
Vol.:(0123456789)1 3

Bio-Design and Manufacturing (2020) 3:383–395 
https://doi.org/10.1007/s42242-020-00092-6

RESEARCH ARTICLE

Cigarette smoke‑induced malignant transformation via STAT3 
signalling in pulmonary epithelial cells in a lung‑on‑a‑chip model

Wei Hou1,2 · Siyi Hu1 · Ken‑tye Yong3 · Jie Zhang2  · Hanbin Ma1

Received: 21 February 2020 / Accepted: 3 August 2020 / Published online: 17 August 2020 
© Zhejiang University Press 2020

Abstract
Background Chronic obstructive pulmonary disease (COPD) is a severe public health problem. Cigarette smoke (CS) is a 
risk factor for COPD and lung cancer. The underlying molecular mechanisms of CS-induced malignant transformation of 
bronchial epithelial cells remain unclear. In this study, we describe a lung-on-a-chip to explore the possible mechanistic link 
between cigarette smoke extract (CSE)-associated COPD and lung cancer.
Methods An in vitro lung-on-a-chip model was used to simulate pulmonary epithelial cells and vascular endothelial cells 
with CSE. The levels of IL-6 and TNF-α were tested as indicators of inflammation using an enzyme-linked immune sorbent 
assay. Apical junction complex mRNA expression was detected with qRT-PCR as the index of epithelial-to-mesenchymal 
transition (EMT). The effects of CSE on the phosphorylation of signal transduction and transcriptional activator 3 (STAT3) 
were detected by Western blotting. Flow cytometry was performed to investigate the effects of this proto-oncogene on cell 
cycle distribution.
Results Inflammation caused by CSE was achieved in a lung-on-a-chip model with a mimetic movement. CSE exposure 
induced the degradation of intercellular connections and triggered the EMT process. CSE exposure also activated the phos-
phorylation of proto-oncogene STAT3, while these effects were inhibited with HJC0152.
Conclusions CSE exposure in the lung-on-a-chip model caused activation of STAT3 in epithelial cells and endothelial cells. 
HJC0152, an inhibitor of activated STAT3, could be a potential treatment for CS-associated COPD and lung cancer.
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Background

Chronic obstructive pulmonary disease (COPD), a group 
of diseases causing airflow blockage, is commonly asso-
ciated with prolonged exposure to toxic aerosols [1]. 
Cigarette smoke (CS), a mixture of approximately 4,500 
components (e.g. carbon oxide nicotine, oxidants, fine 
particulate matter and aldehydes), is the major factor that 
contributes to the pathogenesis and progression of COPD 
[2, 3]. Smoking and aberrant epithelial responses are risk 
factors for COPD and lung cancer [4]. In the past dec-
ades, enormous effort has been made in the research and 
development of drugs such as novel immunotherapies and 
molecularly targeted agents, which improves the prognosis 
in lung cancer patients to some extent. However, it remains 
one of the major causes of cancer-related death worldwide 
[5, 6]. To date, extensive studies have been conducted to 
investigate the molecular mechanisms that prolong CS-
induced malignant transformation of bronchial epithelial 
cells. Several aspects are considered to be crucial in this 
process, including DNA damage, epithelial-to-mesenchy-
mal transition (EMT), as well as aberrant cell proliferation 
and tissue repair [7–10]. Many animal models and in vitro 
models have been established in this field, but their limi-
tations may restrict the significance of their findings [5, 
11, 12]. For example, the respiratory system of rodents is 
widely divergent from that of humans, and the monolayer 
static cell culture cannot mimic the complex microenviron-
ment of pulmonary structure [13, 14]. Airway epithelial 
barrier dysfunction is associated with the pathogenesis of 
inflammation [15], and micro-vascular endothelium acts 
as an important mediator in this process [16]. In addi-
tion, tumour tissue is closely related to hyper-angiogenesis 
[17]. These findings suggest that vascular endothelium is 
responsible for the pathological process of COPD and lung 
cancer.

