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Cigarette smoke has been connected to an array of chronic lung
diseases and is a major source of morbidity and mortality. Active
smoking is responsible for approximately 90% of lung cancer cases.
In addition, cigarette smoke is associated with other chronic pulmo-
nary diseases such as pulmonary edema, chronic bronchitis, and
pulmonary emphysema, the last two also termed chronicobstructive
pulmonary disease (COPD). Lung cancer and COPD are developed
very frequently in chronic cigarette smokers. It has been known for
some time that lung cancer incidence increases in patients with
COPD. Even the existence of some low-grade emphysema without
noticeable airflow obstruction is associated with significantly ele-
vated risk of lung cancer. These recent clinical insights demand new
thinking and exploration of novel mechanistic studies to fully un-
derstand these observations. Lung injury and repair involve cell
death and hyperplasia of airway epithelial cells and infiltration of
inflammatory cells. All of these occur simultaneously. The mecha-
nismsof cell death and hyperplasia in the lung constitute two sides of
the coin of lung injury and repair. However, most molecular studies
in airway epithelial cells center on the mechanism(s) of either cell
growth and proliferation or cell death and the ceramide-generating
machinery that drives aberrant induction of apoptotic cell death.
Very few address both sides of the coin as an outcome of cigarette
smoke exposure, which is the focus of this review.
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CIGARETTE SMOKE IN LUNG INJURY
AND LUNG CANCER

Cigarette smoke has been connected to an array of chronic lung
diseases and is a major source of morbidity and mortality. In the
United States over 400,000 deaths per year are attributed to
smoking, and the number of deaths since 1964 is estimated at
12 3 106 (1). Active smoking is responsible for approximately
90% of lung cancer cases (2). In addition, cigarette smoke is
associated with other chronic pulmonary diseases such as
edema, chronic bronchitis, and emphysema, the last two also
termed chronic obstructive pulmonary disease (COPD).

COPD and lung cancer are developed very frequently in
chronic cigarette smokers and in the United States are the

fourth and second major reasons of death, respectively (3). It
has been known for some time that lung cancer incidence
increases in patients with COPD (4, 5). Moreover, studies by
Caballero and coworkers (6) convincingly reported that even
the existence of some low-grade emphysema without noticeable
airflow obstruction is associated with significantly elevated risk
of lung cancer. These recent clinical insights demand new
thinking and exploration of novel mechanistic studies to fully
understand these observations. One research direction is based
on the idea that emphysema starts with cigarette smoke–
induced inflammation, which is accompanied by matrix de-
struction through an increase of oxidative stress and proteinase
production. At the same time, the inflammatory cell proteinases
(‘‘blamed’’ for emphysema induction) are also releasing factors
required for growth of cancer cells (7). However, cigarette
smoke exposure in mice repeatedly causes both inflammation
and airspace enlargement typical of human emphysema, but
does not usually lead to lung cancer. Therefore, the molecular
events may involve inflammatory cells and proteinases but are
much less simplistic.

Lung injury and repair involve cell death and hyperplasia of
airway epithelial cells and infiltration of inflammatory cells. All
of these occur simultaneously, as has been well documented by
studies of animal models and cellular alterations in disease
processes (8–16). The mechanisms of cell death and hyperplasia
in the lung constitute two sides of the coin of lung injury and
repair. However, most molecular studies in airway epithelial cells
center on the mechanism(s) of either cell growth and prolifera-
tion (17–21) or cell death and the ceramide-generating machinery
that drives aberrant induction of apoptotic cell death (22–30).
Very few address both sides of the coin as an outcome of
cigarette smoke exposure, which is the focus of this discussion.

LUNG INJURY

Cigarette Smoke Reactive Oxidants in Lung Injury

Each puff of cigarette smoke contains about 5,000 toxic
compounds, with 1015 free radicals in the gas phase and 1018

free radicals per gram of tar, which include potent oxidants such
as hydrogen peroxide (H2O2), hydroxyl, and organic radicals
(31, 32). These toxic compounds contribute to the adverse
effects of cigarette smoke on lung epithelial cells, playing
a key role not only in COPD and other pulmonary diseases
such as acute respiratory distress syndrome (ARDS), asthma,
and interstitial pulmonary fibrosis (15, 33–37), but also in lung
cancer (17).

