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Epidemiological and clinical studies have increasingly shown that fine particulate matter (PM2.5) is associated
with a number of pathological respiratory diseases, such as bronchitis, asthma, and chronic obstructive
pulmonary disease, which share the common feature of airway inflammation induced by particle exposure. Thus,
understanding how PM2.5 triggers inflammatory responses in the respiratory system is crucial for the study of
PM2.5 toxicity. In the current study, we found that exposing human bronchial epithelial cells (immortalized Beas-
2B cells and primary cells) to PM2.5 collected in the winter in Wuhan, a city in southern China, induced a
significant upregulation of VEGFA (vascular endothelial growth factor A) production, a signaling event that
typically functions to control chronic airway inflammation and vascular remodeling. Further investigations
showed that macroautophagy/autophagy was induced upon PM2.5 exposure and then mediated VEGFA
upregulation by activating the SRC (SRC proto-oncogene, non-receptor tyrosine kinase)-STAT3 (signal transducer
and activator of transcription 3) pathway in bronchial epithelial cells. By exploring the upstream signaling events
responsible for autophagy induction, we revealed a requirement for TP53 (tumor protein p53) activation and the
expression of its downstream target DRAM1 (DNA damage regulated autophagy modulator 1) for the induction
of autophagy. These results thus extend the role of TP53-DRAM1-dependent autophagy beyond cell fate
determination under genotoxic stress and to the control of proinflammatory cytokine production. Moreover,
PM2.5 exposure strongly induced the activation of the ATR (ATR serine/threonine kinase)-CHEK1/CHK1
(checkpoint kinase 1) axis, which subsequently triggered TP53-dependent autophagy and VEGFA production in
Beas-2B cells. Therefore, these findings suggest a novel link between processes regulating genomic integrity and
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airway inflammation via autophagy induction in bronchial epithelial cells under PM2.5 exposure.

Introduction

The adverse health effects of exposure to air pollution are of
great concern worldwide. Particulate matter (PM), the most
harmful component of air pollution, includes particles with a
median aerodynamic diameter < 0.1 pum (ultrafine particles,
PMO.1), < 2.5 um (fine particles, PM2.5) and < 10 pum (coarse
particles, PM10), which are strongly associated with severe air
pollution-induced health threats. Most PM10 particles are
deposited in the nasal cavities and upper airways, whereas
PM2.5 is more likely to reach the deeper parts of the respiratory
tract, penetrate deeply into the lung alveoli and enter the blood-
stream. Epidemiological and clinical studies have increasingly
shown that PM2.5 exposure is a risk factor mainly associated
with respiratory and cardiovascular morbidity and mortality.
The pulmonary and cardiovascular effects of air pollution con-
taining PM2.5 include impaired lung function; increased

pathological incidence of chronic cough, bronchitis, and
asthma; accelerated progression of atherosclerotic plaques; pla-
que instability; altered coagulation; venous thrombosis; and
others.'” Therefore, elucidating the toxicological mechanisms
that link inhaled particles with damage to the respiratory and
cardiovascular systems in vivo and in vitro is an active area of
research.

After inhalation and deposition in the epithelium of the
respiratory tract and lungs, particles are thought to be capable
of moving into interstitial spaces between cells and then induc-
ing the production of a variety of proinflammatory cytokines
and adhesion molecules, such as IL1B/IL-1p (interleukin 1 B),
IL6/IL-6 (interleukin 6), CXCL8/IL8 (C-X-C motif chemokine
ligand 8), TNF/TNFa (tumor necrosis factor), ICAM1
(intercellular adhesion molecule 1), etc. The release of these
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molecules then facilitates a pulmonary inflammatory response
within a short time, which exacerbates the airway symptoms,
especially in vulnerable populations with preexisting cardiopul-
monary diseases and the elderly.>*® When the response is sus-
tained for a longer period, proinflammatory factors may move
to the systemic circulation from the lungs and then cause
adverse effects on the cardiovascular system.>>® Therefore,
control of the inflammatory response may allow for more effec-
tive strategies to abate the cardiopulmonary dysfunctions
induced by PM2.5. Unfortunately, the mechanisms underlying
the association between air particles and increased airway
inflammatory response have not been clearly defined.

Autophagy, an evolutionarily conserved catabolic process,
mainly targets long-lived proteins, superfluous or damaged
organelles, and other cytoplasmic components for degradation
via the lysosomal pathway. Autophagy not only plays a critical
role in maintaining intercellular homeostasis, but also is con-
sidered a mediator of cellular processes under various stress
conditions, including cell survival and death, cellular senes-
cence and immune responses.”” A large body of evidence indi-
cates that the autophagic pathway becomes activated and
subsequently may become deregulated in response to cellular
stressors, which contributes substantially to pathogenic pro-
cesses underlying pulmonary diseases, cardiovascular disease,
inflammatory bowel disease, neuronal degeneration, aging and
cancer.'”'> Among these processes, respiratory pathologies
such as asthma, chronic obstructive pulmonary disease, respira-
tory tract infection and pulmonary fibrosis, are closely corre-
lated with autophagy, which has been extensively studied and
discussed.”'” The findings indicate that excessive autophagy
in chronic lung diseases not only is essential for airway mucus
hyper-secretion and airway remodeling,'*'* but also functions
mechanistically to impair the host antiviral defense against
respiratory viral infections and to promote airway epithelial
fibrosis. Therefore, manipulating autophagic pathways and
their regulatory components might lead to the development of
therapeutics for lung diseases.'®'” However, the function of
autophagy in the context of PM2.5-induced airway responses,
especially the production of proinflammatory factors, has not
been explored.

In the current study, we discovered a critical role for auto-
phagy in mediating PM2.5-induced VEGFA upregulation in
human bronchial epithelial cells. Because VEGFA is a key regu-
lator of blood vessel growth and an inducer of vascular leakage
and permeability in the airway, an abnormal elevation of local
VEGFA expression contributes substantially to the control of
chronic airway inflammation and vascular remodeling in lung
pathogenesis.'® ' Therefore, the data from our current study
provide, for the first time, an understanding of the complex sig-
naling events that characterize PM2.5-induced inflammatory
responses mediated by VEGFA upregulation through autopha-
gic pathways. Furthermore, the activation of the ATR-CHEK1/
CHK1-TP53 axis functioned as an upstream signaling event to
mediate autophagy and VEGFA induction in PM2.5-treated
bronchial epithelial cells. These findings thus represent novel
information that the modulation of checkpoint responses is
required for mediating autophagy-dependent airway inflamma-
tion under PM2.5 exposure. Inhibition of excessive VEGFA
expression by targeting checkpoint and autophagic pathways
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may provide a new approach to attenuate the pulmonary toxic-
ity of PM2.5.