Microfluidic 3D culture system is a practical tool for 
in vitro modelling of complex human physiology mimick-
ing the carcinogenesis of epithelial tissue in a structurally 
appropriate context [18]. The organ surrogate device is 
also known as organ-on-chip [19, 20] that has been widely 
used in biomedical research as it can effectively predict 
human responses and simultaneously reduce animal 
experiments with moral controversy. As a organ-on-chip, 
lung-on-a-chip has been reported to reconstruct the active 
terminal bronchus-vascular interface of human lung and 
focus on the inflammatory reaction caused by cytokines 
and toxic nanoparticles [21]. In this article, we fabricated 
a lung-on-a-chip model of breathing lung containing vas-
cular endothelium and bronchial epithelium, in order to 
mimic the microenvironment of the air–blood interface 
with a porous membrane for breathing lung. We aim to 

investigate the possible role of STAT3 phosphorylation 
in cigarette smoke associated COPD and the malignant 
transformation of bronchial epithelium.

Methods

Design and fabrication of microfluidic chip

The 2D hexagonal microfluidic chip was designed based on 
four modules shown in Fig. 1. The lung-on-a-chip device 
was fabricated through conventional soft-lithography and 
replica-moulding methods as previously described [22]. 
Four modules were made with polydimethylsiloxane 
(PDMS, Dow Corning, Michigan, USA). Briefly, negative 
photoresistant SU-8 was spin coated onto a silicon wafer, 
followed by UV patterning of the chamber structure and 
micro-porous array to form a model. The PDMS mixture 
containing curing agent and base resin (weight ratio, 1:10) 
was poured onto the SU-8 models cured at 90 °C for 30 min. 
The cured PDMS layer with microstructures was then care-
fully peeled off from the model and fabricated together. The 
pneumatic chamber showed a hexagonal border with a col-
umn on the side that created mechanical deformation with 
periodic suction of air. The liquid channel and air channel 
were micro-pillar array substrates, with a membrane (thick-
ness, 40 µm; porous diameter of 10 µm) localizing between 
them (Fig. 1). Air chamber and liquid chamber contained a 
micro-pillar array with the same volume (diameter, 100 µm; 
height, 200 µm, the distance between adjacent pillar centres, 
400 µm). On this basis, the space between adjacent micro-
pillars was approximately equal to the average volume of a 
terminal bronchus [21, 23].

Cell culture

Two different cell lines were used in this study. Human 
bronchial epithelium BEAS-2B cells were purchased from 
the American Type Culture Collection (ATCC; Manassas, 
VA, USA). Human vascular endothelial cells (HUVECs) 
were provided by China Cell Line Bank (Beijing, China). 
Cells were resuscitated and cultured in DMEM complete 
medium containing 10% foetal bovine serum (FBS, Gibco, 
USA). The porous membranes were coated with type I col-
lagen (Yeasen, Shanghai, China), followed by adding the 
epithelial cells and endothelial cells into the air chamber 
and liquid chamber. The BEAS-2B cell suspension was 
added into the air chamber, which promoted the cellular 
adhesion to the membrane. Subsequently, the device was 
turned over, and then the HUVECs were added to the liq-
uid chamber. The cell culture was removed from the air 
chamber and the chip was connected with a digital control 
pump (RSP04-B, Ristron, Jiaxing, China). Medium was 
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pumped into the liquid chamber in a continuous manner. 
BEAS-2B cell viability was maintained in the air–liquid 
interface until the cells attached to the opposite surfaces 
of the membrane, forming 75% continuous monolayers.

CSE exposure on a chip

BEAS-2B cell suspension was introduced into the air 
chamber using a digital syringe pump in a perfusion 
mode. After 12 h, the chip and HUVEC suspension were 
introduced into the liquid chamber. Cells were supplied 
with complete medium in liquid chamber at a constant 
rate (5 µL/min). Upon a confluence of 80%, the cells were 
stimulated by infusion of medium and CSE into the chip. 
CSE exposure lasted for 8 days, during which the chip was 
converted together with washing the necrotic cells with 
a constant pump in medium (10 µL/min) for 1 h per day. 
After exposure, a 7-day recovery period was set with com-
plete medium in the absence of CSE. Finally, the BEAS-
2B cells and HUVECs were obtained by washing with 
0.25% trypsin–EDTA for future use.

