Hyperoxia-Induced LC3B Interacts with the Fas
Apoptotic Pathway in Epithelial Cell Death
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Epithelial cell death plays a critical role in hyperoxia-induced lung
injury. We investigated the involvement of the autophagic marker
microtubule-associated protein-1 light chain-3B (LC3B) in epithelial
cell apoptosis after hyperoxia. Prolonged hyperoxia (>95% 0O,), which
causes characteristic lung injury in mice, activated morphological and
biochemical markers of autophagy. Hyperoxia induced the time-
dependent expression and conversion of LC3B-I to LC3B-Il in mouse
lung in vivo and in cultured epithelial cells (Beas-2B, human bronchial
epithelial cells) in vitro. Hyperoxia increased autophagosome forma-
tion in Beas-2B cells, as evidenced by electron microscopy and in-
creased GFP-LC3 puncta. The augmented LC3B level after hyperoxia
was transcriptionally regulated and dependent in part on the c-jun N-
terminal kinase pathway. We hypothesized that LC3B plays a regulatory
role in hyperoxia-induced epithelial apoptosis. LC3B siRNA promoted
hyperoxia-induced cell death in epithelial cells, whereas overexpres-
sion of LC3B conferred cytoprotection after hyperoxia. The autophagic
protein LC3B cross-regulated the Fas apoptotic pathway by physically
interacting with the components of death-inducing signaling complex.
This interaction was mediated by caveolin-1 tyrosine 14, which is
a known target of phosphorylation induced by hyperoxia. Taken to-
gether, hyperoxia-induced LC3B activation regulates the Fas apoptotic
pathway and thus confers cytoprotection in lung epithelial cells. The
interaction of LC3B and Fas pathways requires cav-1.
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The clinical management of severe respiratory failure may re-
quire the supplementation of mechanical ventilation with high
concentrations of oxygen. However, prolonged exposure to ele-
vated oxygen tension (hyperoxia) can cause tissue injury, partic-
ularly in the lungs. In rodents, exposure to hyperoxia triggers
extensive pulmonary inflammation and degrades the alveolar—
capillary barrier, leading to impaired gas exchange, and pulmo-
nary edema (1). The pathological changes in hyperoxia-injured
lungs involve the injury or death of pulmonary capillary endo-
thelial cells and alveolar epithelial cells (2, 3).

On the basis of morphological, biochemical, and functional
characteristics, cell death is classified into several major types,
including necrosis and apoptosis (Type 1 programmed cell
death) (4). In necrosis, an extensive cell lysis results from acute,
accidental, or nonphysiological injury. In contrast, apoptosis
represents a regulated form of cell death that participates in
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CLINICAL RELEVANCE

Oxygen toxicity is a common complication of critical care
practices involving supplemental oxygen therapy. These studies
identify a protective role for autophagic proteins in hyperoxic
lung cell injury, with respect to attenuating apoptotic cell death
through the extrinsic pathway. This research identifies auto-
phagy and its regulatory proteins as a potential therapeutic
targets in acute lung injury.

tissue development and homeostasis, requiring the activation
of proteases and nucleases within an intact plasma membrane
(4). The mechanisms of hyperoxia-mediated lung cell death are
complex, are cell type—specific, and remain incompletely eluci-
dated. Previous studies have implicated apoptosis and necrosis
in the mechanisms of hyperoxic lung injury and cell death in
animals (5-11).

Macroautophagy, referred to herein as autophagy, is a major
degradation process of organelles and cytoplasmic proteins that
plays a critical role in cellular responses to metabolic stresses
such as nutrient and growth factor deprivation (12-13). The
molecular mechanisms of autophagy have been extensively elu-
cidated in the past decade. During starvation, cytosol and
organelles (e.g., mitochondria, endoplasmic reticulum, peroxi-
somes) are engulfed into double-membrane bound vesicles,
called autophagosomes or autophagic vacuoles (12-13). In
mammals, the conversion of microtubule-associated protein-1
light chain-3B (LC3B) from its cleaved form (LC3B-I) to
LC3B-1I (phosphatydylethanolamine conjugated form) is
regarded as a key step in the induction of autophagosome for-
mation (14). The outer membrane of the autophagosome fuses
with lysosomes to form autolysosomes, in which the engulfed
components are degraded by lysosomal hydrolases, regenerat-
ing metabolic precursors that are recycled for macromolecular
synthesis and ATP generation, thereby promoting cell survival.

