel particulate
matter. Studies have revealed that short-term exposure
to 3-NBA induces cell death, reactive oxygen species
activation, and DNA adduct formation and damage.
However, details of the mechanism by which chronic
exposure to 3-NBA influences lung carcinogenesis re-
main largely unknown. In this study, human lung epi-
thelial BEAS-2B cells were continuously exposed to 0–
10-μM 3-NBA for 6 months. NanoString analysis was
conducted to evaluate gene expression in the cells, re-
vealing that 3-NBA–mediated transformation results in

a distinct gene expression signature including carbon
cancer metabolism, metastasis, and angiogenesis. Alter-
ations in tumor-promoting genes such as EREG
(epiregulin), SOX9, E-cadherin, TWIST, and IL-6 were
involved in epithelial cell aggressiveness. Kaplan–
Meier plotter analyses indicated that increased EREG
and IL-6 expressions in early-stage lung cancer cells are
correlated with poor survival. In vivo xenografts on 3-
NBA–transformed cells exhibited prominent tumor for-
mation and metastasis. EREG knockout cells exposed to
3-NBA for a short period exhibited high apoptosis and
low colony formation. By contrast, overexpression of
EREG in 3-NBA–transformed cells markedly activated
the PI3K/AKT and MEK/ERK signaling pathways,

Cell Biol Toxicol (2022) 38:865–887
https://doi.org/10.1007/s10565-021-09612-1

Kuan-Yuan Chen and Chien-Hua Tseng contributed equally to this
work.

K.<Y. Chen :K.<Y. Lee
Graduate Institute of Clinical Medicine, College of Medicine,
Taipei Medical University, Taipei, Taiwan

K.<Y. Chen : C.<H. Tseng : P.<H. Feng :W.<L. Sun :
S.<C. Ho :N. Van Hiep :C.<S. Luo :Y.<H. Tseng :
T.<T. Chen :W.<T. Liu :K.<Y. Lee : S.<M. Wu
Division of Pulmonary Medicine, Department of Internal Medicine,
Shuang Ho Hospital, Taipei Medical University, New Taipei City,
Taiwan

C.<H. Tseng : P.<H. Feng :W.<L. Sun :Y.<H. Tseng :
T.<T. Chen :W.<T. Liu :K.<Y. Lee (*) : S.<M. Wu (*)
Division of Pulmonary Medicine, Department of Internal Medicine,
School of Medicine, College of Medicine, Taipei Medical
University, Taipei, Taiwan

S.<C. Ho :W.<T. Liu
School of Respiratory Therapy, College of Medicine, Taipei
Medical University, Taipei, Taiwan

C.<W. Lin
Department of Biochemistry andMolecular Cell Biology, School of
Medicine, College of Medicine, Taipei Medical University, Taipei,
Taiwan

N. Van Hiep
International PhD Program in Medicine, College of Medicine,
Taipei Medical University, Taipei, Taiwan

http://crossmark.crossref.org/dialog/?doi=10.1007/s10565-021-09612-1&domain=pdf
https://orcid.org/0000-0003-4705-5802
http://orcid.org/0000-0003-1746-5771


resulting in tumorigenicity. Furthermore, elevated IL-6
and EREG expressions synergistically led to STAT3
signaling activation, resulting in clonogenic cell survival
and migration. Taken together, chronic exposure of
human lung epithelial cells to 3-NBA leads to malignant
transformation, in which the EREG signaling pathway
plays a pivotal mediating role.

Keywords 3-Nitrobenzanthrone . Carcinogen .

Transformation . Epiregulin . Lung cancer

Introduction

Lung cancer has been commonly associated with expo-
sure to environmental and occupational pollutants (Field
and Withers 2012). The high number of lung cancer
deaths among individuals who have never smoked in-
dicates that risk factors other than tobacco smoking
substantially contribute to lung cancer mortality
(Casal-Mourino et al. 2019). Diesel engine exhaust
(DEE) is a major source of urban pollution, and its
composition is complex owing to its gas and particulate
phases (Steiner et al. 2016). Toxic chemicals adsorbed
onto diesel exhaust particles (DEPs) include polycyclic
aromatic hydrocarbons (PAHs) and nitro-PAHs, which
exert carcinogenic properties through intracellular met-
abolic activation by binding to DNA and inducing mu-
tations (Long et al. 2016; White et al. 2017). Case-
control studies of 11 populations with smoking-
adjusted analysis have revealed an increased risk of lung
cancer after exposure to DEE (Olsson et al. 2011).
Moreover, animal studies have revealed that long-term
(3 months) exposure to low (100 μg/m3) or high (3 mg/
m3) concentrations of DEP for 1 h/day 5 days/week
increased airway inflammation, pulmonary fibrosis,
and goblet cell hyperplasia (Kim et al. 2016). These
results indicate that chronic exposure to DEPs may
promote airway remodeling and angiogenesis. Addi-
tionally, DEP extracts instilled intratracheal lung carci-
nomas and sarcomas in animals (Kunitake et al. 1986;
Grimmer et al. 1987).

The nitro-PAH 3-nitrobenzanthrone (3-nitro-7H-
benz[de]anthracen-7-one, 3-NBA) is a potential carcin-
ogen typically present in diesel emissions, gasoline ex-
haust particles, and atmospheric particles (Arlt 2005;
Santos et al. 2019) and has been reported to possess
high genotoxic and mutagenic potential (Nagy et al.

2006, 2007; Bieler et al. 2007). Notably, 3-
aminobenzanthrone was identified as the predominant
metabolite of 3-NBA in the urine of DEE-exposed
workers (Seidel et al. 2002). In addition, after 3-NBA
is metabolically activated, the final electrophilic metab-
olite can bind to nucleophilic sites in biomolecules such
as DNA (Arlt et al. 2005; Stiborova et al. 2010). Thus,
nucleophilic attacks may occur at the nitrogen and car-
bon rings of DNA (Takamura-Enya et al. 2007).
Intratracheal instillation of 3-NBA (total dose = 2.5
mg) for 18 months caused tumor formation in rats;
specifically, 3-NBA induced squamous cell carcinoma
in 11 of 16 rats (68.7%) and lung adenocarcinoma in
one rat (Nagy et al. 2005). Evidently, 3-NBA causes
premutagenic lesions in DNA and may initiate tumor
progression in target tissues. In the MutaMouse model,
3-NBA also causes DNA adducts in lung tissue when
administered through gavage (Arlt et al. 2008). In addi-
tion, 3-NBA induces cell death, the production of reac-
tive oxygen species (ROS), and DNA adduct formation
and lesion damage in several types of cells and tissues
(Arlt et al. 2008; Arlt et al. 2001; Hansen et al. 2007;
Stiborova et al. 2012). These data suggest that 3-NBA is
a potential lung carcinogen.

Increasing evidence suggests that the 3-NBA present
in ambient air and diesel particulate matter (PM) is a
critical carcinogenic compound. In fact, DEPs contain a
heterogeneous mixture of transition metals, PAHs, and
nitro-PAHs, including 3-NBA. An individual’s daily
breath intake of 3-NBA contained in DEPs may be as
high as 90 pg/day (Arlt 2005). However, the qualitative
and quantitative compositions of DEE vary according to
fuel, engine, and emission system. Moreover, 3-NBA
exposure concentrations may vary between the general
population and specific high-risk groups exposed to
engine exhaust, domestic coal-burning stoves, rainwa-
ter, and ambient air PM. Accordingly, the detailed
mechanism of carcinogenicity mediated by consistent,
long-term exposure to single-compound 3-NBA re-
mains unclear.

