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Abstract

Fas-mediated apoptosis is a crucial cellular event. Fas, the Fas-associated death domain, and

caspase 8 form the death-inducing signaling complex (DISC). Activated caspase 8 mediates the

extrinsic pathways and cleaves cytosolic BID. Truncated BID (tBID) translocates to the

mitochondria, facilitates the release of cytochrome c, and activates the intrinsic pathways.

However, the mechanism causing these DISC components to aggregate and form the complex

remains unclear. We found that Cav-1 regulated Fas signaling and mediated the communication

between extrinsic and intrinsic pathways. Shortly after hyperoxia (4 h), the colocalization and

interaction of Cav-1 and Fas increased, followed by Fas multimer and DISC formation. Deletion

of Cav-1 (Cav-1−/−) disrupted DISC formation. Further, Cav-1 interacted with BID. Mutation of

Cav-1 Y14 tyrosine to phenylalanine (Y14F) disrupted the hyperoxia-induced interaction between

BID and Cav-1 and subsequently yielded a decreased level of tBID and resistance to hyperoxia-

induced apoptosis. The reactive oxygen species (ROS) scavenger N-acetylcysteine decreased the

Cav-1–Fas interaction. Deletion of glutathione peroxidase-2 using siRNA aggravated the BID–

Cav-1 interaction and tBID formation. Taken together, these results indicate that Cav-1 regulates

hyperoxia/ROS-induced apoptosis through interactions with Fas and BID, probably via Fas

palmitoylation and Cav-1 Y14 phosphorylation, respectively.
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Fas (CD95) is a well-documented mediator of apoptosis [1–4]. The induction of apoptosis

requires the multimerization of Fas on the cell plasma membrane, which is often triggered
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by Fas ligand (FasL) [1,2]. Subsequently, the Fas-associated death domain protein (FADD)

binds to Fas through a series of interactions between the death domains [1–4]. In parallel,

caspase 8 (FLICE) interacts with the FADD–Fas complex, leading to the activation of

caspases (including caspase 3, 6, and 7), which are the effectors of common apoptotic

pathways [5–10]. The caspase 8-mediated pathway is referred to as an “extrinsic apoptotic

pathway.” The complex of Fas, FADD, and procaspase 8 is termed the DISC (death-

inducing signaling complex). Caspase 8 further cleaves a 22-kDa proapoptotic protein, BID

(Bcl-2-interacting domain), resulting in a COOH-terminal component (which is a 15-kDa

truncated form of BID, termed tBID) that translocates to the mitochondria and triggers the

release of cytochrome c (Cyto c) [11–17]. Released Cyto c binds to procaspase 9 and

activates caspase 9. Caspase 9 subsequently cleaves procaspase 3 and activates caspase 3

[11–17]. This BID-involved apoptotic pathway is termed an “intrinsic apoptotic pathway.”

As a result, BID is often viewed as a “bridge” between extrinsic and intrinsic apoptotic

pathways [11–17].

Hyperoxia-induced lung epithelial cell apoptosis is a distinguishing characteristic of

hyperoxia-induced acute lung injury [18–22]. Petrache et al. demonstrated the induction of

apoptosis in murine macrophage cell lines in response to in vitro hyperoxia [23]. In another

study, Mantell and Lee [24] exposed mice to hyperoxia and identified apoptosis as a

prominent component of the acute inflammatory responses of the lungs. In addition, a strong

correlation between the percentage of apoptotic cells and the severity of lung injury was

recorded [24–27]. In general, hyperoxia activates both extrinsic and intrinsic apoptotic

pathways and activates both initiator and effector caspases [28]. The extrinsic and intrinsic

pathways of apoptosis both terminate at the execution phase, which is the final pathway of

apoptosis. At the beginning of the execution phase, execution caspases are activated. This is

followed by the execution caspases activating cytoplasmic endonucleases and proteases,

which degrade nuclear material and cytoskeletal proteins, respectively [20–29]. Caspase 3,

caspase 6, and caspase 7 function as effector, or executioner, caspases. The most common

executioner of both the intrinsic and the extrinsic pathways of apoptosis is caspase 3 [20–

29].

Caveolae (literally meaning “little caves”) are flask-like invaginations of the plasma

membrane, which were first described in the 1950s [30–34]. Cav-1, which is a 22-kDa

scaffolding protein, is critical in the formation of the 50- to 100-nm Ω-shaped invaginated

caveolae structure [30–34]. Recent emerging evidence suggests that Cav-1 plays a critical

role in the regulation of a wide range of cellular processes, including the regulation of signal

transduction, cell death, and survival [30–34]. Cav-1 functions as a scaffolding protein

within the plasma membrane microdomains, where it interacts with signaling proteins [30–

34]. Most caveolin-interacting proteins contain a caveolin-binding motif, which is located

within the enzymatically active catalytic domain of these proteins. There is extensive

published literature confirming that lungs express high levels of Cav-1 [35–39]. Although

Cav-1 is widespread in a variety of lung cells, its exact function in lungs remains far from

fully understood, particularly in acute lung injury.

Previously published work from our group has indicated that Cav-1 plays an important role

in acute lung injury [40–42]. Lung epithelial cell apoptosis is a characteristic feature in
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hyperoxia-induced lung injury, and we have shown in our recent studies that Cav-1 mediates

hyperoxia-induced apoptosis [40–42] by regulating the level of survivin, which is a protein

family member of the inhibitors of apoptosis [41]. In this study, we further delineate a novel

mechanism by which Cav-1 regulates hyperoxia-induced apoptosis. We found that Cav-1 is

an integral component in regulating Fas–BID pathways and facilitates both intrinsic and

extrinsic apoptotic cell death in lung epithelial cells after hyperoxia.

Materials and methods

Chemicals and reagents

Cav-1 antibodies and small interfering RNAs (siRNAs) were purchased from Santa Cruz

Biotechnology (Santa Cruz, CA, USA) and Cell Signaling (Danvers, MA, USA). Fas,

FADD, BID, tBID antibodies, and glutathione peroxidase 2 (GPX2) siRNA were purchased

from Santa Cruz Biotechnology. Catalase (CS) overexpression clones were purchased from

Origene (Rockville, MD, USA). Cav-1 overexpression clones and adeno-Cav-1 were

obtained from GeneCopoeia (Rockville, MD, USA) and Dr. Ferruccio Galbiati (University

of Pittsburgh, Pittsburgh, PA, USA). Wild-type Cav-1 tyrosine Y14, Y14F (tyrosine to

phenylalanine), and Y14D (tyrosine to aspartic acid) clones were obtained from Dr. Ivan R.