The pathogenesis of emphysema has historically been attrib-
uted to the protease–antiprotease imbalance resulting from
chronic lung inflammation (36). In this view, chronic inflamma-
tion in the lung develops from long-term exposure to inhaled
irritants (the most common being cigarette smoke). Inflamma-
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tory cells release various proteases, leading to destruction of the
extracellular matrix and subsequent loss of the alveolar units
(38). However, the concept of inflammation as the initiator of
the cascade of events in lung destruction in diseases such as
COPD may be in question. Instead, inflammation could repre-
sent the result of a long-standing destructive process in the lung
and might by itself be a source of additional injury.

Recent studies provide a very strong case for cell death
having a major role in lung injury in several pulmonary diseases
(8–16, 33, 39–42). In simple terms, loss of cells by augmented
apoptosis would be expected to be involved, or perhaps initiate,
the overall tissue destruction responsible for lung injury (9, 13–
16, 33, 39–42). The role of apoptosis in the pathogenesis of
emphysema has become an area of extreme interest. The novel
‘‘cell death’’ hypothesis has proposed that apoptosis of the
alveolar cells is the primary initiator of the disease. This concept
arose in part due to the observation that smokers with emphy-
sema have increased alveolar apoptotic cells as compared with
smokers without emphysema (43). Subsequent studies demon-
strated that experimental induction of either vascular endothe-
lial cell apoptosis or pulmonary epithelial cell apoptosis in
animal models results in airspace enlargement (8, 40, 44). Loss
of cells by elevated apoptosis (pathological cell death) is thus
involved in the overall tissue damage.

Ceramide in Pulmonary Diseases

Progress has recently evolved in understanding the underlying
mechanisms of these destructive lung processes. For example,
the groups of Gulbins and colleagues (45) and Worgall and
coworkers (46) have recently reported that ceramide accu-
mulation mediates inflammation, cell death, and infection sus-
ceptibility in cystic fibrosis (CF). Other studies implicated
sphingomyelin hydrolysis in acute lung injury (40) and pulmo-
nary edema (47). It was also reported that ceramide may be
a critical mediator of endothelial and alveolar cell apoptosis in
the vascular endothelial growth factor (VEGF) blockade mouse
model of COPD (40). Furthermore, superoxide dismutase was
shown to protect against apoptosis and alveolar enlargement
induced by ceramide (48). Given that cigarette smoke is a pre-
dominant cause of COPD, additional animal models using
smoke exposure would appear to be very useful for investiga-
tion, but it is only relatively recently that such models have been
created (49–51).

Ceramide Generation and SMases

Ceramide is synthesized through either a de novo pathway
involving serine palmitoyl-CoA transferase and ceramide syn-
thase, or from breakdown of membrane sphingomyelin (N-
acylsphingosine-1-phosphocholine), a phospholipid preferentially
concentrated in the plasma membrane of mammalian cells (52).
Sphingomyelin catabolism occurs via the action of sphingomye-
linases (SMases), which are sphingomyelin-specific forms of
phospholipase C that hydrolyze the phosphodiester bond of
sphingomyelin, yielding ceramide and phosphocholine (Figure
1A). The main forms of SMases are distinguished by their pH
optima (53–58). Alkaline SMase is found predominantly in
the digestive system, with considerable differences among
species (59, 60). Human and murine acid sphingomyelinase
(aSMase; pH optimum 4.5–5.0), which exist in lysosomal or
secretory isoforms, have been cloned and determined to be the
products of a conserved gene. Furthermore, Mg21-dependent
or -independent neutral SMases (nSMase; pH optimum 7.4)
have recently been characterized molecularly (30, 61–63). In-
terestingly, membrane nSMase does not gain access to the
signaling events activated by the lysosomal aSMase and vice
versa, indicating that ceramide action may be determined by the

subcellular site of its production. Consistent with this observa-
tion, an additional neutral SMase, the murine mitochondrial
associated SMase (MA-nSMase), has been recently identified
(64) as an SMase that displays significant homology to the
neutral sphingomyelinase2 (nSMase2), but has a different sub-
cellular localization, being restricted to the mitochondria, where
it may be important in regulating sphingolipid metabolism.

According to current models, sphingomyelin may be consti-
tutively metabolized to ceramide by several SMases, but some
SMases may have special pathophysiological significance (65).
Levy and colleagues (22, 30), Filosto and coworkers (66), and
Rutkute and colleagues (67) have reported that the major SMase
isoenzyme that becomes activated by oxidative stress appears to
be nSMase2 (SMPD3), which is expressed in the Golgi, but
probably also in the plasma membrane (30, 68) (Figure 1B).

