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Abstract
Background: Air pollution has been linked to emphysema in chronic obstruction pulmonary disease (COPD).
However, the underlying mechanisms in the development of emphysema due to air pollution remain unclear.
The objective of this study was to investigate the role of components of the Hippo signaling pathway for E-
cadherin-mediated contact inhibition of proliferation in the lungs after air pollution exposure. E-Cadherin-
mediated contact inhibition of proliferation via the Hippo signaling pathway was investigated in Sprague-
Dawley (SD) rats whole-body exposed to air pollution, and in alveolar epithelial A549 cells exposed to diesel
exhaust particles (DEPs), E-cadherin-knockdown, and high-mobility group box 1 (HMGB1) treatment.
Underlying epithelial differentiation, apoptosis, and senescence were also examined, and the interaction
network among these proteins was examined. COPD lung sections were used to con�rm the observations in
rats.

Results: Expressions of HMGB1 and E-cadherin were negatively regulated in the lungs and A549 cells by air
pollution, and this was con�rmed by knockdown of E-cadherin and by treating A549 cells with HMGB1.
Depletion of phosphorylated (p)-Yap occurred after exposure to air pollution and E-cadherin-knockdown,
which resulted in decreases of SPC and T1α. Exposure to air pollution and E-cadherin-knockdown
respectively downregulated p-Sirt1 and increased p53 levels in the lungs and in A549 cells. Moreover, the
protein interaction network suggested that E-cadherin is a key activator in regulating Sirt1 and p53, as well
as alveolar epithelial cell differentiation by SPC and T1α. Consistently, downregulation of E-cadherin, p-Yap,
SPC, and T1α was observed in COPD alveolar regions with particulate matter (PM) deposition.

Conclusions: Our results indicated that E-cadherin-mediated cell-cell contact directly regulates the Hippo
signaling pathway to control differentiation, cell proliferation, and senescence due to air pollution. Exposure
to air pollution may initiate emphysema in COPD patients.

Background
Chronic lung diseases are important public health issues worldwide. Based on the Global Initiative for
Chronic Obstructive Lung Disease (GOLD) guidelines reported in 2020, exposure to particulate matter (PM)
from cigarette smoke, and occupational and air pollution is recognized as a risk factor in the development
and progression of chronic obstruction pulmonary disease (COPD) [1]. PM was found to decrease lung
function, and can result in COPD [2]. Epidemiological evidence has further indicated that acute exacerbation
(AE) of COPD is associated with typical levels of PM of ≤ 10 µm in aerodynamic diameter (PM10) in urban
areas [3]. Recently, a cohort study reported that chronic exposure to air pollution such as PM2.5 and nitrogen
oxides (NOx) was associated with increased severity of emphysema according to chest computed
tomography (CT) and decreasing lung function [4, 5]. However, the development of emphysema due to air
pollution exposure is still open to question.

When PM is inhaled into the lungs, oxidative stress, systemic in�ammation, and autonomic functions are
altered [6]. Pathological changes in the lungs' structure and narrowing of the small airways result from
chronic in�ammation due to COPD, which result in a reduction in the forced expiratory volume in 1 s (FEV1).
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Emphysema-induced parenchymal destruction contributes to air�ow limitations, thereby causing oxygen
desaturation [7]. Dysfunction of the repair and defense mechanisms occurs during the progression of COPD,
which was reported to be caused by in�ammatory responses [8]. Such in�ammation-induced lung injury may
lead to the development of emphysema. However, the underlying mechanisms for the development of
emphysema involving air pollution remain unclear.

A recent study suggested that air pollution was associated with biological ageing in a cohort study [9].
Oxidative stress produced by air pollutants is a determinant for increasing premature senescence of
endothelial cells after exposure [10]. Air pollutants caused telomere dysfunction and senescence of
peripheral blood cells collected from e-waste regions in China [11]. Furthermore, alarmingly high levels of
high-mobility group box 1 (HMGB1) are linked to regulation of senescence and apoptosis [12]. Those reports
showed that air pollution may cause cellular senescence after exposure.