Nabi (University of British Columbia, Vancouver, BC, Canada). Caspase activity kits were

purchased from Calbiochem (Gibbstown, NJ, USA). All other reagents and chemicals were

purchased from Sigma (St. Louis, MO, USA).

Cell culture and treatments

Human bronchial epithelial cells (Beas-2B) and primary mouse lung epithelial cells were

cultured as described [42,43] and used for experiments after reaching subconfluent

monolayers (usually between culture passages 7 and 17). Primary mouse alveolar epithelial

cells were cultured from the lungs of wild-type C57BL/6 mice or Cav-1 null (Cav-1−/−)

mice as previously described [43]. Briefly, the mice were anesthetized, the trachea was

cannulated, and the pulmonary circulation was perfused free of blood with a cold saline

solution at 4 °C. After multiple whole lung lavages with a balanced saline solution, dispase

(5 U/ml; Sigma) was instilled via the trachea to release type II cells. Contaminating cells

bearing Fc receptors were removed by placing cells on plates coated with mouse IgG

(Sigma). Then cells were plated on tissue culture dishes (Fisher Scientific, Pittsburgh, PA,

USA) at 2×105 cells/cm2 in Dulbecco's modified Eagle's medium (DMEM) supplemented

with penicillin–streptomycin (Gibco, Grand Island, NY, USA) and 10% newborn calf serum

(Sigma). Cells were cultured at 37 °C in an atmosphere of 7.5% CO2 in air. The adherent

cells were consistently >90% epithelial cells by immunofluorescent staining with anti-

cytokeratin antibodies. After 2–5 days in culture, these cells underwent room air (RA) or

hyperoxia exposure.

Beas-2B lung epithelial cells were purchased from the American Type Culture Collection

(Manassas, VA, USA) and cultured in the defined medium, DMEM (Cambrex, East

Rutherford, NJ, USA). All cells were grown in humidified incubators containing an

atmosphere of 5% CO2 and 95% air at 37 °C. Cell cultures were exposed to hyperoxia in

modular exposure chambers as described [40–42], using 95% oxygen with 5% CO2.
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Animal exposures

Wild-type C57BL/6 mice or Cav-1−/− mice, 8–12 weeks of age, were maintained in laminar

flow cages in a pathogen-free facility at the Brigham and Women's Hospital (BWH). All

procedures were performed in accordance with and approved by the Council on Animal

Care at the BWH and the National Research Council's Guide for the Humane Care and Use

of Laboratory Animals. The C57BL/6 and Cav-1−/− mice were purchased from The Jackson

Laboratory (Bar Harbor, ME, USA). The animals were exposed to room air or hyperoxia

(95% O2, 5% N2) for the designated times.

Transfections and cell viability assays

Beas-2B cells were used for all the assays involved in transfection. Overexpression clones

were transfected with lipoD293 (Signagen, Gaithersburg, MD, USA). Transiently

transfected cells were incubated for an additional 24 h and exposed to hyperoxia. After 24 or

48 h, cell lysates were subjected to Western blot analysis and cell viability assays were

performed.

Cell viability was determined using the CellTiter-Glo Luminescent Cell Viability Assay

(Promega, Madison, WI, USA), as described previously [40,41,44]. In brief, cells (1×104

cells/ml) were plated onto 24-well plates in 1 ml of DMEM containing 10% fetal bovine

serum until cell density was reached to 70–80% confluence. After the designated times,

viable cells were determined based on quantitation of the ATP present, an indicator of

metabolically active cells. The CellTiter-Glo assay generates a "glow-type" luminescent

signal proportional to the amount of ATP present. The amount of ATP is directly

proportional to the number of cells present in culture. In an alternative method, viable cells

were stained by a crystal violet staining method. Plates were washed four times with tap

water. After drying, the cells were lysed with 1% SDS solution, and dye uptake was

measured at 550 nm using a 96-well plate reader. Cell viability was calculated from relative

dye intensity compared with untreated samples.

Flow cytometry

We used the flow cytometry (FACS) and commercially available Annexin V–FITC

Apoptosis Detection Kit Plus (Biovision, Mountain View, CA, USA) to determine

apoptosis, as described [45,46]. Live cells were directly stained with annexin V–FITC and

Sytox green dye. The Sytox green dye is impermeative to live cells and apoptotic cells, but

stains necrotic cells with intense green fluorescence by binding to cellular nucleic acids.

After a cell population was stained with annexin V–FITC and Sytox green dye in the

provided binding buffer, apoptotic cells showed green fluorescence, dead cells showed a

higher level of green fluorescence, and live cells showed little or no fluorescence. After

staining, the cell populations were distinguished using flow cytometry with the 488-nm line

of an argon-ion laser for excitation. Both annexin V–FITC and Sytox green dye emit green

fluorescence that can be detected in the FL1 channel.
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Fas multimerization (cross-linking) assays and immunoprecipitation

Beas-2B cells were treated with RA or hyperoxia for the designated time course. Cells were

pelleted and washed twice in PBS and resuspended in 500 µl of PBS and treated with 2 mM

cleavable cross-linker 3,3′-dithiobis(sulfosuccinimidyl proprionate) (Pierce, Rockford, IL,

USA) for 15 min on ice, and the reaction was quenched with 10 mM ammonium acetate for

10 min. The cells were pelleted and washed twice in PBS and then lysed using 500 µl of

lysis buffer (20 mM Tris, pH 7.4, 140 mM NaCl, 10% glycerol, 1% Triton X-100, and 2

mM EDTA) containing a protease inhibitor mixture (Sigma) on ice for 30 min with

agitation. The lysates were then used for immunoprecipitations in the presence of an anti-

Fas antibody (polyclonal; Santa Cruz Biotechnology) at 0.5–2 (antibody limiting) or 10

µg/ml (antibody excess). Immune complexes were precipitated using protein A–Sepharose

(Santa Cruz Biotechnology) and washed three times. The precipitate was resuspended in

RIPA buffer, boiled for 5 min, and resolved on SDS–polyacrylamide gel electrophoresis.

