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ABSTRACT

Reactive oxidants are associated with the pathogenesis of pulmonary diseases and affect various cell func-
tions, from proliferation to apoptosis. We have shown that oxidants exert growth control on airway epithelial
cells by modulating upstream receptor function. Additionally, hydrogen peroxide-mediated oxidative stress
modulates ceramide levels to induce apoptosis in lung epithelium. Depletion of glutathione in lung epithelial
cells results in ceramide accumulation, suggesting that ceramide elevation, coupled to oxidative stress, initi-
ates apoptosis. While it is desirable to prevent cell death and tissue injury induced by oxidants in diseases such
as asthma or acute respiratory distress syndrome, the opposite is sought in cancer. But oxidants may also acti-
vate growth factor receptors, enhancing cell proliferation and facilitating tumor promotion. Under oxidative
stress, phosphorylation of the epidermal growth factor receptor (EGFR) is abrogated at tyrosine 1,045, the
docking site for the ubiquitin ligase c-Cbl, rendering EGFR unable to recruit c-Cbl and be ubiquitylated and
degraded. We thus proposed that this deficiency, which confers prolonged receptor signaling at the plasma
membrane, links oxidative stress, EGFR, and tumorigenesis. Decoding the molecular interactions between ox-
idative stress and ceramide pathways and characterizing ubiquitylation control of receptor desensitization
should provide new strategies for intervention in diverse pulmonary diseases and in diagnosing and eradicat-
ing cancer. Antioxid. Redox Signal. 7, 119-128.

INTRODUCTION

RI;;\CTIVE OXYGEN SPECIES (ROS), a group of ubiquitous
olecules that include species such as superoxide anion
(O,7), hydrogen peroxide (H,0,), and hydroxyl radicals (*OH),
regulate important steps in the signal transduction cascades
and many critical cellular events (57). As a result, ROS are in-
volved in biologic processes ranging from normal tissue ho-
meostasis to many human diseases. At first, the participation
of ROS in disease was explained with simplistic chemistry in
which critical cell proteins and lipids were randomly oxidized
and rendered inactive for their roles in normal cell function
(30). The recognition that ROS function as signaling mole-
cules has been more recent.

In the present article, we extend our earlier studies, which
investigated the mechanism of H,O,-induced apoptotic path-

way by ceramide generation (7, 23, 42) and examine the pos-
sible role of ROS in cell proliferation through epidermal growth
factor (EGF) receptor (EGFR) signaling (24, 64). The pur-
pose of this article is to provide the perspective upon which to
consider the mechanistic studies of ROS modulation of both
cell proliferation and apoptosis (Fig. 1).

Several recent studies describe roles for ROS in the patho-
genesis of pulmonary diseases such as acute respiratory dis-
tress syndrome (ARDS), chronic obstructive pulmonary disease,
asthma, and interstitial pulmonary fibrosis. In the lung, epi-
thelial cells of the airway and the alveolar compartments are
constantly exposed to airborne environmental stressors. Their
ability to adapt to injury from these insults is necessary in
maintaining lung function. One response to cellular injury is
to give up the fight and die to permit neighboring cells to
replicate and replace the injured cell. Another response, which
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FIG. 1. Oxidative stress modulates both cell
proliferation and apoptosis. (A) A549 cells
were exposed to 150 wM H,0O, for 1 h followed by
incubation for the indicated time points with
media containing 10% fetal bovine serum. Then
cells were lysed in Triton X buffer [1% Triton X-
100, 5 mM EDTA, 5 mM EGTA, and protease in-
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hibitor cocktail (Sigma) in phosphate-buffered
saline], and proteins were analyzed by sodium do-
decyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) and immunoblotted using anti-poly