Autophagy serves as an adaptive or protective mechanism
against cellular injury or death caused by nutrient deprivation
and growth factor deprivation. However, autophagy can also
promote cell death under certain circumstances (12-13). Fur-
thermore, it has been reported that different stimuli can elicit
opposite roles of autophagy with respect to cell death in the
same cell type (15). Increasing evidence suggests crosstalk be-
tween apoptosis and autophagy, as several apoptosis-related
factors are critically involved in autophagy (16-17). Despite
growing advances in understanding the relationships between
autophagy and cell death under various conditions, the regula-
tion and specific role of autophagy in hyperoxia-induced cell
death remains unknown.

Among the mechanism(s) involved in hyperoxia-induced
epithelial cell apoptosis, Fas-mediated death-inducing signaling
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Figure 1. Hyperoxia induces LC3B expression in mouse
lung. C57BL/6 mice were exposed to room air or to hyper-
oxia (100% O,) for the indicated times. (A) The expression
of LC3B in total lung homogenates was determined by
Western immunoblot analysis. Western blot is representa-
tive of n = 2 mice for each exposure time. B-actin served as
the standard. Relative LC3B-Il levels were quantified by
densitometry and normalized to B-actin (n = 5 animals
for each group). *P < 0.01. A time course of hyperoxia-
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induced LC3B was determined by Western immunoblot
analysis in human lung epithelial cells (Beas2B) (B) and in
primary human bronchial epithelial cells. (C) B-actin
served as the standard. (B, C) Figures are representative
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complex (DISC) formation plays a crucial role (18-20). Fas asso-
ciates with Fas-associated death domain and caspase 8 to form
the DISC complex, which triggers intrinsic and extrinsic path-
ways of apoptosis (21). In the current study, we demonstrate for
the first time that hyperoxia induces autophagic proteins, partic-
ularly LC3B in lung epithelial cells. Furthermore, we show that
hyperoxia-induced LC3B physically interacts with the Fas apo-
ptotic pathway, providing direct evidence of the crosstalk
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between apoptosis and autophagy. These data suggest an impor-
tant regulatory function of LC3B in lung epithelial cells.

MATERIALS AND METHODS

The c-Jun N-terminal kinase (JNK) inhibitor SP600125 was from Cal-
biochem (San Diego, CA). (Anti-) Fas, Fas-associated death domain,
caspase 8, cav-1, and poly-(ADP ribose) polymerase were from Santa
Cruz Biotechnology (Santa Cruz, CA). Anti-LC3B was from

Figure 2. Hyperoxia induces autophagy in cultured epi-
thelial cells. Beas-2B cells were transfected with 20 ng of
GFP-LC3B using Lipofectamine TM2000 (Invitrogen,
Carlsbad, CA) in OPTI-MEM and then exposed to nor-
moxia or hyperoxia for 24 hours. The cells were observed
under fluorescent microscopy. (A) Representative image is
shown (original magnification: X40). (B) Percentages of
cells with punctuated GFP-LC3 were quantified. Results
are expressed as means = SEM of more than 100 cells
per sample. Similar results were obtained from three inde-
pendent experiments. *P < 0.01 compared with control.
(C) The representative electron micrograph shows the ul-
trastructure of Beas-2B cells exposed to standard cultured
conditions (normoxia) or hyperoxia for 24 hours. Repre-
sentative morphology of autophagic vacuoles is shown,
¥ with evidence of autophagosome formation. Nu = nu-
cleus; white arrows, autophagic vacuoles. Scale bar,
2 uM. (D) The average number of autophagic vacuoles
was determined from randomly selected samples of more
than 30 cells. The total numbers of autophagosomes per
cell are expressed as means = SEM. *P < 0.01 compared
with control.

