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Abstract

Exposure to hydrogen peroxide (H2O2), one of the reactive oxidants in the gas phase of cigarette 

smoke (CS), induces aberrant phosphorylation of the epidermal growth factor receptor (EGFR), 

resulting in the lack of ubiquitination by c-Cbl, and impaired degradation. EGFR activation 

without the feedback regulation of normal degradation leads to uncontrolled cell growth and tumor 

promotion. Using immunoprecipitation, immunoblotting, and confocal microscopy, we now 

demonstrate that the pattern of EGFR activation by CS is similar to H2O2. We found that exposure 

of human airway epithelial cells to CS, as with exposure to H2O2, not only results in an increase in 

EGFR activation over time, but the EGFR activated by H2O2 or CS is neither ubiquitinated nor 

subsequently degraded due to its inability to bind the E3 ubiquitin ligase, c-Cbl, either directly or 

indirectly via the Grb2 adapter protein. Moreover, the stabilized H2O2- and CS-activated EGFR 

remains plasma membrane-bound, while a population of the receptor is trafficked to a perinuclear 

region. Concomitantly, CS exposure results in the activation of downstream Akt and ERK1/2 

survival and proliferation pathways. Therefore, exposure to CS, like exposure to H2O2, results in 

prolonged signaling by the EGFR and may contribute to uncontrolled lung cell growth.

The epidermal growth factor (EGF) receptor (EGFR) is implicated in a number of cancers, 

and its oncogenic potential is linked to its inability to undergo clathrin-mediated endocytosis 

and lysosomal degradation (1, 2). The process of EGFR down-regulation is highly 

dependent on the ability of the E3 ubiquitin ligase, c-Cbl, to bind the receptor, thereby 

facilitating its entry into the clathrin-coated pits and lysosomal sorting (3–6). Recent 

evidence has also demonstrated the requirement of Grb2 in recruiting the RING domain of 

c-Cbl to the EGFR and for subsequent receptor entry into the clathrin-mediated endocytic 

pathway (7).

Our previous studies have demonstrated that oxidative stress induced by H2O2 causes the 

aberrant phosphorylation of the EGFR, where Tyr-1045, the c-Cbl binding site, is not 

phosphorylated and c-Cbl binding is abrogated (8). Therefore, under H2O2-induced 

oxidative stress, the EGFR is not only activated, but it is also stabilized due to its inability to 

enter the clathrin-mediated endocytic and lysosomal degradation pathways (8, 9). To further 
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investigate the physiological relevance of oxidant-induced activation and stabilization of the 

EGFR, we focused our studies on cigarette smoke.

Among the plethora of deleterious chemicals found in cigarette smoke, H2O2 has been 

reported to be a significant constituent of the gas phase (10). We thus hypothesized that if 

mainstream cigarette smoke does indeed contain high amounts of H2O2, the effects of 

exposure on EGFR activation and stability should parallel those of H2O2 alone. To test this 

hypothesis, we utilized human airway epithelial cells in culture as a highly simplified model 

system in which to expose mainstream cigarette smoke. We examined EGFR 

phosphorylation, in association with c-Cbl, ubiquitination, and trafficking as determinants of 

receptor activation and stability. We also assessed the ability of cigarette smoke to activate 

downstream survival and proliferative signaling molecules such as Akt and extracellular 

signal-regulated kinase 1/2 (ERK1/2). The results herein demonstrate that the effects of 

cigarette smoke do indeed parallel those of H2O2, where the EGFR is aberrantly 

phosphorylated and stabilized due to the loss of c-Cbl binding and receptor ubiquitination. 

Moreover, the Akt and ERK1/2 pathways are also activated by cigarette smoke, thereby 

contributing to cellular events that may ultimately lead to hyperplasia and tumorigenesis.

MATERIALS AND METHODS

Cell culture

A549 human lung carcinoma cells from American Type Culture Collection (Manassas, VA, 

USA) were maintained in F-12K (Kaighn’s modification) nutrient mixture (Invitrogen, 

Carlsbad, CA, USA), supplemented with 10% fetal bovine serum (Invitrogen) and 1% 

penicillin/streptomycin. HBE1 human bronchial epithelial cells (generated by Dr. James 

Yankaskas, University of North Carolina, Chapel Hill, NC, USA and provided to us by Dr. 