(ADP-ribose) polymerase (anti-PARP; BD Pharmin-
gen, San Diego, CA, US.A.) and anti-cleaved
caspase-3 (Cell Signaling Technology, Beverly,
MA, U.S.A.) antibodies. (B) A549 cells were ex-
posed to 1 U/ml glucose oxidase (to generate
H,0,) for 15 min. and then lysed [with buffer
containing 50 mM Tris, pH 7.5, 150 mM NacCl,
10% glycerol, 1% Igepal, 1 mM EGTA, protease
inhibitor cocktail (Sigma), and phosphatase inhibi-
tor cocktail (Sigma)]. The lysates were subjected
to SDS-PAGE and immunoblotted with the indi-
cated antibodies from Cell Signaling Technology.

involves activation of EGFR by oxidants, has recently been
shown to coincide with enhanced cell proliferation (65) and
to facilitate tumor promotion processes (35).

Our recent studies provide a direct link between the two
important aspects of mammalian stress responses. On the one
hand, the generation of ROS is coupled to the activation of the
sphingomyelin/ceramide cycle leading to apoptosis (23), and
on the other hand, exposure to H,0,-induced oxidative stress
preferentially enhances tyrosine phosphorylation of the EGFR,
thereby generating an aberrantly phosphorylated receptor,
which may promote cell hyperplasia (24). Yet the molecular
mechanisms that link oxidative stress with the ceramide cycle
leading to apoptosis, or with EGFR signaling and tumori-
genic responses, are still being extensively investigated.

ROS AND APOPTOSIS

So far, there are opposing reports as to whether reactive
oxidants inhibit or promote apoptosis. We activated the death
pathway in primary tracheobronchial epithelial (TBE) cells with
H,0, (20-200 pM) and observed the morphological changes
and DNA fragmentation associated with apoptosis (23). We
found that H,O, acted directly on TBE cell membrane prepa-
rations devoid of nuclei, stimulating sphingomyelin hydroly-
sis to ceramide through a neutral Mg2?*-dependent sphingo-
myelinase (nSMase), and demonstrated that protein kinase
counteracted ceramide-mediated apoptosis in the epithelium
of the lung (7). Then Lavrentiadou et al. (42) demonstrated
that either administration of exogenous H,O, or enhancement
of endogenously generated H,O, (by administration of amino-
triazole) was effective in depleting cellular glutathione (GSH)
and initiating ceramide-induced apoptosis. Both scenarios are
relevant to lung epithelium. H,O, is a ubiquitous molecule
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and able to cross cell membranes freely. It is present in sev-
eral air pollutants, including the vapor phase of cigarette smoke.
It is also detected in exhaled air of humans (71), and amounts
of exhaled H,0, appear greater in subjects with lung inflam-
mation (60) and in cigarette smokers (47). However, the key
intracellular sites of ROS generation that contribute to apop-
tosis in lung epithelium are still unknown. Evidently, the mi-
tochondrial electron transport chain is a critical source of
ROS in apoptosis. Recent studies show that ceramide exerts a
direct effect on mitochondria leading to production of H,0,
by inhibition of electron flow at the ubiquinone pool of com-
plex III (21). However, apoptosis is a highly complex bio-
chemical process, and the increase in mitochondrial ROS
generation may occur rather late in the route. Growing evi-
dence supports the view that an early burst of ROS generation
may also be involved in starting the apoptosis pathway in var-
ious models. Lavrentiadou and colleagues (42) demonstrated
this by the administration of aminotriazole, a specific inhibitor
of catalase, which led to rapid accumulation of ceramide, a
proximal event in the apoptosis model.