Hyperoxia



Tanaka, Jin, Lee, et al.: Autophagic Proteins Regulate Oxygen Toxicity

A 51
*
12}
2 54
23
<Zt L 34
x 2
ERT 2
mn o
0=
O 711
—
0 -
Hyperoxia - +
B N\ C3B-Il
O p-JNK
|« an 1
e
p-UNK» | 0 - e g .
INKr | S g Z 0
Hyperoxia - - + +
SP600125 - * - +
C Roomair  Hyperoxia Room air

509

Figure 3. Involvement of c-Jun N-terminal kinase
(JNK) in hyperoxia-induced autophagy. (A) Beas2B
cells were exposed to normoxia and hyperoxia
(12 h). mRNA was isolated and reverse transcribed,
and Tagman real-time PCR was performed using
LC3B primer and probe. Relative folds of increased
mRNA transcription were displayed. (B) Total pro-
tein extracts (25 pg) were obtained from Beas-2B
cells exposed to hyperoxia for 12 hours in the pres-
* ence or absence of SP600125 (5 wM) and were
subjected to immunoblot analysis with antibodies
against LC3B, NK, and phospho-JNK (pJNK). (C)
Beas-2B cells or HBE cells were exposed to normoxia
or hyperoxia for 24 hours in the presence or ab-
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dent experiments.
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nanoTools (Teningen, Germany). Anticleaved caspase-3 was from
Cell Signaling Technology (Beverly, MA). The secondary antibodies
anti-rabbit IgG and anti-mouse IgG were from Santa Cruz Biotech-
nology.

Animal Exposures

Wild-type C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME), 8 to
12 weeks of age, were maintained in laminar flow cages in a pathogen-
free facility. All procedures were performed in accordance with the
Council on Animal Care at the Harvard University and the National
Research Council’s Guide for the Humane Care and Use of Labora-
tory animals. The C57BL/6 mice were exposed to room air or hyper-
oxia (95% Oy, 5% N,) for up to 72 hours. Lung tissue was harvested
from the mice at the indicated intervals and used for biochemical anal-
ysis of autophagy.

Cell Culture and Exposure to Hyperoxia

Beas-2B cells, A549 cells, and human bronchial epithelial (HBE) 135-
E6E7 cells were from American Type Culture Collection (Manassas,
VA) and cultured in DMEM, F12, and keratinocyte-SFM, respectively
(Invitrogen, Carlsbad, CA). Primary pulmonary epithelial cells were iso-
lated from cav-17" mice (22) and wild-type mice as described (18). All
media were supplemented with 10% FBS and gentamicin. Cells were
maintained at 37°C in humidified incubators containing an atmosphere of
95% room air and 5% CO,. Subconfluent cultures were used in all
experiments, with the cells adhered 24 hours before the experiments.
Cell cultures were exposed to hyperoxia in modular exposure chambers
as described (19), using 95% O, with 5% CO,. Control cells were cul-
tured in 95% air and 5% CO,. Cell viability was determined by Trypan
blue exclusion (Invitrogen), crystal violet staining, and CellTiter-Glo

luminescent cell viability assays (Promega, Madison, WI) as described
previously (16).

Western Blot

Western blot analysis for autophagic proteins was performed as previ-
ously described (23).

Electron Microscopy

Cells were fixed in 2.5% glutaraldehyde in PBS after experimental
manipulations. The cells were photographed using a JEM 1210 transmis-
sion electron microscope (JEOL, Peabody, MA).

GFP-LC3 Assay

Twenty micrograms of mRFP-GFP-LC3B (a gift of Dr. Tamotsu
Yoshimori) was transfected into Beas-2B cells using Lipofectamine
TM2000 (Invitrogen) in OPTI-MEM for 4 hours, and then medium
was replaced with complete growth medium except antibiotics. After
incubation for an additional 24 hours, the cells were treated with
hyperoxia for 24 hours and then fixed in 2% formaldehyde. Images
were acquired with fluorescent microscopy (Leica DMLB Fluorescent
Microscope: Leica Microsystems Inc., Bannockburn, IL), using the
manufacturer’s software (Leica QWin).

