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Abstract

Chrysotile asbestos is closely associated with excess mortality from pulmonary diseases such as
lung cancer, mesothelioma, and asbestosis. Although multiple mechanisms in which chrysotile
asbestos fibers induce pulmonary disease have been identified, the role of autophagy in human
lung epithelial cells has not been examined. In the present study, we evaluated whether chrysotile
asbestos induces autophagy in A549 human lung epithelial cells, and then analyzed the possible
underlying molecular mechanism. Chrysotile ashestos-induced autophagy in A549 cells based on
a series of biochemical and microscopic autophagy markers. We observed that asbestos increased
Ab549 cell microtubule-associated protein 2 light chains 3 (LC3-11) expression, an autophagy
marker, in conjunction with dephosphorylation of phospho-AKT, phospho-mTOR, and phospho-
P70s6k. Notably, AKT1/AKT2 double knockout (AKT DKO) murine embryonic fibroblasts
(MEFs) had negligible asbestos-induced LC3-11 expression supporting a crucial role for AKT
signaling. Chrysotile asbestos also led to the phosphorylation/activation of Jun N-terminal kinase
(JNK) and p38 MAPK. Pharmacologic inhibition of JNK, but not p38 MAPK, dramatically
inhibited the protein expression of LC3-11. Moreover, JINK2~/~ MEFs but not INK1~~ MEFs
blocked LC3-11 levels induced by chrysotile asbestos. In addition, NAC, an antioxidant, attenuated
chrysotile ashestos-induced dephosphorylation of p-AKT and completely abolished
phosphorylation/activation of JINK. Finally, we demonstrated that chrysotile ashestos-induced
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apoptosis was not affected by the presence of the autophagy inhibitors 3-methyladenine (3-MA) or
ATGS5 (autophagy-related gene 5) siRNA, indicating that chrysotile ashestos-induced autophagy
may be adaptive rather than prosurvival. Our findings demonstrate that AKT/mTOR and JNK2
signaling pathways are required for chrysotile asbestos-induced autophagy. These data provide a
mechanistic basis for possible future clinical applications targeting these signaling pathways in the
management of asbestos-induced lung disease.

chrysotile asbestos; autophagy; LC3-11; pulmonary disease; A549 cells

Introduction

Environmental or occupational exposure to asbestos fibers (e.g. chrysotile or amphiboles
such as crocidolite, amosite, and others) increase the risk for chronic respiratory diseases,
including interstitial lung fibrosis (e.g. asbestosis), lung cancer, and pleural malignant
mesothelioma (MM) [1, 2]. The mechanisms of injury to cells of the lung and pleura that
results in lung diseases following asbestos exposure are not fully established [1, 3, 4]. All
forms of asbestos, including chrysotile, are carcinogens that can promote iron-derived free
radical formation in vitro, injure lung target cells, and induce asbestosis, lung cancer, and
mesothelioma in human [4, 5]. Asbestos fibers activate epidermal growth factor receptor
(EGFR) and other receptors leading to activation of the mitogen-activated protein kinase
(MAPK) pathway including p38, c-Jun N-terminal kinase (JNK) and extracellular signal
regulated kinase(ERK1/2) as well as AKT that can modulate apoptosis [6, 7].

Autophagy is a highly conserved homeostatic pathway in eukaryotic cells involved in
multiple physiologic and pathophysiologic functions involving clearance of misfolded or
aggregated proteins, providing alternative metabolic fuel sources, clearing damaged
organelles (e.g. mitochondria), eliminating intracellular pathogens, and regulating cell death
[8, 9]. Autophagy also affects varied immune system functions such as antigen presentation,
lymphocyte development, inflammasome formation and cytokine secretion [10-12].
Autophagy can be adaptive; pro-survival in certain settings while in other settings is
implicated in aging as well as malignant or degenerative disease pathogenesis. In the lungs,
autophagy-dependent mechanisms have been implicated in diverse pulmonary diseases
including pulmonary fibrosis, chronic obstructive pulmonary disease, cystic fibrosis and
pulmonary hypertension [8, 9, 13, 14]. Precisely how autophagy mediates these various
diseases is an area of ongoing investigation. Autophagy modulates the apoptotic pathway at
the signal transduction level impacting the decision of a cell to undergo programmed cell
death [15]. Recent studies have demonstrated that PI3K/AKT/mTOR signaling pathways
play a crucial role in regulating autophagy. However, the function of autophagy in human
diseases as well as the crosstalk between autophagy and MAPK signaling is uncertain.

Reactive oxygen species (ROS) have been identified as signaling molecules important in
various pathways, including autophagy [16,17]. Accumulating evidence show a key role for
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ROS in asbestos-induced toxicity and lung disease [18]. However, the role of ROS in
modulating signaling proteins involved in asbestos-induced autophagy is not established.

Lung epithelial cells are important target cells of asbestos fibers. As reviewed elsewhere [4],
work by others as well as our group have shown that asbestos-induced pulmonary toxicity is
mediated in part by lung epithelial cell mitochondrial dysfunction, mitochondrial reactive
oxygen species (ROS) production, DNA damage, p53 activation and mitochondria-regulated
apoptosis. However, the role of autophagy in modulating asbestos-induced lung epithelial
cell toxicity is unknown. Our previous studies focused on the effects of amosite asbestos on
lung epithelial cells [2, 4, 19, 20]. In the present study, we demonstate that chrysotile
asbestos induces autophagy in human lung epithelial cell (A549) using ultrastructural and
biochemical features that are associated with autophagy. This investigation also presents
evidence demonstrating that chrysotile-induced autophagy is associated with altered
signaling via the AKT/mTOR and JNK2 pathways in human lung epithelial cells.