GSH MODULATES CERAMIDE
GENERATION AND APOPTOSIS

The lung is continuously exposed to oxidants and is there-
fore armed with antioxidants. Both lung epithelial cells and
the epithelial lining fluid (ELF) have relatively high concen-
trations of GSH, the main antioxidant in the lung epithelium.
Lavrentiadou et al. (42) showed that low GSH levels were re-
quired for ceramide production, whereas high GSH levels in-
hibit the generation of ceramide. The decreased levels of GSH
and increased levels of ceramide correlate with the induction
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of apoptosis in A549 lung epithelial cells. Moreover, GSH and
N-acetylcysteine, but not other thiol-containing antioxidants
or oxidized glutathione (GSSG), were shown to inhibit H,O,-
mediated induction of ceramide and apoptosis. Therefore, GSH
plays a critical role in preventing lung epithelial cell apopto-
sis. In this model, inhibitory effects on ceramide production
were observed with both extracellular and intracellular GSH.
The effects of extracellular GSH are primarily applicable to
lung epithelium. It is interesting that even a short exposure of
cells to 250 uM H,0, for 1 h, followed by growth in regular
medium, is sufficient to induce apoptosis (42). This demon-
strates that the events that control the fate of the cells occur
within this hour, during which GSH is depleted and ceramide
is generated. Lavrentiadou et al. (42) proposed that in lung
epithelial cells, the membrane-bound nSMase may exist as an
inactive form inhibited by high levels of both intra- and extra-
cellular GSH present in ELF, thus maintaining low levels of
ceramide (Fig. 2). The inhibition of nSMase may render lung
cells less sensitive and less susceptible to oxidants, to which
they are ordinarily exposed. This would increase the thresh-
old for ceramide elevation required for the induction of apop-
tosis. However, once oxidant levels increase, they decrease
GSH levels, thereby overcoming its inhibitory effect on
nSMase. Therefore, ceramide is elevated and the apoptotic
pathway is initiated.

NITRIC OXIDE (NO) MODULATION
OF CERAMIDE GENERATION
AND APOPTOSIS

Numerous reports have confirmed the ability of NO to
start apoptosis (5, 6). However, not all studies addressed whether
endogenously generated NO would be sufficient to induce the
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FIG. 2. The role of oxidants (H,0,) and anti-oxidants
(GSH) in ceramide generation and apoptosis. GSH inhibits
nSMase activity, thus maintaining low ceramide levels. Stress
factors (i.e., exposure to H,0,) result in ROS-mediated deple-
tion of GSH, which could induce apoptosis through activation
of nSMase and ceramide generation. This may be a critical
event in the induction of apoptosis by activation of nSMase and
generation of ceramide.
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death program. The formation of both NO and O,~; is fre-
quently linked with cell death. In particular, the reaction prod-
uct of this radical-radical contact, peroxynitrite (ONOO-), is
very reactive and is believed to be partially responsible for
NO toxicity. However, when cells were exposed to NO donors
and O,~ generating systems, which allowed the continuous
generation of both radicals over an extended period of time,
the generation of both radicals was nondestructive (in macro-
phages, chondrocytes, and mesangial cells), whereas the gen-
eration of either NO or O, induced apoptosis in the same
cells (5, 6), which may provide some explanation for the pro-
posed protective function of NO during ischemia—reperfusion
or myocardial injury (5, 6).

NO elevates ceramide levels in the cell by a dual mechanism:
it stimulates the ceramide-generating enzymes, acidic and neu-
tral sphingomyelinases, thereby leading to an increase in ce-
ramide production, as well as inhibits the ceramide-degrading
enzymes, acidic and neutral ceramidases, resulting in an en-
hanced elevation of ceramide steady-state levels (36, 37). In
some cells (e.g., endothelial), costimulation with NO and O, -,
which leads to the generation of ONOO-, causes a synergis-
tic augmentation of ceramide production and apoptosis. On
the contrary, costimulation of mesenchymal cells with NO and
O,~ neutralized both NO-induced ceramide generation and
apoptosis, even though O,~ alone induced ceramide genera-
tion and apoptosis (48). Therefore, it is possible that the ratio
of NO and O, may determine whether these cells live or die.