Results

PM2.5 exposure induced upregulation of VEGFA
production in human bronchial epithelial cells

Proinflammatory cytokine release in lung epithelial cells con-
tributes substantially to the control of airway inflammatory
responses under PM2.5 exposure.”*® To investigate whether
PM2.5 samples from Wuhan had the ability to induce pulmo-
nary inflammation, in vitro assays were performed using Beas-
2B immortalized human bronchial epithelial cells. Cells were
treated with different doses of PM2.5, and then the production
of proinflammatory factors (IL1B, IL6, CXCL8, TNF and
VEGFA) was measured in the supernatants of cultured Beas-2B
cells by ELISA (enzyme-linked immunosorbent assay) 24 h
after PM2.5 exposure. As shown in Fig. 1A, VEGFA production
was significantly upregulated following PM2.5 treatment at dif-
ferent doses, and the peak induction of VEGFA release was
observed upon 100 pg/mL of PM2.5 exposure. Under the same
conditions, no detectable TNF production was observed, and
the expression levels of IL1B, IL6 and CXCLS in the cell culture
media did not show obvious differences before and after PM2.5
exposure. To further confirm these results, we next examined
the cytokine transcriptional responses induced by PM2.5 in
Beas-2B cells using a RT-PCR (reverse transcription polymer-
ase chain reaction) assay. Based on the alternative splicing of
the 8 coding exons, VEGFA mRNA exists as several different
isoforms, of which the VEGFA120, VEGFA164 and VEGFA188
isoforms are predominantly expressed.”’ As shown in Fig. 1B, a
dose-dependent induction of VEGFA transcription (the
VEGFA120 and VEGFA164 isoforms) was observed in Beas-2B
cells after PM2.5 treatment, whereas the mRNA levels of IL1B,
IL6, CXCL8 and TNF remained unchanged before and after
PM2.5 exposure. Together, these data indicate that VEGFA
might function as at least one of the most crucial proinflamma-
tory mediators released by Beas-2B cells in response to PM2.5
stimulation.

We then focused our following study on epithelial VEGFA
production induced by PM2.5. A VEGFA luciferase reporter
plasmid containing ~3.0 kb of the human VEGFA gene pro-
moter”” was transfected into Beas-2B cells, and stable transfec-
tants were established. Then, the transfectants were treated
with PM2.5 as described above. We found that PM2.5 exposure
dose-dependently induced an increase in VEGFA promoter-
driven luciferase activity in Beas-2B cells (Fig. 1C). This result
further confirmed the induction of VEGFA transcription in
Beas-2B cells in response to PM2.5 treatment. Next, we deter-
mined the intracellular VEGFA expression levels in Beas-2B
cells under treatment with different doses of PM2.5 or a single
dose of PM2.5 (100 pg/mL) for different time periods with a
western blot assay. As shown in Fig. 1D, the dose-dependent
induction of intracellular VEGFA expression was readily
observed in Beas-2B cells, which was consistent with the results
obtained from the luciferase, RT-PCR and ELISA assays pre-
sented in Fig. 1A to C. Furthermore, the inducible VEGFA
expression was detected 1.5 h after PM2.5 exposure and was
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Figure 1. PM2.5 exposure induced upregulation of VEGFA production in human bronchial epithelial cells. (A) Beas-2B cells were left untreated or were treated with differ-
ent concentrations of PM2.5 (12.5, 25, 50, and 100 wtg/mL) for 24 h. The production of VEGFA, IL1B, IL6, CXCL8 and TNF was then detected in the cell culture supernatant
using ELISA (*, P < 0.05; **, P < 0.01). (B) Beas-2B cells were left untreated or were treated with PM2.5 as described in (A); then, the transcriptional responses of VEGFA,
IL1B, IL6, CXCL8 and TNF were determined with an RT-PCR assay. (C) Beas-2B cells were transfected with a VEGFA promoter-driven luciferase reporter, and then stable
transfectants were established. The transfectants were exposed to different doses of PM2.5 (as indicated), and the induction of VEGFA promoter-dependent luciferase
activity was determined 12 h after PM2.5 exposure (**, P < 0.01). (D) Beas-2B cells were left untreated or were treated with PM2.5 as described in (A), and the intracellular
VEGFA expression levels were examined using a western blot assay. (E) Beas-2B cells were left untreated or were treated with PM2.5 (100 1cg/mL) for the indicated time
periods; then, the intracellular VEGFA expression levels were measured. (F and G) Beas-2B cells were treated with PM2.5 (100 «g/mL) alone or in combination with PMB
(50 pg/mL) for 24 h. Then, VEGFA transcription and protein synthesis and secretion were analyzed using RT-PCR, western blot and ELISA assays, respectively. (H) Primary
human bronchial epithelial cells were left untreated or were treated with PM2.5 (20 g/mL) for 24 h; then, VEGFA transcription and intracellular protein synthesis were
detected using RT-PCR and western blot assays, respectively. (I) Primary human bronchial epithelial cells were left untreated or were treated with PM2.5 (20 «g/mL) for
the indicated time periods; then, the production of VEGFA was detected in the cell culture supernatant using ELISA (**, P < 0.01).



sustained for 24 h (Fig. 1E). Together, these results indicate that
in response to Wuhan PM2.5 exposure, Beas-2B cells expressed
VEGFA at a high level and for a long duration.

To exclude the possible effects of endotoxin contamination
on the PM2.5-induced VEGFA production in Beas-2B cells, we
next compared the expression levels of VEGFA in Beas-2B cells
treated with PM2.5 with or without cotreatment with PMB
(polymyxin B), an antibiotic widely used to eliminate the effects
of endotoxin contamination. We found that neither VEGFA
transcription nor VEGFA protein synthesis or secretion was
changed in PM2.5-treated Beas-2B cells in the absence or pres-
ence of PMB cotreatment (Fig. 1F, 1G). These data indicate
that increased VEGFA production is a specific response
induced by PM2.5 and unrelated to endotoxin.

To further confirm the above results related to VEGFA
secretion responses in Beas-2B cells, we next examined VEGFA
production in primary human bronchial epithelial cells under
PM2.5 treatment. As shown in Fig. 1H and 11, a significant
upregulation of VEGFA transcription and VEGFA protein syn-
thesis and secretion was readily observed in the primary cells
upon PM2.5 exposure. Taken together, these data indicate that
VEGFA functions as an important proinflammatory factor in
airway epithelial cells in response to PM2.5 stimulatin.

PM2.5 exposure induced autophagy, which was critical for
mediating VEGFA upregulation in human bronchial
epithelial cells

To examine the signal transduction pathways leading to VEGFA
induction, we first addressed the possible involvement of auto-
phagy, a well-known metabolic process closely related to lung path-
ogenesis,””"” in mediating VEGFA upregulation under PM2.5
exposure. Because an increase in the MAP1LC3B/LC3B (microtu-
bule-associated protein light chain 3 8)-ILLC3B-I ratio, the induc-
tion of BECN1/BECLIN 1 (Beclin 1) expression and a decrease in
SQSTM1/p62 (sequestosome 1) levels are hallmarks of autophago-
some accumulation and autophagic degradation,” we first ana-
lyzed the levels of these specific autophagic key proteins using a
western blot assay. As shown in Fig. 2A and 2B, both a dose- and
time-dependent upregulation of MAP1LC3B and BECN1 expres-
sion, as well as degradation of SQSTM1, were observed in Beas-2B
cells treated with PM2.5, which reflected enhanced autophagosome
synthesis and the activation of autophagic degradation pathways in
response to PM2.5 stimulation.

Next, we measured autophagic activity in PM2.5-treated
Beas-2B cells using the commercial Cyto-ID Autophagy Detec-
tion Kit. As shown in Fig. 2C, when Beas-2B cells were stained
with Cyto-ID Green Autophagy Detection Reagent, we
observed a significant induction of autophagic activity inside
the cells after 24 h of PM2.5 exposure, which was evidenced by
a specific green autophagic fluorescence signal that accumu-
lated in spherical vacuoles in the perinuclear region of PM2.5-
treated cells. In contrast, no obvious signal was detected in
untreated Beas-2B cells under the same conditions.