Materials and methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM) culture mediate, penicillin, streptomycin
and fetal bovine serum (FBS) were purchased from Invitrogen-Life Technologies (Carlsbad,
CA). Acridine orange (AO) (235474), monodansylcadaverine (MDC) (30432), rapamycin
(R0O395), trypsin-EDTA, N-acetyl cysteine (NAC) (A7250), 3-methyladenine (3-MA)
(M9281) were obtained from Sigma-Aldrich (St. Louis, MO). E64d (330005), Pepstatin Al
(516483), SB203580, pifithrin-a (PFT-a) were purchased from Calbiochem (Merk KGaA,
Darmstadt, Germany). AKT(9272), phospho-AKT (4060, Ser473), mTOR(2972), phospho-
mTOR(5536), p70S6K(9202), phospho-p70S6K(9234), LC3A/B(4108), p38(9212),
phospho-p38(4511), ERK1/2(4695), phospho-ERK (4377), INK(9258), phospho-JNK (4668),
phospho-p53(9284), SP600125 (9901), and actin(4790)antibodies were obtained from Cell
Signaling Technology (Beverly, MA). Amplex® Red Reagent (A12222),
Hydroethidin(D23107), Lipofectamine 2000 and TRIzol reagent were from Invitrogen Life
Technologies (Carlsbad, CA). pBABE-EGFP-mCherry-LC3 was purchased from Biovector
Science Lab, Inc (China). ATG5 siRNA was purchased from Suzhou GenePharma Co., Ltd,
China.

Pretreatment of chrysotile asbestos

Chrysotile asbestos fibers used in these experiments were mined from Qinghai, China. We
used the International Union Against Cancer standard reference for chrysotile ashestos
(average length, 7.8 um; average diameter, 0.2 pm) in these studies [21]. The fibers were
prepared as described previously [22]. Briefly, samples of fibers were weighed and crushed
into ultrafine powder by a crusher. After ultra-sonication for 10 min, the mixtures were
centrifuged at 2000 rpm for 10 min, the supernatants were removed and the pellets were
washed with 2 ml distilled water. Each chrysotile asbestos was then re-suspended in PBS for
the cell treatment. A stock solution of the fibers (5 mg/mL) was sterilized by autoclaving
and mixed to ensure a uniform suspension before being diluted with tissue culture medium
for cell treatment.
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Cell culture and treatment

Human lung carcinoma A549 cell was purchased from American Tissue Culture Collection
(ATCC) (Rockville, MD, USA). AKT1/AKT2 double knock-out (DKO) MEF (mouse
embryo fibroblast) cell was kindly provided by Dr. Navdeep S. Chandel (Division of
Pulmonary and Critical Care Medicine, Feinberg School of Medicine, Northwestern
University). INK17/~ and INK2~/~ MEF cells were kindly provided by Dr. Jing Liu
(Division of Pulmonary and Critical Care Medicine, Feinberg School of Medicine,
Northwestern University). A549 cells were cultured in DMEM supplemented with 10%
heat-inactivated fetal bovine serum, penicillin (50 units/ml), and streptomycin (50 units/ml).
The cells were incubated at 37°C with humidified 5% CO?, and seeded at a concentration of
1.5x105 in 6-well plate. For chrysotile ashestos experiments, cells were treated with
chrysotile asbestos at the concentration of 100 pg/cm? for different time periods as indicated
as follows in 5% FBS supplemented medium. For the studies testing the effects of inhibitors,
A549 cells were pretreated for 1h with inhibitors such as 3-MA(Sigma, 10 mM),
E64d(Merk, 10 pg/ml), pepstatin A1(Merk, 10 pg/ml), SB203580 (Merk, 10 uM), N-acetyl
cysteine (NAC) (Sigma-Aldrich, 5 mM), pifithrin-a (PFT-a) (Merk, 30 pM) and then
treated with chrysotile asbestos in the presence of the inhibitors. Inhibitors were dissolved in
dimethyl sulfoxide (DMSQO) and the final concentrations of DMSOQ in the culture medium
did not exceed 0.2%.

Cell death assay

For cell death evaluation, the treated cells were stained with 0.25% trypan blue solution and
then counted using a hemacytometer (Neubauer Improved, Marienfeld, Germany) under a
light microscope.

Acridine orange staining and MDC incorporation assay

A549 cells were treated with chrysotile asbestos (50, 100, 150, 200, 300 pg/cm?) for 5h or
with chrysotile asbestos at 100 pug/cm? for different time durations (1 h, 3 h, 5 h). After
rinsing with fresh medium, the cells were stained with 1 ug/mL of acridine orange solution
at 37°C for 15 minutes, and the fluorescence signal was examined using a confocal
microscope (Leica TCS SP5 Il, Germany) with a peak excitation wavelength of 490nm.
MDC staining of autophagic vacuoles (AVOs) was also performed for autophagy analysis.
Cells were treated with chrysotile asbestos (50, 100, 150, 200, 300 pg/cm?) for 5 h or with
chrysotile asbestos at 100 pug/cm? for 1 h, 3 h, 5 h. Then autophagic vacuoles were labeled
with 0.05 mM MDC in PBS at 37°C for 10 min. After incubation, the cells were washed
three times with PBS and immediately analyzed under a confocal laser scanning microscope
(Leica TCS SP5 I, Germany). Fluorescence of MDC was measured at the excitation
wavelength 380 nm with an emission filter at 530 nm.