The resolved samples were transferred onto a polyvinylidene difluoride (Millipore Corp.,

Billerica, MA, USA) membrane for Western blot analysis. The presence of Fas multimer

was then detected using the appropriate primary monoclonal anti-Fas antibodies and

secondary antibodies followed by detection using chemiluminescence (Pierce).

Lipid raft isolation

Lipid raft fractions were isolated by sucrose gradient ultracentrifugation as described, but in

the absence of detergent [47]. Cells were lysed in ice-cold MBS buffer (25 mMMES, pH

6.5, 150 mM NaCl, 1 mM Na3VO4, and protease inhibitors). Lysates were adjusted to 4 ml

of 40% sucrose by the addition 2 ml of 80% sucrose, 4 ml of 35% sucrose, 4 ml of 5%

sucrose in MBS buffer. Samples were ultracentrifuged at 39,000 g for 18 h and fractionated

into 12 subfractions. To validate the fractionation method, fractions were analyzed for

organelle marker proteins by Western blotting. The transferrin receptor, a marker for

noncaveolae plasma membrane, was well separated from the major caveolae fractions,

indicating that noncaveolae plasma membrane did not significantly contaminate the major

caveolae fractions. Caveolin-1 and GM-1, positive markers for caveolae, were detected from

the caveolae fraction. We also measured Grp78, a marker for endoplasmic reticulum;

cytochrome c, a marker for mitochondria; and Golgin-97, a marker for Golgi, which are

compartmentalized to the higher density fractions.

Western blot analysis, immunocytochemistry, and immunoprecipitation

The following antibodies were used for immunoprecipitation and immunoblotting:

monoclonal anti-caspase-3 (BD Transduction Laboratories, San Jose, CA, USA), mono- and

polyclonal anti-caveolin (Santa Cruz Biotechnology), mono- and polyclonal anti-Fas (Santa

Cruz Biotechnology), and mono- and polyclonal anti-BID (Santa Cruz Biotechnology).

Western blot analysis or immunocytochemistry was performed as described previously [41].

For coimmunoprecipitation (co-IP) assay, briefly, cells were subjected to lysis in the

immunoprecipitation buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1% w/w Igepal CA 630,

and 0.05% w/v deoxycholate) supplemented with 0.1% w/v SDS, 0.1 mM Na3VO4, and

protease inhibitors. The cells were sheared by brief sonication on ice and cellular debris was

removed by centrifugation at 12,000 g for 10 min. Lysates were cleared initially by
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incubation with protein A/G–Sepharose (Santa Cruz Biotechnology) for 1 h at 4 °C. Lysates

were incubated with the designated specific polyclonal antibody or a preimmune rabbit IgG

at a final concentration of 4 µg/ml each for 4 h at 4 °C. Protein A/G–Sepharose was then

added for 4 h at 4 °C. Immune complexes were collected by centrifugation, washed eight

times with 1 ml of the immunoprecipitation buffer lacking Na3VO4 and protease inhibitors,

and disrupted by boiling in 1% SDS.

Confocal microscopy

Beas-2B or primary epithelial cells were grown on 35-mm/10-mm glass-bottom culture

dishes (MatTek Corp., Ashland, MA, USA). After experimental treatments, cells cultured

under standard growth conditions at 37 °C were stained for Cav-1 monoclonal antibodies

(Santa Cruz Biotechnology) and Cy3 rabbit anti-mouse secondary antibodies (Molecular

Probes, Eugene, OR, USA), at 1 µM, for 45 min. The cells were then washed with PBS,

fixed, and permeabilized in 2% paraformaldehyde with 0.1% Triton X-100. The cells were

again washed with PBS and wash buffer (0.5% bovine serum albumin, 0.15% glycine in

PBS) and blocked with 10% goat serum in wash buffer. Immunostaining was performed

using a polyclonal Fas or BID antibody (1:1000; Santa Cruz Biotechnology) and goat anti-

rabbit Alexa 488-conjugated secondary antibodies (1:1000; Jackson ImmunoResearch

Laboratories, West Grove, PA, USA). Cells were viewed with an Olympus Fluoview BX 61

confocal microscope (Olympus, Center Valley, PA, USA) and images were collected using a

DC-330S cooled CCD camera (DAGE-MTI, Michigan City, IN, USA).

Statistical analysis

All values were expressed as means±SD from at least three independent experiments.

Differences in measured variables between experimental and control groups were assessed

using the Student t test (Statview II statistical package; Abacus Concepts, Berkeley, CA,

USA). Statistically significant difference was accepted at P<0.05.

Results

Deletion of Cav-1 protects against hyperoxia-induced apoptosis in lung epithelial cells via
both extrinsic and intrinsic pathways

In our previously published work, we have shown that the deletion of Cav-1 (Cav-1−/−)

protects against hyperoxia-induced cell death via the up-regulation of survivin [41]. This

finding indicates that Cav-1 regulates caspase 3-mediated common apoptotic pathways after

hyperoxia. In the current study, we first confirmed our previous observation, by using

primary lung epithelial cells that were isolated from wild-type mice and Cav-1−/− mice. As

shown in Fig. 1, we found that the deletion of Cav-1 protected primary lung epithelial cells

against hyperoxia-induced cell death, which was detected using the CellTiter-Glo

Luminescent Cell Viability Assay (as described under Materials and methods). Higher

survival was recorded for epithelial cells that were isolated from Cav-1−/− mice after

hyperoxia (48 h) in comparison to those isolated from wild-type mice (Fig. 1A). We used

Western blot analysis to confirm that Cav-1−/− epithelial cells are resistant to hyperoxia-

induced apoptosis, by measuring the active (cleaved) form of caspase 3 (Fig. 1B). In

addition, we observed that the deletion of Cav-1 suppressed hyperoxia-induced caspase 3, 8,
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and 9 activities (Fig. 1C), which represent the common, extrinsic, and intrinsic apoptotic

pathways, respectively (Fig. 1C). This result indicates that, aside from the common

apoptotic pathway mediated by caspase 3 [28,41], the deletion of Cav-1 confers protective

functions against both extrinsic and intrinsic apoptosis after hyperoxia. To further validate

our observation that Cav-1 facilitates a proapoptotic effect, we overexpressed Cav-1 in

Beas-2B cells using overexpressing clones of Cav-1. As shown in Fig. 1D, the over-

expression of Cav-1 resulted in a robust induction of apoptosis. However, a population of

necrotic cells was also present in the vector control. This may have arisen because of the

following factors: (1) the toxic effect of the transfection reagents and/or (2) difficulties in

using annexin V staining/FACS analysis in adherent cells (annexin V/FACS methods are

commonly used on floating cells).