Ceramide Generation, Oxidative Stress, and Apoptosis

The literature presents conflicting studies with respect to the
placement of ceramide generation relative to caspases in the
apoptotic cascade (69–72). However, Ravid and coworkers
showed that different stimuli acting at diverse sites to activate
ceramide accumulation were able to trigger apoptosis (27). This
supported the idea that an increase in ceramide levels, per se, is
sufficient to initiate the apoptotic cascade in lung epithelial cells
and that ceramide accumulation is the causative signal for
apoptosis induction (27) and not just an outcome of epithelial
cell death.

Airway epithelial cells are the lung’s first line of defense and
are thus extensively exposed to reactive oxidants. Over the last
few years our group initiated studies to address whether these
cells are capable of entering apoptosis when exposed to micro-
molar concentrations of H2O2, and whether the process is medi-
ated by ceramide as a second messenger (73, 74). The range of 50
to 250 mM H2O2 is considered to be the physiological range in
which apoptosis can occur depending on the length of exposure to
H2O2. As was shown later (17, 22), exposure to cigarette smoke
can generate between 100 and 800 mM H2O2. Any concentration
above 400 mM would be considered pathological (22, 26).

Our initial model for oxidative stress and ceramide genera-
tion consisted of straightforward exposures of airway epithelial
cells to H2O2, glutathione (GSH), or both (19, 26, 27, 75). Even
though such studies undertook a reductionist, simplified ap-
proach, both scenarios were relevant to the lung epithelium.
Indeed, H2O2 is a ubiquitous molecule, freely miscible and able
to cross cell membranes readily. It is present in several air
pollutants, including the vapor phase of tobacco smoke (17). It
is detected in exhaled air of humans (76), and the amounts of
exhaled H2O2 appear greater in subjects with pulmonary
disease (77) and in cigarette smokers (78). In addition, it was
shown that either administration of exogenous H2O2 or en-
hancement of endogenously generated H2O2 was effective in
depleting cellular GSH and initiating ceramide-induced apo-
ptosis (27). Furthermore, cigarette smoke was shown to regulate
cell growth and death via its H2O2 component (17, 22).

GSH Modulates Ceramide Generation and Apoptosis

Both lung epithelial cells and the epithelial lining fluid (ELF)
contain high concentrations of GSH, the main antioxidant in the
lung epithelium (26). GSH is a ubiquitous, essential tripeptide
(L-g-glutamyl-L-cysteinyl-glycine) containing a sulfhydryl group
that enables it to be a key intracellular reducing agent, thus
providing a fundamental antioxidant defense mechanism in
oxidant-induced lung injury (79).

Goldkorn and coworkers demonstrated that low GSH levels
were essential for ceramide generation, whereas high GSH
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levels inhibit the production of ceramide in human airway
epithelial (HAE) cells (25, 26). Moreover, it was shown that
GSH and N-acetylcysteine (NAC), which is a precursor of GSH,
but not other thiol-containing antioxidants or oxidized GSH
(GSSG), inhibited H2O2-mediated induction of ceramide and
apoptosis. Therefore, GSH plays a critical role in preventing
lung epithelial cell death. In this model, inhibitory effects on
ceramide production were observed with both extracellular and
intracellular GSH. The effects of extracellular GSH are pri-
marily applicable to lung epithelium. It is interesting that even
a short 1-hour exposure of cells to 250 mM H2O2, followed by
growth in regular medium, was sufficient to induce apoptosis
(26). This demonstrated that the events that control the fate of
the cells occur within this hour, during which GSH is depleted
and ceramide is generated.

SMases and Diseases

aSMase was the first SMase to be shown to have a role in
a disease (80), as types A and B Niemann-Pick diseases (NPD)
result from the deficient activity of aSMase. Recent reports
point toward aSMase as the target responsible for ceramide
generation in various pathologies (45, 46, 48, 65). Even though
a role for the aSMase has been described in edema (47) and also
suggested to play a role in other pulmonary pathologies, such as
cystic fibrosis (45, 81) and emphysema (40), recent studies
performed by our group suggest that it is nSMase2 that is
serving as an exclusive target to generate ceramide under the
stress of cigarette smoke exposure (22, 66).

nSMase2 and Ceramide Generation under Oxidative Stress

nSMase2 was previously found in the brain (71), and recent
studies indicate a role for nSMase2 in aging (82) and in
Alzheimer’s disease (83). At the same time, it has been reported
by our group that reactive oxidants up-regulate ceramide
generation and cause pathological cell death in HAE cells
(22–27, 30, 73, 74). This led to the proposal that there must be
a specific SMase that is modulated by reactive oxygen species
(ROS) in lung epithelial cells, which was followed by the
isolation of the novel nSMase2 from monkey lung tissue and
from HAE cells (30). It was then demonstrated (22, 30) that
upon siRNA-silencing of nSMase2, lung epithelial cells could
not undergo cell death in response to ROS or cigarette smoke
exposure, suggesting that nSMase2 could be a critical target not
only in the brain pathogenesis but also in ROS/cigarette smoke–
induced lung injury in respiratory diseases.