To further confirm the above results, we then performed a
flow cytometry-based quantitative analysis of cell populations
loaded with the Cyto-ID Green Autophagy Detection Reagent.
The data in Fig. 2D show that Beas-2B cells without PM2.5
treatment were stained only faintly and displayed low
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fluorescence signal intensity. After exposure to PM2.5 for 24 h,
the Cyto-ID-dependent autophagic fluorescence signals
increased dramatically in Beas-2B cells. In addition, transmis-
sion electron microscopy (TEM) clearly revealed the presence
of double-membrane autophagic vesicles containing partially
degraded cytoplasmic materials in Beas-2B cells treated with
PM2.5 (Fig. 2E). Collectively, these data indicate that PM2.5
exposure induces autophagic activity in Beas-2B cells. TEM
images of PM2.5-treated Beas-2B cells also frequently exhibited
different components of PM2.5, including soot aggregates, fly
ash particles and mineral particles (Fig. 2E), indicating that
PM2.5 is taken up into the cells.

Enhanced autophagosome accumulation could result from
either an increase in autophagic flux or defects in the down-
stream process of autophagosome-lysosome fusion, thereby
inhibiting autophagic processing and degradation. To deter-
mine which was the case for PM2.5, an MAP1LC3B turnover
assay was performed in the absence or presence of BafA1 (bafi-
lomycin A,), an autophagy inhibitor that affects the acidifica-
tion of the lysosome, making it unable to digest MAPILC3 and
other contents. As shown in Fig. 2F, a combination of PM2.5
and BafAl treatment resulted in a significantly higher accumu-
lation of MAPILC3B compared with PM2.5 treatment alone.
In addition, the decrease in SQSTM1 levels caused by PM2.5
was effectively reversed by BafAl cotreatment. These data
clearly demonstrate that PM2.5 exposure results in an increase
in autophagic flux, rather than defects in autophagic degrada-
tion, in Beas-2B cells.

Next, we compared the levels of PM2.5-induced autophagic
responses in the absence or presence of PMB. As expected, the
accumulation of MAP1LC3B and BECN1 and the decrease in
SQSTM1 levels were similar in Beas-2B cells treated with PM2.5
alone or cotreated with PM2.5 and PMB (Fig. 2G). Moreover,
Cyto-ID Autophagy Detection Reagent-stained Beas-2B cells dis-
played similar autophagic fluorescence signals upon PM2.5 expo-
sure with or without cotreatment with PMB (Fig. 2H). These data
demonstrate that autophagy induction is a specific response
induced by PM2.5 and is unrelated to endotoxin.

Finally, we examined autophagic activity in primary human
bronchial epithelial cells under PM2.5 treatment to further con-
firm the above results obtained in Beas-2B cells. As shown in
Fig. 2I and 2], the upregulation of MAP1LC3B and BECNI1
expression and SQSTMI1 degradation, as well as Cyto-ID-
dependent autophagic fluorescence signals were readily
observed in the primary cells upon PM2.5 exposure. Together,
these data indicate that autophagy can be efficiently induced by
PM2.5 in human bronchial epithelial cells.

To determine whether autophagy induction is involved in
VEGFA upregulation under PM2.5 exposure, Beas-2B cells were
left untreated or were pretreated with 3-MA (3-methyladenine), a
well-known autophagy inhibitor that functions by blocking auto-
phagosome formation, followed by exposure to PM2.5. As shown
in Fig. 3A, the efficiency of 3-MA in inhibiting PM2.5-induced
autophagy was verified by the reduction in MAPILC3B and
BECNI expression in the 3-MA-pretreated Beas-2B cells com-
pared to the cells treated with PM2.5 alone. Then, we found that
PM2.5-induced VEGFA production was almost completely
blocked by 3-MA pretreatment (Fig. 3A). To further confirm these
results, Beas-2B cells stably expressing a VEGFA promoter-driven



1836 X. XU ET AL.

0 125 25 50 100 PM2.5 (ugimL) 0 07515 3 6 9 12 24 PM25(h)

+MAP1LC3B ‘ e —epeaey tMAPucaB

BECN1 [ l$ BECH

|.--.-—- -— |«SQSTM1

«SQSTM1

’ ————— — — — ‘d—ACTB

ACTB

Cyto-ID DAPI Cyto-ID+DAPI | D 35

*%

PM2.5 (-)

10

PM2.5 (+)

Autophagic fluorescence
intensity

o

100
PM2.5 (ug/mL)

PM2.5 (-) PM2.5 (+)
i 7 A e M

Control BafA1 M _PMB
0 100 0 100 PM2.5 (ug/mL) 0 100 0 100 PM2.5(ug/mL)

== s | = Sl
«+ BECN1

o —

———a

H J
1
0 20 PM2.5 (ug/mL) PM2.5 (-)
PM2.5 (-
0 MAP1LC3B
+ BECN1
o . .

10 UM
Control PMB

!