To determine the cellular and molecular processes
involved in carcinogenesis, lung epithelial BEAS-2B
cells were continuously exposed to 3-NBA in a culture
over an extended period. Analysis of NanoString
PanCancer gene expression profiling revealed that 3-
NBA–mediated cell transformation significantly altered
several tumor-promoting genes such as EREG. EREG is
an agonist of EGFR that homodimerizes EGFR, thereby
activating EGFR downstream signaling cascades such
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as the MEK/ERK pathway and subsequently promoting
cancer cell survival and proliferation (Shelly et al.
1998). Signaling of the EREG/EGFR pathway regulates
tumor development processes, including apoptosis re-
sistance, cell proliferation, metastasis, and angiogenesis
(Sunaga and Kaira 2015). Notably, EREG expression is
typically low in nontumor cells but is elevated in several
human tumors such as lung cancer (Sunaga et al. 2013).
We hypothesized that EREG may play a key role in cell
survival, and we further prepared BEAS-2B EREG-
depleted cells by using CRISPR/Cas9 technology.
EREG knockout can markedly increase more apoptosis
and reduce clonogenic cell survival upon stimulation
with 3-NBA. In the current study, chronic 3-NBA ex-
posure induced malignant transformation through the
altered expression of tumor-promoting genes that medi-
ated clonogenic cell survival, anchorage-independent
cell growth, migration, and in vitro angiogenesis. In
addition, EREG-mediated downstream signaling paths
including PI3K/AKT, MEK/ERK, and STAT3 may
contribute to tumorigenicity in 3-NBA–transformed
cells.

Materials and methods

Cell culture

Human lung epithelial cells (BEAS-2B cells) were
purchased from American Type Culture Collection
(ATCC, Manassas, VA, USA). The cells were cul-
tured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS; Invitrogen, Thermo Fisher Scientific, Carlsbad,
CA, USA) in a 5% CO2 humidified incubator at 37°C.
3-NBA (Carbosynth, Berkshire, UK) was suspended
and diluted to appropriate concentrations in the cul-
ture medium. In total, 1 × 106 BEAS-2B cells were
seeded onto a 10-cm dish and treated with 0–10-μM3-
NBA per passage. This process was sustained for 6
months (2 passages/week, BEAS-2B 3-NBA-6M).
Continuous culture-matched BEAS-2B cells were
treated with dimethyl sulfoxide (DMSO) as controls
(BEAS-2B control-6M).

Cell proliferation assay

In total, 1 × 105 BEAS-2B parental and transformed 3-
NBA-6M or control-6M cells were seeded on 6-cm

dishes. Growth rates were then examined with trypan
blue exclusion, and cells were quantitated on days 1–4
by using the Countess cell counter (Invitrogen). The
results are presented as total cell numbers.

Transfection and RNA interference

In total, 5 × 106 BEAS-2B 3-NBA-6M or control-6M
cells were transiently transfected with 500-nM small
interfer ing RNAs target ing EREG and IL-6
(Dharmacon, Lafayette, CO, USA) or a scramble con-
trol according to the manufacturer’s instructions. The
samples were then transferred into an electroporation
cuvette by using a Nucleofector system; the transfec-
tions were performed according to the manufacturer’s
instructions. After transfection, the cells were immedi-
ately transferred into prewarmed complete DMEM me-
dium and cultured in a regular culture condition.

Cell apoptosis assay

Apoptosis analysis was performed through Annexin V-
FITC/propidium iodide (PI) staining (BD Biosciences,
San Jose, California, USA) with a detection kit accord-
ing to the manufacturer’s instructions. In brief, 3-NBA–
treated cells were harvested, washed twice with cold
phosphate-buffered saline (PBS), and then resuspended
in binding buffer. The cell suspension (105 cells) was
mixed with equal volumes (5 μL) of Annexin V-FITC
and PI at room temperature without exposure to light for
15 min. Subsequently, the percentage of apoptotic cells
was measured using a BD LSRFortessa cell analyzer.

NanoString gene expression analysis

Gene expression assay was performed with the
NanoString PanCancer Pathway Panel by using 50 ng
of total RNA according to the manufacturer’s instruc-
tions. The data were then processed and analyzed using
nSolver analysis software 4.0 (NanoString Technolo-
gies, WA, USA). The geometric mean of housekeeping
genes was calculated to normalize all samples. The fold
change (FC) of differentially expressed gene expression
between 3-NBA-6M and control-6M cells was obtain-
ed. Deregulated KEGG pathways were identified using
STRING (http://string-db.org).
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Immunoblot analysis

Total cell lysates (40 μg/lane) were added to each lane
of 10% SDS-PAGE gel and analyzed by blotting with
antibodies specific to p53 (Santa Cruz, Dallas, TX,
USA, sc-126), SOX9 ([SRY (sex determining region
Y)-box 9]; ABclonal, Woburn, MA, USA, A2479),
TWIST1 (Santa Cruz, sc-81417), TWIST2 (ABclonal,
A5599), SANI2 (Proteintech, Rosemont, IL, USA,
12129-1-AP), GREM1 (ABclonal, A11595), THBS
(ABclonal, A2125), E-cadherin (Thermo, 13-1700),
STAT3 (Cell Signaling, Danvers, MA, USA, 9131), p-
STAT3 (Cell Signaling, 9139), ERK (Thermo, MA5-
15605), p-ERK (Cell Signaling, 5683), AKT
(Proteintech, 10176-2-AP), p-AKT (Cell Signaling,
9271), MET (Cell Signaling, 3127), and EREG (R&D,
Minneapolis, MN, USA, AF1195).

Soft agar colony formation assays

In total, 10,000 cells per well were seeded in 12-well
plates for 3 weeks to achieve layer agar cultures accord-
ing to the method described in our previous publication
(Wu et al. 2017). Thereafter, the cells were resuspended
in 10% FBS in DMEM with 0.33% agar; the complete
medium in the upper layer was replaced once per week.
The colonies were stained with crystal violet (0.01%,
w/v) after 3 weeks.

Clonogenic assays

EREG knockout or control cells (250 cells/well) were
seeded in 6-well plates, and 10-μM 3-NBA was
replenished every 3 days for 2 weeks. Induction of
colony formation was also measured in 3-NBA-6M or
control-6M cells with recombinant human IL-6 (rIL-6)
treatment in the presence or absence of indicated inhib-
itors.Monolayers were then fixed and stained with 0.5%
crystal violet, washed, and dried. After the plates were
photographed, the crystal violet was solubilized with
20% acetic acid, and the intensity was spectrophotomet-
rically quantified at 490 nm.

Migration and invasion assay

The BEAS-2B–transformed and control cells (2 × 105)
were resuspended in 100 μL of serum-free DMEM
before being placed in the upper chamber of 24-well
transwell plates (Costar, St Lowell, MA, USA); 1 mL of

20% FBS medium was used as a chemoattractant in the
lower chamber. For invasion assays, the upper chambers
were coated with 100 μL of diluted Matrigel and were
left to gel at 37°C for 4 h. BEAS-2B–transformed and
control cells were preincubated in serum-free medium
overnight. Subsequently, the cells were suspended in
100 μL of serum-free medium before being placed in
the upper Matrigel-coated chamber; the lower well was
placed in a 20% FBS medium. After 24 h of incubation,
the migration or invasion ability of the cells was mea-
sured as described previously (Wu et al. 2017).

Endothelial cell tube formation assay

The Matrigel matrix was placed on ice overnight before
tube formation analysis. Next, 100 μL of Matrigel was
transferred to one well in a 48-well plate, which was
placed in regular culture condition overnight. Primary
human umbilical vein endothelial cells (HUVECs) de-
rived from PromoCell (Heidelberg, Germany) were cul-
tured in EGM-2 medium, and 3 × 104 cells/100 μL were
mixed with 80 μg of conditioned medium from BEAS-
2B 3NBA-6M or control-6M cells from each well. After
16 h of incubation, the absolute number of tube forma-
tions in five randomly selected fields per well was
measured using light microscopy.