Reen Wu, University of California, Davis, CA, USA) were maintained in DMEM and 

Ham’s F12 medium (1:1) supplemented with 5 mg/ml insulin, 5 mg/ml transferrin, 10 ng/ml 

EGF, 0.1 mM dexamethasone, 20 ng/ml cholera toxin, and 15 mg/ml bovine hypothalamus 

extract. Prior to treatments, cells at ~80% confluence were serum-starved overnight in 

F-12K medium containing 0.5% dialyzed fetal bovine serum or HBE1 medium without 

EGF.

Treatments

To generate H2O2, glucose oxidase (GO; type II from Aspergillus niger, 15,500 U/g; Sigma, 

St. Louis, MO, USA) was added to serum-free Dulbecco’s modified Eagle’s medium 

containing 25 mM glucose and 0.5% bovine serum albumin (Sigma). This medium was then 

preconditioned for 15 min at 37°C and added to cells for 15 min at 37°C. For incubation 

periods greater than 15 min, GO-containing medium was replaced every 15 min with fresh 

preconditioned medium. For EGF treatments, cells were incubated in the same medium 

supplemented with 100 ng/ml EGF (Upstate Biotechnology, Waltham, MA, USA).

Cigarette smoke exposure

The lids were removed from tissue culture dishes and serum-starved human airway 

epithelial (HAE; A549 or HBE1) cells were placed in a vacuum oven with a chamber 
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volume of 0.45 cu ft, and the temperature was set at 37°C. A vacuum was generated (~25 in 

Hg) and smoke from one cigarette (University of Kentucky 2R4F) was drawn into the 

chamber by bleeding the chamber (a decrease of ~5 in Hg over ~30 s) through a short piece 

of tubing holding the cigarette. The chamber atmosphere was then lowered to 2.5 in Hg for 

the remainder of the exposure time.

H2O2 quantification

Measurement of H2O2 generated by 1 U/ml GO or smoke from 1 cigarette was performed 

by the method of Thurman et al. (11). Briefly, dishes of cells in Dulbecco’s modified 

Eagle’s medium (Invitrogen) containing 25 mM glucose and no phenol red were incubated 

with 1 U/ml GO or smoke from 1 cigarette. At the indicated times, 1-ml aliquots of medium 

were collected and 1 ml of 50% wt/vol trichloroacetic acid was added to each aliquot. The 

samples were centrifuged at 500 g for 10 min, and 0.2 ml of 10 mM ferrous ammonium 

sulfate and 0.1 ml of 2.5 M sodium thiocyanate (both from ICN Pharmaceuticals, Costa 

Mesa, CA) were added to the supernatant. Absorbance of the ferrithiocyanate complex was 

measured using a GENios Multi-Detection Reader (Tecan, Männedorf, Switzerland) at 480 

nm and compared with standard curves obtained from dilutions of a standard H2O2 solution.

Apoptosis assessment

Cells were not treated (NT) or exposed to 1 U/ml GO or smoke from 1 cigarette for 45 min. 

At the end of the exposure, cells were washed with PBS and incubated in fresh cell culture 

medium for 24 or 48 h. Apoptosis was assessed by annexin V and propidium iodide (PI) 

staining as described previously (12).

Lysate preparation, immunoprecipitation, and immunoblotting

Lysate preparation and protein immunoprecipitation were performed as described by Bao et 

al. (13). After treatments, cells were extracted in solubilization buffer containing 50 mM 

Tris, pH 7.5, 150 mM NaCl, 10% glycerol, 1% Nonidet P-40, 1 mM EGTA, protease 

inhibitor cocktail (Sigma), and phosphatase inhibitor cocktail (Sigma). Lysates were cleared 

by centrifugation and 400 μg of protein in the supernatant were immunoprecipitated by 

overnight incubation with 4 μg anti-EGFR clone 225 monoclonal antibody (a generous gift 

from ImClone Systems Inc., New York, NY, USA) at 4°C, followed by protein A (Repligen 