Real‑time PCR

Total RNA was extracted from BEAS-2B cells using the 
Tri-reagent (Sigma-Aldrich, St. Louis, USA) according to 
the manufacturer’s instructions. The cDNA was synthesized 
using a commercial kit (Gene Copoeia, Maryland, USA). 
Real-time PCR was performed in triplicate with Takara 
SYBR Green using a commercial kit (Takara, Kyoto, Japan). 
The primer sequences are displayed in Table 1. β-actin 
served as the internal standard.

Enzyme‑linked immunosorbent assay (ELISA)

About 24 h after CSE exposure, the supernatant was col-
lected to measure the IL-6 and tumour necrosis factor-α 
(TNF-α) using ELISA (mlbio, Shanghai, China). Briefly, 
culture medium supernatant was centrifuged at 3000 rpm 
for 6 min. Aliquots (50 µL) of diluted samples were then 
measured according to the manufacturer’s instructions. 
The absorbance was measured at 450 nm with a microplate 
reader (BioTek, Winooski, VT, USA).

Fig. 1  a The structure of human terminal bronchus, air–liquid interface and simplified diagrammatic view of the microenvironment. b Blueprint 
of lung-on-a-chip
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Western blot analysis

Protein was extracted from the cells using RIPA lysis buffer 
(Beyotime, Shanghai, China). Protein concentration was 
determined using Pierce™ BCA Protein Assay Kit (Thermo 
Scientific, MA, USA). Samples (40 µg) were subjected to 
electrophoresis and subsequently transferred to polyvi-
nylidene fluoride (PVDF) membranes (Millipore, Darm-
stadt, Germany). PVDF membranes were incubated with 
primary antibodies (1:1000) overnight at 4 °C, followed by 
horseradish peroxidase (HRP)-conjugated secondary anti-
bodies (1:2000, Bosterbio, USA) at room temperature for 
1 h. Protein bands were visualized using a Beyo Enhanced 
Chemiluminescence reagent kit (Beyotime, Shanghai, 
China). The β-actin served as the internal standard.

Cell cycle analysis

Cells were trypsinized for 3 min and washed out of the chan-
nel, resuspended and centrifuged twice with PBS. Then they 
were fixed in 70% ethanol overnight at 4 °C and stained with 
propidium iodide (PI; 5 µg/mL PI in PBS containing 0.1% 
Triton X-100 and 0.2 mg/mL RNase A). The cell cycle was 
analyzed by flow cytometry (LSRFortessa, BD, USA).

Statistics

The data were displayed as mean ± standard deviation. Data 
were analysed with SPSS 19.0 software (SPSS Inc., USA). 

The dissimilarity among groups was analysed by one-way 
analysis of variance (ANOVA). All bar charts were gener-
ated by GraphPad Prism (v7; GraphPad Software, USA). 
P < 0.05 was regarded to be statistically significant.

Results and discussion

Lung‑on‑a‑chip design and cell culture

Microfluidic 3D culture systems are practical for in vitro 
modelling of complex human physiology mimicking the car-
cinogenesis of epithelial tissue in a structurally appropriate 
context. Such organ surrogate device is also known as organ-
on-chip [19, 20]. In organ-on-chip models, remodelling 
normal tissue-tissue interfaces and mimicking this complex 
physical microenvironment in which cells were normally 
situated were necessary [13]. The most commonly used 
lung-on-a-chip model usually has a cell culture chamber 
(1 cm in length, 400 µm in width, and 100 µm in height) in 
order to mimic the terminal bronchus volume [13, 19]. The 
cells on our chip were adequate for immunofluorescence and 
ELISA. However, off-chip cell proliferation was required for 
experiments such as western blot and real-time PCR [24]. 
We fabricated a lung-on-a-chip model of breathing lung 
containing vascular endothelium and bronchial epithelium 
to mimic the microenvironment of the air–blood interface 
with a porous membrane for breathing lung. On this basis, 
we further investigated the possible mechanism that linked 

Table 1  Primer sequence Gene Sequence Length (bp)