Transmission electron microscopy

A549 cells were treated with 100 ug/cm? chrysotile asbestos for 24 h. For the sample
preparation, cells were fixed in 2.5% glutaraldehyde in PBS (pH 7.4). Samples were further
fixed with 1% osmium tetroxide for 1hr, serially dehydrated with ethanol, and embedded in
epoxy resin. For transmission electron microscopy (TEM), sections (70 nm) were cut on a
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Leica Ultra-CUT (Ultra-Microtome, Leica Microsystems GmbH, Wetzlar, Germany) and
contrasted with 0.1% lead citrate and 8% uranyl acetate in 50% EtOH. Ultrathin sections
were examined with a transmission electron microscope (JEM-1400 Transmission Electron
Microscope, Japan) operated at 120 kV, and the images were captured with a Megaview III
CCD camera (Soft Imaging System, Lakewood, CO). A cell showing two or more
autophagosomes was defined to be an autophagy-positive cell. To examine the distribution
of LC3 in A549 cells, images were taken and processed with confocal microscope (Leica
TCS SP5 Il, Germany).

Transient transfection and small interfering RNA (SiRNA)

The EGFP-mCherry-LC3 fusion plasmid was purchased from Biovector Science Lab, Inc.
A549 cells were plated at a density of 2x10° on a confocal dish and cultured up to 60%
confluence. Transfection was carried out with Lipofectamine 2000 as manufacturer’s
recommendation and 2 pg/ml plasmid DNA in each dish was used. When cells reached 90%
confluence in DMEM containing 10% FBS medium, chrysotile ashestos was added into
culture medium for 24 h. For siRNA, ATG5 siRNA was transfected according to
manufacturer’s protocol.

Immunofluorescence staining and Fluorescence Microscopy

For treatment, cells were enzymatically removed from the flasks and plated in 35 mm
diameter confocal dish (Coverglass-Bottom Dish). After 24 h in culture, the medium was
changed to 2 ml of fresh medium with chrysotile asbestos fibers at an approximate final
concentration of 100 pg/cm?. The fibers remained in contact with the cells for a period of 24
h, after which the medium was changed. After additional periods of 24 h, cells were washed
with PBS three times and fixed with 3.7% formaldehyde for 30 min. In all the treatment
conditions, the medium culture used was supplemented with 10% fetal bovine serum.
Nonspecific binding was blocked by incubating the coverslip with 5% normal donkey serum
in 1% BSA in PBS for 15 min at room temperature followed by incubation for 90 min with
1% BSA in PBS containing primary antibodies: rabbit anti-LC3 (1:200 dilutions). Dishes
were washed with PBS for three times at 5 min each wash, and then labeled with a 1:500
dilution of donkey anti-rabbit Alexa-Fluor 488 for 30 min at room temperature in dark. For
visualization of nuclei, coverslips were stained with DAPI at 1:5,000 dilutions in PBS for 2
min. Subsequently, dishes were mounted with Prolong Gold Antifade Reagent, and
fluorescent images were captured using laser confocal microscope (Leica TCS SP5 I,
Germany). The images were prepared and labeled using Adobe Photoshop 7.0 software. To
analyze autophagic flux, A549 cells were transfected with mCherry-EGFP-LC3 expressing
plasmid. Cells were pooled, seeded in chamber slides and left untreated (to avoid
transfection-induced autophagy). Autophagic flux was determined by evaluating the
punctate pattern of EGFP and mCherry (puncta/cell were counted). Fluorescence images
were obtained on laser confocal microscope (Leica TCS SP5 I1, Germany) and analyzed
using the Cell M software.

Cell lysis, SDS-PAGE and Western Blot analysis

Cells were lysed on ice for 15 min in 1XRIPA lysis buffer. Protein concentration was
measured using a BCA kit (Beyotime, China). Equal amounts of cell extracts were boiled
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for 5 min in the presence of 1% 2-mercaptoethanol and 2% sodium dodecyl sulfate (SDS).
Soluble proteins were isolated from the untreated or treated A549 cells for Western blotting.
Equal amounts of protein (20 pg) from each sample were separated by electrophoresis
through a 8%-12% SDS-polyacrylamide gel, transferred to polyvinylidene difluoride
membranes, and blocked with 5% nonfat dry milk in 1xTBS plus 0.1% Tween 20 at room
temperature for 1 h. The membranes were incubated overnight at 4°C with a primary
antibody diluted in 5% nonfat dry milk in 1xTBS plus 0.1% Tween-20. The primary
antibody against actin (diluted 1:5000) was purchased from Cell Signaling Technology
(Beverly, MA). The membranes were washed and incubated again for 1h at room
temperature with a horseradish peroxidase conjugated anti-mouse or anti-rabbit secondary
antibody. The bound antibody was detected using an enhanced chemiluminescence reagent
(Enhanced Chemiluminescence Western blotting system, Amersham Biosciences Corp.,
Piscataway, NJ).

Real-time-PCR for mRNA quantification

Total RNA was extracted using the TRIzol reagent (Invitrogen, USA), and cDNA was
prepared using 0.5 pg of oligo-d (T) primers and the PrimeScript RT reagent (Takara Bio,
Japan) according to the manufacturer’s protocol. Real time quantitative PCR (QRT-PCR)
analysis was performed using SYBR Green assays (Takara Bio, Japan) on the following
genes: LC3 using the following primers: LC3, sense 5’-
AAACGCATTTGCCATCACAGT-3 and antisense 5'-
GTGAGGACTTTGGGTGTGGTTC-3’; GAPDH, sense 5'-
AGAAGGCTGGGGCTCATTTG-3 and antisense 5-AGGGGCCATCCACAGTCTTC-3'.
Each test was carried out in triplicate according to standard protocol. Data were calculated
using the 2A ACt method comparing ACt of treated A549 cells to ACt control untreated
samples. Reactions were incubated in the LightCycler® 480 Real-Time PCR System. Ct
values were calculated using the SDS software version 2.3 applying automatic baseline and
threshold settings.