Hyperoxia induces apoptosis via Fas-mediated pathways, facilitated by Cav-1 through
modulating DISC formation

DISC formation has been well documented as a mediator of the extrinsic apoptotic pathways

involved with caspase 8 [7–11]. In our study, hyperoxia induced caspase 8 activation (Fig.

1C); hence DISC formation after hyperoxia was determined in wild-type and Cav-1−/− cells

using co-IP assays. As expected, we found that hyperoxia induced Fas–FADD interaction in

wild-type cells (Fig. 2A). Interestingly, the deletion of Cav-1 decreased the interaction of

Fas–FADD/caspase 8 after hyperoxia (Fig. 2A), which indicates the important role of Cav-1

in hyperoxia-induced DISC formation. In contrast, the overexpression of Cav-1 (by adeno-

Cav-1) significantly enhanced the interaction between Fas and FADD (Fig. 2B). The release

of Cyto c is hypothesized to occur as a consequence of tBID translocation from the cytosol

to mitochondria [11–17]. Subsequently, released Cyto c binds to procaspase 9 and activates

the intrinsic pathway of apoptosis [11–17]. For this reason, we then explored whether there

is any change in cytosolic Cyto c in Cav-1−/− cells after hyperoxia. We found a higher

amount of cytosolic cytochrome c present in wild-type cells after hyperoxia than in Cav-1−/−

cells (Fig. 2C). Diminished cytochrome c release in cytosol from Cav-1−/− cells indicated

that Cav-1 has an impact on the intrinsic apoptotic pathways after hyperoxia, in addition to

its regulation of DISC formation and extrinsic apoptosis.

Cav-1 regulates the extrinsic pathway of apoptosis after hyperoxia via direct interaction
with DISC components

To expand our knowledge of the mechanisms by which Cav-1-regulated hyperoxia induces

the extrinsic apoptotic pathway, we investigated the colocalization and interaction between

Cav-1 and Fas. We found that Cav-1 colocalized with Fas 4 h after hyperoxia (Fig. 3A). We

used co-IP assays to confirm that hyperoxia induces the Cav-1–Fas interaction, by using

both whole-cell lysate (Fig. 3B, left) and isolated lipid rafts (Fig. 3B, right). There was an

increase in these interactions after short-term exposure to hyperoxia (4–12 h). Direct

interaction between Cav-1 and caspase 8 was not found (data not shown). Furthermore, we

found that prolonged hyperoxia (>24 h) eliminated the interaction between Cav-1 and Fas

(Fig. 3B, left) in the absence of decreased Fas–Cav-1 protein expression (data not shown).

This result suggests that prolonged hyperoxia triggers Fas trafficking and the possible

dissociation from Cav-1.
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Considering that Fas multimerization is required to mediate DISC formation and apoptosis

[7–11], we first studied the effect of hyperoxia on Fas cross-linking and multimer formation.

We assessed the Fas multimerization by immunoprecipitation (Fig. 3C), using a limited

amount of anti-Fas antibodies, as described previously by Rehemtulla et al. [48]. Briefly, the

principle of using a limited amount of anti-Fas antibody to detect Fas multimerization is that

when the antibody is limiting, more Fas molecules are immunoprecipitated if aggregation

occurs after hyperoxia. In contrast, when the antibody is in excess, equal amounts of Fas

molecules should be immunoprecipitated [48]. In our study, we found that short-term

exposure to hyperoxia resulted in increased Fas multimer formation (Fig. 3C) and Fas–

Cav-1 interaction (Fig. 3B).

We then confirmed our observation by comparing the Fas level in the presence and absence

of reducing agents, as described in previous published literature [49]. Without the addition

of a reducing agent (dithiothreitol, DTT), the molecular weight of protein multimers

increases compared to the monomer or oligomer of the protein under reducing conditions

(with DTT). The amount of multimer formation may be determined by comparing the

amount of monomer/oligomer [49]. We found that under reducing conditions, hyperoxia

caused an increase in the amount of the Fas monomer (Fig. 3C, blot inset, open arrow),

whereas under nonreducing conditions, hyperoxia caused a decrease in the amount of the

Fas monomer (Fig. 3C, blot inset, solid arrow). This result indicates that hyperoxia induced

the formation of the Fas multimer. Fas multimers retain a higher molecular weight because

of the large size of the protein under nonreducing conditions. Therefore, under nonreducing

conditions, an increase in Fas multimerization shows a relatively lower monomer band at the

site of lower molecular weight (Fig. 3C, blot inset, solid arrow). We subsequently

determined the trafficking of Fas, after multimerization. We found that prolonged hyperoxia

led to Fas trafficking from lipid rafts to non-lipid rafts over a 24-h period (Fig. 3D). Lanes

2–5 (Fig. 3D) indicated the proportion of the lipid raft, which was inferred from the lipid raft

marker protein flotillin-1. By using densitometry, we found that the amount of Fas protein in

the lipid rafts decreased after prolonged hyperoxia (Fig. 3D, red frame), through comparison

of the amount of Fas protein within lanes 2–5 (Fig. 3D). We then showed that deletion of

Cav-1 interrupted the formation of the hyperoxia-induced Fas multimer (Fig.3E). To

confirm that the impaired Fas multimerization is not due to a lack of Fas protein expression

in Cav-1−/− cells, we examined the expression of the Fas protein in primary lung epithelial

cells, which were isolated from wild-type and Cav-1−/− mice. By using Western blot

analysis, we found that there is a slightly increased level of Fas protein expression in

Cav-1−/− cells (Fig. 3F). This result further confirms that the deletion of Cav-1 disrupts Fas

multimer formation, rather than decreasing the expression of the Fas protein.