IL-6 (F): 5′-ATT CCT TCT TCT GGT CAG AAACC-3′ 247
(R): 5′-ACA AAG GAT ATT CAA ACT GCA TAG C-3′

TNF-α (F): 5′-CAG CCT CTT CTC CTT CCT GA-3′ 503
(R): 5′-GGA AGA CCC CTC CCA GAT AGA-3′

CLDN-1 (F): 5′-GCT TCT CTC TGC CTT CTG GG-3′ 123
(R): 5′-TCA CAC GTA GTC TTT CCC GC-3′

CLDN-7 (F): 5′-CAT CGT GGC AGG TCT TGC C-3′ 118
(R): 5′-GAT GGC AGG GCC AAA CTC ATAC-3′

CLDN-8 (F): 5′-ACT GGT GCT GAT TGT TGG AGGAG-3′ 96
(R): 5′-GTG CGA TGG GAA GGT ATC GAGT-3′

OCLD (F): 5′-CCT ATA AAT CCA CGC CGG TTC-3′ 103
(R): 5′-TCA AAG TTA CCA CCG CTG CTG-3′

CDH-5 (F): 5′-ACC GGA TGA CCA AGT ACA GC-3′ 596
(R): 5′-ACA CAC TTT GGG CTG GTA GG -3′

CDH-1 (F): 5′-CCG CCG GCG TCT GTA GGA A-3′ 150
(R): 5′-AGG GCT CTT TGA CCA CCG CTCTC-3′

β-actin (F): 5′-ACA GGA AGT CCC TTG CCA TC-3′ 248
(R): 5′-AGG GAG ACC AAA AGC CTT CA-3′
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CSE-associated COPD and lung cancer. The chip contained 
a micro-pillar array with the same volume (100 µm in diam-
eter, 200 µm in height). The space between adjacent micro-
pillars (400 µm) was approximately the average volume of 
terminal bronchus [21, 23]. We also expanded the area used 
for cell culture, which provided sufficient cells for West-
ern blot and/or Real-Time PCR. The two chambers were 
separated by a porous flexible membrane made of collagen-
coated PDMS. The human bronchial epithelial cell line 
BEAS-2B and HUVECs were introduced into the air and 
liquid chambers, followed by grown on the collagen-coated 
membrane to form two confluent monolayers, respectively. 
This model mimicked the physiological breathing motions 
of the lung, and vacuum was applied to the bottom of cham-
bers to induce downward bending of the upper chambers, 
in order to mimic the stretch of the bronchus wall caused 
by physiological breathing motions. This distortion warped 
the intervening PDMS membrane along with the attached 
cell monolayers. Dynamic mechanical deformation was 
generated in the presence of vacuuming and releasing the 
pneumatic chamber at a frequency of 0.25 Hz, which was 
analogous to the deformation occurring in the pulmonary 
tissue of breathing human lung [14].

Figure 2 indicates the final appearance of the chip after 
integration. To test the device compatibility, we seeded 
BEAS-2B cells and HUVECs onto the chip. As shown in 
Fig. 3, the growth of BEAS-2B human bronchial epithelial 
cells and HUVECs in the device was satisfactory. The mor-
phology of cells on the chip was similar to that of the cells 
in the culture flask. After cell culture in the lung-on-a-chip 
model for 24 h, the cell trackers were introduced for the 
live cell labelling. Subsequently, the BEAS-2B cells were 
labelled in a green color with CMFDA, and HUVECs were 
labelled in a red colour with cell tracker CM-Dil.

CSE triggered inflammation in lung‑on‑a‑chip 
model

In our previous study [25], CSE (100 µg/mL) caused no 
acute cytotoxicity against BEAS-2B cells. On this basis, 
CSE (10 µg/mL, 20 µg/mL and 50 µg/mL) was selected for 
on-chip experiments to investigate whether prolonged CSE 
exposure in the lung-on-a-chip co-culture system of BEAS-
2B cells and HUVECs could lead to malignant transforma-
tion of BEAS-2B cells.