Enzyme-linked immunosorbent assay

The IL-6 protein levels in the supernatants were deter-
mined using commercial enzyme-linked immunosor-
bent assay (ELISA) kits (eBioscience, San Diego, CA,
USA) according to the manufacturer’s instructions.
ELISA kits were also used to confirm secretory EREG
protein levels (Abnova, Taipei, Taiwan, KA5094).

Generation of EREG knockout BEAS-2B cells
through CRISPR/Cas9-mediated genome editing

Human EREG knockout BEAS-2B cells were generated
using CRISPR/Cas9 technology. Two sgRNAs
targeting the third or seventh coding exon were sepa-
rately cloned into pAll-Cas9. We purchased pPpuro
plasmid from the National RNAi Core Facility (Acade-
mia Sinica, Taipei, Taiwan). The sgRNA targeting sites
5′-ATGGAATCACAGTTGTACTGAGG-3′ and 5′-
GACAGAAGACAATCCACGTGTGG-3′ were used
for sgRNA#1 and sgRNA#2, respectively. Human
BEAS-2B cells were transfected with two sgRNA
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plasmids by using the 4D-Nucleofector system accord-
ing to the manufacturer’s instructions (Lonza, Morris-
town, NJ, USA). After 2 days, the transfected cells were
treated with puromycin (2 μg/mL) for 1 week. The live
cells were then diluted in a 96-well plate to isolate
single-cell clones. The depletion of EREG in the EREG
knockout cells was confirmed through immunoblot
analysis and genomic DNA sequencing.

Xenograft assays of tumorigenicity in vivo

A total of 20 female BALB/cAnN.Cg-Foxn1nu/CrlNarl
nude mice aged 6 weeks were obtained from the Na-
tional Laboratory Animal Center (Taipei, Taiwan) and
housed in a pathogen-free facility. To evaluate solid
tumors generated in the nude mice, 2 × 105 BEAS-2B
3-NBA-6M (10 μM)–transformed (3-NBA–T) or con-
trol cells in 100-μL PBS were subcutaneously inoculat-
ed (n = 5 nude mice/group), and tumor size was deter-
mined as described previously (Wu et al. 2017). The
animals were sacrificed after the 6-week tumor growth
experiment. The invasive ability of the 3-NBA–T cells
was further determined by intravenously injecting trans-
formed or control cells (1 × 106) into five nude
mice/group. After 7 weeks, all animals involved in
invasion experiments were sacrificed. We examined
the tumor foci in the lung tissues of the nude mice and
determined EREG and IL-6 expressions by using im-
munohistochemistry with EREG (Abcam, ab175118)
and IL-6 (Bioss, Woburn, MA, USA, bs-0781R) anti-
bodies. Animal care and experiment protocols were
approved by the Institutional Animal Care and Use
Committee of Taipei Medical University (Approval
No. LAC-2020-0061).

Kaplan–Meier plotter database

The Kaplan–Meier (KM) survival plotter database
(http://kmplot.com/analysis/), which includes data on
1925 patients with lung cancer, was used to evaluate
the prognostic values of the 3-NBA–mediated genes.
KM plots were obtained for each gene symbol in the
database. The high- and low-expression groups of pa-
tients with lung cancer were classified according to
optimal gene expression cutoff values, and 10-year
overall survival analyses were conducted. The number
of patients, upper quartile or median survival months,
and hazard ratios with 95% confidence intervals and log
rank p values were extracted from the database.

Statistical analysis

Data were presented as means with standard deviations
and statistically analyzed using GraphPad Prism 8.0
(GraphPad Software, San Diego, CA, USA). Between-
group differences were analyzed using the Student’s t
test. To compare the results obtained from multiple
treatments, one-way analysis of variance and Tukey’s
honestly significant difference post hoc test were
conducted.

Results

Differential gene expression in human lung epithelial
cells after long-term exposure to 3-NBA

The chemical structure of 3-NBA is presented in Sup-
plementary Material 1. BEAS-2B cells exposed to 1–
160-μM 3-NBA for 24 h revealed a dose-dependent
10.43–65.42% reduction in cell viability and a 15.10–
110.28% increase in intracellular ROS when compared
with DMSO-exposed control cells (Supplementary
Material 1). Moreover, 1- or 10-μM 3-NBA treatment
resulted in a 1.89–5.12% increase in cell apoptosis for
24 h and repressed cell proliferation by 20.28–30.38%
for 4 days. These results indicate that treatment with 1-
or 10-μM 3-NBA can induce cellular ROS formation
and apoptotic cell death within a short period.

The malignant transformation potential of BEAS-2B
cells in vitro was assessed after long-term exposure to 3-
NBA. As presented in Fig. 1a, subconfluent cell cultures
continuously exposed to 3-NBA (0.1–10 μM) and
DMSO control for 6 months were designated as
BEAS-2B 3-NBA-6M and control-6M, respectively.
To identify a specific gene alteration pattern caused by
1- or 10-μM 3-NBA, gene expression profiling was
performed using the NanoString PanCancer Panel. The
gene expression profile of BEAS-2B 3-NBA-6M (1 or
10 μM) cells differed from that of the control-6M cells
(Fig. 1b). The most differentially expressed genes in
each gene set were identified; the global significance
score indicates the extent of differential expression. The
heatmap represents the scores of the different gene sets
between BEAS-2B cells treated with 1- or 10-μM 3-
NBA and the control cells treated with DMSO (Fig. 1c).
The pathway scores condense the gene expression pro-
file of each sample assessed in later experiments. The
scores were plotted to compare pathway differences
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between 1- and 10-μM 3-NBA (Fig. 1d). The average
scores for pathways related to carbon cancer metabo-
lism, epithelial-to-mesenchymal transition (EMT) to
metastasis, angiogenesis regulation, and sprouting an-
giogenesis increased in a 3-NBA dose-dependent man-
ner. The top 20 up- and downregulated genes in BEAS-
2B 3-NBA-6M (10 μM) cells and the relative gene sets
of the cancer progression pathways are presented in Fig.
1e.

3-NBA–mediated cell transformation promotes
proliferation

To determine whether 3-NBA can transform lung epi-
thelial cells into the cancer progression phenotype,
NanoString gene expression analysis was performed
by applying the nCounter PanCancer Progression Path-
ways Panel to RNA from 3-NBA–transformed cells.
The panel contains 770 genes involved in several key
cancer progression steps such as cell proliferation, ex-
tracellular matrix remodeling, EMT, and metastasis.
Carbon cancer metabolism gene sets such as FGFR2
and MET were upregulated, but key tumor suppressor
genes such as p53were downregulated. The p53 protein

was downregulated in BEAS-2B 3-NBA-6M cells com-
pared with the control-6M cells (Supplementary
Material 2).

To examine the proliferation alteration in BEAS-2B
3-NBA-6M cells, we analyzed the proliferation gene set
signature (Fig. 2). Figure 2a indicates that the genes in 3-
NBA–transformed cells were significantly altered. The
analysis of the proliferation pathway gene set revealed
differentially expressed genes with log2 FC > 1.5, in-
cluding EREG, IL-6, SOX9, THBS1, and CD24, in
BEAS-2B cells transformed through exposure to
10-μM 3-NBA. Notably, the most differentially
expressed gene, EREG, was significantly upregulated
by log2 FCs of 3.00 and 6.88 in 1- and 10-μM 3-NBA–
transformed cells, respectively. To evaluate the potential
functional interrelationships within the proliferation
gene set, the STRING database (Szklarczyk et al.
2017) was used to determine protein–protein interac-
tions after 3-NBA transformation. The results revealed
that the upregulated genes affected after 3-NBA trans-
formation were mainly in the EREG/AKT, IL-6/SOX9,
and MET protein networks. As expected, 1- or 10-μM
3-NBA–transformed BEAS-2B cell proliferation was
enhanced by 33.76–48.47% compared with control cells
after treatment for 4 days (Fig. 2b).