Corp., Needham, MA, USA) precipitation for 1–2 h at 4°C. Immunoprecipitates were 

washed three times with HNTG buffer containing 20 mM HEPES, pH 7.5, 150 mM NaCl, 

0.1% Triton X-100, and 10% glycerol, resolved by SDS-PAGE, and transferred to 

nitrocellulose membranes. Membranes were blocked for 1 h in Tris-buffered saline, pH 7.5, 

containing 0.5% Tween 20 and 5% nonfat milk, incubated overnight at 4°C with primary 

antibodies, followed by a 1 h incubation at room temperature with a 1:10,000 dilution of 

horseradish peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch 

Laboratories, West Grove, PA, USA). Immunoreactive protein bands were detected with the 

SuperSignal West Pico Substrate (Pierce, Rockford, IL, USA). Blotting antibodies used 

were: anti-EGFR RK2 (generously provided by Dr. Joseph Schlessinger, New York 

University Medical Center, New York, NY, USA); anti-phosphotyrosine PY-20, anti-

phosphotyrosine-1173, anti-Akt (Santa Cruz Biotechnology, Santa Cruz, CA, USA); anti-
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phosphotyrosines-845, 1045, and 1068, anti-phospho-Akt, anti-phospho-ERK1/2, anti-

ERK1/2 (Cell Signaling Technology, Inc., Beverly, MA, USA); anti-phosphotyrosine-1086 

(Calbiochem, La Jolla, CA, USA); anti-c-Cbl (Upstate, Charlottesville, VA, USA); anti-

ubiquitin P4G7 (Covance, Princeton, NJ, USA).

Immunofluorescence

Immunofluorescence was performed as described previously (14). Briefly, A549 cells grown 

on coverslips were treated as indicated and fixed in 4% paraformaldehyde in phosphate-

buffered saline (PBS). Cells were permeabilized for 15 min at room temperature with PBS 

containing 1% BSA, 0.2% Triton X-100, and 0.02% sodium azide; then the coverslips were 

blocked in PBS containing 1% BSA, 0.2% Nonidet P-40, 5% goat serum, and 0.02% sodium 

azide at room temperature for 1 h. Coverslips were then incubated for 1 h with anti-EGFR 

clone 528 (generously provided by John Mendelsohn, Memorial Sloan Kettering Cancer 

Center, New York, NY), followed by 1 h with Alexa Fluor 594 goat anti-mouse IgG 

(Molecular Probes, Eugene, OR, USA). Nuclei were stained with 1 μg/ml DAPI (Sigma) for 

3 min. Coverslips were mounted onto glass slides using the ProLong Antifade Kit 

(Molecular Probes). Confocal microscopy at ×60 magnification was carried out using an 

Olympus FV1000 Fluoview confocal laser scanning microscope. Images are representative 

of at least 100 cells viewed in each of three separate experiments.

RESULTS

Cigarette smoke activates the EGFR in a dose- and time-dependent manner

Our previous studies demonstrated that the EGFR is activated when exposed to oxidative 

stress in the form of H2O2. Since cigarette smoke contains more than 1014 free radicals/

oxidants per puff, we are now interested in determining the effects of cigarette smoke on 

EGFR activation and stability. Using human airway epithelial (HAE) cells (A549 lung 

adenocarcinoma and HBE1 papilloma virus-immortalized human bronchial epithelial cells), 

we show that exposure to cigarette smoke over the indicated time points or doses results in 

an increase in total EGFR phosphorylation in a time-and dose-dependent manner (Fig. 1). 

As with EGF andH2O2, cigarette smoke is able to induce EGFR phosphorylation 

significantly compared to nontreated cells.

Cigarette smoke and glucose oxidase generate comparable levels of H2O2

Since EGFR phosphorylation is induced by both cigarette smoke and H2O2 generated by 

GO, we wanted to determine the amount of H2O2 generated by cigarette smoke. Cell culture 

medium was exposed to smoke from one cigarette or incubated with 1 U/ml GO at 37°C for 

the indicated time points and the amount of H2O2 was determined as described in 

“Methods.” At 45 min, both GO and cigarette smoke produce ~600–700 μM H2O2 (Fig. 2A), 

as determined by the absorption of the red ferrithiocyanate complex formed in the presence 

of peroxides (11). At these concentrations of H2O2, cell toxicity becomes an issue. 