i

SQSTM1
PM2.5 (+)
ACTB

e

Figure 2. PM2.5 exposure induced autophagy in human bronchial epithelial cells. (A and B) Beas-2B cells were left untreated or were treated with PM2.5 as described in
Fig. 1A and 1E. Then, the expression levels of MAP1LC3B, BECN1 and SQSTM1 were examined. (C) Beas-2B cells were left untreated or were treated with PM2.5 (100 n.g/
mL) for 24 h; then, autophagy was examined under confocal microscopy after the cells were stained with Cyto-ID Green Autophagy Detection Reagent. (D) Beas-2B cells
were treated with PM2.5 and were stained with Cyto-ID Autophagy Detection Reagent as described in (C). Then, the cells were collected and subjected to a flow cytomet-
ric analysis to quantitatively measure the autophagic fluorescence intensity inside the cells (**, P < 0.01). (E) TEM of Beas-2B cells untreated (left panel) or treated with
100 eg/mL of PM2.5 for 24 h (middle and right panels). The right panel shows a high-magnification image of the indicated region in the middle panel. Red arrows indi-
cate double-membrane autophagic vesicles. Blue arrows indicate the particles taken up by the cells. (F) Beas-2B cells were treated with PM2.5 (100 wg/mL) alone or in
combination with BafA1 (0.1 «M) during the final 4 h before the cells were harvested. Then, the expression levels of MAPT1LC3B and SQSTM1 were examined 24 h after
PM2.5 exposure. (G) Beas-2B cells were treated as described in Fig. 1F, and the expression levels of MAP1LC3B, BECN1 and SQSTM1 were measured. (H) Beas-2B cells
were treated as described in Fig. 1F, and autophagy was examined under confocal microscopy after the cells were stained with Cyto-ID Green Autophagy Detection
Reagent. (I) Primary human bronchial epithelial cells were left untreated or were treated with PM2.5 (20 ng/mL) for 24 h. Then, the expression levels of MAPTLC3B,
BECN1 and SQSTM1 were measured. (J) Primary human bronchial epithelial cells were treated as described in (I) and autophagy was examined under confocal microscopy
after the cells were stained with Cyto-ID Green Autophagy Detection Reagent.
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Figure 3. Autophagy induction was critical for mediating VEGFA production in Beas-2B cells upon PM2.5 exposure. (A) Beas-2B cells were pretreated with 3-MA, followed
by exposure to PM2.5 (100 pg/mL). Then, the expression of VEGFA, BECN1 and MAP1LC3B was analyzed 24 h after PM2.5 exposure. (B) Beas-2B cells stably transfected
with VEGFA promoter-driven luciferase reporter were treated with 3-MA and PM2.5 as described in (A). Then, the induction of VEGFA promoter-dependent luciferase activ-
ity was examined 12 h after PM2.5 exposure (**, P < 0.01). (C) Beas-2B cells were treated with 3-MA and PM2.5 as described in (A). Then, the production and secretion of
VEGFA in Beas-2B cells were detected in the cell culture supernatant using ELISA 24 h after PM2.5 exposure (**, P < 0.01). (D) Beas-2B cells were transfected with ATG5
SiRNA or control siRNA and then exposed to PM2.5 (100 «g/mL) 36 h after transfection. The expression of ATG5, VEGFA, BECN1 and MAP1LC3B was examined 24 h after
PM2.5 exposure. (E) Beas-2B cells stably transfected with VEGFA promoter-driven luciferase reporter were transfected with ATG5 siRNA or control siRNA and treated with
PM2.5 as described in (D). Then, the induction of VEGFA promoter-dependent luciferase activity was determined 12 h after PM2.5 exposure (**, P < 0.01). (F) Beas-2B cells
were transfected and treated with PM2.5 as described in (D). Then, the production and secretion of VEGFA in Beas-2B cells were detected in the cell culture supernatant
using ELISA 24 h after PM2.5 exposure (**, P < 0.01). (G) Beas-2B cells were transfected with BECNT siRNA or control siRNA and then exposed to PM2.5 (100 ;.g/mL) 36 h
after transfection. The expression of BECN1, MAP1LC3B and VEGFA was examined 24 h after PM2.5 exposure. (H) Beas-2B cells stably transfected with VEGFA promoter-
driven luciferase reporter were transfected with BECNT siRNA or control siRNA and treated with PM2.5 as described in (G). Then, the induction of VEGFA promoter-depen-
dent luciferase activity was determined 12 h after PM2.5 exposure (**, P < 0.01). (I) Beas-2B cells were transfected and treated with PM2.5 as described in (G). Then, the
production and secretion of VEGFA in Beas-2B cells were detected in the cell culture supernatant using ELISA 24 h after PM2.5 exposure (**, P < 0.01). (J) Beas-2B cells
were treated as described in Fig. 2F, and then VEGFA expression levels were measured 24 h after PM2.5 exposure. (K) Beas-2B cells stably transfected with VEGFA pro-
moter-driven luciferase reporter were treated as in Fig. 2F, and the induction of VEGFA promoter-dependent luciferase activity was examined 12 h after PM2.5 exposure
(**, P < 0.01). (L) Beas-2B cells were treated as described in Fig. 2F, and then the production and secretion of VEGFA in Beas-2B cells were detected in the cell culture
supernatant using ELISA 24 h after PM2.5 exposure (**, P < 0.01).
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luciferase reporter were also successively treated with 3-MA and
PM2.5. The results showed that 3-MA pretreatment significantly
inhibited the induction of VEGFA transcription by PM2.5 expo-
sure (Fig. 3B). At the same time, we also observed the obvious
inhibition of PM2.5-induced VEGFA production and secretion in
the cell culture supernatants of Beas-2B cells under pretreatment
of 3-MA by ELISA (Fig. 3C). These findings together indicate that
autophagy plays a critical role in mediating VEGFA upregulation
in PM2.5-treated Beas-2B cells. In the following experiment,
siRNA specifically targeting ATG5 (autophagy-related 5) or a con-
trol siRNA was introduced into Beas-2B cells stably transfected
with a VEGFA-promoter driven luciferase reporter, and the induc-
tion of VEGFA expression was detected in the presence or
absence of ATG5 expression. As shown in Fig. 3D, 3E and 3F,
knockdown of ATGS5 expression not only blocked the induction
of MAPILC3B and BECNI expression but also dramatically
inhibited the upregulation of VEGFA transcription and protein
synthesis induced by PM2.5. In addition, we also observed down-
regulation of PM2.5-induced VEGFA transcription and protein
synthesis by knockdown BECNI1 expression in the Beas-2B cells
(Fig. 3G, 3H and 3I). Furthermore, when BafAl was used to block
the autophagic processing and degradation induced by PM2.5 in
Beas-2B cells, the induction of VEGFA transcription and protein
synthesis was also dramatically inhibited under the same condi-
tions (Fig. 3], 3K and 3L). Together, these results demonstrate
that an increase in autophagy flux is required for mediating
VEGFA upregulation in airway epithelial cells upon PM2.5
exposure.

PM2.5-induced autophagy contributed to increased VEGFA
production by activating the SRC-STAT3 pathway

To determine the underlying mechanism by which autophagy
mediated VEGFA production in PM2.5-treated epithelial cells,
transcription factors that might be involved in regulating
VEGFA transcription were analyzed. As shown in Fig. 4A and
4B, PM2.5 exposure induced a strong activation of STAT3 in
Beas-2B cells, as evidenced by an increased level of STAT3
phosphorylation and an upregulation of STAT3-dependent
luciferase activity after PM2.5 treatment. Furthermore, knock-
down of STAT3 expression effectively inhibited the induction
of VEGFA expression by PM2.5 (Fig. 4C). These data indicate
that STAT3 functions as a critical transcription factor for trig-
gering VEGFA production in PM2.5-treated Beas-2B cells.
Under the same PM2.5 exposure conditions, we also found the
induction of SRC protein kinase activation in Beas-2B cells
(Fig. 4A). Knockdown of SRC expression almost completely
blocked STAT3 activation and VEGFA production in Beas-2B
cells in response to PM2.5 stimulation (Fig. 4D and 4E). These
data indicate that SRC-STAT3 pathway activation might play a
critical role in mediating VEGFA production in PM2.5-treated
Beas-2B cells. In the following experiment, we further observed
similar levels of SRC-STAT3 pathway activation in Beas-2B
cells treated with PM2.5 with or without PMB cotreatment
(Fig. 4F); these results thus excluded the possibility of endo-
toxin contamination involvement in SRC-STAT3 pathway acti-
vation induced by PM2.5.

In fact, we also discovered the involvement of other tran-
scription factors, including NFKB/nuclear factor-«B, AP-1/

activator protein-1 and EGRI (early growth response 1), in
mediating VEGFA transcription in Beas-2B cells upon PM2.5
exposure (data not shown). However, when autophagy induc-
tion in Beas-2B cells was blocked by 3-MA pretreatment, ATG5
siRNA transfection or costimulation with BafAl, only PM2.5-
induced STAT3 activation was dramatically suppressed with
the impairment of autophagy (Fig. 4G, 4H and 4I), whereas the
activation status of other transcription factors did not show
obvious changes under the same PM2.5 exposure conditions
(data not shown). Moreover, the induction of SRC protein
kinase activation was also sharply inhibited in the 3-MA-pre-
treated, ATG5 siRNA-transfected or BafAl-costimulated Beas-
2B cells compared to the control cells (Fig. 4G, 4H and 4I).
Taken together, these data lead us to conclude that the induc-
tion of autophagy mediates VEGFA production in bronchial
epithelial cells by activating the SRC-STAT3 pathway upon
PM2.5 exposure.