Anchorage-independent growth in soft agar in vitro
is an indication of cellular transformation and is closely
associated with tumorigenesis in vivo (Cox and Der
1994). Data from the clonogenic soft agar assay re-
vealed 2.43- to 2.77-fold increases in colony numbers
in the BEAS-2B 3-NBA–transformed group compared
with the controls, indicating malignancy (Fig. 2c). To
determine whether the changes in the gene expression
patterns were consistent with those in protein levels, we
investigated several principal components involved in
cell proliferation. The levels of EREG, AKT, SOX9,
andMETwere increased in the BEAS-2B 3-NBA group
treated with 10-μM 3-NBA (Fig. 2d). Notably, an evi-
dent dose-dependent increase (1.83- and 2.69-fold) in
EREG proteins was observed in cells transformed with
1–10-μM 3-NBA.

Long-term exposure to 3-NBA induces human lung
epithelial cell aggressiveness

Active tumor cell migration is a crucial prerequisite for
tumor cell invasion andmetastasis. To determine wheth-
er 3-NBA–mediated transformation can affect EMT
phenotype, we conducted a NanoString gene expression

Fig. 1 Differential gene expression after long-term exposure of
BEAS-2B cells to 3-NBA. a Schematic representation of BEAS-
2B cells continuously exposed to 0–10-μM 3-NBA for 6 months
(BEAS-2B 3-NBA-6M cells). b mRNA quantified using the
PanCancer Progression Panel through NanoString analysis with
BEAS-2B samples exposed to 3-NBA and DMSO control for an
extended period. Results are depicted as a volcano plot indicating
the differential gene expression of BEAS-2B cells treated with 1-
or 10-M 3-NBA for 6 months compared with the BEAS-2B
DMSO control. cHeatmap displaying differential gene expression
between BEAS-2B cells treated with DMSO control and those
treated with 1- or 10-μM 3-NBA. The most differentially
expressed genes in each gene set were identified, and the extent
of differential expression in each gene set was summarized using a
global significance score. The heatmap displays each sample’s
global significance score. Orange denotes gene sets whose genes
exhibited higher differential expression with the covariate, and
blue denotes gene sets with lower differential expression. d Path-
way scores plotted to compare variation between 0-, 1-, and 10-
μM 3-NBA-6M. The lines denote each pathway’s average score
among the group conditions. e Top 20 upregulated and downreg-
ulated genes in the 10 μM 3-NBA-6M group; p values and log2
FC on the left panel correspond to the cancer progression pathway
gene sets. False discovery rate was controlled using the
Benjamini–Yekutieli procedure, and adjusted p values were gen-
erated

R
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analysis, revealing that 10-μM 3-NBA–mediated trans-
formation upregulated EMT and EMT to metastasis
gene sets such as SOX9 (log2 FC = 1.76) and SANI2
(log2 FC = 1.35) but downregulated CDH1 (E-
cadherin) (log2 FC = −4.42) during EMT (Fig. 3a and
b). To examine the functional role of 3-NBA–mediated
transformation in cell migration, we performed a
transwell migration assay, which indicated that migra-
tion ability increased 2.12- to 2.34-fold in cells trans-
formed with 1- or 10-μM 3-NBA (Fig. 3c). Further-
more, compared with control cells, 1- or 10-μM 3-
NBA–transformed BEAS-2B cells exhibited 2.59- to
3.56-fold enhancements in invasion ability (Fig. 3d).
We further examined several key regulators of EMT in
3-NBA–transformed cells. Western blot assays revealed
markedly reduced protein levels of E-cadherin (0.32-
fold) and increased levels of TWIST1 and TWIST2
(1.91- and 2.56-fold, respectively) in BEAS-2B cells
transformed with 10-μM 3-NBA (Fig. 3e).

Angiogenesis is critical to cancer development and is
characterized by abnormal tumor vascularization.
Therefore, we conducted NanoString gene expression
analysis to examine angiogenesis regulation in 3-NBA–
transformed cells. Differentially expressed genes from
the angiogenesis or sprouting angiogenesis processes
were observed (Fig. 4a and b). To determine whether

3-NBA–transformed cells induced angiogenesis
in vitro, we performed tube formation assays, revealing
that 3-NBA–mediated transformation markedly en-
hanced tube formation (1.77- to 2.04-fold), particularly
at concentrations of 1 and 10 μM (Fig. 4c). The IL-6/
STAT3 axis may facilitate angiogenesis in several can-
cers. High levels of systemic IL-6 expression are corre-
lated with poor prognosis in patients with non-small-cell
lung cancer (NSCLC) (Silva et al. 2017). The gene
expression levels of IL-6 increased 3.09- to 4.62-fold
in 3-NBA–transformed cells (1 or 10 μM; Fig. 4d).
Moreover, secretory IL-6 protein levels were markedly
elevated (1.58- to 2.15-fold; Fig. 4e). However,
NanoString analysis indicated that the upregulation of
THBS1 and GREM1 in 3-NBA–transformed cells did
not significantly alter protein levels (Fig. 4f).

Collectively, these data suggest that chronic exposure
to 3-NBA may mediate tumor-promoting gene alter-
ation, including cell proliferation, independent cell
growth, migration, invasion, and tube formation, there-
by inducing epithelial cell aggressiveness.

3-NBA–mediated gene expression is correlated
with poorer overall lung cancer survival

We used KM plotter with the transcriptomic data of
1925 NSCLC specimens from the lung cancer gene
expression dataset (Gyorffy et al. 2013) to evaluate the
prognostic significance of the biomarkers in the genes
that were markedly mediated by 3-NBA. The 10-year
overall survival analysis suggested that most upregulat-
ed genes in the 3-NBA transformation network, includ-
ing IL-6, SOX9, and SANI2, were highly expressed in
patients with poor lung cancer prognosis (Fig. 5a). By
contrast, the levels of several downregulated genes such
as CDH1, SYNE1, and TCF4 were lower, with signifi-
cant differences in patients with poor lung cancer poor
prognosis (Fig. 5b). Furthermore, survival analyses
were performed according to subtypes of clinical lung
cancer characteristics, revealing that 3-NBA markedly
induced EREG gene correlation with lung cancer. No-
tably, in an analysis of patients with lung cancer, female
patients, those who never smoked, and those with ade-
nocarcinoma exhibited a high correlation of EREG ex-
pression with poor overall survival (Fig. 5c). Moreover,
poor survival was observed in patients with lung cancer
and high EREG expression in the following subtypes:
small tumor size (stage T1, ≤3 cm), no regional lymph
node or ipsilateral mediastinal lymph node spreading