Alveolar epithelial cell type II (AECII) plays important roles in the proliferation and differentiation into alveolar
epithelial cell type I (AECI). AECII synthesizes and secretes surfactants and proliferates and differentiates
into AECI after injury in order to maintain the integrity of alveolar walls. The functions of AECII in the Hippo
signaling pathway were recently studied [13, 14]. Yap/Taz, which are components of the Hippo signaling
pathway, are transcriptional coactivators and are the main downstream mediators of the Hippo pathway.
Yap was reported to regulate AECII functions, including AECII proliferation, differentiation into AECI, and
in�ammation following lung injury [14]. Reductions in Yap/Taz resulted in an emphysematous lung
phenotype of COPD [15, 16]. However, the role of the Hippo signaling pathway in the AECII response to air
pollution is still poorly understood.

E-Cadherin mediates contact inhibition of proliferation via the Hippo signaling pathway [17, 18]. Also, PM2.5

moderated Yap transcriptional regulation in A549 cells [19]. The objective of this study was to investigate
roles of components of the Hippo signaling pathway in E-cadherin-mediated contact inhibition of
proliferation in the lungs after air pollution exposure. The underlying pathways regulated by air pollution
could be vital in the development of emphysema.

Results

E-Cadherin depletion by air pollution-induced HMGB1
Figure 1a shows the expressions of HMGB1 and E-cadherin in the lungs after air pollution exposure. We
observed that HMGB1 in the lungs had signi�cantly increased in the PM2.5 group (p < 0.05), whereas
expression of E-cadherin in the lungs had signi�cantly decreased in the high-e�ciency particulate air (HEPA)
and PM2.5 groups (p < 0.05). We further quanti�ed E-cadherin expression in the alveolar regions of rats’ lungs
on IHC images. Results were consistent with the �ndings by Western blotting, showing that the expression of
E-cadherin in alveoli had signi�cantly decreased after air pollution exposure in the HEPA and PM2.5 groups
(p < 0.05). We next investigated expressions of HMGB1 and E-cadherin by diesel exhaust particles (DEPs) in
type II alveolar epithelial A549 cells (Fig. 1b). The level of HMGB1 signi�cantly increased due to DEPs at 100
µg/mL (p < 0.05). We found signi�cant decreases in E-cadherin due to DEPs at 50 and 100 µg/mL (both p < 
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0.05). To conform the association between HMGB1 and E-cadherin, cells were treated with CDH1 (E-
cadherin) siRNA or HMGB1 recombinant protein. We observed that HMGB1 signi�cantly increased after
siCDH1 treatment (p < 0.05; Fig. 1c). E-cadherin signi�cantly decreased after HMGB1 treatment at 50 and
100 ng/mL (both p < 0.05; Fig. 1d).

Yap inactivation by air pollution-depleted E-cadherin
We found that p-Yap compared to total Yap (p-Yap/Yap) signi�cantly decreased in the HEPA and PM2.5

groups (both p < 0.05; Fig. 2a). We then quanti�ed expressions of p-Yap and Yap in alveolar regions of the
lungs after air pollution exposure. p-Yap/Yap ratios in alveoli signi�cantly decreased due to air pollution
exposure in the HEPA and PM2.5 groups (both p < 0.05). p-Yap/Yap ratios were signi�cantly reduced by DEP
at 50 and 100 µg/mL (both p < 0.05; Fig. 2b). To understand the role of E-cadherin in Yap activation, E-
cadherin was knocked-down by siRNA (CDH1) in A549 cells. We observed a reduction in the p-Yap/Yap ratio
that occurred after E-cadherin-knockdown (p < 0.05; Fig. 2c).

Reduction of AECII-to-AECI differentiation by air pollution
Figure 3a shows expressions of SPC and T1α in the lungs of rats after air pollution exposure. Both SPC and
T1α signi�cantly decreased in the HEPA and PM2.5 groups after exposure (all p < 0.05). Consistently, SPC
and T1α expressions in alveolar regions signi�cantly decreased due to air pollution exposure in the HEPA
and PM2.5 groups (all p < 0.05). Next, the SPC level signi�cantly decreased due to DEPs at 100 µg/mL (p < 
0.05; Fig. 3b). We knocked-down E-cadherin to investigate the role of E-cadherin in SPC expression in A549
cells and observed a reduction of SPC by E-cadherin-knockdown in A549 cells (p < 0.05; Fig. 3c).