Therefore, we exposed cells to 1 U/ml GO or smoke from 1 cigarette for 45 min. Aliquots of 

medium were taken at the end of each exposure for H2O2 determination, and levels were in 

the 1.1–1.2 mM range for both GO and CS exposures (data not shown). Although the levels 

of H2O2 vary between experiments, the measurements have been performed numerous times 
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with each experiment performed in triplicate, and the overriding outcome is that H2O2 

measured from both GO and CS at the 30–60 min time points is consistently comparable. 

The cells were then washed with PBS and incubated with fresh medium for 24 or 48 h 

followed by annexin V and propidium iodide staining and flow cytometry for apoptosis 

assessment (Fig. 2B). Almost 90% of the cells were viable 48 h after GO exposure while 

~30% were viable 48 h after cigarette smoke exposure. The apparent greater toxicity after 

smoke exposure may be attributed to the inherent complexity of cigarette smoke, which 

contains numerous chemicals, mutagens, and carcinogens compared to H2O2 alone, though 

this was not tested. Our hypothesis suggests that the surviving population of cells 48 h 

postexposure, with prolonged EGFR activation, may then have the potential to become 

hyperplastic.

To determine whether H2O2 from cigarette smoke is involved in EGFR activation, cells 

were pretreated with 10 mM glutathione (GSH) for 30 min followed by treatment with 100 

ng/ml EGF for 15 min, 1 U/ml GO for 30 min, or smoke from one cigarette for 45 min. 

Aliquots of cell culture medium were taken from the dishes of exposed cells for 

measurement of H2O2, and the cells were then lysed for immunoblot analysis. H2O2 

generated by either GO or cigarette smoke is almost completely ablated in the presence of 

GSH (Fig. 2C). Furthermore, there is a concomitant inhibition of GO- and cigarette smoke-

induced EGFR phosphorylation in the presence of GSH, whereas activation by EGF is not 

affected (Fig. 2C).

Activation of the EGFR by H2O2 and cigarette smoke is ligand-independent

Previous studies have shown that cigarette smoke activation of the EGFR is due to the 

activation of metalloproteinases, which cleave and activate EGFR proligands (15–17). We 

examined this possibility here by pretreating HAE cells with a monoclonal antibody that 

specifically blocks the EGFR ligand binding site (mAb 225) followed by exposure to 100 

ng/ml EGF for 15 min, 1 U/ml GO for 30 min, or smoke from one cigarette for 45 min. 

Although this antibody blocks the EGFR binding site, it also tends to have a limited ability 

to activate the EGFR by itself, as seen in the lane for 225 mAb pretreatment followed by no 

treatment (Fig. 3). However, when comparing EGF, GO and cigarette smoke exposures in 

the absence and presence of the 225 mAb, only EGF activation of EGFR is attenuated in the 

presence of the antibody (Fig. 3). Since GO and smoke activation of the EGFR appear 

unchanged in the presence of the 225 mAb, our results indicate that EGFR activation by 

cigarette smoke and H2O2 is ligand-independent.

Cigarette smoke exposure results in aberrant phosphorylation of the EGFR

We have previously shown that H2O2 exposure resulted in the aberrant phosphorylation of 

the EGFR (8). Because cigarette smoke generates an amount of H2O2 that is comparable to 

the level of H2O2 generated by GO in our previous studies (8, 9), we wanted to see whether 

the pattern of EGFR phosphorylation would be similar between the two treatments. 

Immunoblot analysis of the EGFR from HAE cells exposed to 100 ng/ml EGF for 15 min, 1 

U/ml GO for 30 min, or smoke from 1 cigarette for 45 min shows that GO and smoke 

exposures result in similar phosphorylation patterns that are different from EGF exposure. 

Under GO and cigarette smoke, Tyr-845 is hyperphosphorylated, and Tyr-1045 is not 
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phosphorylated (Fig. 4A). With EGF exposure, Tyr-1045 is strongly phosphorylated, 

whereas Tyr-845 is phosphorylated to a much lesser extent (Fig. 4A). Since Tyr-845 of 

EGFR is a known Src target, we next determined whether hyperphosphorylation of this site 

under cigarette smoke was due to Src kinase activation. Figure 4B shows that Src is 

activated by cigarette smoke in the absence of the Src kinase inhibitors PP1 and PP2 and is 

inhibited in the presence of these compounds. Concurrently, EGFR Tyr-845 is 

phosphorylated in the absence of PP1 or PP2, whereas the phosphorylation is inhibited in the 

presence of these inhibitors, suggesting that Src kinase activation is responsible for the 

hyperphosphorylation of this site during cigarette smoke exposure (Fig. 4B).