PM2.5 treatment induced TP53 transactivation, which was
critical for mediating autophagy induction in bronchial
epithelial cells

After identifying the functional link between autophagy induc-
tion and VEGFA production in bronchial epithelial cells, we
next explored the upstream signal transduction pathways lead-
ing to autophagy induction following PM2.5 exposure. TP53 is
a transcription factor that is activated by a wide variety of cellu-
lar stresses and subsequently orchestrates biological outputs,
including the modulation of autophagy in a transcription-
dependent or -independent manner.** In PM2.5-treated Beas-
2B cells, we detected both the dose- and time-dependent
upregulation of TP53 phosphorylation at serine 15 (Fig. 5A
and B), a representative signaling event indicating the activa-
tion of this protein. Under the same conditions, an enhance-
ment of TP53-dependent luciferase activity was readily
detected in Beas-2B cells (Fig. 2C), further confirming the ele-
vation of TP53 transcriptional activity in response to PM2.5.

DRAM1 is considered the most important TP53 target gene
that functions as a positive regulator of autophagy.”> As shown in
Fig. 5A and 5B, we readily observed an obvious upregulation of
DRAMI expression accompanying TP53 activation after PM2.5
exposure. In addition, the responses of TP53 activation and
DRAMI induction after PM2.5 exposure did not show detectable
differences in the absence or presence of PMB costimulation
(Fig. 5D). Together, these data indicate that PM2.5 treatment effec-
tively induces TP53-DRAM1 pathway activation in Beas-2B cells.

Next, TP53 and DRAM1 siRNAs were separately transfected
into Beas-2B cells to determine whether TP53-DRAMI1 path-
way activation contributes to autophagy induction in the
PM2.5-induced response. We observed that the upregulation of
both MAPILC3B and BECN1 upon PM2.5 exposure was
completely blocked by knockdown of TP53 or DRAM1 expres-
sion (Fig. 5E). Moreover, there was a significant reduction in
the autophagic fluorescence signals from the Cyto-ID Auto-
phagy Detection Reagent-stained Beas-2B cells with the
impairment of TP53 or DRAMI expression (Fig. 5F and 5G).
Together, these results indicate that TP53-DRAMI1 pathway
activation is essential for inducing autophagy in PM2.5-treated
Beas-2B cells.
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Figure 4. PM2.5-induced autophagy contributed to VEGFA production by activating the SRC-STAT3 pathway. (A) Beas-2B cells were left untreated or were treated with
PM2.5 as described in Fig. 1A; then, the activation status of SRC and STAT3 was determined. (B) Beas-2B cells were transfected with STAT3-dependent luciferase reporter,
and stable transfectants were established. The transfectants were exposed to different doses of PM2.5 (as indicated), and the induction of STAT3-dependent luciferase
activity was examined 12 h after PM2.5 exposure (*, P < 0.05; %, P < 0.01). (C) Beas-2B cells were transfected with STAT3 siRNA or control siRNA; then, cells were treated
with PM2.5 (100 pg/mL) 36 h after transfection. The expression of STAT3 and VEGFA was examined 24 h after PM2.5 exposure. (D) Beas-2B cells were transfected with
SRC siRNA or control siRNA and then were treated with PM2.5 (100 wg/mL) 36 h after transfection. The expressions of SRC and VEGFA and the activation status of STAT3
was examined 24 h after PM2.5 exposure. (E) Beas-2B cells stably transfected with the STAT3-dependent luciferase reporter were transfected with SRC siRNA or control
SiRNA and exposed to PM2.5 (100 1g/mL) 36 h after transfection. The induction of the STAT3-dependent luciferase activity was determined 12 h after PM2.5 exposure
(**, P < 0.01). (F) Beas-2B cells were treated as described in Fig. 1F, and then the activation status of SRC and STAT3 was determined 24 h after PM2.5 exposure. (H, | and
J) Beas-2B cells were treated or transfected as described in Fig. 3A, 3C and 3E. Then, the activation status of SRC and STAT3 was determined 24 h after PM2.5 exposure. p,

phosphorylated.

ATR was required for the induction of TP53-dependent
autophagy in bronchial epithelial cells under PM2.5
exposure

Next, we focused on identifying the signal transduction
mechanism responsible for TP53 phosphorylation (at serine
15), transactivation and the subsequent induction of auto-
phagy in response to PM2.5 treatment. Multiple lines of
evidence have revealed that TP53 activation is triggered by
a variety of signaling pathways under different stress condi-
tions. ATM (ATM serine/threonine kinase) and ATR are

class III phosphatidylinositol 3-kinase-related kinase family
members that contribute to TP53 activation in response to
DNA damage and checkpoint stresses.***®*” Because
Wuhan PM2.5 induced an obvious Gy/G, arrest in Beas-2B
cells (data not shown), we first examined the possible roles
of ATM and ATR in mediating TP53 activation under
PM2.5 treatment. As shown in Fig. 6A, accompanying TP53
accumulation, both ATM and ATR were strongly activated
in Beas-2B cells after PM2.5 exposure at certain doses
(Fig. 6A). Furthermore, knockdown of ATR expression
resulted in the complete inhibition of the TP53
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Figure 6. ATR was required for the induction of TP53-dependent autophagy in Beas-2B cells upon PM2.5 exposure. (A) Beas-2B cells were treated as described in Fig. 1A,
and then the activation status of ATM and ATR was determined. (B) Beas-2B cells were transfected with ATR siRNA, ATM siRNA or control siRNA; then, cells were treated
with PM2.5 (100 w«g/mL) 36 h after transfection. The activation status of TP53 and the expression levels of ATR, ATM, DRAM1, BECN1 and MAP1LC3B were examined 24 h
after PM2.5 exposure. (C) Beas-2B cells stably transfected with TP53-dependent luciferase reporter were transfected with ATR siRNA, ATM siRNA or control siRNA; then
exposed to PM2.5 (100 ng/mL) 36 h after transfection. The induction of TP53-dependent luciferase activity was determined 12 h after PM2.5 exposure (**, P < 0.01). (D
and E) Beas-2B cells were transfected with ATR siRNA or control siRNA and then treated with PM2.5 (100 ng/mL) 36 h after transfection. The autophagy signals were

detected as described in Fig. 2C and 2D (**, P < 0.01). p, phosphorylated.

phosphorylation and DRAMI1 upregulation induced by
PM2.5. However, none of these responses were observed in
ATM siRNA-transfected Beas-2B cells under the same
PM2.5 exposure conditions (Fig. 6B). In addition, an atten-
uation of TP53-dependent luciferase activity was readily
detected in Beas-2B cells transfected with ATR siRNA, but
not ATM siRNA, in response to PM2.5 stimulation
(Fig. 6C). Together, these data indicate that ATR plays a
critical role in mediating TP53-DRAMI1 pathway activation
in the PM2.5-induced response.

In the following experiment, we observed the prevention of
MAPILC3B and BECNI1 upregulation (Fig. 6B) and a decrease in
the Cyto-ID-dependent autophagic fluorescence signals in Beas-2B
cells after ATR siRNA transfection (Fig. 6D and 6E), further con-
firming that ATR, rather than ATM, is required for TP53-depen-
dent autophagy induction in PM2.5-treated Beas-2B cells.