Senescence and apoptosis due to air pollution
We found that p-Sirt1 compared to total Sirt1 (p-Sirt1/Sirt1) had signi�cantly decreased in the HEPA and
PM2.5 groups (both p < 0.05; Fig. 4a). The quanti�ed IHC results showed that p-Sirt1/Sirt1 in alveolar regions
had signi�cantly decreased after air pollution exposure in the HEPA and PM2.5 groups (both p < 0.05).
Furthermore, p53 expression signi�cantly increased in the HEPA and PM2.5 groups after air pollution
exposure (both p < 0.05). The p-Sirt1/Sirt1 ratio was signi�cantly reduced by DEPs at 50 and 100 µg/mL
(both p < 0.05; Fig. 4b), whereas p53 signi�cantly increased due to DEP at 100 µg/mL (p < 0.05). Next, we
knocked-down E-cadherin to investigate the roles of E-cadherin in senescence and apoptosis. We observed a
reduction in the p-Sirt1/Sirt1 ratio and an increase in p53 after E-cadherin-knockdown in A549 cells (p < 0.05;
Fig. 4c).

Protein-Protein Interaction (PPI) network
Interactions among these proteins in the lungs after air pollution exposure were identi�ed and are shown in
Fig. 5. Results showed that Cdh1 (E-cadherin) was the key protein in activating cellular senescence (Sirt1)
and apoptosis (Tp53) as well as alveolar epithelial cell differentiation from type II (Sftpc for SPC) to type I
(Pdpn for T1α). Matrix metallopeptidase (MMP)-9 was shown to be a key mediator in the Hmgb1 and E-
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cadherin interplay, which also regulated Tp53 expression. Hmgb1 regulated Sirt1 expression via heme
oxygenase 1 (Hmox1), whereas it directly regulated Tp53. On the other hand, the cytoskeletal protein, keratin
5 (Krt5), was found to be a key mediator of Cdh1 with Pdpn and Sftpc. In terms of the Hippo signaling
pathway, SMAD family member 3 (Smad3) was a vital protein between Yap1 and Sirt1 or Tp53. Also, Cdh1
was a bridge for cellular differentiation of Pdpn and Sftpc.

COPD and protein expressions
Emphysema occurred in rats after 6 months of exposure to air pollution (Fig. 6a). To understand expressions
of proteins examined in our study, lung sections from control and COPD animals were collected. First, we
observed PM deposited in lung sections of COPD animals (Fig. 6b; red arrow). We found that expressions of
E-cadherin and Yap in alveolar regions of COPD animals were lower than those in control animals (Fig. 7).
Also, expressions of SPC and T1α in alveolar regions of COPD animals were lower than those in control
animals.

Discussion
This is the �rst study to demonstrate that components of the Hippo signaling pathway are required for E-
cadherin-mediated contact inhibition of proliferation in the lungs after air pollution exposure. Air pollution
caused E-cadherin deletion by HMGB1; this suppressed Yap activation which triggered senescence, alveolar
epithelial differentiation, and apoptosis. These protein interactions were also supported by our proteomics
approach. These results provide evidence that E-cadherin hemophilic binding regulates the Hippo pathway in
the lungs after air pollution exposure. Furthermore, these protein expressions in the lungs due to air pollution
were consistent with emphysematous lungs of COPD patients. The underlying pathways regulated by air
pollution could be vital in the development of emphysema.