CERAMIDE ACCUMULATION,
CASPASE ACTIVATION, AND Bcl-2
INHIBITION OF APOPTOSIS

The antiapoptotic activity of Bcl-2 has been thought to be
due to its ability to inhibit caspase-3 activity (51). The role of
Bcl-2 overexpression in modulating the ceramide pathway,
however, is controversial. For example, Tepper ef al. (62) showed
that Bcl-2 overexpression reduced CD95-induced ceramide
accumulation in Jurkat cells stably transfected with the human
Bcl-2 ¢cDNA, whereas Jaffrezou et al. (39) demonstrated that
Bel-2 had no effect on ceramide generation induced by C-
ceramide in the myeloid cell line HL60/Bcl-2, genetically en-
gineered to overexpress Bcl-2. Only a few reports demon-
strate that Bcl-2 regulates ceramide formation (54, 74), whereas
most studies indicate that Bcl-2 blocks apoptosis, but does
not affect ceramide generation (1, 11, 16, 75). Ravid et al.
(50) demonstrated that Bel-2 protects against H,O,- and C-
ceramide-induced caspase-3 activation and cell death. In ad-
dition, Bcl-2 inhibited ceramide generation in response to in-
ducers of apoptosis and also reduced the basal cellular levels
of ceramide production, which suggests that the modulation
of the ceramide pathway may be a target for the antiapoptotic
effects of Bcl-2. Additional studies are required to determine
precisely whether Bcl-2 prevents caspase activation directly
or by inhibiting ceramide generation (Fig. 3). We hope that
further investigations of the ceramide pathway, especially the
identification of upstream and downstream components of
ceramide signaling, will lead to a better understanding of the
molecular mechanism by which Bcl-2 regulates apoptosis.
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FIG.3. Apoptotic events during ceramide-mediated apop-
tosis in A549 lung epithelial cells. Caspase-3 is activated fol-
lowing the induction of ceramide accumulation by oxidative
stress, leading to PARP cleavage and apoptotic cell death. Bel-
2 inhibits the activation of caspase-3 and also prevents ceramide
production.

Constitutive expression of high Bcl-2 protein levels has
shown that Bcl-2 and related family members such as Bel-x|
protect many cell types from apoptosis. Some death stimuli
require BAX and BAK at the mitochondria, which may be an
obligate control point for lipid second messengers and oxida-
tive stimuli (18). However, the mechanisms of coordination
between BAX and BAK are still unknown. It has been pro-
posed that Bcl-2 may inhibit cell death by interfering with the
function of proapoptotic Bcl-2 family members, by suppress-
ing the release of cytochrome ¢ from mitochondria into cy-
tosol, by sequestering of caspase activators, such as Apaf-1,
or by regulating calcium homeostasis (27). Therefore, several
different explanations have been reported, but the exact bio-
chemical functions carried out by Bcl-2 remain unknown (56).

The p53 tumor-suppressor gene initiates more than one path-
way of apoptotic cell death (8, 14). It has been shown in Molt
4 leukemia cells that ceramide levels increase in response to
irradiation in a p53-dependent manner (12). Moreover, both
ceramide accumulation and GSH depletion induced by irradi-
ation were dependent on p53 activation. However, induction
of apoptosis can also be independent of activated p53. For ex-
ample, Fleischer and Rebollo have recently reported that in-
duction of apoptosis by integral membrane protein 2B, a BH3-
only death protein of the Bcl-2 family, is p53-independent
(19). Whether H,0,-induced ceramide generation in airway
epithelial cells is p53-dependent is still unknown.

The role of ceramide in apoptosis has generated consider-
able debate (31, 32). Whereas caspases are widely described
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as the executioners of the program for cell death, the litera-
ture also conflicts with respect to the placement of ceramide
relative to caspases in the apoptotic cascade (11, 61). How-
ever, Ravid et al. (50) showed that different stimuli acting at
diverse sites to stimulate ceramide accumulation were able to
trigger apoptosis, which supports the hypothesis that an in-
crease in ceramide levels, per se, is sufficient to initiate the
apoptotic cascade in lung epithelial cells. It was therefore con-
cluded that ceramide elevation is a major cause for apoptosis
induction and not just an outcome of cell death. Ceramide fits
well upstream on the map of signaling mechanisms that lead
to apoptosis in A549 airway epithelial cells.