Fig. 2 Cell proliferation increased in lung epithelial cells exposed
to 3-NBA for an extended period. aDifferentially expressed genes
with p ≤ 0.01 and log2 FC > 1 or log2 FC < −1 in BEAS-2B cells
treated with 10-μM 3-NBA for 6 months when compared with the
BEAS-2B DMSO control (0-μM 3-NBA). The analysis of
proliferation-related genes in BEAS-2B 3-NBA-6M cells treated
with 1- or 10-μM 3-NBA is depicted as a volcano plot. The inter
protein–protein interaction of the genes upregulated (log2 FC >
0.5) under long-term 10-μM 3-NBA treatment during cell prolif-
eration was obtained through STRING network analysis. The
network yielded up to three clusters by using k-means clustering
and had a high confidence of interaction score (0.700). b BEAS-
2B 3-NBA-6M (1–10 μM)–transformed cells exhibited increased
cell proliferation when compared with control cells after treatment
for 4 days. c 3-NBA-transformed cells grown in plates with soft
agar cultures. Representative images of colonies (scale bar, 400
μm) are displayed. The 3-NBA–mediated transformation signifi-
cantly increased colony numbers in BEAS-2B 3-NBA-6M cells
when compared with the DMSO control. d Expression levels of
EREG, SOX9, and MET proteins examined through immunoblot-
ting. Actin served as a loading control, and protein expression was
normalized to actin. The relative values of proteins are expressed
as the FC over control. Data are presented as the mean ± standard
deviation of three independent experiments. (*p < 0.05 and **p <
0.01)
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(N0 or N2 status), and well-differentiated lung cancer
cells (grade I). Patients with stage 1A (T1N0M0) lung
cancer and high EREG expression had poor survival
(low expression, 48.0 months; high expression, 25.0
months; p = 0.023; Fig. 5d). The survival analysis
demonstrated that high IL-6 expression was associated
with unfavorable prognosis in most subtypes of clinical
characteristics (except stages T2–T4; Fig. 5e). Similarly,
in patients with stage 1A lung cancer, survival was
lower in patients with high IL-6 expression (30.0
months) than in those with low IL-6 expression (91.0
months; p < 0.001; Fig. 5f). Collectively, 3-NBA–trans-
formed cells demonstrated alterations in several tumor-
promoting genes such as EREG and IL-6, and their
expression in early-stage lung cancer was correlated
with shorter survival.

3-NBA–transformed cells mediate malignant properties
in vivo

On the basis of the malignant phenotypes caused by 3-
NBA in vitro, we inoculated xenograft mice with
BEAS2B 3-NBA-6M (10 μM)–transformed (3-NBA–
T) cells to examine tumorigenicity in vivo. Nude mice
were inoculated with 3-NBA–T and control cells
through subcutaneous injection. No tumor formation
was observed in the mice inoculated with BEAS-2B

control cells after 6 weeks, but all five mice in the
subcutaneous xenograft mouse model injected with 3-
NBA–T cells exhibited tumor formation (average
volume > 500 mm3; Fig. 6a and b). To determine the
potential metastasis ability in vivo, nude mice received
tail-vein injections of 3-NBA–T or control cells. Inocu-
lation of 3-NBA–T cells resulted in higher metastasis
capability compared with the control cells (5.68-fold;
Fig. 6c). Immunostaining revealed that the lungs ofmice
receiving 3-NBA–T contained EREG and IL-6 overex-
pressing micrometastases (Fig. 6c). These findings in-
dicate that 3-NBA–T cells induce tumor formation and
metastasis in vivo.

3-NBA induces lung epithelial cell malignancy
through the EREG signaling pathway

The present results indicate that 3-NBA–mediated cell
malignancy transformation increases clonogenic cell
survival, in vitro angiogenesis, and migration. More-
over, 3-NBA–T cells contributed to tumorigenesis in
the mouse xenograft model. These results suggest that
EREG and IL-6 are crucial for inducing the tumorigenic
properties of 3-NBA–transformed cells. To determine
whether EREG plays a critical role in cell transforma-
tion, EREG expression was stably knocked out in the
parental (BEAS-2B) cells. After 10-μM 3-NBA treat-
ment, the EREG knockout cells exhibited higher apo-
ptosis (1.71-fold) and formed substantially fewer (0.46-
fold) and smaller colonies when compared with knock-
out control cells (Fig. 7a and b). To determine the
signaling pathway involved in colony formation,
BEAS-2B 3-NBA-6M (10 μM)–transformed cells were
treated with kinase or STAT3 inhibitors. Treatments
with PI3K and MEK inhibitors caused reduced colony
formation in the 3-NBA–transformed cells (reduction
from 2.33-fold to 0.51- and 0.29-fold, respectively; Fig.
7c). However, treatment with STAT3 inhibitors partially
reduced clonogenic cell survival (30.0%, reduction from
2.33-fold to 1.63-fold). Moreover, recombinant IL-6
stimulation enhanced colony formation ability by
28.8%, and this was attenuated to 10.4% through the
suppression of STAT3 activation. These results imply
that 3-NBA–transformed cells may markedly promote
cell survival through the PI3K/AKT and MEK/ERK
signaling pathways. To clarify the signaling pathway
involved in migration, we treated 3-NBA–transformed
cells with PI3K andMEK inhibitors, which significantly
disrupted migration in the 3-NBA–transformed cells

Fig. 3 3-NBA–transformed lung epithelial cells exhibited
increased cell migration and invasion. a The EMT-related differ-
entially expressed genes with p ≤ 0.01 and log2 FC > 1 or log2 FC
< −1 in BEAS-2B cells treated with 10-μM 3-NBA for 6 months
when compared with the DMSO control cells (0-μM3-NBA). The
analysis of proliferation-related genes in BEAS-2B 3-NBA-6M
cells treated with 1- or 10-μM 3-NBA is depicted as a volcano
plot. The protein network of the EMT-related genes upregulated
after long-term 10-μM 3-NBA treatment during cell proliferation
was obtained through STRING network analysis. b The differen-
tially expressed genes in EMT and metastasis-related genes with p
≤ 0.01 are listed and depicted as a volcano plot. The protein
network displays upregulated genes after 10-μM 3-NBA treat-
ment. c BEAS-2B 3-NBA-6M (1–10 μM)–transformed cells ex-
hibited increased cell migration compared with DMSO control
cells. d BEAS-2B 3-NBA-6M (1–10 μM)–transformed cells ex-
hibited increased cell invasion compared with control cells. e
Expression levels of TWIST1, TWIST2, p-AKT, and AKT pro-
teins examined through immunoblotting and normalized to actin.
The relative expressions of proteins are indicated as the FC over
control. Data are presented as the mean ± standard deviation of
three independent experiments. (*p < 0.05 and **p < 0.01)
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(reduction from 2.50-fold to 0.59- and 0.41-fold, respec-
tively; Fig. 7d). Similarly, treatment with STAT3 inhib-
itors partially blocked cell migration (35.6%, reduction
from 2.50-fold to 1.61-fold). IL-6 stimulation increased
migration by 26.4%, and this was attenuated to 8.8% by
the STAT3 inhibitors.

Next, we investigated the effects of IL-6/STAT3
signaling on EREG expression. The levels of cytosolic
or secreted EREG proteins were not significantly altered
in BEAS-2B 3-NBA-6M (10 μM) or control-6M cells
after IL-6 knockdown (Fig. 7e). In addition, the signal-
ing pathways involved in STAT3, AKT, and ERK
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activation were only partially diminished in the BEAS-
2B-6M IL-6 knockdown cells, suggesting that elevated
EREG expression mediated these signaling pathways in
3-NBA–transformed cells. To elucidate whether EREG
plays a crucial role in tumorigenic properties, EREG
knockdown assays were conducted with BEAS-2B 3-
NBA-6M (10 μM) cells. Western blot and ELISA as-
says indicated efficient reduction of EREG expression
through knockdown (Fig. 7f). Moreover, secretory IL-6
protein levels were reduced in EREG knockdown cells.
The STAT3, AKT, and ERK signaling pathways were
markedly repressed in the 3-NBA-6M EREG knock-
down cells. Similarly, EREG knockdown in 3-NBA–
transformed cells abrogated colony formation and mi-
gration. Notably, the expression levels of proliferation-
and migration-related proteins such as SOX9 and
TWIST2 were suppressed in 3-NBA–transformed cells
after EREG knockdown.

Collectively, these findings indicate that 3-NBA–
transformed cells induce EREG overexpression, thereby
activating the PI3K/AKT and MEK/ERK signaling
pathways and resulting in tumorigenicity (Fig. 8).

Furthermore, elevated IL-6 and EREG expressions can
synergistically lead to STAT3 signaling activation, pro-
moting clonogenic cell survival and migration.