The lungs are the �rst target organ to interact with air pollution after inhalation. Impairment of properties of
the epithelial barrier is the main hallmark in the development of lung diseases, such as COPD and asthma.
HMGB1 is a nuclear DNA-binding protein, which is secreted into the extracellular milieu and functions as a
proin�ammatory cytokine [20]. Recent reports showed that HMGB1 is involved in in�ammatory lung
diseases [21, 22]. Increasing permeability in the lungs due to air pollution exposure has been widely observed
[23, 24]. Our study observed that air pollution increased levels of HMGB1 in the lungs, which disrupted
properties of the epithelial barrier due to deletion of E-cadherin. The association between HMGB1 and E-
cadherin was further con�rmed by E-cadherin-knockdown and HMGB1 treatment in A549 cells. A previous
study showed that HMGB1 damaged the airway epithelial barrier due to E-cadherin deletion [25], and the
impairment was further aggravated by interleukin (IL)-1β. Collectively, air pollution exposure causes an
interplay between HMGB1 and E-cadherin in the lungs. This could result in disruption of epithelial barrier
properties in the lungs.

Previous reports showed that E-cadherin mediates contact inhibition of proliferation via the Hippo signaling
pathway [17, 18]. Yap and Taz, Hippo signaling pathway components, are transcriptional coactivators that
are the main downstream mediators of the Hippo pathway [26]. In this study, we further showed that
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exposure to air pollution reduced E-cadherin expression and Yap phosphorylation in the lungs. Also, both
exposure to DEPs and E-cadherin-knockdown in A549 cells reduced Yap phosphorylation. Depletion of E-
cadherin-bound β-catenin decreased Yap phosphorylation (S127 residue) and Yap nuclear accumulation [17].
Furthermore, E-cadherin homophilic binding occurs independent of other cell interactions, and this is able to
control the subcellular localization of Yap [27]. Together, our results suggest that E-cadherin is an upstream
cell-surface receptor that regulates Hippo signaling pathway components, which may control alveolar
epithelial differentiation and apoptosis after air pollution exposure.

Alveolar epithelial differentiation from type II to type I is not yet clear; this is how E-cadherin homophilic
ligation stimulates the Hippo pathway after air pollution exposure. Type II alveolar epithelial cells are
considered to be progenitor cells involved in regenerative processes [28] via the Hippo signaling pathway [13,
14]. When the Hippo pathway is inhibited, Yap/Taz are able to accumulate in nuclei. The accumulated
Yap/Taz interact with transcription factors and activate gene expressions, thereby activating cell survival,
proliferation, and differentiation pathways [29]. A previous report showed that inactivation of E-cadherin and
α-catenin affected bronchiolar progenitor cell differentiation and airway regeneration [38]. Indeed, we
observed signi�cant reductions in SPC and T1α in the lungs after air pollution exposure. Our results suggest
that the pathway for type II-to-type I alveolar epithelial differentiation is impaired by chronic exposure to air
pollution. Also, numbers of these epithelial cells were decreased by air pollution. Thus, air pollution is
involved in regulating the Hippo signaling pathway which affects AECII activities and could lead to
alterations in its proliferation.

Cellular senescence is a state of permanent inhibition of cell proliferation, which is associated with COPD
[30]. We observed that air pollution exposure reduced Sirt1 phosphorylation in the lungs. Also, both exposure
to DEPs and E-cadherin-knockdown in A549 cells caused a decrease in Sirt1 phosphorylation. Air pollution
induces senescence by regulating Sirt1 as observed in vitro [31] and in vivo [32]. Senescent cells were shown
to secrete a senescence-associated secretory phenotype (SASP). HMGB1 is linked to regulation of cell
senescence, which is considered a mediator of cellular senescent responses [33, 34]. Alveolar epithelial cell
senescence was reported in COPD patients [35], which may explain the abnormal cell turnover that promotes
the loss of alveolar cells in emphysematous lungs.