siRNA

Human LC3B and control scramble-siRNA were from Dharmacon
RNAI technologies (Layfayette, CO). Beas-2B cells were incubated
with siRNA at 0.1 uM using the transfection reagent and transfection
medium (Santa Cruz) for 5 hours and were incubated for an additional
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Figure 4. Cellular function of LC3B in hyperoxia-induced cell death.
(A) Beas-2B cells were transfected with control-siRNA and LC3B-
siRNA for 30 hours followed by exposure to normoxia or hyperoxia
for 48 hours. Cells were labeled with FITC-Annexin V and propidium
iodide (PI) and analyzed with flow cytometry (n = 7). Annexin V(-)
and PI(—) cells were defined as live cells. The expression of LC3B was
determined by Western immunoblot analysis. B-actin served as the
standard (inset). (B) Cells were treated as in (A). Lactate dehydroge-
nase (LDH) levels in the supernatant were measured by Cytotoxicity
Detection Kit (Roche Applied Science, Indianapolis, IN) (n = 8).
Results are expressed as means * SEM of indicated numbers of in-
dependent experiments. *P < 0.05 compared with indicated groups.
Statistical significance was determined by ANOVA with multiple
comparisons. (C) Primary lung fibroblasts were harvested from
wild-type and LC3B*/~ mice. Equal numbers of cells (1 X 10° cells
per dish) were cultured on the 60-mm dishes and exposed to hyper-
oxia. Cells were harvested at 24 and 48 hours. (Upper panel) Total
protein extracts (25 wg) were subjected to Western immunoblot
analysis with antibodies against LC3B. (Lower panel) LDH levels
in the supernatant were measured by Cytotoxicity Detection Kit.
Results are expressed as means = SEM of five independent experi-
ments. *P < 0.05 and **P < 0.03 compared with indicated group.
(D) Beas2B cells were transfected with control vector and LC3B over-
expression clones. After 24 to 30 hours, cells were exposed to hyper-
oxia. After 48 hours, cell viability was determined. Results are
expressed as means * SEM of three independent experiments.
*P < 0.05.

24 hours after media replacement. Transfected cells were then exposed
to hyperoxia.

Lactate Dehydrogenase Release Assay

Lactate dehydrogenase (LDH) release was measured using a commer-
cial assay (Cytotoxicity Detection Kit; Roche Applied Science, Indian-
apolis, IN) as previously described (19-20).

Annexin V Propidium lodide Assay

The cells were stained with Annexin V conjugated to fluorescein and red-
fluorescent propidium iodide (PI) nucleic acid-binding dye (BioVision,
Mountain View, CA) according to the manufacturer’s protocol and ex-
amined with a FACSCanto flow cytometer and Flow-Jo software (BD
Biosciences Immunocytometry Systems, San Jose, CA).

Statistics

Data are expressed as means = SEM, and a P value < 0.05 was con-
sidered significant. The significance of differences between the groups
was analyzed with Student ¢ test. Where appropriate, ANOVA with
multiple comparisons followed by Student ¢ test were used.

RESULTS
Hyperoxia Induces the Autophagic Marker LC3B

To determine the involvement of LC3B in hyperoxia-induced
lung injury, we exposed mice to a hyperoxic environment
(95% O3, 5% N,) for up to 72 hours. Hyperoxia exposure
caused characteristic lung inflammation and thickening of the
alveolar septa relative to normoxia-treated animals (data not
shown). Hyperoxia induced a time-dependent increase in the
overall expression of the autophagic marker protein LC3B in
mouse lung tissue (Figure 1A).

Epithelial cells represent a primary target of hyperoxia-
induced lung injury. We therefore examined the effect of
hyperoxia on the activation of autophagic markers in pulmo-
nary epithelial cells in vitro. Exposure of human bronchial
epithelial cells (Beas-2B) to hyperoxia (95% O,) increased
total LC3B expression and LC3B-I to LCB3-II conversion af-
ter 24 hours relative to corresponding normoxic control cul-
tures, and these levels remained elevated for up to 72 hours of
exposure (Figure 1B). Increased levels of LC3B-1I were also
observed in primary human bronchial epithelial cells (Figure
1C) and A549 cells (data not shown) at 48 to 72 hours of
exposure to hyperoxia.

Hyperoxia Induces Autophagosome Formation

Accumulation of GFP-LC3 puncta in cells transfected with GFP-
LC3 is a widely accepted marker of autophagosome formation
(14). Hyperoxia (24 h) caused a significant increase of GFP-
LC3 puncta, representing increased autophagosome formation,
in Beas-2B cells (Figures 2A and 2B).

We analyzed the ultrastructure of hyperoxia-treated cells us-
ing electron microscopic analysis. An increase of autophagic
vacuoles occurred in Beas-2B cells exposed to hyperoxia for
24 hours compared with normoxic control cultures (Figures
2C and 2D). However, autophagic vacuoles almost completely
disappeared in cells exposed to hyperoxia for 48 hours, which
instead displayed typical necrotic features, such as swelling of
mitochondria (data not shown).