Role of ROS in hyperoxia-induced Cav-1–Fas interaction

To characterize further the interaction between Cav-1 and Fas after hyperoxia, we pretreated

Beas-2B cells with N-acetylcysteine (NAC; 30 nM), which is a reactive oxygen species

(ROS) scavenger, followed by short-term (4 h) exposure to hyperoxia. We found that NAC

partially eliminated the interaction of Cav-1 and Fas 4 h after hyperoxia (Fig. 4A),

indicating that hyperoxia induces the Cav-1–Fas interaction at least partially via the

generation of ROS (Fig. 4A). Additionally, we found that pretreatment with 2-
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bromopalmitic acid (2-Br; 1 µM) significantly disrupted Cav-1–Fas interactions in Beas-2B

cells after hyperoxia (Fig. 4B). Because 2-Br is known to inhibit palmitoylation [48], this

result suggested that Fas interacted with Cav-1 via palmitoylation.

Direct interaction of Cav-1 with BID and facilitation of BID truncation to form tBID by
caspase 8 after hyperoxia

Whereas this study has indicated the crucial role of Cav-1 in extrinsic apoptosis mediated by

Fas–DISC, the elevated level of caspase 9 activity observed in the lung epithelial cells after

hyperoxia requires explanation. To study the potential role of Cav-1 in the hyperoxia-

induced intrinsic pathway, we first determined whether Cav-1 interacted with Bcl-2 family

proteins. Bcl-2 family proteins (including BID/Bax) are known to mediate the mitochondria-

regulated apoptotic pathway, namely the intrinsic pathway [8–17]. Previous reports have

shown that activated caspase 8 cleaves BID and produces a 15-kDa truncated form of BID,

named tBID [12–15]. tBID travels to the mitochondria and triggers the release of

cytochrome c [12–15]. Therefore, the level of tBID is important in intrinsic apoptosis [12–

15]. We used Western blot analysis to show that hyperoxia induces the formation of tBID

and that the deletion of Cav-1 decreased the level of tBID (Fig. 5A). We then isolated lipid

rafts and determined the distribution of BID after hyperoxia. We found that hyperoxia

induced the trafficking of BID into the lipid rafts (Fig. 5B, solid black frame). We also

consistently observed a time-dependent increase in the tBID protein levels in the non-lipid

rafts portion (Fig. 5B, dashed red frames). Thus, we hypothesize that the trafficking of BID

into rafts plays a role in hyperoxia-induced intrinsic apoptosis. Fig. 5A provides evidence

that tBID formation required Cav-1. This result indicates that Cav-1 is critical in the process

of hyperoxia-induced cleavage of BID by caspase 8. We then found that Cav-1 colocalized

with BID and that this colocalization significantly increased after 4 h of hyperoxia (Fig. 5C).

We used co-IP assays to confirm the interaction between Cav-1 and BID (Fig. 5D, top, red

triangles). To study how Cav-1 interacted with BID, a mutated Cav-1 tyrosine Y14 was

transfected into Beas-2B cells, with the wild-type Y14 clone being used as a control. We

found that the mutation of tyrosine to phenylalanine (Y14F) abolished robustly the

hyperoxia-induced interaction between Cav-1 and BID, whereas no significant difference

was found when tyrosine was mutated to aspartic acid (Y14D) (Fig. 5D, top, red triangles).

In addition, we used Western blot analysis to determine the level of tBID in cells transfected

with wild-type Y14, Y14F, and Y14D clones after hyperoxia (Fig. 5D, bottom). As

expected, we again found that the Y14F mutant (but not the Y14D) decreased the level of

hyperoxia-induced tBID (Fig. 5D, bottom). This effect was more prominent after 24 h

exposure of hyperoxia (Fig. 5D, bottom, red arrows). To confirm the functional role of the

Cav-1–BID interaction, we measured hyperoxia-induced cell death after transfecting cells

with Y14 wild-type clones, Y14D clones, and Y14F clones. We found that the transfection

of Y14F protected Beas-2B cells against hyperoxia-induced cell death (Fig. 5E).

The role of ROS in hyperoxia-induced Cav-1-Fas/BID interactions

We initially determined the effect of hyperoxia on Cav-1 Y14 tyrosine phosphorylation.

Considering the important roles of Cav-1 tyrosine Y14 phosphorylation indicated by this

study (Fig. 5), we determined whether hyperoxia directly modulates the phosphorylation of

Cav-1 Y14. Similar to our findings for ROS (H2O2, 90 µM, 20 min), we found that 4 h of
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hyperoxia induced Cav-1 phosphorylation in primary lung epithelial cells (Fig. 6A) and that

this effect may be blocked by NAC (30 nM), which is a ROS scavenger (Fig. 6B). In

addition, by transfecting Beas-2B cells with GPX2 siRNA, we found that the suppression of

GPX2 by siRNA augmented the interaction of Cav-1–BID and increased the formation of

tBID (Fig. 6C, left). In contrast, after the overexpression of catalase in Beas-2B cells, we

observed that the Cav-1–BID interaction was slightly decreased (Fig. 6C, right).

Discussion

The hyperoxia-induced Fas pathway has been reported to occur in both lung epithelial

apoptosis and necrosis after hyperoxia [28,29]. However, the mechanism that triggers this

hyperoxia signaling pathway in the absence of FasL remains unclear. In this study, we report

that Cav-1 functions as the assembling panel for the aggregation of Fas receptors, which

facilitates Fas multimerization and the truncation of BID after hyperoxia. Hence, Cav-1 is

crucial for cells to form DISC after hyperoxia. We also report the novel finding that Cav-1

triggers the initial steps of apoptotic cascade after hyperoxia, followed by the facilitation of

extrinsic and intrinsic apoptosis. Thus, the current study provides an improved explanation

for the proapoptotic effect of Cav-1 in the model of hyperoxia-induced lung epithelial cell

apoptosis. After examining the human Fas protein sequence, we indeed identified a potential

Cav-1 binding motif, “GLHHDGQFCH,” starting at amino acid 53. Presumably, the

antagonism of this binding motif may potentially result in disruption of the Fas–Cav-1

interaction and Fas multimerization after hyperoxia. Hence, future therapeutic agents

targeted toward inhibiting the Fas–Cav-1 interaction may be developed to treat acute lung

injury.