Analysis of intracellular ROS levels

ROS production in A549 cells was separately measured by flow cytometry with the
fluorescent dye dihydroethidium (DHE) and Amplex Red that have been used to quantify
the intracellular oxidant production [23,24]. A549 cells were grown on 12-well plates.
Intracellular O,™ generation was monitored by measuring the change of fluorescence caused
by oxidation of intracellular DHE. DHE enters the cells and is oxidized by O,™ or -OH to
yield the red fluorescent ethidium, which then binds to DNA, causing amplification of the
red fluorescence signal. DHE (50 pM) was added to the cell suspension in PBS for 30 min
after each experiment, and the fluorescence was determined with a FACScan (BD FACS
Canto I, CA, USA) flow cytometry equipped with a 488-nm argon ion laser and supplied
with Cell Quest software. DHE fluorescence was measured using 488-nm excitation, and
emission was measured using a 585 * 42 nm band-pass filter. For Amplex Red assay, A549
cells were grown on 12-well plates, 24 h later, cells were washed once with phosphate-
buffered saline (PBS) and subsequently incubated in PBS containing 50 pM Amplex Red
and 0.25 units/ml HRP. After 30 min, the supernatant was transferred to a 96-well plate, and
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H,0,-dependent oxidation of Amplex Red was measured with a FACScan (BD FACS
Canto I, CA, USA) flow cytometer (excitation 540 nm, emission 580 nm).

Statistical analysis

Results

The data including Fig. 2 — Fig. 6 and Fig S1-Fig S5 were expressed as the mean + SEM of
at least three independent experiments, statistical analysis was performed using one-way
analysis of variance (ANOVA) followed by Bonferroni’s multiple comparison test.
Statistical calculations were performed using GraphPad Prism (GraphPad, San Diego, CA,
USA). *P-value <0.05, **P-value <0.01, ***P-value <0.001 were considered statistically
significant.

Chrysotile Asbestos Induces the Formation of Autolysosomes and the Accumulation of
Acidic Vesicles in A549 Cells

The formation of autolysosomes and accumulation of acidic vesicles, which are revealed by
lysosomotropic agent acridine orange (AO) and monodansylcadaverine (MDC),
respectively, are two markers of autophagy. Red AVOs were formed in the presence of
chrysotile asbestos in a dose- and time-dependent manner, as shown in Fig. 1A-B. A
moderate concentration (100 pg/cm?) of chrysotile asbestos was selected according to the
results of Trypan blue dye exclusion assay (data not shown). Cells treated with chrysotile
asbestos for 1-5 h resulted in the formation of red AVOs, which were rare in PBS-treated
control cells (Fig. 1B, Left panel) but comparable rapamycin-treated cells (Fig. 1B, Middle
panel), our positive control. Monodansylcadaverine (MDC) staining was also used to detect
autophagic vacuoles because of accumulation of monodansylcadaverine in mature
autophagic vacuoles, such as autophagolysosomes. As shown in Fig. 1A and C, in
agreement with the results of AO staining, the accumulation of monodansylcadaverine in the
Ab49 cells treated with chrysotile asbestos from one to five hour was apparent, and
compared with the control, the blue color in treated cells was brighter, whereas the control
A549 cells did not exhibit noticeable accumulation of monodansylcadaverine.

To determine whether chrysotile asbestos induces autophagy in lung cancer cells, we
examined the intracellular distribution of microtubule-associated proteinl light chain 3
(LC3), an autophagy marker [25], by immunofluorescence upon chrysotile asbestos
treatment of A549 cells. As shown in Fig. 1D, a change in the distribution of LC3
fluorescence from a diffuse cytosolic pattern in PBS-treated cells to a punctate pattern upon
chrysotile asbestos treatment was observed. When these chrysotile asbestos-treated cells
were examined under a transmission electron microscope, double-membrane structures
containing high-electron-density substances characteristic of autophagosomes and
autolysosomes were detected (Fig. 1E).

Chrysotile Asbestos Induces Autophagy in A549 Cells

Furthermore, we analyzed the expression of microtubule-associated protein 1 light chain 3
(LC3) at the protein level using Western blot analysis and at the mRNA level using QRT-
PCR. LC3-11 is an important protein marker for autophagic activity [26]. We detected a 1.5-
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to 2.2-fold increase in LC3-11 in chrysotile asbestos-treated cell lysates as early 30 min and
this level of expression persisted for over 24 h, as shown in Fig. 2A. Chrysotile asbestos
incubation induced a time-dependent protein accumulation of LC3-11 in A549 cells which
appeared at 0.5-24 h and an increase in the mRNA level of LC3 in A549 cells asearlyas 1 h
(Fig. 2B). Collectively, these results provide evidence that chrysotile asbestos induces
autophagy in A549 cells.

Autophagy is a dynamic process that includes autophagosome formation and degradation
defined as autophagic flux [27]. We then examined whether there was sufficient autophagic
flux upon exposure to chrysotile asbestos. Autophagic flux is crucial in determining whether
the autophagic cargo and assembly reach the lysosomes and for degradation [28]. Therefore,
we investigated the effect of co-administration lysosomal inhibition (E64d+pepstain A) and
chrysotile asbestos on LC3-11 formation (Fig. 2C). Our results showed that the inhibitors
increased LC3-11 turnover in the cells at early time points (4 h).

Tandem fluorescent-tagged LC3 reporters (mCherry-EGFP-LC3) have been widely used for
monitoring autophagic flux in live cells [29]. In order to monitor the process of
autophagosome maturation, we generated A549 cells transfected with the tandem tagged,
fluorescent reporter mCherry-EGFP-LC3-11. This reporter consists of a fusion protein of the
fluorescent proteins mCherry, enhanced green fluorescent protein (EGFP) and microtubule-
associated 1 light chain 3 isoform b (LC3-I1), a membrane associated marker of autophagic
vesicles. At neutral pH, both mCherry and EGFP emit fluorescence and LC3-positive
vesicles appear yellow in merged images. In green/red merged images, yellow puncta (i.e.,
RFP*GFP*) indicate autophagosomes, while red puncta (i.e., RFP*GFP") indicate
autolysomes. Autophagic flux is increased when both yellow and red puncta are increased in
asbestos treated-cells (Fig. 2D). These findings indicate that chrysotile ashestos enhanced
the autophagic flux.