The ATR-CHEKT1 axis mediated TP53-dependent autophagy
induction in bronchial epithelial cells upon PM2.5
exposure

CHEKI is a well-known downstream target of ATR that medi-
ates TP53 activation in response to checkpoint stresses.”*’
Therefore, to determine whether CHEKI is involved in the func-
tional link between ATR and TP53 activation in Beas-2B cells
under PM2.5 exposure, we next examined the role of CHEK1 in
PM2.5-treated Beas-2B cells. As shown in Fig. 7A, phosphoryla-
tion of CHEK1 was significantly upregulated in Beas-2B cells
after exposure to certain doses of PM2.5. In addition, knock-
down of ATR expression significantly suppressed the CHEK1
activation induced by PM2.5 (Fig. 7B). These results thus suggest
a potential role of CHEK1 downstream of ATR in mediating
PM2.5-induced responses. In addition, the activation of both
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ATR and CHEKI induced by PM2.5 did not show any differen-
ces in the absence or presence of PMB costimulation (Fig. 6C),
indicating a specific effect of PM2.5 on triggering ATR-CHEK1
axis activation in Beas-2B cells.

Then, we observed that ablation of CHEK1 expression not only
effectively impaired the phosphorylation and transactivation of
TP53, but also suppressed the induction of DRAM1 expression by
PM2.5 (Fig. 7D and 7E), clearly confirming the critical contribution
of CHEK1 to TP53 transactivation in the PM2.5-induced response.
Most importantly, autophagy induction was also impaired by
knockdown of CHEK1 expression, as evidenced by the inhibition
of MAP1LC3B and BECN1 induction and the reduction in Cyto-
ID-dependent autophagic fluorescence signals in CHEK1 siRNA-
transfected Beas-2B cells compared to the control cells (Fig. 7D, 7F
and 7G). Taken together, we conclude that CHEK]1 is the down-
stream target of ATR that mediates TP53-dependent autophagy in
Beas-2B cells.

The ATR-CHEK1-TP53 signaling pathway activation was
critical for mediating autophagy-dependent VEGFA
induction in bronchial epithelial cells under PM2.5
exposure

After clarifying the role of the ATR-CHEKI1-TP53-DRAMI
pathway activation in mediating autophagy induction in the
PM2.5-induced response, we finally determined whether this
pathway contributes to regulating autophagy-dependent
VEGFA induction under PM2.5 exposure. To this end, TP53,
DRAM]I, ATR and CHEKI siRNAs were separately transfected
into Beas-2B cells to block the activation of this pathway at dif-
ferent levels. We observed that knockdown of any of the critical
signaling molecules in the ATR-CHEK1-TP53-DRAMI1 path-
way almost completely blocked SRC and STAT3 activation, as
well as the VEGFA production induced by PM2.5 (Fig. 8A, 8C
and 8E). As expected, the induction of VEGFA transcription
was also dramatically suppressed in the various siRNA-trans-
fected Beas-2B cells compared to the control siRNA-transfected
cells under the same PM2.5 exposure conditions (Fig. 8B, 8D
and 8F). Taken together, these data indicate that the ATR-
CHEKI1-TP53-DRAMI pathway activation is critical for medi-
ating autophagy-dependent VEGFA induction in PM2.5-
treated Beas-2B cells.

Discussion

The association between air particles (especially PM2.5) and
increased risk of respiratory and cardiovascular diseases is well
established. The induction or exacerbation of airway inflamma-
tion is considered a common mechanism underlying the parti-
cle exposure-induced development of various adverse health
effects in the respiratory and cardiovascular systems.'® Thus,
understanding how particulate matter triggers inflammatory
reactions in the airway is a central issue in particle toxicology.
The pulmonary epithelium represents a primary barrier that
prevents the entry of inhaled PM. As a consequence, airway
epithelial cells are also a primary target of inhaled noxious PM.
For this reason, in vitro experiments involving cultured epithe-
lial cells treated with various types of ambient and laboratory
surrogate particles have become a well-accepted technique for
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investigating the basic mechanisms of particle toxicology. Addi-
tionally, many in vitro studies have focused on the upregulation
and release of proinflammatory cytokines, such as IL1B, IL6,
CXCL8 and TNF, by airway epithelial cells in response to
PM2.5 exposure due to the critical role of these cytokines in the
initiation and resolution of inflammation.*® In fact, elevation
of these cytokines has also been observed in the bronchial alve-
olar lavage fluid of animals,”® further confirming the results
obtained from the in vitro studies. In this work, to explore the
inflammatory responses induced by the particles, the expres-
sion levels of several inflammatory factors were analyzed. We
found that the upregulation of VEGFA expression constituted
the major signaling event in immortalized or primary human
bronchial epithelial cells exposed to PM2.5 collected in Wuhan
in the winter (Fig. 1). Because VEGFA is a key regulator of
blood vessel growth and an inducer of vascular leakage and per-
meability in the airway, homeostatic VEGFA expression is a
critical means of lung structure maintenance, whereas excessive
VEGFA expression is believed to be effective in regulating air-
way hyperactivity, chronic airway inflammation and vascular
remodeling.'®' Therefore, the data from this study are the first
to reveal that the PM2.5-induced acute response in bronchial
epithelial cells is mediated by VEGFA-related pathogenesis.
Modulating airway VEGFA expression might be helpful to
ameliorate the adverse airway responses induced by particle
exposure.

In the attempt to figure out the signal transduction mecha-
nism leading to VEGFA upregulation in bronchial epithelial
cells, we discovered the critical contribution of autophagy to
this process (Figs. 2 and 3). In fact, the implications of the auto-
phagy pathway in immune dysfunction and the pathogenesis of
inflammatory disorders (such as intestinal bowel disease) have
been reported in previous studies.'”***° Moreover, due to the
common feature of inflammatory responses in lung diseases,
several investigations have focused on the functional link
between autophagy and inflammation-associated pulmonary
pathogenesis. For example, autophagy is essential for airway
mucus secretion and therefore acts as an important cofactor in
asthma, chronic obstructive pulmonary disease, pulmonary
fibrosis and airway remodeling.'* Moreover, epithelial auto-
phagy is responsible for the generation of fibrosis via the EMT
(epithelial-to-mesenchymal transition) process in airways.'® In
addition, the induction of autophagy directly impairs the
expression of antiviral type III IFNL1/IFNA1 (interferon,
lambda 1) and enhances rhinovirus infection in airway epithe-
lial cells, thus functioning as a novel mechanism to hinder the
host antiviral defense against respiratory viral infection in the
lung."” Furthermore, autophagy is believed to serve as a cellular
signaling event to promote the transforming growth factor g 1-
mediated airway remodeling and loss of lung function in
asthma.'® In the current study, we additionally elucidated the
involvement of autophagy in the PM2.5-induced VEGFA pro-
duction response in airway epithelial cells, further confirming
the association between autophagy and the inflammatory state
in the pulmonary system.