EGFR exposed to cigarette smoke cannot bind c-Cbl and is not ubiquitinated

c-Cbl is an E3 ubiquitin ligase that plays a crucial role in down-regulating the EGFR. On 

EGFR activation, c-Cbl associates with phosphorylated Tyr-1045 and ubiquitinates the 

receptor, marking it for clathrin-mediated endocytosis and recognition by the lysosomal 

machinery, which results in receptor degradation and signal termination (3–6). EGFR 

exposed to 100 ng/ml EGF, its cognate ligand, is associated with c-Cbl and ubiquitinated. 

However, EGFR exposed to smoke from one cigarette for 45 min or to 1 U/ml GO for 30 

min is not phosphorylated on Tyr-1045, which renders it unable to associate with c-Cbl and 

precludes it from being ubiquitinated (Fig. 5A). In addition, Grb2 has been shown to 

facilitate some binding of c-Cbl to the EGFR, but under H2O2 or smoke exposure, Grb2 and 

EGFR are no longer associated (Fig. 5B). Therefore, under oxidative stress/smoke exposure, 

c-Cbl also loses its ability to bind indirectly to the EGFR via Grb2.

EGFR exposed to cigarette smoke is not internalized as it is under EGF exposure

The process of EGFR down-regulation following ligand binding involves not only receptor 

phosphorylation and ubiquitination, but also entry of the receptor into clathrin-coated pits 

and trafficking through early, then late endosomes and into lysosomes. We previously 

demonstrated that the EGFR exposed to H2O2 was not internalized via clathrin-coated pits 

and was not degraded (8, 18). Here, we show that cigarette smoke exposure not only results 

in aberrant phosphorylation of the receptor, similar to H2O2 exposure (Fig. 3), but we also 

show that the EGFR is not internalized in the same manner as it is under EGF exposure. 

HAE cells exposed to 100 ng/ml EGF for 15 min show punctate staining, which is 

representative of internalized EGFR in vesicular structures, which were previously identified 

to colocalize with EEA1, an early endosomal marker (9), as viewed by laser scanning 

confocal microscopy (Fig. 6A). Exposure to 1 U/ml GO for 30 min or smoke from one 

cigarette for 60 min results in membrane staining of the receptor, similar to the untreated 

cells (Fig. 6A). With GO and cigarette smoke exposure, there is also some perinuclear 

accumulation of the EGFR. In our previous study, GO-generated H2O2 induced the clathrin-

independent caveolae-mediated endocytosis of the EGFR, which was dependent on Src 

kinase phosphorylation of caveolin-1 (18). To support the possibility of caveolae-mediated 

EGFR endocytosis here, we demonstrate that caveolin-1 is phosphorylated under exposure 

to smoke from one cigarette for 30 min, and this is inhibited by a 45-min pretreatment with 

the Src inhibitors PP1 and PP2 (Fig. 6B).
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Cigarette smoke exposure leads to downstream survival and proliferation signaling

Two well-established mediators of cell proliferation and survival, ERK1/2 and Akt (also 

known as protein kinase B), are known to be involved in cell transformation when 

persistently activated (19–21). Reactive oxidant-induced activation of both ERK1/2 and Akt 

appear to be mediated mainly by growth factor receptors and activation of ERK1/2 by H2O2 

in a variety of cells requires EGFR phosphorylation (22). Furthermore, the lack of EGFR 

turnover has been shown to mediate tumor promotion in nonneoplastic rat liver epithelial 

cells (23). Here, we show that exposure to 100 ng/ml EGF for 15 min, 1 U/ml GO for 30 

min, or smoke from one cigarette for 45 min activates downstream ERK1/2 and Akt 

signaling (Fig. 7A) but only activation by GO and cigarette smoke is inhibited by GSH (data 

not shown), further suggesting that H2O2 is the compound in cigarette smoke that activates 

both the EGFR and these downstream signals. Furthermore, both EGFR and ERK1/2 

phosphorylation persist for up to two hours after the removal of the treatment medium 

exposed to GO or cigarette smoke, whereas removal of EGF returns phosphorylation to near 

baseline levels at these time points (Fig. 7B). This further demonstrates that these signals 

may be prolonged due to the inability of the EGFR to be degraded under oxidative stress.