Hyperoxia Up-regulates LC3B via
the JNK-Mediated Pathway

We next explored the regulation of LC3B expression by hyper-
oxia. Hyperoxia up-regulated LC3B mRNA in Beas-2B cells as
measured by Tagman real-time PCR (Figure 3A). Previous
studies have shown that JNK is up-regulated by hyperoxia in
mouse lung and in cultured cells and plays a major role in
hyperoxia-induced cell death (24-26). To determine the specific
involvement of JNK in the hypoxia-induced expression of auto-
phagic marker protein LC3B, we first determined the effects
of hyperoxia on JNK phosphorylation. As expected, hyperoxia
(12 h) induced JNK phosphorylation (Figure 3B). Next, Beas-
2B cells were exposed to hyperoxia in the presence or absence
of the JNK inhibitor SP600125. Exposure to hyperoxia induced
the phosphorylation of JNK within 12 hours (Figure 3B), with
increases evident as early as 3 hours (data not shown), suggest-
ing that phosphorylation of JNK precedes the activation of
LC3B. Moreover, conversion of LC3B-I to LC3B-II in response
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to hyperoxia was suppressed by the treatment of epithelial cells
with the JNK inhibitor SP600125 (Figure 3B).

To determine whether hyperoxia induced LC3B activation
via reactive oxygen species (ROS), Beas-2B cells were pre-
treated with the ROS inhibitor N-acetyl-L-cysteine (NAC),
the NAD(P)H oxidase inhibitor diphenyleneiodonium, or the
mitochondrial antioxidant MitoTEMPO followed by hyperoxia.
LC3B expression was evaluated using Western blot analysis.
We found that NAC, diphenyleneiodonium, and MitoTEMPO
inhibited hyperoxia-induced LC3B expression in Beas2B and
HBE cells (Fig. 3C).

Cellular Function of LC3B in Hyperoxia-Induced Cell Death

To address the role of LC3B in hyperoxia-induced cell death,
Beas-2B cells were transfected with siRNA targeting LC3B
and then exposed to hyperoxia. The effectiveness of siRNA treat-
ment is shown in Figure 4A (inset). Next, we explored the effect
of transfection with LC3B siRNA on cell viability assessed by
Annexin V/PI staining using flow cytometry and on LDH release.
Annexin V(—)/ PI(—) cells are considered as live cells. The
LC3B siRNA did not affect the percentage of live cells or
LDH release under normoxic conditions (Figures 4A and 4B).
On the other hand, LC3B siRNA reduced viability and increased
LDH release under hyperoxic conditions, compared with that in
control siRNA-transfected cells (Figures 4A and 4B). We also
examined the effect of LC3B in hyperoxia using LC3B™'~ mu-
rine primary fibroblast cells (27). The expression level of LC3B-11
was increased by hyperoxia in LC3B™'~ fibroblasts. As expected,
the magnitude of LC3B-II expression in response to hyperoxia in
LC3B™'"™ cells was lower than that in wild-type cells (Figure 4C).
Consistent with the effect of transfection with LC3B-siRNA,
inherent down-regulation of LC3B in these cells contributed
to hyperoxia sensitivity, as demonstrated by increased LDH re-
lease (Figure 4C). To confirm our observation using a “gain-of-

room air (RA) or hyperoxia (24 h). Annexin V and Pl were
used to stain cells, and fluorescence-activated cell sorter
analysis was performed. Inset: Cleaved caspase 3 was de-
termined using Western blot analysis. (B) Beas-2B cells
were exposed to hyperoxia for up to 48 hours and har-
vested at the indicated times. Total protein extracts (25
1g) were subjected to immunoblot analysis with antibod-
ies against the cleaved form of caspase-3 (c-caspase-3) or
poly-(ADP ribose) polymerase (PARP). B-actin served as
the standard. (C) Beas-2B cells were transfected with con-
trol vectors or LC3B overexpression clones. After 24 hours,
cells were exposed to hyperoxia (24 and 48 h). Hyperoxia-
induced cleaved caspase 3 (active form) was determined
using Western blot analysis. Overexpression of LC3B was
confirmed by protein level determined using Western blot
analysis (inset). All results represent three independent
experiments.

function” approach, we overexpressed LC3B in Beas-2B cells.
After hyperoxia (48 h), cell viability was determined as described
in MATERIALS AND METHODS. We found that LC3B-overexpress-
ing cells were more resistant to hyperoxia-induced cell death
compared with cells transfected with empty vector (Figure 4D).
These data, taken together, suggest that LC3B confers partial
cytoprotection against hyperoxia-induced cell death in lung epi-
thelial cells.