Discussion

As indicated, 3-NBA is a potent inducer of BEAS-2B
cell apoptosis through the DNA damage response (Oya
et al. 2011). The metabolic activation of nitro-PAHs
often increases ROS production. In human lung cancer
A549 cells, short-term exposure of 3-NBA significantly
induced superoxide levels and reduced total antioxidant
capacity as well as HMOX1 and TXNRD1 expressions
(Libalova et al. 2018). Our results reveal that chronic
exposure to 3-NBA can cause malignant transformation
in human lung epithelial cells because of increased
cellular proliferation, colony formation, and cell migra-
tion. Moreover, 3-NBA–T cells induced tumor forma-
tion and metastasis in the xenograft mouse model. Lung
tumors exhibited high mutation rates in oncogenes such
asKRAS and in emerging tumor suppressors such as p53
(Gibbons et al. 2014). Findings in both primary tumors
and cell lines, including NSCLCs and SCLCs, revealed
that p53 genome locations are frequently deleted or
mutated (Gibbons et al. 2014). Evidence has revealed
that the p53 protein confers epigenetic fidelity and that
the depletion of p53 gene functions increases epigenetic
status alterations in cancer cells (Levine et al. 2016). The
translesion DNA synthesis of dGC8-N-ABA catalyzed
by hPolκ is error-prone, which may be the mechanism
by which 3-NBA promotes tumorigenesis (Phi et al.
2019). The present results also reveal a reduction of
p53 protein levels in 3-NBA–transformed cells. The
genetic and signaling mechanisms in the malignant cell
transformation process induced by long-term 3-NBA
exposure were further investigated.

In the current study, NanoString analysis was con-
ducted using the PanCancer Progression Pathways Pan-
el to analyze RNA expression in the 3-NBA–trans-
formed cells and to subsequently identify the novel
EREG-mediated network. The gene signature scores in
the cancer progression pathways involved with carbon
cancer metabolism, EMT to metastasis, regulation of
angiogenesis, and sprouting angiogenesis were in-
creased in 3-NBA–transformed cells. Notably, the crit-
ical tumor suppressor gene p53 was also downregulated
in the transformed cells, potentially promoting cell pro-
liferation and clonogenic survival. Advanced data

Fig. 4 3-NBA–transformed lung epithelial cells exhibited
increased in vitro angiogenesis. a Angiogenesis-related differen-
tially expressed genes with p ≤ 0.01 and log2 FC > 0.5 or log2 FC
< −0.5 in BEAS-2B cells treated with 10-μM3-NBA for 6 months
compared with the DMSO control cells. The analysis of
angiogenesis-related genes in BEAS 3-NBA-6M cells treated with
1- or 10-μM 3-NBA is depicted as a volcano plot. The protein
network of the EMT-related genes upregulated after long-term 10-
μM 3-NBA treatment during cell proliferation was obtained
through STRING network analysis. b Differentially expressed
genes in sprouting angiogenesis with p ≤ 0.01 and log2 FC > 0.5
or log2 FC < −0.5. All differentially expressed genes are depicted
as a volcano plot. The protein network indicates the upregulated
genes in cells transformed after 10-μM 3-NBA treatment. c
BEAS-2B 3-NBA-6M (1–10 μM)–transformed cells exhibited
increased tube formation compared with DMSO control cells.
In vitro angiogenesis assays were conducted. HUVECs were
grown in 3-NBA–transformed cell-derived conditioned medium
(CM). The number of closed tubes was counted in five random
fields from each well, and relative tube formation was then calcu-
lated. d IL-6 expression measured using quantitative real-time
polymerase chain reaction. e Secretory IL-6 protein was elevated
in BEAS-2B 3-NBA-6M (1–10 μM) cells according to ELISA
assays. f GREM1 and THBS1 protein expression levels measured
through immunoblotting. No significant difference was observed
between the treated and control cells. The relative expressions of
proteins are indicated as the FC over control. Data are presented as
the mean ± standard deviation of three independent experiments.
(*p < 0.05 and **p < 0.01)
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mining and STRING network analysis revealed that the
identified gene products IL-6, SOX9, AKT1, TWIST2,
and MET interacted with EREG, a potential therapeutic
target associated with lung cancer malignancy (Sunaga
and Kaira 2015). Moreover, reduced E-cadherin expres-
sion was observed as a key event during EMT in the 3-
NBA–transformed cells. Studies have revealed that up-
regulated EREG expression is crucial to cell growth in
hTERT-mediated fibroblast immortalization and trans-
formation (Lindvall et al. 2003). Moreover, EREG ex-
pression levels were inversely correlated with EREG
methylation in lung cancer (Qu et al. 2016). EREG
overexpression in lung cancer may activate the EGFR
pathway to promote malignant progression (Sunaga and
Kaira 2015). The present results reveal that EREG ex-
pression was significantly upregulated in 3-NBA–

Fig. 5 Analysis of association between 3-NBA–mediated gene
expression and survival in patients with lung cancer. a, b
Prognostic hazard ratios of the top 20 genes that were
upregulated or downregulated genes through 3-NBA mediation
obtained using KM plotter with published lung cancer microarray
datasets. c Overall survival for EREG (Affymetrix ID: 205767_at)
evaluated using KM analysis with transcriptomic data of 1925
patients with lung cancer. Clinical characteristics of the datasets
were included in the survival analysis. d Overall survival for
EREG according to data of patients with stage 1A lung cancer. e
Survival analysis for IL-6 (Affymetrix ID: 205207_at) according
to clinical characteristics of patients with lung cancer. Forest plots
indicate hazard ratios and 95% confidence intervals. f Overall
survival for IL-6 according to data of patients with stage 1A lung
cancer

Fig. 6 Tumorigenicity of 3-NBA–T human lung epithelial cells in
nude mice. a Tumor formation in nude mice and tumor xenografts
6 weeks after subcutaneous inoculation with 2 × 105 BEAS-2B 3-
NBA–T cells (10-μM 3-NBA-6M transformed) or control cells. b
Tumor growth after injection with BEAS-2B control or 3-NBA–T
cells. Tumor volume was measured every 7 days until the end of
the experiment. Images display tumors from nude mice inoculated

with 3-NBA–T cells. None of the nude mice injected with BEAS-
2B control cells formed tumors. c Immunohistochemical staining
of lung sections for BEAS-2B control or 3-NBA–T cells with
metastasis (n = 5/group). All analyses were conducted 7 weeks
after tail-vein injection of 1 × 106 3-NBA–T or control cells. The
metastasis index (fold, tumor density in control or 3-NBA–T cells
per cm2) in the lung is presented on the right panel
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transformed lung epithelial cells, promoting clonogenic
colony formation and migration. Similarly, EREG over-
expression may predominantly contribute to tumorigen-
esis in 3-NBA–transformed cells through the EGFR
downstream PI3K/AKT and MEK/ERK signaling
pathways.

EREG overexpression may be a predictive functional
marker triggering head and neck squamous cell carci-
noma oncogenic transformation through activation of
the EREG–EGFR–C–Myc axis signaling pathway (Liu
et al. 2020). Moreover, EREG deficiency reduced lung
tumor formation in a primary two-stage mouse model;
tumor promotion was initiated upon exposure to 3-
methylcholanthrene, and tumor progression was subse-
quently promoted after multiple exposures to butylated
hydroxytoluene (Bauer et al. 2017). EGFR was consti-
tutively activated in metastatic lung subtypes of salivary
adenoid cystic carcinoma (SACC) cells and may have
been induced by EREG autocrine expression (Liu et al.