DISCUSSION

The EGFR has been shown to be activated and aberrantly phosphorylated by H2O2, which 

results in the loss of c-Cbl-mediated ubiquitination of the receptor. This, in turn, prevents the 

clathrin-mediated internalization and subsequent degradation of the EGFR (8, 9, 18). Since 

H2O2 is known to be a major component of the gas phase of cigarette smoke (10), this study 

was undertaken to determine whether cigarette smoke has a similar effect as H2O2 on EGFR 

activation and trafficking.

Here, we demonstrate that cigarette smoke generates an amount of H2O2 that is comparable 

to the amount generated by GO, which was used in our previous studies (8, 9, 18). As such, 

we not only show that cigarette smoke can activate the EGFR in a dose- and time-dependent 

manner, but it also aberrantly phosphorylates the receptor. Moreover, the EGFR is not 

activated and very little H2O2 can be detected in cell culture medium exposed to GO or 

cigarette smoke in the presence of GSH, an antioxidant that specifically targets H2O2 and 

organic hydroperoxides. Although catalase targets H2O2 more specifically, we found that it 

was inhibited by cigarette smoke (data not shown). This phenomenon was also observed by 

Méndez-Álvarez et al. (24). Therefore, this report makes no claim that H2O2 is the sole 

component in cigarette smoke to cause the aberrant activation of the EGFR. Rather, we are 

using our previous knowledge of the effects of H2O2 on the EGFR to draw parallels to the 

effects of cigarette smoke on this receptor and suggest that CS-generated H2O2 has a major 

role in the aberrant activation of the EGFR. Whether other hydroperoxide species have a 

role in activating the EGFR remains to be determined.

We have also addressed the possibility that H2O2, either alone or as a component of 

cigarette smoke, is eliciting the activation of the EGFR by activating matrix 

metalloproteinases to cleave EGFR proligands, such as protransforming growth factor-α and 

amphiregulin, thereby inducing ligand-dependent EGFR activation (15–17). Preincubation 

of HAE cells with the EGFR neutralizing 225 mAb followed by exposure to cigarette smoke 
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or H2O2 showed no inhibition of EGFR activation, whereas EGF activation of the receptor 

was inhibited, indicating that both cigarette smoke and H2O2 activation of the EGFR are 

ligand-independent (Fig. 3).

When HAE cells are exposed to either GO or cigarette smoke, the EGFR is phosphorylated 

at its known autophosphorylation sites (tyrosines 1068, 1086, and 1173), but is not 

phosphorylated at Tyr-1045, the c-Cbl binding site (Fig. 4). This has important ramifications 

on the stability and trafficking of the EGFR under oxidative stress. We and others have 

shown that both c-Cbl and Grb2 interactions with the EGFR are necessary for the 

ubiquitination and clathrin-mediated internalization of the EGFR (7, 18). Cigarette smoke 

not only abrogates the direct interaction of c-Cbl with the EGFR, via the loss of Tyr-1045 

phosphorylation, but it also prevents the indirect interaction of c-Cbl with the EGFR via 

Grb2 (Fig. 5). Thus, we believe that the EGFR is precluded from entering clathrin-coated 

pits under exposure to cigarette smoke in the same way it is precluded from doing so under 

H2O2 exposure (18). Indeed we demonstrate by confocal microscopy the internalization of 

the EGFR under EGF treatment, but under GO and cigarette smoke, the EGFR remains at 

the plasma membrane (Fig. 6).

Interestingly, our confocal data show a population of the EGFR under cigarette smoke and 