RAFT CERAMIDE

Lipid rafts are liquid ordered state membrane domains rich
in cholesterol and saturated polar lipids (usually sphingolipids).
They can coexist with disordered fluid state membrane do-
mains rich in unsaturated lipids (4, 52). Ceramide both stabi-
lizes and associates strongly with lipid rafts (67, 72). It can
also induce the formation of unusually large raft domains
(“platforms”) in plasma membranes (26, 45). Ceramide loca-
tion within lipid rafts is an important factor in ceramide ac-
tion (10, 25, 26, 28). It is possible that some ceramide effects
are mediated by ceramide domains within the plasma mem-
brane (34). In such a scenario, sphingomyelinase action and
related hydrolysis of sphingomyelin to ceramide would change
total membrane structure, apparently within caveolae (41) or
other microdomains such as rafts and thereby induce signal-
ing pathways (63).

Recent results indicate that ceramide-enriched membrane
platforms serve to trap and cluster receptor molecules, for ex-
ample, CD95 or CD40 (29). Ceramide-enriched membrane rafts
may also, in some circumstances, serve to exclude receptor
molecules and/or signaling proteins, facilitating concomitant
activation of a specific signaling pathway and the inactivation
of antagonistic signaling events.

It has recently been shown that gangliosides actively regu-
late growth factor receptor activity (46). Furthermore, it has
been found that cholesterol depletion and subsequent release
of the EGFR from rafts increased EGF binding to this recep-
tor, indicating that raft association may have a negative regu-
latory role on EGFR activity (53). Therefore, a reorganization
of signaling molecules with the exclusion of prosurvival mol-
ecules/receptors from ceramide-enriched membrane domains,
and a recruitment of proapoptotic molecules into ceramide-
enriched membrane domains might also mediate cell death
and survival.

ROS MODULATE EGFR
PHOSPHORYLATION, TRAFFICKING,
AND CELL PROLIFERATION

Activation of EGFR by oxidants was shown to coincide
with enhanced cell proliferation (65) and to facilitate tumori-
genesis (35). Goldkorn ef al. (23) have found that oxidants’
targets at the plasma membrane are not only initiators of
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apoptosis, such as nSMase (Fig. 1), but also membrane recep-
tors, such as ErbB1, the EGFR that regulates the process of
cell growth (2, 22, 24, 49). The molecular interactions be-
tween reactive oxidants and growth factor receptors, in par-
ticular EGFR, which play a key role in modulating cell prolif-
eration signaling, may lead to aberrant growth control and
airway epithelial hyperplasia (24, 64).

Inflammatory conditions are associated with increased pro-
duction of ROS, as well as induction of NO synthesis. This is
believed to play key roles in host defense but is also assumed
to contribute to the development of tissue injury linked with
chronic inflammation. ONOO-, the reaction product of NO
and O,-, has been suggested to significantly promote the
pathophysiology of a large variety of diseases associated with
inflammation (3). Van der Vliet ef al. (64) have found that ex-
posure to ONOO- generates a covalently cross-linked recep-
tor most likely via intermolecular dityrosine cross-linking.
ONOO- seems to preferentially cross-link activated EGFR,
as shown by the increased degree of oxidant-induced covalent
cross-linking after EGFR activation and by the elevated ex-
tent of tyrosine autophosphorylation in covalent EGFR dimers
(64). Covalent EGFR dimerization may be of special impor-
tance in conditions of enhanced EGFR expression and activa-
tion, such as after epithelial injury or in malignant tumors,
situations that are also frequently linked to elevated genera-
tion of NO and/or inflammatory oxidants. Irreversible EGFR
dimerization may possibly alter receptor activation and down-
stream signaling and could thereby affect epithelial repair
processes or tumor development.