The bronchial epithelial cell line BEAS-2B and HUVECs 
were cultured in flasks separately. A co-culture model of 
two cell lines was established using the Transwell chamber. 
After CSE exposure, the levels of IL-6 and TNF-α in the 
supernatant were measured. IL-6 and TNF-α levels in the 
co-culture group and the on-chip group were significantly 
higher than those in the single cell groups (Fig. 4a and b). 
The level of IL-6 in the on-chip group was higher than that 
of the co-culture group. There was no significant difference 
in the level of TNF-α between the two groups (P > 0.05). 
Our data were similar to the previous description by Benam 
et al. [13], indicating that the intrinsic cross-talk between 
human epithelium and endothelium during CSE-induced 
inflammation may be related to mechanical stretch. Addi-
tionally, it indicated that IL-6 and its downstream signalling 
pathway might play an important role in the pathological 
process of lung cancer induced by CSE in lung.

CSE induced lung air–blood barrier dysfunction

Lung air–blood barrier acted as the place for  O2/CO2 
exchange and the safeguard to bear the brunt of inhaled irri-
tants. It essentially consisted of bronchus alveolar epithelium 
and capillary endothelium, which were connected or sepa-
rated by interstitial tissue of varying composition and width 

Fig. 2  The lung-on-a-chip before (left) and after (right) connection with PTFE pipe
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[26]. In response to repeated smoke exposure, there was a 
reduction in several apical junction complexes (AJCs) in 
pulmonary epithelium [8, 27]. After continuous CSE expo-
sure, there was alternation in the expression of several AJC 

genes. The mRNA expression of IL-6 and TNF-α was sig-
nificantly up-regulated in BEAS-2B cells subject to CSE 
exposure. In addition, the mRNA levels of CLDN1, OCLD, 
β-catenin and CDH1 were significantly down-regulated. 
Additionally, the expression of CLDN-7 and CLDN-8 genes 
was up-regulated (Fig. 5).

Endothelial cells from different tissues were believed to 
vary in permeability. For example, pulmonary endothelium 
was not a passive barrier to gas exchange [28]; however, it 
was metabolically active serving as a key mediator of inflam-
mation [29]. Hence, we determined the expression of AJCs 
and inflammatory cytokines in HUVEC cell lines using the 
same method. The mRNA levels of IL-6 and TNF-α showed 
a significant increase, which was consistent with the ELISA 
results. The inflammatory regulatory function of HUVECs 
was manifested as the endothelium cells were in direct con-
tact with medium containing CSE in the on-chip model. 
The mRNA levels of CLDN1, CLDN7, CLDN8, OCLD, 
β-catenin and CDH5 were significantly down-regulated in 
the CS stimulation group treated with the highest concen-
tration. CLDN1, CLDN7 and CLDN8 levels did not show a 
significant dose-dependent relationship in the CS stimulation 
groups treated with different concentrations compared with 
that in the NT group. In future, further studies were required 
to further investigate the potential mechanism (Fig. 6).

CSE promoted epithelial interstitial transformation 
and oncogene activation

EMT is a crucial process during embryogenesis (EMT type 
1), which could also be induced as a consequence of continu-
ous stimulus and inflammation [30]. Tissue fibrosis (EMT 
type 2) and hyper-vascularity (EMT type 3) are relevant 
to malignancy, which is identified in one-third of patients 
with metastatic lung cancer and in approximately 23% of 
non small cell lung cancer cells [7, 31]. EMT is usually 
described as the transition of epithelial cells to cells with a 
mesenchymal phenotype by the identification of prototypi-
cal markers (e.g. E-cadherin) [31]. E-cadherin is a critical 
trans-membrane protein in the AJCs. This protein is inserted 
in the membrane to mediate cell adhesion. The extracellular 
domain of E-cadherin connected adjacent cells, while the 
intracellular domain attached to the actin cytoskeleton. The 
degeneration of cell adhesion affects its interaction with the 
actin cytoskeleton, which subsequently leads to the initiation 
of intracellular signalling cascades. Recent studies demon-
strated that E-cadherin and β-catenin were reduced in both 
cell lines and epithelial cells derived from COPD patients 
exposed to repetitive CS [32–34]. In the present study, West-
ern blot showed that after continuous CSE exposure (20 µg/
mL and 50 µg/mL), the expression levels of E-cadherin and 

Fig. 3  a Live cell staining under an optical microscope. BEAS-2B 
cells were labelled with CMFDA (green), and HUVECs were labelled 
with CM-Dil (red). b and c Growth of cells at different time. Scale 
bar = 200 µM
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β-catenin in BEAS-2B cells showed significant decrease 
(Fig. 7a).