H2O2 exposure accumulating in a perinuclear region (Fig. 6). We have observed this 

phenomenon in the past and demonstrated that under H2O2-induced oxidative stress, Src 

family kinases are activated, which then phosphorylate caveolin-1 and leads to the caveolae-

mediated trafficking of the EGFR to a perinuclear region where it remains active and may 

thereby contribute to the proliferative signaling that is linked to tumorigenesis (18). Similar 

to H2O2, we not only demonstrate that cigarette smoke can induce the proliferative signaling 

molecules Akt and ERK1/2, but this signaling continues for at least two hours after the 

exposure (Fig. 7). Thus far, we have demonstrated that mainstream cigarette smoke, which 

produces significant amounts of H2O2 in cell culture medium during exposure, is behaving 

analogously to H2O2 generated by glucose oxidase. We have demonstrated that both 

cigarette smoke and GO-generated H2O2 induce the aberrant phosphorylation of the EGFR, 

which occurs in a ligand-independent manner, and precludes the receptor from being 

internalized in the same way as it is under EGF exposure (see schematic in Fig. 8). The 

parallel effects of H2O2 and cigarette smoke lead us to hypothesize that cigarette smoke is 

also inducing the caveolae-mediated trafficking of the EGFR to a perinuclear region where it 

will remain active and contribute to prolonged downstream proliferative signaling, which is 

currently under investigation.
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Figure 1. 
Cigarette smoke activates the EGFR in a dose- and time-dependent manner. Serum-starved 

human airway epithelial (HAE) cells were untreated (NT) or exposed to 100 ng/ml EGF for 

15 min, 1 U/ml glucose oxidase (GO) for 45 min, and smoke from 1 cigarette at 37°C for the 

indicated time points (A) or smoke from the indicated amounts of cigarettes for 45 min (B). 

Cell lysates were separated by SDS-PAGE, transferred to nitrocellulose membranes, and 

immunoblotted with anti-phospho-tyrosine (PY20) and anti-EGFR (RK2) Abs. p-EGFR, 

phospho-EGFR.
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Figure 2. 
Cigarette smoke and glucose oxidase generate comparable levels of H2O2, which activates 

the EGFR and is inhibited by glutathione (GSH). A) H2O2 levels were measured in DMEM 

without phenol red, as described in Materials and Methods, after no treatment (NT) or 

exposure to 1 U/ml GO or smoke from 1 cigarette at 37°C for the indicated time points. The 

data points are presented as an average of triplicate measurements of each sample ± SDEV. 

B) Cells were not treated or exposed to 1 U/ml GO or smoke from 1 cigarette for 45 min, 

followed by washing with PBS and the addition of fresh growth medium. The cells were 

then incubated at 37°C, 5% CO2 for 24 or 48 h before staining with annexin V and 

propidium iodide for FACS analysis. C) Serum-starved HAE cells were not treated (NT) or 

pretreated with 10 mM GSH for 30 min followed by treatment with 100 ng/ml EGF for 15 

min (±GSH), 1 U/ml GO for 30 min (±GSH), or smoke from 1 cigarette (CS) for 45 min 

(±GSH). One-milliliter aliquots of medium from each dish were taken in triplicate for H2O2 

determination. Cell lysates were separated by SDS-PAGE, transferred to a nitrocellulose 

membrane, and immunoblotted with anti-phospho-tyrosine (PY20) and anti-EGFR (RK2) 

Abs. p-EGFR, phospho-EGFR.
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Figure 3. 
Cigarette smoke activation of the EGFR is ligand-independent. Serum-starved HAE cells 

were incubated in DMEM with and without 40 nM 225 mAb on ice for 1 h followed by the 

indicated treatments in the absence or presence of 225 mAb at 37°C. NT, no treatment; 

EGF, 100 ng/ml for 15 min; GO, 1 U/ml for 30 min; CS, smoke from 1 cigarette for 45 min. 

EGFR was immunoprecipitated (IP) with anti-EGFR mAb 225; precipitated proteins were 

separated by SDS-PAGE, transferred to a nitrocellulose membrane, and immunoblotted (IB) 

with anti-phospho-Tyr (PY20) and anti-EGFR (RK2) Abs. p-EGFR, phospho-EGFR.
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Figure 4. 
Cigarette smoke exposure results in aberrant phosphorylation of the EGFR. A) Serum-

starved HAE cells were not treated (NT) or exposed to 100 ng/ml EGF for 15 min, 1 U/ml 

GO for 45 min, or smoke from 1 cigarette (CS) for 45 min. B) Serum-starved HAE cells 

were not treated (NT) or pretreated with 25 μM PP1 or PP2 for 45 min followed by 

treatment with smoke from 1 cigarette for 30 min in the absence or presence of the inhibitors 

as indicated. Cell lysates were separated by SDS-PAGE, transferred to nitrocellulose 

membranes and immunoblotted with the indicated EGFR phospho-tyrosine-specific Abs, 

anti-EGFR (RK2) Ab, or Abs against phospho-Src and total Src. p-Tyr, phosphotyrosine; p-