Whereas ONOO- directly activates EGFR by covalently
cross-linking the receptor (64), H,O, phosphorylates EGFR
only on tyrosines, thereby creating an aberrantly phosphory-
lated receptor with a longer half-life (24). Unlike EGF and
ONOO-, H,0, failed to induce detectable dimerization of
EGFR. We found that H,0, induced EGFR phosphorylation
in a manner dependent both on c-Src and on EGFR kinase ac-
tivation, but not on EGFR dimerization. Furthermore, EGFR
activation by H,0O, was ligand-independent, as blocking the
EGFR ligand binding site with anti-EGFR monoclonal anti-
body 225 did not interfere with H,0,-mediated receptor acti-
vation (Goldkorn et al., unpublished observations). It should
be noted that ROS also cause the proliferation of lung epithe-
lial and mesenchymal cells that does not result in malignant
transformation and occurs via the release of soluble EGFR
ligands. For example, H,O, may stimulate the production of
EGFR ligands, including the heparin-bound-EGF-like ligand
to EGFR (38). Therefore, H,0, may stimulate EGFR activa-
tion through both ligand-dependent and ligand-independent
mechanisms.

Activation of the EGFR by its ligands is followed by desen-
sitization processes, which involve removal of the activated
receptors from the cell surface (“down-regulation”) (68). In-
teraction of the receptor with the ubiquitin ligase, c-Cbl, has
been shown to be critical for effective receptor down-regulation
(43). Recently, this interaction has also been shown to depend
on receptor phosphorylation at tyrosine 1045, the major dock-
ing site for c-Cbl (44). Following interaction, c-Cbl is phos-
phorylated, resulting in the activation of its ubiquitin ligase
activity. This promotes the recruitment of the ubiquitin-conju-
gating enzyme UbcH7 (73) and consequent receptor ubiqui-
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tylation, which targets the receptor for proteasomal/lysoso-
mal degradation (40, 43, 44, 73). Recent studies (13, 59) have
shown that c-Cbl also regulates EGFR endocytosis by entail-
ing the creation of a multiprotein “endocytotic complex” with
activated EGFR at the plasma membrane, thus controlling re-
ceptor internalization. Hence, the recruitment of c-Cbl to the
EGFR appears to be an essential step in receptor down-regu-
lation. By mediating receptor endocytosis and “tagging” it
with ubiquitin molecules, c-Cbl targets the receptor for lyso-
somal and/or proteasomal degradation (Fig. 4).

As the oncogenic action of the EGFR correlates with its
overexpression at the plasma membrane (15, 20), removal of
activated receptor molecules from the cell surface by sorting
for degradation is expected to inhibit their oncogenic poten-
tial. Indeed, Goldkorn et al. (24) found that exposures to ox-
idative stress in the form of H,0, preferentially enhanced ty-
rosine phosphorylation of the EGFR, creating an activated but
not down-regulated receptor. Furthermore, the results pre-
sented by Ravid et al. (49) indicate that although the EGFR is
tyrosine-phosphorylated under H,0, oxidative stress, phos-
phorylation at tyrosine residue 1045 is abrogated, and there-
fore it fails to initiate c-Cbl-mediated receptor degradation.