Chrysotile Asbestos Augments Autophagy through the AKT-mediated Inhibition of
MTORC1 and p70S6K in A549 Cells

It has been reported that PI3BK/AKT/mTOR signaling plays an important role in cell
proliferation and autophagy. The impact of chrysotile asbestos on PI3K/AKT/mTOR
activity was investigated next. As shown in Fig. 3, chrysotile asbestos significantly down-
regulated the level of phospho-AKT (ser473) (Fig. 3A). To examine the role of mMTOR in
chrysotile asbestos-reduced autophagy, we examined the phosphorylation levels of mTOR
and p70S6K, one of the two best characterized targets of mTOR. Our results showed that
chrysotile asbestos had no effect on the total protein level of mTOR and p70S6K, but
inhibited the phosphorylation level of mTOR and p70S6K (Fig. 3B-C). However, when
AKT (DKO) MEF cells were treated with chrysotile asbestos, autophagy induced by
chrysotile asbestos was abolished compared with the WT MEF cells treated with chrysotile
asbestos alone (Fig. 3D).

JNK but Not p38 MAPK Signaling Mediates Chrysotile Asbestos-Induced Autophagy

To investigate the role of the MAPK pathway in chrysotile asbestos-induced autophagy, the
activation of INK, ERK and p38 MAPK were examined by Western blot using
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phosphorylated antibodies specific for the active form of these enzymes. p38 MAPK and
JNK were activated in a time-dependent manner (Fig. 4A, D). However, ERK was not
activated (Fig. 4C). To further investigate the role of p38 MAPK and JNK in chrysotile
asbestos-induced autophagy, SP600125, an inhibitor of INK, was used and observed to
block chrysotile ashestos-induced LC3-11 protein accumulation (Fig. 4E). SB203580, an
inhibitor of p38 MAPK, did not block autophagy induced by chrysotile asbestos (Fig. 4B).
When JNK17/~ and JINK2~/~ MEF cells were treated with chrysotile asbestos, LC3-1I was
abolished in INK27~ MEF cells, but not in INK1~~ MEF cells. These results demonstrated
that INK2 signaling pathway is required in chrysotile asbestos-induced autophagy.

ROS and p53 Are Involved in Chrysotile Asbestos-Induced Autophagy

Having established the ability of chrysotile asbestos to induce autophagy in A549 cells, we
set out to investigate the molecular mechanism underlying this biological event, since ROS
generation is prominently implicated in mediating toxicity by chrysotile asbestos [30-32].
We assessed chrysotile asbestos-induced ROS production in A549 cells by using flow
cytometry with DHE and Amplex Red to evaluate the production of superoxide anions and
the release of hydrogen peroxide. We find that chrysotile asbestos caused a dose- and time-
dependent increase in ROS production (Fig. S3 A-B and Fig S4 A-B). We sought to
determine the role of ROS-mediated signaling in chrysotile ashestos-induced autophagy in
A549 cells. As shown in Fig. S3C and S4C, NAC (5 mM) attenuated chrysotile asbestos-
induced ROS production as compared with chrysotile asbestos alone. To determine whether
chrysotile asbestos-induced ROS mediate the dephosphorylation of p-AKT, we examined p-
AKT level utilizing western blot in non-treated cells and in cells pre-incubated for 1 h with
or without NAC (5 mM) followed by treatment by 100 pg/cm? chrysotile asbestos for 24 h.
Fig. S5 show that the dephosphorylation of p-AKT by chrysotile asbestos was partly
reversed by NAC. On the other hand, ROS also are regulators of mitogen-activated protein
kinase (MAPK), a family of serine/threonine kinases which mediates intracellular signal
transduction in response to different physiological stimuli and stress conditions, to verify
whether chrysotile asbestos-induced ROS activates p-JNK, we tested p-JNK level using
western blot in non-treated cells and in cells pre-incubated for 1 h in the presence or absence
of NAC, followed by exposure to 100 pg/cm? chrysotile asbestos for 24 h. Fig. 5A shows
that the activation of JNK by chrysotile asbestos was significantly diminished by NAC. The
data strongly suggests that intracellular chrysotile asbestos-induced autophagy was
dependent on ROS in this model, and that in part, ROS is upstream of JNK signaling
pathway.

Since p53 can regulate autophagy and apoptosis, we next suppressed p53 activity in A549
cells using the chemical inhibitor of p53, cyclic pifithrin-a, and measured the impact of this
on autophagy induced by chrysotile asbestos in A549 cells. As shown in Fig. 5B, LC3-II
formation was reduced in the presence of p53 inhibitor. These data showed that chrysotile
asbestos-induced autophagy is p53-dependent in A549 cells.

Chrysotile Asbestos-Induced Autophagy Is Apoptosis-Independent in A549 Cells

To test whether autophagy is an integral part of chrysotile asbestos-induced cell death, we
measured cell survival in the presence of 3-MA or knockdown of ATG5 (autophagy-related
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gene 5). First, as shown in Fig. 6, active caspase-9 was detected by immunofluorescence
staining after chrysotile ashestos treatment of A549 cells supporting the activation of
mitochondria-regulated apoptosis similar to what we have reported following exposure to
amosite asbestos[2, 4, 19, 20]. The effects of 3-MA on cell survival are shown in Fig. 6A-C.
Compared to controls, 3-MA alone modestly augmented cell death but not apoptosis; further
3-MA did not significantly affect apoptosis or cell death following exposure to chrysotile
asbestos for 24 h. A549 cells transfected with ShRNA for ATG5 in the presence or absence
of chrysotile asbestos, reduced the level of LC3-11 expression by 41% and 66%, respectively
(Fig. 6D). In addition, the proportion of cell death following chrysotile exposure was similar
between the control cells and the ATG5 knockdown cells as assessed by trypan blue dye
exclusion (Fig. 6E). Taken together, these results indicate that autophagy induction by
chrysotile asbestos does not protect cells from death, and that chrysotile asbestos-induced
autophagy is apoptosis-independent in A549 cells.