Apoptosis and senescence are cellular responses to a variety of intrinsic and extrinsic signals. In contrast to
apoptosis, cellular senescence is the loss of proliferative capacity. Our results indicated that apoptosis via
p53 expression occurred due to air pollution exposure, which was con�rmed by DEP exposure and E-
cadherin-knockdown in A549 cells. Previous reports indicated that p53 is required for PM-induced apoptosis
of alveolar epithelial cells [36, 37]. Increased levels of apoptosis in alveolar epithelia lead to emphysematous
changes in the lungs [38, 39]. Recent studies showed that emphysema is associated with disruption of
functions of alveolar apoptosis and cell proliferation [38]. Not only is apoptosis activated by air pollution, but
we also found cellular senescence by Sirt1 phosphorylation in the lungs and in A549 cells. These results
suggest that air pollution disables the proliferative capacity of lung cells. Regulation of both apoptosis and
senescence was associated with E-cadherin expression according to results of E-cadherin-knockdown in
A549 cells. Therefore, air pollution can cause apoptosis and cellular senescence, and this could occur by E-
cadherin mediating contact inhibition of proliferation via the Hippo signaling pathway.
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The PPI network was examined in the lungs using proteomic analyses. We con�rmed that E-cadherin plays
an essential role in activating the Hippo signaling pathway and regulating cell apoptosis, senescence, and
differentiation of ACEII to ACEI due to air pollution. First, we found that MMP-9 was involved in regulation
between HMGB1 and E-cadherin. This �nding showed that air pollution can induce the epithelial-to-
mesenchymal transition (EMT) by HMGB1 expression. A previous study observed that HMGB1 induced the
EMT by downregulating Cdh1 gene expression in human airway epithelial cells [40]. This was con�rmed by
our results, in which E-cadherin regulated apoptosis and senescence due to air pollution. Notably, cellular
differentiation from AECII to AECI was regulated via Krt5 from E-cadherin. Another report identi�ed that SPC
and Krt5 were in airway and alveolar cells in lung disease, indicating that alternative progenitor lineages are
mobilized to regenerate the alveolar epithelium when AECII is severely injured [41]. The Hippo signaling
pathway component, Yap, was identi�ed to regulate apoptosis and senescence via Smad3 in this study. This
result suggests that the Hippo pathway is not only essential to cell death and proliferation due to air
pollution, but also important for the EMT.

We observed that unconcentrated ambient air pollution exposure in rats for 6 months caused signi�cant
emphysema. This observation was also reported by our previous study [42]. We further investigated these
protein expressions in alveolar regions of control and COPD subjects. Notably, we found that PM had been
deposited in COPD lungs, but not in control subjects. We suspect that inhaled PM is more easily deposited or
trapped in the lungs due to a reduction in lung functions due to COPD severity. One study showed that higher
fractions of PM from cigarette smoke were deposited in the last few airway generations [43]. The deposited
PM in the lower airway and alveolar regions may be associated with the development of emphysema.
However, more evidence is required to con�rm the possible causal relationship.

We observed that expressions of E-cadherin with Yap, and SPC with T1  in alveolar regions of COPD subjects
obviously decreased compared to those regions of control subjects. This observation is consistent with
results in rats after air pollution exposure. Previous reports indicated that selective loss of Yap in restricted
regions of the mouse lung epithelium leads to lung cysts that mimic emphysema [16]. Additionally, a Taz
de�ciency resulted in lung developmental abnormalities in mice, which led to an emphysematous lung
phenotype [15]. Collectively, air pollution regulates E-cadherin which mediates contact inhibition of
proliferation via the Hippo signaling pathway in emphysema.

There are some limitations of this study that should be noted. Chemical effects of air pollution on the Hippo
signaling pathway were not examined in this study, and should be determined in the future. Primary AECII
should be used to understand the ability of differentiation to ACEI by air pollution. The role of the air
pollution-induced EMT should be further investigated. Con�rmatory experiments linked to air pollution
should be conducted in humans.

Conclusions
In summary, our �ndings provide evidence that air pollution is involved in regulating E-cadherin which
mediates contact inhibition of proliferation via the Hippo signaling pathway in the lungs. Dysfunction of the
differentiation and proliferation of AECII by air pollution could be vital to the development of emphysema.
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Our study provides novel insights into a better understanding of the underlying mechanisms for air pollution-
induced emphysema.

Materials And Methods

Ethics and human lung samples
The study was approved by the Taipei Medical University-Joint Institutional Review Board (TMU-JIRB no.
N202003075). Lung function was measured before lung cancer surgery. A pulmonary function test with a
spirometer was conducted immediately before bronchoscopy and included parameters of the forced vital
capacity (FVC) and FEV1. Lung tissues were obtained from subjects undergoing peripheral lung tumor
removal. Control and COPD lung sections were derived from non-tumorous lesion segments. Lung sections
were used for examination of protein expressions between control and COPD subjects.