Additional support for this model is provided in recent
studies by Yarden and co-workers (44, 69), who demonstrated
that a mutant EGFR, whose tyrosine 1045 was changed to
phenylalanine (Y 1045F), lost its ability to undergo ubiquity-
lation and degradation upon induction with EGF. In an anal-
ogy to the tyrosine 1045 mutant, Ravid et al. (49) have shown
that activation of EGFR by oxidative stress fails to phospho-
rylate tyrosine 1045, while enhancing the phosphorylation of
other tyrosine residues, such as tyrosines 845 and 1173. This
resulted in a different intracellular distribution of the recep-
tor. Whereas following EGF treatment of A549 lung epithe-
lial cells the receptor displayed a pattern of vesicles through-
out the cytoplasm, under H,0, exposure the EGFR stayed
mainly at the plasma membrane (Fig. 5). This contributes to
prolonged downstream signaling, as demonstrated by persis-
tent phosphorylation of extracellular signal-regulated kinase
(ERK) 1/2 (Fig. 6). Therefore, H,0, exposure may cause a
pattern of tyrosine phosphorylation similar to that of the mu-
tant receptor (Y1045F). In both cases, tyrosine 1045 is not
phosphorylated, and the receptor is defective in ubiquitylation
and degradation. Thus, upon H,0, activation, the receptor be-
comes aberrantly phosphorylated and is incapable of recruit-
ing c-Cbl. This in turn confers prolonged signaling of the re-
ceptor (Fig. 7).

These findings fit well with the paradigm suggesting that
the oncogenic action of the EGFR depends on its accumula-
tion at the plasma membrane. The failure of activated EGFR
to be degraded in a ubiquitin-mediated fashion is an unex-
pected response to H,O,, contradicting the general notion that
oxidative stress results in rapid removal of oxidized proteins
by the ubiquitin-proteasome system (9, 17, 58).

CONCLUSIONS

As ROS have diverse activities, they can function as cell
toxins or signaling molecules. In the latter role, they may af-
fect various cell functions ranging from cellular proliferation
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to apoptosis. What determines which of the numerous activi-
ties of ROS will prevail is still unknown. The extent of ROS
production, the site and source of their generation, the cell
type, and the antioxidant status of the cell all likely affect the
final outcome.

Although it is unequivocal that oxidative stress modulates
ceramide production, many of the links between oxidative
stress and ceramide signaling are still correlative and require
rigorous molecular and mechanistic studies. The exact molec-
ular mechanisms and the subcellular localization of oxidative
stress and ceramide pathway(s) interactions need to be de-
fined. The molecular identification of sphingomyelin that are
modulated by oxidative stress is not complete. Recent studies
reported the cloning of two candidate nSMases (33), but evi-
dence was provided that one nSMase localizes to the endo-
plasmic reticulum and functions as a lyso-platelet-activating

Control EG

Intracellular distribution of the EGFR during exposure to oxidative stress. Serum-starved A549 cells, grown on

FIG. 5.

¢-Cbl targets the EGFR for lysosomal and/or proteasomal degradation.

factor phospholipase C (55), whereas the other nSMase local-
izes to the Golgi and its physiologic substrates were not es-
tablished. Because enzymatic and subfractionation studies in-
dicate the presence of a plasma membrane nSMase that is
modulated by oxidative stress, effort is still being directed to-
ward isolating and characterizing this sphingomyelinase from
the lung (Goldkorn et al., unpublished observations). Further-
more, most of the key enzymes regulating ceramide metabo-
lism have not yet been characterized. Therefore, there is still a
lack of molecular and pharmacological tools to study these
pathways and their functions.

On the one hand, it is desired to prevent the killing of cells
and tissue injury that oxidant—ceramide coupling leads to in
diseases such as asthma or ARDS. On the other hand, in can-
cer, the opposite effect is sought. But the proliferation of can-
cer cells depends not only on locally produced growth fac-

F H202

coverslips, were incubated with or without 200 wM H,0O, or 100 ng/ml EGF for 15 min. After fixation, cells were incubated with
anti-EGFR antibody 528 followed by Alexa Fluor 488-conjugated secondary antibody staining. Analysis was performed by con-