Another original finding delineated by this study is the mechanism by which Cav-1 regulates

communication between the extrinsic and the intrinsic apoptotic pathways that are induced

by hyperoxia. In our previous publications we showed that Cav-1 increased the activity of

caspase 3 after hyperoxia [41]. Caspase 3 mediates the common apoptotic pathway in

hyperoxia-induced apoptosis [28]. We found that the deletion of Cav-1 (Cav-1−/−) also

decreased the activities of hyperoxia-induced caspases 8 and 9 (Fig. 1), which represent the

extrinsic and intrinsic apoptotic pathways, respectively [10–17]. Therefore, we suspected

that Cav-1 is involved in both extrinsic and intrinsic pathways after hyperoxia. Our results

from the BID mutants–Cav-1 interaction and tBID formation indicate that side-chain

polarity plays an important role in Cav-1 conformation, which subsequently affects the

Cav-1–BID interaction. Our results are consistent with previous observations that Cav-1

tyrosine phosphorylation is required for Cav-1 to interact with other signal proteins, such as

CD26 and members of the Ras signaling pathway [50,51].

We have shown that the binding of Cav-1 with DISC components (i.e., Fas and FADD) is

probably accomplished via palmitoylation (Fig. 4). Previous studies have also shown that

Fas multimerization is accomplished via palmitoylation [47]. At the COOH component of

Cav-1, there are three cysteine palmitoylation sites (Cys 133, 143, and 156), which may be

crucial for Fas–Cav-1 interactions after hyperoxia. Furthermore, the reversibility of the

palmitoylation process may explain the interaction–dissociation cycle of Fas–Cav-1 after

prolonged hyperoxia, which is also a reversible process. Basically, the Fas complex
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dissociates from Cav-1 and is trafficked away from the lipid rafts (Fig. 3), which is probably

an internalized process [48–52]. Therefore, the palmitoylation between Cav-1 and Fas

should occur near the COOH-terminus. Thus, the DISC that includes caspase 8 is probably

positioned adjacent to the Cav-1 COOH-terminus. The physical interaction between Cav-1

and BID occurs close to the N-terminus at tyrosine Y14 and is a crucial step that increases

the physical proximity of BID to caspase 8 for cleavage (Fig. 7).

In our study, we also showed that hyperoxia increased the phosphorylation of Y14 (Fig. 6).

This result is consistent with a previous report that ROS augment the phosphorylation of

Y14 [52,53]. Cav-1 tyrosine Y14 is considered the principal site for recognition by c-Src

kinase [54]. Lee et al. [55] also provided evidence that tyrosine-kinase signaling is regulated

by tyrosine-phosphorylated Cav-1. Jiang et al. [56] suggested that the phosphorylation of

Cav-1 at the tyrosine Y14 terminus after bromocriptine treatment may contribute to the

sensitization of apoptosis in GH3 cells that have been exposed to bromocriptine. In the same

year, Shajahan et al. [57] showed that the Src phosphorylation of Tyr 14 on Cav-1 regulates

paclitaxel-mediated apoptosis in MCF-7 breast cancer cells. Phosphorylated Cav-1 was

shown to trigger apoptosis by increasing mitochondrial permeability more efficiently than

nonphosphorylated Cav-1 [58]. However, the authors of these studies did not explore the

mechanism by which phosphorylated Cav-1 increased apoptosis. Similar to what is shown in

our model of hyperoxia-induced apoptosis, we hypothesize that phosphorylated Cav-1 is

crucial for anchoring BID and active caspase 8 together at a docking site, which then

facilitates the cleavage to tBID via active caspase 8. Thus, tBID may increase mitochondrial

permeability and the release of Cyto c. Based on our functional data of cell death after

hyperoxia (Fig. 5), we conclude that Cav-1 may serve as an assembling panel on which the

pTyr-binding molecules (in this case, BID) may physically interact with caspase 8.

Therefore, our results indicate that the truncation of BID by caspase 8 is an anchorage-

dependent process.

In addition, we showed that ROS mediated hyperoxia-induced Fas–Cav-1 and Cav-1–BID

interactions (Figs. 4 and 6). Our study provides the first documentation that the Cav-1–BID

interaction and BID truncation may be manipulated by ROS via the regulation of Cav-1 Y14

phosphorylation. However, the effect of ROS on the modification of Fas is more

complicated. Previous publications have demonstrated that ROS increases the ligation of Fas

[59], which is redox-regulated under physiological conditions. Redox-mediated Fas

modification promotes the aggregation of Fas and its recruitment into lipid rafts, which

enhances the binding of FasL [59]. The initial activation of caspase 8 causes the degradation

of glutaredoxins and leads to the S-glutathionylation of Fas at the cysteine 294 terminus.

This action enhances the accumulation and aggregation of Fas in lipid rafts and then the

DISC assembly, which further propagates apoptosis. In our study, neither the overexpression

of catalase nor the deletion of GPX2 provided consistent results with respect to the Cav-1–

Fas interaction. We hypothesize that this outcome may be due to the inconsistent

modification of Fas by ROS and/or the effect of ROS on Cav-1 regulation itself.

Rungtabnapa et al. [60] reported that the downregulation of Cav-1 was inhibited by

hydrogen peroxide preventing the formation of the Cav-1–ubiquitin complex [60]. In

contrast, catalase and N-acetylcysteine promoted the ubiquitin and proteasomal degradation
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of Cav-1. We hypothesize that ROS-regulated Cav-1–Fas interaction is a complex process,

involving the modification of Fas and the prolongation of the Cav-1 half-life. The balance of

all of the factors involved in the response to hyperoxia determines whether the apoptosis

cascade is triggered.

In conclusion, the data obtained in this study indicate that Cav-1 mediates hyperoxia-

induced lung epithelial cell apoptosis via Fas-mediated pathways, which subsequently

trigger both intrinsic and extrinsic apoptosis. Furthermore, ROS-regulated phosphorylation

of Cav-1 also plays a fundamental role in the communication between the extrinsic and the

intrinsic pathways.