Animals
Six-month old male Sprague Dawley (SD) rats (National Laboratory Animal Center, Taipei, Taiwan) were
housed at a constant temperature of 22 ± 2 °C and a relative humidity (RH) of 55% ± 10% with a 12:12-h
light: dark cycle. This study was conducted in compliance with the Animal and Ethics Review Committee of
the Laboratory Animal Center at Taipei Medical University (Taipei, Taiwan; IACUC: LAC2015-0290).

Chronic exposure to air pollution in vivo
Rats were randomly assigned to three groups: a control group, a HEPA group, and a PM2.5 group (n = 8 in
each group). The whole-body exposure system to air pollution for rodents was previously reported [44, 45].
Unconcentrated ambient particulate pollution with a 2.5-µm particle size classi�er was introduced to the
whole-body exposure system with or without HEPA �ltration (which had a 99% particle-removal e�ciency) at
the front of the air�ow inlet [46]. Rats were exposed to HEPA-�ltered air (so were only exposed to gaseous
pollution) and PM2.5 for 6 months. Simultaneously, rats in the control group were housed in the Laboratory

Animal Center with HEPA-�ltered clean air for 6 months. Rats were exposed to an average of 16.3 µg/m3

PM2.5, 32.9 ppb NOx, 2.5 ppb SO2, and 29.7 ppb O3 during the 6 months [47]. After exposure for 6 months,
rats were euthanized, and lung tissues were collected.

Cell culture and treatment
Human lung alveolar epithelial type II A549 cells were obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA), and were cultured in RPMI medium containing 10% fetal bovine serum,
penicillin, and streptomycin at 37 °C with 95% humidity and 5% CO2. Standard Reference Material DEPs
obtained from the National Institute of Standards and Technology (NIST, Gaithersburg, MD, USA) were used
as surrogate particles for tra�c emissions. Cells were exposed to DEPs at 0 (control), 50, and 100 µg/mL for
24 h (n = 6 per group). Cells were treated with the HMBG1 recombinant protein (Sigma, St. Louis, MO, USA) at
0 (control), 50, and 100 ng/mL for 24 h. All experiments were conducted at cell viabilities of > 80%.

E-Cadherin-knockdown
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Transfection of E-cadherin small interfering (si)RNA (CDH1; ThermoFisher Scienti�c, Waltham, MA, USA) and
Lipofectamine 3000 reagent (ThermoFisher Scienti�c) into cells was conducted in accordance with the
manufacturer's instructions. Culture medium in each well was supplemented with 50 nM of CDH1 siRNA or a
negative siRNA control vector (with no homology in human, mouse, or rat messenger (m)RNA databases;
sense: GAUCAUACGUGCGAUCAGA dTdT; antisense: UCUGAUCGCACGUAUGAUC dTdT). At 24 h after siRNA
transfection, supernatants and cell lysates were collected for further analyses. Transfection details were
previously reported [48].

Western blotting
Preparation of tissue and cell lysates was previously reported [44, 47, 49]. Lysate samples were
electrotransferred onto polyvinylidene di�uoride membranes (Millipore, Darmstadt, Germany). Primary
antibodies for HMGB1 (1:1000), E-cadherin (1:1000), Yap (1:1000), phosphorylated (p)-Yap (1:1000), SPC
(1:1000), T1α (podoplanin; 1:1000), Sirt1 (1:1000), p-Sirt1 (1:1000), p53 (1:1000) β-actin (1:1000), and α-
tubulin (1:1000) were obtained from Cell Signaling (Danvers, MA, USA) or Abcam (USA). Anti-rabbit (1:2000)
horseradish peroxidase (HRP)-conjugated secondary antibodies were obtained from Chemicon International
(MA, USA) and Merck Millipore (MA, USA). An HRP-labeled secondary antibody was incubated and washed
with TBST after blocking. Enhanced chemiluminescence Western blotting reagents were used, after which
images were taken with a ChemiDoc MP imager (Bio-Rad, Hercules, CA, USA). Quantitative data were
obtained using Image-Pro vers. 4 (Media Cybernetics, MD, USA) for Windows. All data were adjusted to the
control (multiples of change of the control) as previously reported [50, 51].