LC3B Interacts with Apoptotic Pathways
in Hyperoxia-Induced Cell Death

We examined the mechanisms of hyperoxia-induced cell killing
in epithelial cells. We first determined whether hyperoxia indu-
ces lung epithelial cell apoptosis using primary lung epithelial
cells isolated from C57/BL6 mice. Primary lung epithelial cells
underwent apoptosis after 12 hours of hyperoxia exposure, con-
sistent with previous reports (18) (Figure 5A). Furthermore,
hyperoxia induced the expression of the cleaved (active) form
of caspase 3 in lung epithelial cells (Figure 5A, inset), suggest-
ing that caspase-dependent apoptosis is critically involved in
hyperoxia-induced lung epithelial cell death. Consistently, hyper-
oxia caused an early activation of apoptosis by 24 hours of ex-
posure in Beas-2B cells, associated with loss of cell viability as
determined by caspase-3 cleavage, poly-(ADP ribose) polymer-
ase activation (Figure 5B), and Trypan Blue exclusion (data not
shown). LDH release, a marker of necrotic cell death, appeared
after 48 hours continuous exposure, consistent with morpholog-
ical features of necrosis, such as dilation of cytoplasmic organ-
elles, which were evident under electron microscopy at 48 hours
(data not shown). To confirm that LC3B plays a role in
hyperoxia-induced apoptosis, we overexpressed LC3B in Beas-
2B cells. Overexpression of LC3B decreased hyperoxia-induced
cleavage of caspase 3 compared with cells transfected with empty
vector (mock transfection) (Figure 5C). The overexpression of
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Figure 6. Crosstalk of autophagy with apoptosis. (A) Beas-
2B cells were transfected with control siRNA or LC3B
siRNA. After 24 hours, cells were exposed to hyperoxia
(4 h). Co-IP assays were performed to detect the interac-
tion between Fas and caspase 8. (B) Beas-2B cells were
transfected with control vector or LC3B expression vector.
After 24 hours of transfection, cells were exposed to hyper-
oxia (4 h). Co-IP assays were performed to detect the in-
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LC3B was confirmed by Western blot analysis (Figure 5C, inset).
Knocking down LC3B using siRNA resulted in an up-regulation
of cleaved caspase 3 (data not shown).

To investigate the interrelationships between LC3B and ap-
optotic pathway components in hyperoxia-induced cell death, we
determined the effect of LC3B on hyperoxia-induced DISC for-
mation. Treatment with LC3B siRNA induced DISC formation
during hyperoxia, as detected by Fas-caspase 8 interaction using
co-IP assays (Figure 6A). Overexpression of LC3B decreased
the Fas-caspase 8 interaction after hyperoxia (Figure 6B), sug-
gesting that LC3B interacted with the Fas-DISC-dependent
apoptotic pathways. Next, we found that LC3B and Fas inter-
acted physically by co-IP assays. This interaction was aug-
mented after 4 hours of hyperoxia exposure (Figure 6C, upper
panel). However, prolonged exposure to hyperoxia resulted in
dissociation of the complex of LC3B and Fas (Figure 6C, lower
panel). A previous report has shown that Fas-DISC formation
occurs within the lipid rafts and caveolae (18). To determine
the cellular location where LC3B interacts with Fas, we first
examined LC3B trafficking after hyperoxia. Hyperoxia induced
LC3B trafficking into the lipid rafts after 4 hours of hyperoxia
exposure (Figure 6D). This result is consistent with our previous
findings that cav-1, a caveolae/lipid raft marker protein, is re-
quired for LC3B and Fas interaction (28). The interaction be-
tween Fas and LC3B was abolished in cav-1 null cells (data not
shown). Prolonged hyperoxia (24 h) interrupted the associations

teraction between Fas and caspase 8. (C) Beas2B cells were
exposed to normoxia or hyperoxia for 4 hours (upper pan-
els) and 24 hours (lower panels). The interaction between
Fas and LC3B was determined by co-IP assays. (D) Beas2B
cells were exposed to normoxia or hyperoxia for 4 hours.
Lipid rafts were isolated, and the amount of LC3B traffick-
ing into the lipid raft fraction was determined using West-
ern blot analysis. (E) Beas2B cells were transfected with
caveolin-1 wild-type Y14 clone and Y14D (tyrosine to as-
partate) mutant clones. Cells were then exposed to hyper-
oxia (24 or 48 h). LC3B and cav-1 interaction was
determined using co-IP assays and Western blot analysis.
NS = nonspecific binding. Results are representative of
three independent experiments.