Acknowledgments

This work was supported by ATS Unrestricted Research Grant 2009–2010.

Abbreviations

Cav-1 caveolin-1

FADD Fas-associated death domain protein
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Fig. 1.
Deletion of Cav-1 protected lung epithelial cells against hyperoxia-induced apoptosis via the

regulation of apoptotic pathways. Primary mouse lung epithelial cells were used in these

experiments. Cells were exposed to room air (i.e., 20.8% oxygen + 78.08% nitrogen) or

hyperoxia (95% oxygen + 5% balanced nitrogen) conditions. At designated times (i.e., after

4, 24, and 48 h), cells were collected and subjected to cell survival assays, namely, Western

blot analysis or caspase activity assay. (A) The deletion of Cav-1 protected the primary

mouse lung epithelial cells from hyperoxia-induced cell death. Primary mouse lung
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epithelial cells were isolated from either wild-type C57BL/6 mice (Cav-1+/+) or Cav-1−/−

mice. The cells were then exposed to room air or hyperoxia conditions. After 48 h, cell

viability was determined, as described under Materials and methods. (B) The deletion of

Cav-1 protected the primary mouse lung epithelial cells against hyperoxia-induced

activation of caspase 3. The epithelial cells were isolated from either wild-type C57BL/6

mice or Cav-1−/− mice. The cells were then exposed to hyperoxia conditions (48 h), after

which cell lysates were obtained and subjected to Western blot analysis. (C) The deletion of

Cav-1 protected the primary mouse lung epithelial cells against hyperoxia-induced caspase

3, 8, and 9 activation. Cells were exposed to room air, 24 h hyperoxia, or 48 h hyperoxia

conditions. After exposure, cell lysates were obtained and caspase activities were measured

using assays as described previously [40,41]. (D) To confirm the proapoptotic effect of

Cav-1, we overexpressed Cav-1 or empty vectors in Beas-2B cells. Cell death was analyzed

using FACS. Live cells were directly stained with annexin V–FITC and Sytox green dye.

The Sytox green dye is impermeative to live cells and apoptotic cells, but stains necrotic

cells with intense green fluorescence. After staining, apoptotic cells show green

fluorescence, whereas dead cells show a higher level of green fluorescence and live cells

show little or much lower levels of fluorescence. Three cell populations were observed,

including (1) live cells, (2) apoptotic cells, and (3) necrotic cells. All experiments presented

were repeated using three independent assays with similar results. *P<0.05.
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Fig. 2.
Cav-1 facilitated the hyperoxia-induced Fas–FADD/caspase 8 interaction in the absence of

the Fas ligand. Primary mouse lung epithelial cells and Beas-2B human epithelial cells were

used in these experiments. Cells were exposed to room air (i.e., 20.8% oxygen + 78.08%

nitrogen) or hyperoxia (95% oxygen + 5% balanced nitrogen) conditions. At designated

times (i.e., after 4, 24, or 48 h), the cells were collected and subjected to co-IP assay or

Western blot analysis. DISC formation was determined by detecting the interaction of Fas–

FADD/caspase 8. (A) The deletion of Cav-1 disrupted hyperoxia-induced DISC formation.
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Primary mouse lung epithelial cells from either wild-type C57BL/6 mice (Cav-1+/+) or

Cav-1−/− mice were exposed to room air or hyperoxia (4 h) conditions. Co-IP assays

between Fas and FADD and Fas and caspase 8 were performed as described previously. (B)

Overexpressing Cav-1 facilitated Fas–FADD interaction after hyperoxia. Beas-2B cells were

used in these experiments and infected with adeno-lacZ (control) and adeno-Cav-1, as

described previously [41]. Cells were then exposed to hyperoxia (4 h), and co-IP assays

were performed between Fas and FADD. (C) Deletion of Cav-1 prevented the release of

cytochrome c after hyperoxia. Primary mouse lung epithelial cells from either wild-type

C57BL/6 mice or Cav-1−/− mice were exposed to hyperoxia. After 24 h, the level of cytosol

cytochrome c was determined by Western blot analysis, as described previously [28]. All

experiments presented were repeated using three independent assays with similar results.

*P<0.05,#P<0.01.
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Fig. 3.
Cav-1 directly interacts with Fas and facilitates Fas–Fas multimerization after hyperoxia.

Primary mouse lung epithelial cells and Beas-2B cells were used in these experiments and

treated with RA or hyperoxia conditions for the designated times. (A) The colocalization

between Cav-1 and Fas after hyperoxia (4 h). Beas-2B cells were exposed to RA or

hyperoxia, as described previously. After 4 h, the cells were stained with anti-Fas, anti-

Cav-1, and DAPI and then subjected to confocal microscopy. (B) Cav-1–Fas interaction was

determined by co-IP assays. Beas-2B cells were exposed to RA or hyperoxia conditions, as

indicated. On the left, whole-cell lysate was used in the co-IP assays. On the right, isolated

lipid rafts were used to perform co-IP. Reverse co-IP was performed with similar results

(i.e., IP, Fas; IB, Cav-1). (C) Hyperoxia-induced Fas–Fas multimerization in Beas-2B cells.

Cells were exposed to hyperoxia (4 h), followed by Fas multimerization assays, as described

previously [47]. Briefly, a limited amount of rabbit polyclonal anti-Fas antibody was used to

precipitate Fas multimer. After fractioning by SDS–PAGE, mouse monoclonal anti-Fas

antibody was used as the primary antibody to detect the precipitated Fas multimer. Using a

limited amount of antibodies (0.5–2 µg), a visible difference was observed for the amount of
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precipitated Fas multimers between RA-treated and hyperoxia-treated cells. When an excess

amount of antibodies (15–20 µg) was used to precipitate the Fas multimer, there was no

significant difference between any of the groups (not shown). (D) Hyperoxia induced Fas

trafficking from the lipid rafts portion to the non-lipid rafts portion, which was a time-

dependent process. Beas-2B cells were exposed to RA or hyperoxia conditions. Lipid rafts

were isolated as described under Materials and methods. Western blot analysis was used to

detect Fas and Cav-1. (E) The deletion of Cav-1 prevented the formation of the Fas

multimer after hyperoxia. Primary wild-type mouse lung epithelial cells (Cav-1+/+) versus

cells isolated from Cav-1−/− mice were used, and Fas multimerization was determined as

described previously. (F) The deletion of Cav-1 caused the Fas expression to be up-

regulated in both the absence and the presence of hyperoxia. Primary mouse lung epithelial

cells were isolated, and cells were exposed to RA or hyperoxia (24 h). The protein level of