2016). EREG-activated EGFR stabilizes Snail and Slug,
thus promoting SACC cell metastatic capability.
NADPH oxidase 4/AKT and IL-6/STAT3 signaling
pathways positively regulate each other, thereby en-
hancing the proliferation and survival of NSCLC cells
(Li et al. 2015). In the present study, EREG knockout in
parental epithelial cells exhibited more apoptosis and
reduced colony formation after short-term 3-NBA treat-
ment. EREG expression knockdown abrogated colony
formation and migration, and the levels of SOX9,
TWIST2, p-STAT3, p-AKT, and p-ERK were reduced
in 3-NBA–transformed cells.

Studies have associated ambient air pollutants with
lung cancer incidence and mortality (Hamra et al. 2014;
Fischer et al. 2015). Several risk factors, such as female
sex, environmental factors, hormones, genetic factors,
and viruses, may cause lung cancer development in
never-smokers (Sun et al. 2007). Notably, 3-NBA is a
crucial carcinogen present in atmospheric and diesel
exhaust PM (Arlt et al. 2005; Santos et al. 2019). Pa-
tients with lung cancer (particularly early-stage adeno-
carcinomas) presented short survival because of expo-
sure to high ambient air pollutants such as NO2, PM2.5,
and PM10 (Eckel et al. 2016). The present study revealed
that EREG was highly expressed in 3-NBA–trans-
formed cells and associated with cancer progression.
Regarding the prognostic significance of EREG expres-
sion in lung cancer, an NSCLC biopsy specimen immu-
nohistochemical staining analysis indicated that EREG-
positive tumors were correlated with poor clinical out-
comes (Zhang et al. 2008). In addition, the expression
level of EREG is significantly higher in lung adenocar-
cinoma than in squamous cell carcinoma (Sunaga et al.
2013). Moreover, EREG contributes to aggressive tu-
mor phenotypes in KRAS-mutant lung adenocarcinoma
and may serve as a prognostic marker in NSCLC
(Sunaga et al. 2013). In the present study, survival
analyses based on the subtypes of female sex, never-
smoker status, and adenocarcinoma in patients with lung
cancer revealed a negative correlation between EREG
and outcomes. Furthermore, high EREG and IL-6 ex-
pressions in early-stage lung cancer are correlated with
poor survival. However, in most nonsmokers, lung can-
cer is more common in women and is often diagnosed at
more advanced stages, the predominant histologic type
of which is adenocarcinoma (Casal-Mourino et al.
2019). Whether specific EREG overexpression is corre-
lated with driver mutations such as those in EGFR, ALK,
and ROS1 in nonsmokers remains undetermined.

Fig. 7 EREG-mediated clonogenic cell survival and migration in
3-NBA–transformed cells. a Knockout of EREG in parental
BEAS-2B cells significantly increased cell apoptosis after treat-
ment with 3-NBA for 24 h. b The 3-NBA–mediated colony
formation was diminished by EREG knockout, suggesting in-
volvement of EREG in colony formation. c) Treatment with rIL-
6 (10 ng/mL) increased colony formation capabilities of 3-NBA-
6M (10-μM3-NBA–transformed) and control-6M cells. Induction
of colony formation in 3-NBA-6M cells with IL-6 stimulation was
mostly abrogated after treatment with Ly294002 (PI3K inhibitor,
10 μM) or U0126 (ERK1/2 inhibitor, 10 μM) when compared
with control cells. However, 3-NBA–transformed cells with or
without IL-6 stimulation still exhibited partly increased colony
formation after S3I-201 (STAT3 activity inhibitor, 100 μM) treat-
ment when compared with control cells. d Transwell migration
assay of 3-NBA-6M cells after treatment with inhibitors and rIL-6
for 16 h. The 3-NBA transformation increased the migration
ability that was abrogated by Ly294002, U0126, or S3I-201
treatment when compared with the control cells. e Cytosolic and
secreted EREG protein levels examined using immunoblot and
ELISA assays, respectively. Cytosolic or secreted EREG protein
levels were not significantly altered in BEAS-2B 3-NBA-6M or
control cells after IL-6 knockdown. The levels of p-STAT3,
pAKT, and pERK were measured through immunoblotting. f
EREG knockdown in BEAS-2B 3-NBA-6M cells determined
through immunoblotting and ELISA analysis. The levels of p-
STAT3, pAKT, pERK, SOX9, and TWIST2 were reduced in
EREG knockdown cells. EREG knockdown in BEAS-2B 3-
NBA-6M cells abrogated transformation-mediated clonogenic cell
survival and migration. Data are presented as the mean ± standard
deviation of three independent experiments. (*p < 0.05; **p <
0.01; ns, not significant)
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Additionally, IL-6 is a pleotropic and complex cytokine
that might play an anti-inflammatory or pro-
inflammatory role in response to tissue damage through
classical and trans-signaling pathways, respectively
(Scheller et al. 2011). IL-6 may play an antioxidant role
in pulmonary homeostasis, particularly in protecting
alveolar epithelial cells from ROS-mediated cell death
(Kida et al. 2005). Chronic signaling of IL-6 is correlat-
ed with tumor development, possibly acting intrinsically
on cancer cells through various mediators to increase
cell survival, proliferation, and metastatic dissemination
(Fisher et al. 2014). Furthermore, IL-6/STAT3 signaling
was revealed to play a critical role in lung premetastatic
niche formation and immunosuppression (Jing et al.
2020). The present study revealed that elevated EREG
signaling can activate IL-6 expression, thereby syner-
gistically contributing to cell survival capabilities and
migration through the STAT3 pathway.

In vitro cell transformation assays can be used as
alternative tools to evaluate human tumorigenesis

induced by potent environmental carcinogens
(Steinberg 2017). The air–liquid interface (ALI) culture
of these assays may cause morphological and functional
differentiation in epithelial cells, thereby creating a more
realistic environment for exposure (Chen and Schoen
2019). ALI culture experiments (He et al. 2021) have
revealed that only the human cancer cell line Calu-3,
and not BEAS-2B, can sustain a monolayer structure
and a strong tight junction for 2 weeks. Additionally,
three-dimensional (3D) cell culture (MucilAir) experi-
ments revealed the effects of short-term (24-h) and long-
term (7- and 28-day) exposure to 0.1- or 1-μM 3-NBA
(Cervena et al. 2019). Exposure to 0.1-μM 3-NBA for
11 days caused a marked reduction in junction tightness
(i.e., transepithelial electrical resistance, TEER), where-
as 1-μM 3-NBA exposure for 9 days caused only a
slight reduction in TEER. Furthermore, CYP1A1 and
HMOX1 expression levels were upregulated after 7 days
of 1-μM 3-NBA exposure. However, the mRNA levels
of several genes did not significantly change after 28

Fig. 8 Schematic of increased EREG expression in 3-NBA–
transformed cells, leading to tumorigenicity. The short-term expo-
sure of lung epithelial cells to 3-NBA can lead to ROS production
and cell apoptosis. However, long-term exposure to 3-NBA re-
sulted in distinct alterations in the expressions of genes such as E-
cadherin, SOX9, TWIST, IL-6, and EREG, which are involved in
carbon cancer metabolism, metastasis, and angiogenesis. The
EREG ligand can bind to the EGFR and ErbB4 receptors, thereby
activating the downstream signaling pathways. The 3-NBA–trans-
formed cells exhibited marked EREG and IL-6 overexpressions,
which activated the STAT3, PI3K/AKT, andMEK/ERK signaling