Discussion

Asbestos-induced pulmonary toxicity is mediated in part by lung epithelial cell injury by
mechanisms that are not fully understood [2, 4, 5, 19]. Accumulating evidence implicates
autophagy-dependent mechanisms in the pathogenesis of several pulmonary diseases but
whether autophagy is important following asbestos exposure is unknown [9, 14]. The major
findings of this study are that chrysotile asbestos induces autophagy in human A549 lung
epithelial cells as well as MEF as assessed using a variety of biochemical and histologic
criteria. Further, we show that ashestos-induced autophagy is mediated in part by inhibition
of AKT/mTOR signaling and activation of the JINK2 and p53. Overall, these results suggest
several novel signaling pathways that may be relevant in the pathophysiology of ashestos-
related pulmonary diseases.

An important finding of this study is that chrysotile asbestos causes autophagy in both
human A549 cells as well as in MEF. We document asbestos-induced autophagy by several
techniques including (1) the formation of AVOs and autophagosomes as assessed by
immunofluorescence and electron microscopy (Fig. 1) and (2) increased LC3-11 mRNA and
protein expression (Fig. 2). Immunoflourescence studies demonstrated that the levels of
asbestos-induced autophagy were similar to that caused by rapamycin, a well known
activator of autophagy that occurs by inhibiting mTOR (Fig. 1). Our findings with asbestos
are in accord with others showing that various toxins cause autophagy in A549 cells, an
alveolar type 2-like epithelial lung cancer cell line with wild-type p53 function [4, 33-36].
Although we focused on human A549 cells in this study, we previously reported that
amosite asbestos-induced mitochondrial dysfunction, DNA damage, p53 activation and
mitochondria-regulated apoptosis are all comparable in A549 and primary isolated rat
alveolar type 2 cells [37, 38]. Additional studies examining the role of asbestos-induced
autophagy in primary isolated lung epithelial cells as well as the relevance of these findings
using in vivo rodent models will be of interest in future studies.

Previous studies have established that reduced signaling via the AKT/mTOR patways are
involved in activating autophagy [8, 9, 39]. Several lines of evidence presented in this study
support the role of the AKT/mTOR pathway in mediating chrysotile asbestos-treated
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autophagy. First, as shown in Fig. 1, our findings with asbestos parallel that of rapamycin,
the mTOR inhibitor and “classical’ autophagy suppressor [40]. Second, we observed that
asbestos augmented A549 cell LC3-11 mRNA and protein expression in conjunction with
dephosphorylation of phospho-AKT, phospho-mTOR, and phospho-P70s6k (Fig. 3).
Reduced phosphorylation of AKT and mTOR was observed after chrysotile-treatment as
early as 0.5 h and persisted for 5 h. Finally, AKT1/AKT2 double knockout (AKT DKO)
murine embryonic fibroblasts (MEFs) had negligible ashestos-induced LC3-I1 expression
supporting a crucial role for AKT signaling. Furthermore, in AKT1/AKT2 double knock-out
(DKO) MEF cells, the expression of LC3-11 was blocked entirely, indicating that AKT
mediates chrysotile asbestos-induced autophagy in our model. Collectively, these results
suggest that the effect of chrysotile asbestos on autophagy is mediated at least in part via
inhibition of AKT/mTOR signaling pathways.

In mammalian cells, ROS are important regulators of autophagy under various conditions
[41, 17]. Studies in yeast indicate that mitochondrial oxidative stress plays a crucial role in
the induction of autophagy [42]. Oxidative stress from H,0O, and hydroxyl radicals (¢OH)
are prominently implicated in the pathobiology underlying the in vivo and in vitro toxic
effects of inhaled asbestos [18, 43, 45]. Although ROS can induce autophagy through
several distinct mechanisms, it is unclear whether asbestos-induced free radical production
mediates autophagy in lung epithelial cells [16]. ROS can directly induce dephosphorylation
of mTOR and p70 ribosomal protein S6 kinase in a Bcl-2/E1B 19 kDa interacting protein 3
(BNIP3)-dependent manner in C6 glioma cells [46]. Using flow cytometry with the
fluorescent dye DHE and Amplex Red to quantify intracellular oxidant production induced
by chrysotile ashestos in A549 cells, we observed a dose- and time-depenednt mechanism
(Fig. S3 A, B and Fig. S4 A, B). In our study, we found that NAC attenuated chrysotile
asbestos-induced dephosphorylation of AKT in A549 cells (Fig. S5) and blocked phospho-
JNK activation (Fig. 5A). Our findings are in accord with others showing that NAC
markedly inhibits autophagy and Akt-mTOR signaling in some cancer cells [17, 47].
Collectively, our data show that chrysotile asbestos-induced autophagy in A549 cells is
mediated in part through a ROS-dependent mechanism. However, the detailed molecular
mechanisms involved await further studies.