focal microscopy.
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FIG. 6. Hyperplastic responses to H,0,. (A) Downstream
activation of ERKs and Akt phosphorylation. Cells were ex-
posed to the various treatments for 15 min with 1 U/ml glucose
oxidase (to generate H,0,) or 100 ng/ml EGF in the presence
or absence of 2,500 U/ml catalase. Cell lysates were subjected
to SDS-PAGE and immunoblotted with the indicated antibod-
ies. (B) A mutant EGFR defective at tyrosine 1,045 elicits po-
tent hyperplastic and oncogenic signals: persistence of ERK
signaling. CHO cells were transiently transfected with either
wild-type EGFR (WT) or a tyrosine 1045 mutant (Y 1045F).
After 24 h of starvation, the cells were treated with either 100
ng/ml EGF or 1 U/ml glucose oxidase for the indicated time
points. Cell lysates were subjected to SDS-PAGE and im-
munoblotting with anti-ERK and anti-p-ERK antibodies. The
cell lysis buffer used is described in Fig. 1B. Anti-phosphotyro-
sine (PY20) antibody was from Santa Cruz Biotechnology
(Santa Cruz, CA, U.S.A.), anti-EGFR (RK2) antibody was a
generous gift from Dr. J. Schlessinger (New York University
Medical Center, NY, NY, U.S.A.), and the remaining antibodies
were from Cell Signaling Technology (Beverly, MA).

tors. Oxidants may also activate the growth factor receptors,
enhancing cell proliferation and facilitating tumor promotion
processes (35, 65).

Signaling by growth factors involves phosphorylation events,
and its termination is determined mainly by endocytosis of
growth factor receptor complexes. However, our recent stud-
ies suggest that during oxidative stress the majority of acti-
vated EGFR reside at the plasma membrane. The differences
in localization may have implications in both the magnitude
of the EGFR response and its outcome (70). Furthermore, it
has been shown that preventing EGFR down-regulation facil-
itates cell proliferation and transformation (43, 66, 69). There-
fore, our data showing that exposure to H,O, elicits delayed
EGFR activation with prolonged duration at the plasma mem-
brane offer additional support to the oncogenic ability of H,0,,
which had been demonstrated to be EGFR-dependent (35).
This accumulation of activated EGFR during oxidative stress
may provide the trigger for cell hyperplasia. The emerging
role of H,O, in EGFR signaling may also be relevant to other
receptor tyrosine kinases that undergo c-Cbl-mediated down-
regulation, and this is currently under investigation.
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FIG. 7. Activation of EGFR during exposures to ligand
(EGF) or to oxidative stress (H,0,). (A) When exposed to
EGF, the receptor is phosphorylated, and c-Cbl is recruited,
leading to receptor down-regulation and normal cell prolifera-
tion. (B) When exposed to H,O,, the receptor is aberrantly
phosphorylated, tyrosine 1,045 is not phosphorylated, c-Cbl is
not recruited, and the receptor is not down-regulated, leading to
prolonged signaling that may cause tumorigenesis.

Moreover, ROS and ceramide generation may enable the
uptake of certain receptors (e.g., growth factor receptors) into
special raft areas, whereas other receptors may be excluded.
Additionally, a reorganization of signaling molecules wtihin
ceramide-enriched membrane domains, wherein prosurvival
molecules are excluded and proapoptotic molecules are re-
cruited, might also regulate the survival and death of the cells.
In summary, elucidating the exact molecular interactions be-
tween oxidative stress and ceramide pathways, raft formation,
and the detailed understanding of ubiquitylation control on
receptor desensitization under oxidative stress should lead to
new strategies for pharmacological intervention in diverse
pulmonary diseases and provide better ways to diagnose and
eradicate cancer.

ABBREVIATIONS

ARDS, acute respiratory distress syndrome; EGF, epider-
mal growth factor; EGFR, epidermal growth factor receptor;
ELF, epithelial lining fluid; ERK, extracullular signal-regulated
kinase; GSH, reduced glutathione; GSSG, oxidized glutathione;
H,0,, hydrogen peroxide; NO, nitric oxide; nSMase, neutral
sphingomyelinase; O,, superoxide anion; ONOO-, peroxy-
nitrite; PARP, poly(ADP-ribose) polymerase; ROS, reactive
oxygen species; SDS-PAGE, sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis; TBE, tracheobronchial ep-
ithelial cells.
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