between LC3B and cav-1 (Figure 6E), suggesting that pro-
longed hyperoxia may abolish the protective effects of LC3B.
Furthermore, transfecting Beas-2B cells with cav-1 Y14 (tyro-
sine 14) mutant Y14D (tyrosine to aspartic acid) abolished the
interactions between cav-1 and LC3B. This result suggests that
Y14 is crucial for the LC3B—cav-1 interaction.

DISCUSSION

In this study, we have observed increased markers of autophagy
(i.e., LC3B activation) in the lungs of C57BL/6 mice and in cul-
tured epithelial cells subjected to experimental hyperoxia, sugges-
tive of an inducible adaptive mechanism. Hyperoxia was found to
induce the expression and activation of the autophagic protein
LC3B and to stimulate autophagosome formation, two hallmarks
of autophagic pathway initiation. Prolonged exposure to hyper-
oxia caused time-dependent cell death associated with the activa-
tion of caspase-3. We have therefore explored the relationships
between the autophagic marker protein LC3B and cell death path-
ways in epithelial cells exposed to hyperoxia.

Although apoptosis, necrosis, and autophagy are delineated
by distinct histological characteristics and underlying signaling
pathways, these different phenotypes of cell death are often ac-
tivated simultaneously or sequentially by the same stimuli, stress,
or pharmacological intervention in vivo and in vitro. Hyperoxia-
induced epithelial cell death has been shown to involve elements
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Figure 7. Schemata of proposed pathways. Autophagy promotes cell
survival after hyperoxia via interacting with Fas-mediated apoptosis
pathways. Hyperoxia induces LC3B expression, a key initiator of auto-
phagy. In this study, we describe dynamic interactions between LC3B
and the apoptotic regulator Fas. Forced expression of LC3B was found
to diminish apoptotic pathway initiation by the Fas-dependent death-
inducing signaling complex. The interactions of LC3B and Fas are de-
pendent on caveolin-1 and its phosphorylation state at Y-14. The balance
between LC3B/cav-1/Fas complex determines the fate of the cell.

of apoptosis and necrosis, with potential overlap between the
two pathways (5-11, 19). Previous studies have indicated that
hyperoxia primarily induces necrosis in A549, MLE12, type I
epithelial cells, and murine lung bronchial cells (5-6). Our recent
studies demonstrate concurrent activation of the apoptogenic
caspase-8/Bid pathway in hyperoxia-treated A549 cells, sugges-
tive of a mixed cell death phenotype (19). Studies in alveolar
macrophages and pulmonary endothelial cells indicate apoptosis
as a primary mechanism with activation of caspases (11, 19-20).
Thus, apoptosis signaling pathways may play an important role
in hyperoxia-induced lung cell death regardless of whether the
final phenotypic outcome resembles apoptosis or necrosis (19).

Consistent with a major role for excessive ROS production in
oxygen toxicity, we have found that the increased expression and
conversion of LC3B induced by hyperoxia is mediated largely via
induction of ROS production. This conclusion is supported by
attenuation of the response by the general antioxidant NAC.
Furthermore, inhibitors of NADPH oxidase and targeted inhib-
itors of mitochondrial ROS production also partially attenuate
the response, suggesting that ROS generation from cytosolic
and mitochondrial sources may be involved.