The regulation of the production or secretion of proinflam-
matory cytokines constitutes one of the mechanisms by which
autophagy impacts the onset or progression of airway inflamma-
tory responses.”’ However, our understanding of how
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autophagy regulates cytokine production is still rudimentary. As
described above, autophagy interferes with host-antirhinovirus
infection in the airway by suppressing IFNLI expression. In this
process, DDX58 (DEXD/H-box helicase 58) recognizes viral
RNA in the cytoplasm of infected cells and then binds to MAVS
(mitochondrial antiviral signaling protein) to induce the pro-
duction of interferon and the host antiviral defense. Interest-
ingly, the ATGS5 protein interacts with DDX58 and MAVS when
the autophagic pathway is activated by rhinovirus infection.
This interaction is responsible for the suppression of IFNL1
expression and the subsequent increase in rhinovirus replication
in human airway epithelial cells.'"” In the current study, after
revealing the involvement of autophagy in VEGFA induction in
PM2.5-treated epithelial cells, we performed many experiments
to determine which signal transduction pathway(s) were acti-
vated by autophagy, leading to VEGFA induction. Although
most of the proinflammatory transcription factors (STATS3,
NFKB, AP-1 and EGR1) that we analyzed were found to mediate
VEGFA production by PM2.5 (data not shown), only STAT3
activation was controlled by autophagy induction (Fig. 4). Thus,
this study is the first to elucidate the underlying mechanism that
mediates autophagy-dependent VEGFA induction through
STATS3 signaling. In fact, a previous study demonstrates the piv-
otal role of autophagy in facilitating interferon gamma produc-
tion by activating the JAK2 (Janus kinase 2)-STAT1 pathway.>
However, we did not observe the activation of JAK2 in response
to PM2.5 exposure in epithelial cells (data not shown), whereas
SRC protein kinase was activated after autophagy induction and
then mediated STAT3 phosphorylation. Therefore, we have elu-
cidated the mechanism by which autophagy regulates proin-
flammatory VEGFA production in response to PM2.5 by
activating the SRC-STAT3 pathway (Fig. 4).

Autophagy plays a critical role in the maintenance of intra-
cellular homeostasis under both physiological and pathological
conditions; therefore, the number of factors and signaling path-
ways implicated in autophagy modulation is continually
increasing.” TP53 is a stress-responsive transcription factor
involved in regulating autophagy in both transcription-
dependent and -independent manners.>” The lysosomal protein
DRAMI is a transcriptional target of TP53 that can induce
autophagosome accumulation and therefore orchestrates the
induction of autophagy.>> However, it is noteworthy that previ-
ous reports demonstrate the role of the TP53-DRAM1 pathway
activation in modulating the autophagic process under geno-
toxic stress only, which is critical for cell-fate determina-
tion.”** Therefore, data in this study obtained in PM2.5-
treated epithelial cells, expand on the former mechanism by
functionally characterizing the TP53-DRAM1-autophagy path-
way under conditions of proinflammatory stress (Figs. 5 and 8).

Another novel finding of this work is that the ATR-CHEK1
axis is implicated in regulating autophagy and the subsequent
proinflammatory cytokine production in the PM2.5-induced
cellular response. It is well accepted that the ATR-CHEK]1 path-
way is usually activated in response to DNA damage signals and
guards the integrity of the genomic DNA by regulating and
coordinating multiple cellular processes, including cell cycle
arrest, inhibition of replication origin firing, protection of
stressed replication forks, and DNA repair.”**” In the light of
recent studies, functional links between the immune response

AUTOPHAGY 1845

and the ATR-CHEKI1-mediated processes that regulate genomic
integrity have also been revealed.”>® For example, the ATR-
CHEKI1 pathway was found to be activated in the Simian virus
40 large T antigen-induced DNA damage response in human
fibroblasts, resulting in the induction of IRF1 (interferon regula-
tory factor 1) and the transactivation of IFNBI1 (interferon 8 1)
to mediate the antiviral response.”” Intriguingly, in germinal
center B cells, downregulation of the ATR-CHEK1 checkpoint
axis is required for efficient somatic hypermutation and IgG
diversification.”® Data from several other reports have revealed
that the DNA damage responses mediated by ATR, ATM and
CHEKI1 may alert the immune system to the presence of poten-
tially dangerous cells by upregulating the expression of ligands
that can induce the activation of innate and adaptive immune
cells.*”*® Our current study provides novel evidence for a critical
role of the ATR-CHEKI axis activation in mediating the proin-
flammatory response in bronchial epithelial cells under PM2.5
exposure (Figs. 6 to 8), further confirming the functional link
between checkpoint pathways and immune responses under
particle-induced stress. In addition, because neither the exact
mechanism nor the cellular consequences of autophagy activa-
tion in response to DNA damage signals is fully understood, our
finding that autophagy represents a bridge between the ATR-
CHEKI1 axis activation and VEGFA production provides new
insights into these issues.

In summary, the data in this study elucidate the molecular
mechanism involved in mediating VEGFA production in air-
way epithelial cells under PM2.5 exposure. These in vitro
results contribute to the long-term goal of toxicology studies on
PM, which focus on identifying specific proinflammatory sig-
naling pathways. Determining whether these in vitro results are
applicable to PM-induced lung inflammation and pathogenesis
in vivo is worthy of additional investigation.

Materials and methods
Plasmids, antibodies and reagents

The VEGFA promoter-driven luciferase reporter plasmid and
TP53-dependent luciferase reporter plasmid were provided by
Dr. Chuanshu Huang (New York University, USA). STAT3-
dependent luciferase reporter plasmid was provided by Dr.
Ming Shi in our institute. The siRNAs and regents used were as
follows: ATR siRNA (Cell Signaling Technology, 6288), ATM
siRNA (Cell Signaling Technology, 6328), ATG5 siRNA (Cell
Signaling Technology, 6348), DRAM1 siRNA (Riobo Technol-
ogy, 1314.14), CHEK1 (CHKI) siRNA (Riobo Technology,
13285.14), BECN1 siRNA (Cell Signaling Technology, 6222), 3-
MA (Sigma-Aldrich, M9281), PMB (Sigma-Aldrich, P1004)
and BafA1l (LC Laboratories, B1080); Primary antibodies used
were as follows: BECN1 (Cell Signaling Technology, 3495),
MAPILC3B (Cell Signaling Technology, 3868), phospho-TP53
(Ser15; Cell Signaling Technology, 9284), TP53 (Cell Signaling
Technology, 2524), phospho-SRC (Tyr416; Cell Signaling
Technology, 6943), SRC (Cell Signaling Technology, 2109),
phospho-STAT3 (Tyr705; Cell Signaling Technology, 9145),
STAT3 (Cell Signaling Technology, 9139), phospho-ATM
(Ser1981; Cell Signaling Technology, 5883), ATM (Cell Signal-
ing Technology, 2873), phospho-ATR (Ser428; Cell Signaling
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Technology, 2853), ATR (Cell Signaling Technology, 2790),
phospho-CHEK1 (Ser345; Cell Signaling Technology, 2348),
CHEKI1 (Cell Signaling Technology, 2360), SQSTM1 (Cell Sig-
naling Technology, 8025), ACTB (Cell Signaling Technology,
4970), ATG5 (Cell Signaling Technology, 9980) and DRAM1
(Santa Cruz Biotechnology, 98654).

PM2.5 sample collection and analysis

The PM2.5 sample was collected in the Hanyang District of
Wubhan, a city in China with serious air pollution. Particulate
air samples (ambient and nominally 10X concentrated) were
collected using an aerosol concentration enrichment system
with Teflon filters (GelmanTeflo, 37 mm, 0.2-um pore). The
samples were collected on the roof of the buildings on the busy
streets every weekday for 6 h (between 9 a.m. and 3 p.m.) for 3
mo between November 2011 and February 2012. The filter
samples were stored at a constant temperature and relative
humidity (—20 % 0.5°C, 40 & 5% RH) until analysis. The filter
was cut into small pieces 1 cm” in area, immersed in sterilized
water and then sonicated 3 times to extract the water-soluble
components. After the water-extracted samples were collected
and frozen, the particle sample was stored at —20°C until use.
The analysis of PM2.5 components was performed using high-
performance liquid chromatography (Waters, 2695).