Immunohistochemical (IHC) and immuno�uorescent (IF)
staining
Lung tissues were �xed in 4% paraformaldehyde (Sigma) at 25 cmH2O and in 70% ethanol (4°C). Tissues
were then treated with graded ethanol and xylene series before being embedded in para�n. Para�n-
embedded lung tissues were sectioned at 4 µm onto charged slides using a rotary microtome. IHC staining
was performed on lung sections using the Novolink Polymer Detection System (Novolink, Novocastra,
Newcastle, UK) as previously described [52]. Lung sections were incubated with antibodies against E-
cadherin (AB40772, Abcam), p-Yap (AB76252, Abcam), Yap (66900-1-Ig, Proteintech, USA), SPC (#32459,
SAB, USA), T1α (AB131216, Abcam), and Sirt1 (#9475, Cell Signaling). Microphotographs were acquired
using Motic Easyscan Pro and Motic DSAssistant software (Motic, Hong Kong, China). The semiquantitative
determination of protein expression was assessed in 10 non-overlapping �elds as previously described [52].
Lung sections for IF staining were processed in the same way as IHC until the antigen retrieval step. Lung
sections were then permeabilized using 0.25% Triton X-100 in phosphate-buffered saline (PBS). The blocking
step was performed using a 5% bovine serum albumin (BSA) solution. Rabbit anti-E-cadherin (AB40772,
Abcam), mouse anti-Yap (66900-1-Ig, Proteintech), FITC-conjugated SPC (bs-10067R-FITC, Bioss, USA), and
FITC-conjugated T1α (orb215007-CF594, Biorbyt, UK) were used to incubate lung sections. FITC-conjugated
species-speci�c secondary antibodies (AB150077 and AB150116, Abcam) were used for IF staining, and 4’,6-
diamidino-2-phenylindole (DAPI) (AB104139, Abcam) was used for nuclear staining. Fluorescent images
were captured using a confocal �uorescence microscope (TCS SP5, Leica, UK).

Quantitative tissue proteomics analysis
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Experimental details were reported in our previous study [53]. In brief, lung tissues were lysed and
homogenized using a Minilys® personal homogenizer (Bertin, Rockville, MD, USA) to collect clear
supernatants as lung tissue lysates. Fifty micrograms of lung tissue proteins from �ve randomly selected
rats in each group was separately subjected to gel-assisted digestion with trypsin [54], and resulting peptides
from the same exposure group were pooled and labeled with one of the tandem mass tag isobaric reagents
(ThermoFisher Scienti�c). Labeled peptides were then pooled and fractionated by reverse-phase StageTip
following a previously reported protocol [55]. Each peptide fraction was vacuum-dried and resuspended in
0.1% formic acid for the liquid chromatography (LC)-tandem mass spectrometric (MS/MS) analysis using a
Thermo UltiMate 3000 RSLCnano system connected to an Orbitrap Fusion™ Tribrid™ Mass Spectrometer
(ThermoFisher Scienti�c, Bremen, Germany) equipped with a nanospray interface (New Objective, Woburn,
MA, USA). The LC-MS/MS raw data were searched against the SwissProt Rattus norvegicus database (vers.
2018_11, 8054 entries) using Mascot implemented in Proteome Discoverer (vers. 2.2.0.388, ThermoFisher). A
false discovery rate of 1% was applied to peptide-spectral-match, peptide, and protein levels. For proteome
quanti�cation, only unique peptides identi�ed with high con�dence and with at least six amino acids were
included to estimate protein abundances, which were further normalized by the total peptide abundance.
Proteins with 1.3-fold changes in abundance (log2 ratio of > 0.38 or <-0.38) were considered differentially
expressed proteins. The protein-protein interacting (PPI) network was built for differentially expressed
proteins using the STRING database [56] implemented in Cytoscape software [57].