pathways and contributed to tumorigenicity. Depletion of EREG
in 3-NBA-T cells abrogated IL-6 expression and reduced colony
formation and migration. Furthermore, IL-6 stimulated the down-
stream STAT3 signaling pathway, enhancing clonogenic cell sur-
vival and migration. However, STAT3 signaling blockade partial-
ly suppressed colony formation and migration capabilities. Taken
together, increased EREG expression in 3-NBA–transformed cells
markedly contributed to tumorigenesis through PI3K/AKT and
MEK/ERK activation and synergistically enhanced IL-6 signaling
pathways, thus promoting tumorigenicity.
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days of 3-NBA exposure at any concentration, possibly
because functioning cells and tight junctions affected 3-
NBA entry into the lower cell layers. Therefore, further
examination is required to determine environmentally
relevant doses or higher concentrations of 3-NBA for
long-term exposure (>1 month). Nevertheless, MucilAir
is a useful 3D culture including ciliated, goblet, and
basal human cells mimicking the heterogeneity of the
lung environment for in vitro study of disease progres-
sion. However, commercially available systems are of-
ten limited in terms of flexibility (cell or genetic manip-
ulation) and customization. In the present study, the
effects of malignant cell transformation were mainly
determined using BEAS-2B cells with long-term expo-
sure to 0.1–10-μM 3-NBA, which may be higher than
typical exposure concentrations. Oxidative stress and
metabolomic profiles were investigated in human
urothelial cancer cells exposed to a 0.0003-μM 3-
NBA, which is a relevant environmental dose, and
reaching 80 μM after 24 h of exposure (Pink et al.
2017). These results showed elevated levels of various
antioxidants at low doses of 3-NBA (0.0003 and 0.01
μM). However, additional metabolic pathways were
increased to maintain cellular homeostasis at 0.04–
10-μM 3-NBA, and prominent toxic effects were ob-
served at 80 μM. Treatments with higher doses of 3-
NBA (10 and 80 μM) may change energy metabolism
through the pentose phosphate pathway. The present
data indicated that short-term (24-h) exposure to 3-
NBA (1–160 μM) reduced cell viability and increased
ROS production in a dose-dependent manner. More-
over, several tumor-promoting functions were dose-
dependently altered in 1- and 10-μM 3-NBA–trans-
formed cells, possibly because long-term exposure to
higher doses of 3-NBAmarkedly increased cell survival
and caused malignant transformation through critical
expression alterations of genes such as EREG.

The current results clearly indicate that chronic ex-
posure to 3-NBA mediated lung epithelial cell transfor-
mation. Cancer aggressiveness, measured in terms of
EMT, is regulated by various signaling cascades, which
the PI3K/AKT and STAT3 pathways significantly acti-
vate during lung cancer progression (Liu et al. 2017;
Wang et al. 2016). Our results identified the EREG
regulatory cascade as a novel pathway associated with
3-NBA–mediated lung epithelial cell transformation
through the activation signaling cascade involving the
PI3K/AKT,MEK/ERK, and STAT3 pathways. We also
revealed that E-cadherin reduction and the induction of

SNAI2 and TWIST1/2 expressionmay confer migration
and invasion capabilities in 3-NBA–transformed cells.
Our findings are consistent with those of relevant stud-
ies, strongly supporting the critical role of the EREG
regulatory cascade in the molecular mechanism under-
lying cancer development. Additionally, studies re-
vealed that numerous stem cell regulatory proteins and
intracellular signaling pathways can regulate the cancer
stem cells (CSCs) that contribute to tumor malignancies
(Yang et al. 2020). Notably, EREG blockade through
anti-EREG antibodies efficiently represses cancer de-
velopment, whereas colon cancer enriches CSCs
(Kobayashi et al. 2012). SOX9 is a transcription factor
of the SOX family that acts a key regulator in lung
cancer progression and patient survival (Zhou et al.
2012; Matheu et al. 2012). Studies have indicated that
long-term exposure to the single-walled carbon nano-
tubes (SWCNTs) of BEASE-2B cells results in a highly
invasive and stem cell–like subpopulation (Luanpitpong
et al. 2014). Moreover, SOX9 increases CSC-like and
metastatic properties in SWCNT-exposed cells
(Voronkova et al. 2017). In the current study, SOX9
was also highly expressed in 3-NBA–transformed cells.
However, whether 3-NBAmediates stemness properties
in tumorigenesis remains undetermined.

Recently, BEAS-2B and human mesenchymal stem
cell lines (hMSC1) were revealed to share the same
expression profiles as human umbilical cord–derived
MSC (hMSC) surface markers and exhibited similar
osteogenic and adipogenic differentiation potentials
(Han et al. 2020). However, BEAS-2B cells did not
display expression of mesenchymal proteins such as
α-SMA, collagen I, and fibronectin, which are abun-
dantly expressed in hMSCs. Additionally, BEAS-2B
did not promote type-2 macrophage (M2) polarization,
whereas hMSC1 induced a dramatic increase in the
proportion of M2 macrophages. Furthermore, BEAS-
2B cells exhibited a gene expression pattern similar to
that of primary human bronchial epithelial cells
(Courcot et al. 2012). In addition, the EMT process of
BEAS-2B cells mediated by TGF-β1 caused morpho-
logical changes and reduced E-cadherin (Kamitani et al.
2011). The CSC-like and metastatic properties were also
observed in transformed BEAS-2B cells (Voronkova
et al. 2017). In addition, BEAS-2B exposed to FBS
induced sustained but reversible EMT (Malm et al.
2018). Notably, EREG is required for fibroblast trans-
formation, which induces EMT in a manner dependent
on JAK2, STAT3, and IL-6 in oral squamous cell
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carcinoma (OSCC) cells (Wang et al. 2019). In addition,
overexpression of EREG in patients with OSCC was
correlated with tumor invasion and shorter overall sur-
vival. Similarly, increased EREG expression in 3-
NBA–transformed cells enhanced migration and the
synergistically activated IL-6/STAT3 signaling path-
way. Moreover, we observed that 3-NBA–transformed
cells, which cause high levels of EREG and IL-6 ex-
pressions, induced tumor metastasis in vivo. Patients
with lung cancer and high levels of EREG and IL-6
expressions had poor survival. Notably, primary human
airway epithelia cocultured with lung fibroblasts may
secrete ErbB ligands including EREG, thus stimulating
airway epithelial differentiation (Vermeer et al. 2006).
On the basis of these findings, EREG overexpression
confers downstream signaling pathway activation, pos-
sibly promoting tumor development malignant cell
transformation. However, this study could not suffi-
ciently replicate the in vivo phenotype. The EREG
signaling pathways and other mediated signaling path-
ways must be further analyzed in a more appropriate
human microenvironment by using 3D primary cell or
lung tissue cultures correlated with exposure to 3-NBA
at various concentrations.

On the basis of the tumor-promoting potential of 3-
NBA, we focused on predefined PanCancer genes in
3-NBA–transformed cells, revealing that significant
changes in cancer progression analysis have not been
realized. However, the results of NanoString gene
expression analysis did not rule out other potential
targets or pathways in 3-NBA–transformed cells that
could be analyzed through a transcriptome microarray
or RNA sequencing. Even so, the NanoString plat-
form possesses several advantages, including high
sensitivity and reproducibility, low possibility of
cDNA introduction bias, and suitability for detecting
low-expression RNA in clinical applications
(Veldman-Jones et al. 2015). The intake of 3-NBA
may be variable in individuals exposed to environ-
mental contaminants. By characterizing the chemical
composition of environmental pollutants, the direct
effects of cancer progression in certain patient groups
exposed to specific compounds (e.g., 3-NBA) can be
further verified and correlated. Notably, low-quantity
or poor-quality RNA derived from lung biopsy and
formalin-fixed paraffin-embedded tissue can be ex-
amined through NanoString analysis. In future longi-
tudinal studies, comprehensive analyses of genomic,
transcriptomic, and proteomic profiling in these

human tissue specimens could clarify the detailed
characteristics of tumor microenvironments.

In conclusion, we demonstrated the 3-NBA–mediat-
ed transformation of normal lung epithelial cells preced-
ing cancer cell progression through increased prolifera-
tion, anchorage-independent cell growth, migration, and
in vitro angiogenesis. Long-term exposure to 3-NBA
may promote lung cancer progression through EREG
signaling activation.
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