Signal transducer and activator of transcription 3 
(STAT3) is an important downstream mediator of IL-6/JAK 
signalling. It can also provoke EMT in collaboration with 
K-ras by increasing Snail expression in cancer cells [35, 36]. 
As mentioned above, IL-6 induced by CSE exposure was 
detected by ELISA and Real-Time PCR, which indicated 
that the inflammatory response in the on-chip model was 
more obvious than that in the conventional co-culture group. 
Therefore, the phosphorylation level of STAT3 in BEAS-2B 
cells and HUVECs was detected by Western blot. STAT3 
was activated by tyrosine phosphorylation. The results 
showed that p-STAT3 in the two kinds of cells increased 
gradually after CS stimulation on-chip (Fig. 7b). Both bron-
chial epithelium and vascular endothelium involved in the 
inflammatory response.

STAT3 is considered a proto-oncogene and has direct reg-
ulatory effects on c-myc and cyclin D1 in tumours [37]. To 
further investigate the effects of continuous CS exposure on 
cell proliferation, we determined the expression of p-ERK, 
c-myc and cyclin D1 levels in BEAS-2B cells. Based on 
the results, the levels of p-ERK, c-myc and cyclin D1 in 
BEAS-2B cells were significantly increased after continu-
ous exposure to CS (Fig. 7c). C-myc is a vital member of 
the myc proto-oncogene family, which plays regulatory roles 
in tumourigenesis, proliferation and invasion and is overex-
pressed in a variety of malignant tumours [38]. Cyclin D1 
was a key protein that regulates the G1 phase of the cell 
cycle. The increased expression of cyclin D1 may lead to 
checkpoint defects in the G1/S phase, which finally resulted 
in pathogenesis of malignant cancer [39]. Extracellular regu-
lated protein kinase (ERK) signals from key molecular mem-
brane receptors were transmitted to the nucleus. The phos-
phorylation activated the ERK signalling pathway, followed 
by cytoplasmic transfer to the nucleus. Also, it could mediate 
the transcription activation, participate in the maintenance of 

cell morphology and cytoskeletal construction, and regulate 
cell proliferation and differentiation, apoptosis, cancer and 
other biological reactions. These results demonstrated that 
prolonged CSE exposure may induce abnormal cell prolif-
eration behaviour.

HJC0152 inhibited STAT3 phosphorylation 
and BEAS‑2B cell proliferation

To evaluate the association between STAT3 phosphoryla-
tion and cell proliferation, we introduced a STAT3 inhibitor, 
HJC0152, into the system. HJC0152 is a STAT3 inhibitor 
that is widely used as an anti-parasitic medicine. In this 
study, HJC0152 (1 µM) showed no significant cytotoxicity 
on BEAS-2B and HUVECs (Fig. 8b). In this study, different 
concentrations (0.5 µM and 1 µM) of HJC0152 in DMEM 
solution were pumped into the liquid channel after 50 µg/mL 
CSE exposure.HJC0152 suppressed the phosphorylation of 
STAT3 induced by CSE in BEAS-2B cells and HUVECs 
(Fig. 8d) in a dose-dependent manner. The same tendency 
was observed in the flow cytometry results. HJC0152, an 
O-alkylamino-tethered derivative of niclosamide, was 
defined as an inhibitor for STAT3 signalling pathway, which 
showed satisfactory water solubility and oral bioavailability 
in vivo. It exerted a significant anticancer effect on tumour 
growth and invasion in head and neck squamous cell carci-
noma [40, 41]. The STAT3 phosphorylation level was signif-
icantly down-regulated after treatment with HJC0152. These 
data indicated that in CSE-transformed BEAS-2B cells, cell 
proliferation was more vigorous, which was probably asso-
ciated with the modulation of the expression of cell cycle 
regulators. The increased fraction in S and G2 phase caused 
by prolonged CSE exposure was suppressed by HJC0152, 
which indicated that HJC0152 may interrupt unexpected cell 
proliferation triggered by CSE.