Fas was determined by using Western blot analysis. For each panel, three independent

assays are represented. *P<0.05, #P<0.01.
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Fig. 4.
Cav-1 interacts with Fas after hyperoxia, partially via ROS and palmitoylation. (A) Blocking

ROS with NAC (30 nM) partially eliminated Cav-1–Fas interaction. Beas-2B cells were

pretreated with an NAC or PBS control, and then after 30 min, the cells were exposed to

hyperoxia (4 h). Cell lysates were then collected, and co-IP assays were performed to

determine Cav-1–Fas interactions. (B) Cav-1–Fas interaction after hyperoxia is mediated by

palmitoylation. Beas-2B cells were pretreated with 2-Br (1 µM), and then after 30 min, the

cells were exposed to hyperoxia (4 h). The Cav-1–Fas interaction was determined by using

co-IP assays, as described previously. All blots represent three repeats. *P<0.05.
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Fig. 5.
Cav-1 interacts with BID and regulates the hyperoxia-induced intrinsic and extrinsic

apoptotic pathways. Primary mouse lung epithelial cells and Beas-2B human bronchial

epithelial cells were used in this study. (A) The deletion of Cav-1 prevented the formation of

truncated BID. Primary wild-type mouse lung epithelial cells (Cav-1+/+) versus cells isolated

from Cav-1−/− mice were used. Cells were exposed to hyperoxia (24 h), and the tBID level

was detected. (B) Hyperoxia induced BID trafficking and tBID formation in Beas-2B cells.

The lipid raft was isolated, as described previously. BID was then determined by using
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Western blot analysis. Using goat polyclonal anti-BID (Santa Cruz Biotechnology), both the

22- and the 15-kDa segments may be detected. Hyperoxia induced BID trafficking from the

nonlipid portion to the lipid portion of the rafts. (C) The colocalization between Cav-1 and

BID in the absence or presence of hyperoxia (4 h). Beas-2B cells were stained with anti-

Cav-1, anti-BID, and DAPI. The merged images are shown (right), representing the

colocalization of Cav-1 and BID in the presence and absence of hyperoxia. (D) The

mutation of Cav-1 phosphorylated tyrosine Y14 to Y14F disrupted the interaction between

Cav-1 and BID. Two mutated clones (Y14F and Y14D), in addition to the wild-type Y14,

were transfected into Beas-2B cells. The cells were then exposed to hyperoxia for 4 or 24 h.

The Cav-1–BID interaction was determined by using co-IP assays. The tBID level was

determined by using Western blot analysis. (E) Beas-2B cells that were transfected with

Cav-1 Y14F, but not the wild-type Y14 or Y14D, show cytoprotective effects against

hyperoxia-induced cell death. As described previously, after transfection with Y14, Y14D,

or Y14F, Beas-2B cells were exposed to hyperoxia. After a designated time-frame, cell

viability was determined as described under Materials and methods. All the above

experiments represent a minimum of three repeats. *P<0.05.
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Fig. 6.
Hyperoxia induces Cav-1 phosphorylation via ROS. Beas-2B human bronchial epithelial

cells and primary mouse lung epithelial cells were used in these experiments. (A) Hyperoxia

and H2O2 induce Cav-1 phosphorylation. Primary lung epithelial cells derived from

C57BL/6 mice were incubated with 90 µM H2O2 for 20 min, exposed to hyperoxia (4 h), or

left untreated. Cell lysates were collected and analyzed by Western blotting and were blotted

with anti-PY14Cav-1. (B) NAC blocks hyperoxia-induced Cav-1 Y14 phosphorylation.

Primary lung epithelial cells were pretreated with NAC (30 nM), which was followed by
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exposure to hyperoxia (4 h). Western blot analysis was used to determine Y14

phosphorylation. Similar results were found in Beas-2B cells. (C) Beas-2B cells were

transfected with GPX2 siRNA or control siRNA (left) or with catalase overexpression

clones or control vectors (right). After 24 h, cells were exposed to hyperoxia (4 h).

Coimmunoprecipitation of Cav-1 and BID was determined. Cell lysates were incubated with

anti-BID antibody overnight at 4 °C and then coupled with protein A/G agarose beads. The

Cav-1 protein, which coimmunoprecipitated with BID, was detected by Western blotting.

Incubation of the same amount of lysate with rabbit IgG was used as a negative control. A

representative of at least three experiments is shown. IP, immunoprecipitation; IB,

immunoblot. (C, bottom) Cells transfected with GPX2 siRNA have elevated tBID. Beas-2B

cells were transfected with GPX2 siRNA or control siRNA as above. tBID was determined

by Western blot analysis. *P<0.05, #P<0.05.
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Fig. 7.
Schematic illustration of the mechanisms by which Cav-1 regulates hyperoxia-induced

extrinsic and intrinsic apoptotic pathways in lung epithelial cells. Hyperoxia induces Fas/

Cav-1 palmitoylation and hence induces Fas–Cav-1 interaction. By interacting with Fas,

Cav-1 facilitates Fas multimerization and initiates DISC formation, which subsequently

activates caspase 8. Meanwhile, hyperoxia induces Cav-1 Y14 phosphorylation, which then

induces Cav-1–BID interaction. The interaction between Cav-1 and BID via Y14

phosphorylation increases the proximity of BID to activated caspase 8. Therefore, Cav-1
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also facilitates the truncation of BID to tBID by caspase 8. tBID translocates to the

mitochondria and mediates the release of mitochondrial cytochrome c, which induces

intrinsic apoptotic pathways, resulting in elevated caspase 9 activity.

Zhang et al. Page 28

Free Radic Biol Med. Author manuscript; available in PMC 2014 August 16.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