Asbestos can alter signaling pathways involving epithelial cell plasticity including the class
I11 PI3K and MAPK family members such as ERK, p38, and JNK [48]. Although unclear
with asbestos fibers, ROS-dependent JNK activation occurs following exposure to various
stimuli that subsequently regulate fundamental cellular pathways such as autophagy and
apoptosis [49]. ROS that are produced endogenously by deranged metabolism of cancer
cells, or exogenously by ROS-generating drugs, can promote autophagy in part via signaling
pathways involving JNK, ERK, p38, and p53 [20, 49, 50]. Several groups have reported that
ROS-dependent ERK and/or JNK signaling pathways activate autophagy in part by inducing
Beclin 1 expression that promotes the conversion of LC3-I to LC3-11 [14, 51-53]. Herein,
we report that chrysotile asbestos reduces phospho-ERK and activates phosph-p38 and
phospho-INK signaling pathways in A549 cells (Fig. 4). An innovative finding from this
study is that using pharmacologic as well as genetic approaches we show that INK2
signaling is important for mediating asbestos-induced autophagy (Fig. 4). We demonstrated
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that the INK inhibitor SP600125 significantly abolished chrysotile ashestos-induced
autophagy (Fig. 4E). Notably, chrysotile asbestos-induced autophagy as assessed by LC3-11
expression was abolished in INK2~/~ MEF cells but not in INK1~/~ MEF cells (Fig. 4F).
MAPK pathway also transduce signals in other cascades, creating a crosstalk and a wide
intracellular network, to explore the AKT and MAPK cascade communicate with each other
in response to chrysotile asbestos, we investigated the effect on the absence of Akt in
response to chrysotile asbestos on both JINK and P38 (Fig. S1), the results is that both INK
and P38 is not significantly changed, although some reports showed AKT is able to
phosphorylate and inhibit the activity of ASK1 and MLK3 that belong to the MAPKKK
upstream activation of JINK [57]; Reversely, we also experimentally assessed the response of
AKT in inhibition of both JNK and p38, we found the inhibition of JINK but not p38, leads
chrysotile asbestos-induced AKT dephosphorylation, the fact that inhibited JINK exhibit
phosphorylation of P-AKT suggests that many other targeted protein mediated the signaling
remain to be identified, the complexity of P38 and JNK signaling in A549 cells may be
inferred involving in intriguing network [55, 56]. Collectively, these results indicate a key
role for INK2 signaling in mediating chrysotile asbestos-induced autophagy and AKT/
mTOR and MAPKSs signaling pathway are in complex crosstalk network, more work is
needed to do in this signaling network [55], and that ROS are crucial in asbestos-induced
phosphorylation of INK.

Depending on the cell type as well as the strength and duration of the stress stimuli,
autophagy can either promote or inhibit cancer cell death [8, 9, 57]. The molecular
mechanisms of this double role of autophagy are not clear. We observed that pifithrin-alpha,
an inhibitor or p53-dependent transcription that we previously showed completely abolishes
asbestos-induced mitochondrial dysfunction and intrinsic A549 cell apoptosis [58],
completely prevented chrysotile-induced autophagy (Fig. 5B). Our findings with asbestos
are in accord with studies showing that p53 mediates LC3 expression during prolonged
starvation [50]. Further, p53 plays a critical role in autophagy and metabolism via effects on
mitochondrial respiration [59]. Interestingly, we noted that blocking autophagy with either
pharmacological inhibitors (3-MA) or siRNA targeting a key autophagy factor, ATGS5, did
not affect chrysotile ashestos-induced apoptotic cell death (Fig. 6). Taken together, our
findings indicate that apoptosis of A549 cells exposed to chrysotile ashestos is autophagy-
independent. This suggests that autophagy is playing an adaptive role in our model. The data
in Fig 6 also support an adaptive response for autophagy rather than a prosurvival response
in our model. Further, the role of autophagy in regulating cancer cell survival and apoptosis
is complex. Future studies will be necessary to characterize the various specific autophagic
signaling pathways activated by asbestos (e.g. macroautophagy, microautophagy, and/or
chaperone-mediated autophagy) in both primary isolated lung epithelial cells as well as in
specific malignant cell types. We acknowledge that chrysotile asbestos-induced autophagy
in A549 cells in vitro is not reflective of conditions in vivo particularly in the context of
human disease, but we reason that ashestos-induced autophagy may be an early adaptive
response following lung fiber exposure. Autophagy may either promote adaptive cellular
responses or cell death (apoptosis) depending on many factors. Additional studies will be of
considerable interest further characterizing the molecular mechanisms driving asbestos-
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induced autophagy and apoptosis in the context of health and disease (pulmonary fibrosis
and malignant transformation).

In summary, we show that chrysotile asbestos stimulates autophagy in human lung epithelial
cells (A549) as well as MEF as assessed using ultrastructural and biochemical features
characteristic of autophagy. This study also demonstrates that chrysotile-induced autophagy
is associated with altered signaling via the AKT/mTOR and JNK2 pathways but
independent of apoptosis. On the other hand, there are an effect of interaction between AKT/
mTOR and JNK signaling pathway in presence of chrysotile asbestos. Moreover, chrysotile
asbestos-induced autophagy is mediated in part by ROS- and p53-dependent mechanisms.
However, the detailed molecular mechanisms involved as well as the in vivo significance
await further study. Our study provides a mechanistic basis for possible future clinical
applications targeting these signaling pathways in the management of asbestos-induced lung
disease as well as other degenerative (e.g. COPD and IPF) and malignant diseases for which
novel treatments are needed.
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(A—C) A549 cells were treated with different concentrations of chrysotile asbestos or with
100 pg/cm? chrysotile asbestos at different time duration with rapamycin as positive control.
The cells were stained with 1 mg/ml acridine orange or 50 mM MDC for 15 min. After
incubation, cells were immediately analyzed by a confocal microscope. Red: acidic vesicular

organelle. Blue: MDC. (D) Confocal images of LC3 expression in chrysotile asbestos-

treated A549 cells. Arrows indicate LC3 puncta (green), DAPI (blue); bar, 50 um. (E) EM
images of A549 cells treated with vehicle (PBS) or chrysotile asbestos(100ug/cm?2). Arrows

indicate autophagosomes. Scale bar, 1 pm.
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Fig. 2. Autophagy was induced in A549 cells upon exposure to chrysotile asbestos
(A) Western blot analysis of LC3-1 and LC3-I1 expression in A549 cells treated with