In the present study, we have shown that the autophagy
marker protein LC3B directly interacts with the apoptotic signal-
ing molecule Fas after hyperoxic exposure (4 h). We identify this
event as cytoprotective because forced overexpression of LC3B
attenuates Fas-related DISC formation in response to hyperoxia
at early time points. Hyperoxia exposure (4 h) further increased
the association of LC3B with Fas. At later time points (i.e., 24 h),
prolonged hyperoxia led to the dissociation of this complex (data
not shown). This result suggests that prolonged hyperoxia, unlike
short-term exposure, interrupts the LC3B/Fas interaction and
abolishes the protective effects of LC3B during hyperoxia-
induced cell death (Figure 7). The current results indicate that
apoptosis, in particular an extrinsic signaling pathway mediated
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by DISC and caspase-8, may be regulated by autophagy during
hyperoxia-induced cell death. These results are in contrast with
our previous findings in a cigarette smoke model showing that
treatment of epithelial cells with cigarette smoke extract caused
rapid dissociation of the LC3B-Fas complexes (28). These dif-
ferences may reflect differential effects of cellular stress stimuli
with respect to kinetic profiles. The observations may reflect the
fact that cigarette smoke extract exposure represents a much
faster acting model of acute toxicity. With later kinetic time
points (i.e., 24 h hyperoxia), the dissociation of LC3B from
Fas mimics that observed with short-term exposure to cigarette
smoke (1-2 h). Thus, the functional role of autophagic proteins
such as LC3B in hyperoxia-induced cell death may be contin-
gent on the duration and strength of stress signals and on other
regulators involved in cellular homeostasis.

The modest but statistically significant effects of LC3B modu-
lation on cell survival indicate that LC3B plays a partial role in cell
survival signaling after hyperoxia. Although we report novel inter-
actions of LC3B with Fas and cav-1, we cannot exclude the pos-
sibility that other LC3B-interacting proteins may contribute to the
phenotypic observations. In particular, p62°2*™ has been re-
cently described as a binding partner for LC3B, which facilitates
the autophagosomal degradation of ubiquitinated proteins.
Further experiments examining the role of p625257/ in hyper-
oxic cell death may be warranted (29).

Consistent with our previous report (28), cav-1 is required to
facilitate the interaction between Fas and LC3B. In addition to
the cav-1 CSD domain (28), we found that cav-1 Y14 tyrosine is
critical for the association of LC3B with cav-1. Previous reports
show that hyperoxia triggers cellular signaling via modify-
ing cav-1 phosphorylation on Y14 (18). Hyperoxia caused the
time-dependent decrease of the association between cav-1 and
LC3B, whereas the Y14D mutation abolished LC3B-cavl inter-
action. The initial and late effects of hyperoxia on LC3B/cav-1/
Fas complex formation may be mediated via different motifs,
such as cav-1 Y14 or cav-1 CSD.

Due to the apparent increases in autophagosome formation
after hyperoxic exposure, it remains likely that the process of
autophagy may exert a prosurvival role in hyperoxic exposure.
In general, autophagy at basal levels plays an important role
to retain cellular homeostasis; meanwhile, insufficient and exces-
sive autophagy is considered to be harmful for cells and may re-
sult in cell death (30). We conclude that the hyperoxia-induced
autophagic protein LC3B has a protective role against cell
death, probably in the initial phase after hyperoxia, by directly
interacting with and inhibiting Fas/DISC-dependent apoptotic
pathways. We cannot exclude the possibility that the effects of
LC3B in this model represent signaling sequelae independent of
the role of this protein in facilitating autophagosome formation
and initiating the autophagic pathway. Thus, further experi-
ments with inhibitors of autophagic flux, including inhibitors
of lysosomal processing and autophagosome/lysosome fusion,
may elucidate these relationships.

Prior studies have shown that the inhibition of JNK may pro-
mote cell survival in vitro (24-25). On the other hand, JNK1-
deficient mice were more susceptible to hyperoxia than wild-type
mice (26), indicating the multifunctional role of JNK in hyperoxia-
induced lung injury. In this study, we found that JNK regulates the
hyperoxia-mediated induction of the autophagy marker protein
LC3B, which represents a novel function of JNK in hyperoxia-
induced cell injury. JNK has been shown to regulate autophagy
induced by other stimuli, such as starvation, ER stress, T-cell re-
ceptor activation, and cytokine stimulation (31-33), regardless of
whether autophagy was implicated in the protection or promotion
of cell death. The mechanisms by which JNK regulate autophagy
remain unclear.
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In conclusion, autophagic protein LC3B, under the regulation

of stress-inducible signaling cascades, may play critical roles in
maintaining cellular homeostasis and cytoprotection during oxida-
tive stress. Manipulation of autophagic pathways may provide ad-
ditional therapeutic targets in the management of acute lung injury.
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