The proportion of HJC0152 treated cells arrested in 
S phase was lower than that of the cells subject to CSE 

Fig. 4  IL-6 (a) and TNF-α (b) 
levels in the supernatant of each 
group. Data were shown as the 
means ± standard deviation. 
*P < 0.05 compared to the NT 
group. # P < 0.05 compared 
to the co-culture group. NT, 
control group
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Fig. 5  CSE induced the activation of the inflammatory reaction and altered apical junction complex mRNA expression. Data are shown as the 
means ± SD. *P < 0.05 compared to the NT group; **P < 0.01 compared to the NT group
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Fig. 6  CSE induced the activation of the inflammatory reaction and altered apical junctional complex mRNA expression in HUVECs. Data were 
shown as the means ± SD. *P < 0.05 compared to the NT group; **P < 0.01 compared to the NT group
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exposure, but the proportion of cells arrested in G1 phase 
was higher than that subject to CSE exposure. The cell 
cycle checkpoint function was restored to a certain extent 
(Fig. 8e). However, HJC1052 showed no significant effects 
on the expression of p-ERK, indicating that HJC1052 had 
no significant inhibitory effects on the ERK pathway in the 
CSE-exposed BEAS-2B cells. In addition, the regulation of 
cyclin was mainly achieved by inhibiting the phosphoryla-
tion of STAT3. Western blot revealed that sequential admin-
istration of HJC0152 after smoke exposure could up-regulate 
the expression of E-cadherin rather than β-catenin (Fig. 8f). 
Taken together, we concluded that HJC0152 may reverse the 
EMT process induced by CSE exposure.

There are some limitations in our study. First, the cells 
used in this study were not primary cells obtained from 
COPD patients, and we could not explore a natural process 
of malignant tumourigenesis. Future studies with samples 
derived from CSE-induced COPD patients and COPD-
associated lung cancer patients were required to determine 
whether these changes still exist across different phenotypes 
of COPD and different subtypes of lung cancer. Second, 
despite the fact that we have observed the degradation of 
several AJCs, no definite numerical change was measured, 
such as trans-epithelial electric resistance. In future, we will 
try to integrate this detection method into the chip.

Fig. 7  a Western blot analysis of E-cadherin and β-catenin in BEAS-
2B cells. CSE decreased the level of E-cadherin and β-catenin. b 
Western blot analysis for the phosphorylation of STAT3 in BEAS-
2B cells and HUVECs. CSE induced the phosphorylation of STAT3 

without affecting STAT3 expression. c Activation of oncogenes 
c-myc, p-ERK and cyclin D1 in BEAS-2B cells after CSE exposure. 
*P < 0.05 compared to the NT group
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Conclusion

In this study, we investigated the possible mechanism that 
linked cigarette smoking-associated COPD and lung cancer 
upon fabricating a lung-on-a-chip model containing vascular 
endothelium and bronchial epithelium to mimic the micro-
environment of the air–blood interface. Our data showed 
that CSE exposure induced inflammation in the co-culture 
system that impacted the AJC and initiated the EMT process 

in epithelial cells. Prolonged CSE exposure also promoted 
cell division. These processes were closely related to STAT3 
phosphorylation, which potentially contributed to cigarette 
smoking-associated COPD pathology and tumour-like trans-
formation. The STAT3 inhibitor HJC0152 could slow down 
the process, which may be a possible candidate to delay the 
progression of cigarette smoking-associated COPD and its 
tumour-like transformation.

Fig. 8  a The molecular formula of HJC0152. b Effects of HJC0152 
on BEAS-2B cell and HUVEC viability. c The overall distribution of 
cells in each phase of the cell cycle among all the groups. CSE expo-
sure increased the fraction of cells in S and G2 phase and a decreased 
percentage in G1 phase. d HJC0152 suppressed the over phospho-
rylation of STAT3 induced by CSE in BEAS-2B cells and HUVECs 

in a dose-dependent manner. e HJC0152 decreased the activation of 
oncogenes c-myc, p-ERK and cyclin D1 in BEAS-2B cells after CSE 
exposure. f HJC0152 increased the level of E-cadherin after CSE 
exposure. # P < 0.05 compared to the NT group and *P < 0.05 com-
pared to the CSE group
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