chrysotile asbestos(100 pg/cm?) for the indicated time duration (0-5h). Band intensity was
calculated using Image J software and the ratio of LC3-11/-actin was determined. The
protein expression level of control (0 h) group was arbitrarily set to 1 in each blot, and the
signals from other experimental conditions in the same blot were normalized to the control
to indicate their protein expression level. (B) Quantitative reverse transcription-PCR
analysis of LC3-11. A549 cells were treated with chrysotile asbestos for the indicated time.
Each bar represents the mean + SD derived from three independent assays in triplicate,
*P<0.05. (C) Western blot revealed an increase in LC3-11 in the presence of the lysosomal
inhibitors E64d (10 ug/ml) + Pepstatin A (10 pug/ml) after exposure to chrysotile asbestos.
The intensity of these protein signals obtained was quantified using Image J software from
three replicate experiments. (D) A549 cells were transfected with mCherry-EGFP-LC3-II
and treated with chrysotile asbestos. Cells with autolysosomes (more than five
autolysosomes in a cell) were sampled from a pool of at least 10 images. The difference of
autophagic flux results between groups expressing mRFP-EGFP-LC3 was evaluated for
statistical significance using Student’s t-test. *P<0.05. Pearson’s correlation coefficient was
used as a measure of colocalization of RFP signals with GFP signals. Correlation plot is
corresponding to the left figure. The mean correlation coefficient value + SEM of at least
five cells is shown on the plots. Scale bar: 50 um.

Free Radic Biol Med. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Linetal.

Page 19

A
Asheston : 0 05 1 15 2 3 4 5 (Nimeh) Mbotn: § 85 1 15 2 3 4 5 (Tiewh)
BAN m..‘.- P (6 -
W - G D G - D e - FTON -
PR AM P-mTOR mTOR
9 15
§i 3
- S 2810
& ¥ 5c
83 23
- * -~ 2
S8 s g o8 * &
33 33
s 3 23
=2 - e
0o P
0 05 1 15 2 3 4 4§ b ® 05 1 18 1 4 8 Asbestos
ame. b X
( D wr "
Asbeston: 0 2 4 12 24 (Time, k) Asbestiom
2 S e
P-Fi0vek -— — e —
Pk e ol SBENE
P AN NN NS -
Pp 06k pTosok LO3AN Pactin
1.5 ) -
iz 3%
280 N
s ° €£
| -
£ -s 1
= 08 - = *
2 =4
=3 . 2t &
. \sbestas Anbest

Fig. 3. Chrysotile asbestos treatment induced autophagy in A549 cells and MEFs via the
PISK/AKT/mTOR pathway
Ab549 cells were treated with chrysotile asbestos for the indicated time (0-24 h). The

expression levels of the indicated proteins were analyzed by immunablotting. (A-C)
Western blot assays were used to examine the total and phosphorylated protein levels of
AKT, mTOR, and P70S6K. Densitometry signals were normalized to those of total protein,
then normalized to those of untreated A549 cells (100%). (D) Western blot of LC3 in WT
and AKT (DKO) MEF cells. The ratio of LC3I1/p-actin was determined. The intensity of
these protein signals obtained was quantified using Image J software from three replicate
experiments.
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Fig. 4. INK signaling pathway is required for chrysotile asbestos-induced autophagy
(A, C, D) Western blot assays were used to examine the total and phosphorylated protein

levels of p38 MAPK, ERK1/2 and JNK. (B, E) The effects of inhibitors on the expression of
LC3-11 induced by chrysotile asbestos in A549 cells. p38 MAPK inhibitor SB203580 (10
uM) and JNK inhibitor SP600125 were pretreated 1h before chrysotile asbestos treatment. In
the absence or presence of chrysotile asbestos, A549 cells were pretreated with the inhibitors
for 5h. The ratio of LC3-11/B-actin was determined. (F) The effect of chrysotile asbestos on
the expression of LC3I1 in the WT and JNK17~ and JNK2~/~ MEF cells. The ratio of LC3-
I1/B-actin was determined. The intensity of these protein signals obtained was quantified
using Image J software from three replicate experiments.
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Fig. 5. ROS and p53 are involved in chrysotile asbestos-induced autophagy
(A) Western blot of p-JNK in control cells, cells treated with 100 pg/cm? chrysotile asbestos

or 100 pg/cm? chrysotile asbestos plus 5 mM NAC for 24 h. (B) Western blot of LC3 in
control cells, cells treated with 100 pg/cm? chrysotile asbestos or 100ug/cm? chrysotile plus
30 uM pifithrin-a for 5 h. The ratio of LC3-11/8-tublin was determined. The intensity of
these protein signals obtained was quantified using Image J software from three replicate
experiments.
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Fig. 6. Inhibition of autophagy is not responsible for chrysotile asbestos-induced cell death
(A) The fluorescent images of A549 cells labeled with caspase-9(red) and DAPI (blue).

Scale bar: 20 um. The cells were incubated with 100 pg/cm? chrysotile asbestos for 24 h, in
the presence or absence of 10 mM 3-MA. (B) Caspase-9 dot formation was observed and
quantified as shown in Fig. 6A, n=12, *P<0.05. (C, E) Effect of 3-MA and ATG5 siRNA on
the survival of chrysotile asbestos-treated A549 cells as determined by Trypan blue dye
exclusion assay. Data are mean + SEM (N=3). *indicates significant difference in values
compared with control (P<0.05) as measured by one-way ANOVA. (D) Western blot of
ATG5 and LC3. A549 cells were transiently transfected with negative control sSiRNA and
ATGS5 siRNA. The transfected cells were then treated with 100ug/cm? chrysotile asbestos
for 24 h. The ratio of LC3-I1/B-tublin was determined.
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