Cell culture, transfection and PM2.5 treatment

Beas-2B human bronchial epithelial cells were kindly provided
by Dr. Chuanshu Huang. The cells were maintained in DMEM
(Gibco, 12800-017) with 10% fetal bovine serum (Life Technol-
ogies, 16010-109) supplemented with antibiotic/antimycotic
(Life Technologies, 15240-062). Transfections were performed
with the Lipofect AMINE 2000 (Invitrogen, 11668-019) or Lip-
ofect AMINE™ RNAi MAX (Invitrogen, 13778-150) according
to the manufacturer’s instructions. Prior to cell exposure, parti-
cle samples were weighed, resuspended in cell culture medium,
and diluted to the final concentrations of 12.5, 25, 50 and
100 peg/mL for cell treatment after sonication.

Primary human bronchial epithelial cells (ScienCell, 3210)
were maintained in BEpiCM (a specific medium for culturing
primary bronchial epithelial cells; ScienCell, 3211) with 10%
BEpiCGS (bronchial epithelial cell growth supplement; Scien-
Cell, 3262) supplemented with antibiotic/antimycotic (Scien-
Cell, 0503). The cells were exposed to 20 pg/mL of PM2.5 to
analyze intercellular responses.

Western blot assay

After treatment, Beas-2B or primary bronchial epithelial cells
were harvested and lysed with ice-cold cell lysis buffer (10 mM
Tris-HCl, pH 7.4, 1% SDS [Sigma, 71725], and 1 mM
Na;VO,), and the homogenate was centrifuged to collect the
supernatant. The harvested samples were quantified using a
protein assay Kkit, separated by SDS-PAGE, and transferred to a
PVDF membrane. After being blocked with skim milk, the
blots were probed with the appropriate primary antibodies
overnight at 4°C before being washed and incubated with
horseradish peroxidase-conjugated secondary antibodies (Cell

Signaling Technology, 7074 and 7076). Bands were detected as
described in our previous report.*

Luciferase reporter assay

Cells were cotransfected with an experimental reporter (either a
TP53-dependent luciferase reporter, STAT3-dependent luciferase
reporter or the VEGFA promoter-driven luciferase reporter), a con-
trol reporter (Renilla luciferase reporter; Promega, E2241) and the
pcDNA3.1 plasmid (Invitrogen, V79020), and then the stable
transfectants were established. Luciferase activity was tested 12 h
after PM2.5 exposure using Firefly-Renilla Dual-Luciferase
Reporter Assay System (Promega, E1910). The data were obtained
by normalizing the activity of the experimental reporter to that of
the internal control. The results were presented as the relative
induction by normalizing the luciferase activity in the PM2.5-
treated cells to the luciferase activity in untreated control cells, as
previously described.*”

RNA isolation and RT-PCR assay

Total RNA was extracted with TRIzol reagent (Sigma-Aldrich,
T9424), and cDNA was synthesized with the ThermoScriptTM
RT-PCR system (Thermo Fisher Scientific, K1622). To analyze
the induction of VEGFA, IL1B, IL6, CXCL8 and TNF transcrip-
tion, the following oligonucleotides were synthesized and used
as specific primers to amplify the target cDNAs: VEGFA: 5'-
tgcacccatggcagaaggagg-3’ (forward) and 5 -tcaccgecteggcttgtcax
ca-3' (reverse); ILIB: 5'-gctccgggactcacagcaaaaa-3' (forward)
and 5'-ttggggaactgggcagactcaa-3’ (reverse); IL6: 5'-cgectteggte
cagttgeett-3' (forward) and 5'-tgccagtgectctttgetgett-3' (reverse)
; CXCL8: 5'-acaagagccaggaagaaaccac-3' (forward) and 5'-aaac
ttctccacaaccctetge-3' (reverse); and TNF: 5'-cagagggaagagttccc-
cagg-3’ (forward) and 5'-ccttggtctggtaggagacgg-3’ (reverse).
The primers used to amplify ACTB ¢cDNA were 5'-tgacg
tggacatccgcaaag-3’ (forward) and 5'-ctggaaggtggacagcgagg-3'
(reverse).

ELISA

Cytokine production in the cell culture supernatants was quan-
tified with human VEGFA (eBioscience, BMS277/2), IL1B
(eBioscience, BMS224/2), IL6 (eBioscience, BMS213HS),
CXCL8 (eBioscience, BMS204/3) and TNF (eBioscience,
BMS223INST) immunoassay kits. Briefly, cells were seeded
into 24-well plates and cultured to 70% to 80% confluence. The
cells were subjected to PM2.5 exposure at different doses, and
the supernatants were collected 24 h later to analyze the release
of cytokines in response to PM2.5 treatment.

Autophagy assay

Cellular autophagy was monitored using the following techniques:
western blot analysis of specific key proteins (MAP1LC3B, BECN1
and SQSTM1), transmission electron microscopy (TEM, Hitachi,
H7650), confocal microscopy (ZEISS, LSM510 META) and flow
cytometry (BD Biosciences, FACSCalibur)-based quantitative anal-
ysis. The presence of autophagosomes in bronchial epithelial cells
induced by PM2.5 was directly assessed by TEM-based analysis.



Then, the Cyto-ID Autophagy Detection Kit (Enzo Life Sciences,
175-0050) was used to monitor specific autophagic fluorescence
signals under confocal microscopy or to quantitatively measure the
autophagic fluorescence intensity by flow cytometric analysis.
The 488 nm excitable Cyto-ID Green Autophagy Detection
Reagent (dye) supplied with the kit becomes brightly fluorescent in
vesicles produced during autophagy and thus serves as a conve-
nient tool to detect autophagic signals at the cellular level. For the
quantitative analysis, cells were incubated with Cyto-ID Reagent,
trypsinized following PM2.5 treatment, washed in Assay Buffer
and then resuspended in the same buffer. The samples were ana-
lyzed in the green (FL1) channel of a flow cytometer to obtain the
mean fluorescence intensity, as previously described.*” For the
immunoblotting assay, the induction of cellular autophagy in
response to PM2.5 exposure was determined as an increase in the
endogenous MAP1LC3B-ILLC3B-I ratio, the upregulation of
BECNI1 expression and the dynamic degradation of SQSTMI.
Autophagic flux was assessed by comparing the extent of
MAPI1LC3B-II accumulation following PM2.5 treatment with or
without the concomitant use of BafAl, an inhibitor that prevents
autophagosome-lysosome fusion and thereby inhibits autophagic
processing and clearance.

Statistics

The data were tested for significance employing the Student ¢
test and presented as mean £SD. The level of significance was
setat P < 0.05.

Abbreviations

3-MA 3-methyladenine

ACTB actin, beta

ATG5 autophagy-related 5

ATM ATM serine/threonine kinase

ATR ATR serine/threonine kinase

BafAl bafilomycin A,

BECN1 Beclin 1; CHEK]1, checkpoint kinase 1

CXCL8 C-X-C motif chemokine ligand 8

DRAM1 DNA damage regulated autophagy modulator 1

ELISA enzyme-linked immunosorbent assay

IFNL1 interferon, lambda 1

IL1B interleukin 1 beta

IL6 interleukin 6

MAPILC3B microtubule-associated protein 1 light chain 3
beta

PM particulate matter

PMB polymyxin B

RT-PCR reverse transcription polymerase chain reaction

SQSTM1 sequestosome 1

SRC SRC proto-oncogene, non-receptor tyrosine
kinase

STAT3 signal transducer and activator of transcription 3

TNF tumor necrosis factor

TP53 tumor protein p53

VEGFA vascular endothelial growth factor A
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