Statistical analysis
Data are expressed as the mean ± standard deviation (SD). Student's t-test was used for comparisons
between continuous variables. For comparisons among multiple values, a one-way analysis of variance
(ANOVA) with Tukey’s post-hoc test was used. Statistical analyses were performed using GraphPad vers. 5
for Windows. The level of signi�cance was set to p < 0.05.
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Figure 1

Expressions of high mobility group box 1 (HMGB1) and E-cadherin in the lungs due to air pollution. (a)
Expressions of HMGB1 and E-cadherin in SD rats after 6 months of exposure to air pollution (HEPA for
gaseous pollution and PM2.5; n=8). Protein expressions were examined in lung lysates, and H&E staining
was used to quantify protein expressions in alveolar regions. (b) Expressions of HMGB1 and E-cadherin by
human alveolar epithelial A549 cells after exposure to 0, 50, and 100 μg/mL diesel exhaust particles (DEPs)
for 24 h (n=6). (c) Expression of HMGB1 after E-cadherin (CDH1)-knockdown in A549 cells (n=6). (d)
Expression of E-cadherin after treatment with the HMBG1 recombinant protein at 0 (control), 50, and 100
ng/mL in A549 cells for 24 h (n=6). * p<0.05.
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Figure 2

Expressions of Yap and phosphorylated (p)-Yap in the lungs after exposure to air pollution. (a) Expressions
of Yap and p-Yap in SD rats after 6 months of exposure to air pollution (HEPA for gaseous pollution and
PM2.5; n=8). p-Yap/Yap expressions were examined in lung lysates, and H&E staining was used to quantify
protein expressions in alveolar regions. (b) Expressions of p-Yap/Yap by A549 cells after exposure to 0, 50,
and 100 μg/mL of diesel exhaust particles (DEPs) for 24 h (n=6). (c) Expressions of p-Yap/Yap after E-
cadherin (CDH1)-knockdown in A549 cells (n=6). * p<0.05.
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Figure 3

Expressions of SPC and T1α in the lungs after exposure to air pollution. (a) Expressions of SPC and T1α by
SD rats after 6 months of exposure to air pollution (HEPA for gaseous pollution and PM2.5; n=8). SPC and
T1α expressions were examined in lung lysates, and H&E staining was used to quantify protein expressions
in alveolar regions. (b) Expressions of SPC and T1α by A549 cells after exposure to 0, 50, and 100 μg/mL
diesel exhaust particles (DEPs) for 24 h (n=6). (c) Expressions of SPC and T1α by E-cadherin (CDH1)-
knockdown in A549 cells(n=6). * p<0.05.
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Figure 4

Expressions of Sirt1, phosphorylated (p)-Sirt1, and p53 in the lungs after exposure to air pollution. (a)
Expressions of Sirt1, p-Sirt1, and p53 in SD rats after 6 months of exposure to air pollution (HEPA for
gaseous pollution and PM2.5; n=8). p-Sirt1/Sirt1 and p53 expressions were examined in lung lysates, and
H&E staining was used to quantify p-Sirt1/Sirt1 expressions in alveolar regions. (b) Expressions of p-
Sirt1/Sirt1 and p53 by A549 cells after exposure to 0, 50, and 100 μg/mL diesel exhaust particles (DEPs) for
24 h (n=6). (c) Expressions of p-Sirt1/Sirt1 and p53 after E-cadherin (CDH1)-knockdown in A549 cells (n=6).
* p<0.05.
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Figure 5

Protein-protein interaction network in the lungs of rats after exposure to air pollution. Interactions among
these proteins in the lungs after air pollution exposure were identi�ed by a proteomics approach.

Figure 6
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(a) Emphysema in rats after 6 months of exposure to air pollution. (b) Particulate matter (PM) deposited in
the lungs of chronic obstructive pulmonary disease (COPD) subjects (red arrow).

Figure 7

Expressions of E-cadherin, Yap, SPC, and T1α in alveolar regions of chronic obstructive pulmonary disease
(COPD) subjects and control subjects by immuno�uorescence (IF) staining.