Src, phospho-Src.
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Figure 5. 
EGFR exposed to cigarette smoke cannot bind c-Cbl and is not ubiquitinated. Serum-starved 

HAE cells were untreated (NT) or incubated with 100 ng/ml EGF for 15 min, 1 U/ml GO for 

30 min, or smoke from 1 cigarette (CS) for 45 min. Cells were lysed and A, the EGFR was 

immunoprecipitated (IP) from cell lysates using anti-EGFR mAb 225. B) EGFR was 

immunoprecipitated with anti-EGFR mAb 225 and Grb2 was immunoprecipitated with anti-

Grb2 Ab. Immunoprecipitated proteins were separated by SDS-PAGE, transferred to a 

nitrocellulose membrane, and immunoblotted (IB) with the indicated Abs. Ub, ubiquitin; p-

EGFR, phospho-EGFR.
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Figure 6. 
EGFR exposed to cigarette smoke is not internalized in the same manner as EGFR exposed 

to EGF. A) HAE cells grown to ~70% confluence on coverslips were serum-starved and left 

untreated (NT) or were exposed to 100 ng/ml EGF for 15 min, 1 U/ml GO for 30 min, or 

smoke from 1.5 cigarettes (CS) for 60 min. After fixation, the cells were incubated with 

anti-EGFR mAb 528 for 1 h followed by incubation with Alexa Fluor 594-conjugated Ab 

(red) for 1 h. Nuclei (blue) were stained with 1 μg/ml DAPI for 3 min. Cells were visualized 

by laser scanning confocal microscopy at ×60 magnification. Images are merged and are 

representative of at least 100 cells viewed in each of three separate experiments. B) Serum-

starved HAE cells were not treated (NT) or pretreated with 25 μM PP1 or PP2 for 45 min 

followed by treatment with smoke from 1 cigarette for 30 min in the absence or presence of 

the inhibitors as indicated. Cell lysates were separated by SDS-PAGE, transferred to a 

nitrocellulose membrane and immunoblotted with anti-phospho-Cav-1 (Tyr-14), and total 

Cav-1 Abs. p-Cav-1, phosphocaveolin-1.
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Figure 7. 
Exposure to H2O2 and cigarette smoke results in prolonged EGFR activation and 

downstream proliferation signaling. Serum-starved HAE cells were untreated (NT) or 

incubated with 100 ng/ml EGF for 15 min, 1 U/ml GO for 30 min or smoke from 1 cigarette 

(CS) for 45 min. A) Cell lysates were separated by SDS-PAGE, transferred to a 

nitrocellulose membrane, and immunoblotted with anti-phospho-Tyr (PY20), anti-EGFR 

(RK2), anti-phospho-Akt, anti-Akt, anti-phospho-ERK1/2, and anti-ERK1/2 Abs. B) Cells 

were either lysed immediately or were washed with PBS, given fresh DMEM containing 

0.5% BSA, and further incubated for 1 or 2 h at 37°C before lysis. Cell lysates were then 

separated by SDS-PAGE, transferred to a nitrocellulose membrane, and immunoblotted with 

anti-phospho-Tyr (PY20), anti-EGFR (RK2), anti-phospho-ERK1/2, and anti-ERK1/2 Abs. 

p-EGFR, phospho-EGFR; p-Akt, phospho-Akt; p-ERK1/2, phospho-ERK1/2.
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Figure 8. 
Schematic model of EGFR stabilization by cigarette smoke. Under EGF exposure, c-Cbl can 

bind directly and indirectly to the EGFR via phospho-Tyr-1045 and Grb2, respectively, 

allowing receptor ubiquitination, clathrin-mediated endocytosis, and lysosomal degradation. 

Under cigarette smoke exposure, EGFR Tyr-1045 is not phosphorylated and Grb2 can no 

longer interact with EGFR; therefore, the receptor does not follow the same degradation 

pathway that is induced by EGF. Instead, the EGFR is stabilized at the plasma membrane 

and also traffics to a perinuclear compartment where it may remain active and contribute to 

prolonged signaling. Ub, ubiquitin; circled P, phospho-Tyr.
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