nSMase2 Expression in the Lung of Mice, Rats, and Patients

with Emphysema

Observations in HAE cells showed that cigarette smoke specif-
ically activates nSMase2 and not aSMase (22, 23, 74). Moreover,
it was found that nSMase2 is activated by the H2O2 component
of cigarette smoke, thereby increasing ceramide generation via
hydrolysis of sphingomyelin and elevating pathological apoptosis
in the lung epithelium. GSH blocked these effects of cigarette
smoke. Then, Filosto and colleagues investigated whether
nSMase2 governs ceramide generation and apoptosis in vivo
using rodent and human models of cigarette smoke–induced lung
injury (66). It was found that exposure of mice or rats to cigarette
smoke led to co-localizing elevations of ceramide levels and
terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL)-positive cells in lung tissues. These increases were
nSMase2-dependent and were abrogated by treatment with NAC
or anti-nSMase2 siRNA. Moreover, these recent studies in vivo
(66) demonstrated that mice heterozygous for nSMase2 had less
ceramide accumulation in the lung in comparison to wild-type

mice when exposed to cigarette smoke; on the other hand,
knockout mice for aSMase could accumulate ceramide under
cigarette smoke exposure as much as the wild-type mice,
demonstrating that only nSMase2 and not aSMase is modulated
by cigarette smoke (66). Finally, it was found that lung tissues
from patients with emphysema (smokers) displayed significantly
higher levels of nSMase2 expression compared with lung tissues
from control subjects. Together, these data establish the central
in vivo role of nSMase2 in ceramide generation, aberrant
apoptosis, and lung injury under cigarette smoke exposure,
underscoring its promise as a novel target for the prevention of
cigarette smoke–induced airspace destruction and thus the
importance of elucidating the molecular mechanism of nSMase2
activation under oxidative stress (66).

nSMase2 Activation in the Setting of Cigarette Smoke:

Molecular Mechanism

Filosto and colleagues have shown recently that nSMase2 is
a phosphoprotein in which the level of phosphorylation is
modulated by oxidative stress, which also controls nSMase2
function (84). A critical role for protein phosphatase 2B
(PP2B), also known as Calcineurin (CaN) phosphatase, was
found in the modulation of the phosphorylation and function of
nSMase2. CaN phosphatase interacts directly with nSMase2,
but not under exposure to H2O2-induced oxidative stress. CaN
is a Ca12/calmodulin-dependent serine/threonine phosphatase
that can be inhibited by H2O2 that modifies 2 Cys residues
through the oxidative formation of a disulfide bridge, which
eventually leads to CaN degradation (85). A mutant of
nSMase2 that does not bind CaN was found to be much more
phosphorylated and activated than the WT nSMase2. This
validated that the function of nSMase2 is modulated via its
de-phosphorylation by CaN. CaN is degraded during exposure
to oxidative stress, and thus does not bind nSMase2, allowing
it to be fully phosphorylated downstream of p38 mitogen-
activated protein kinase (MAPK)/protein kinase C (PKC) (84)
(Figure 2).

LUNG CANCER

ErbB Family in Lung Cancer

In spite of exhaustive preclinical and clinical studies, the
prognosis of metastatic lung cancer remains very poor, with
only a 5 to 15% 5-year survival rate (86). However, current
progress in molecular biology has increased the understanding
of key biological pathways in lung carcinogenesis (87, 88). The
epidermal growth factor receptor (EGFR) family of receptor
tyrosine kinases (TKs) plays a critical role in lung cancer
development, and previous reports have shown that cigarette
smoking augments EGFR expression in human bronchial
epithelium (89–91). This family of receptors is also referred to
as the HER or ErbB family, and consists of four members
—EGFR (HER1/ErbB1), HER2 (ErbB2), HER3 (ErbB3), and
HER4 (ErbB4)—that regulate many developmental, metabolic,
and physiological processes. EGFR activation is thought to
promote malignancy through its role in proliferation, angiogen-
esis, metastasis, and inhibition of apoptosis. Although EGFR is
expressed in all cells of epithelial origin, a higher level of EGFR
expression is seen mostly in squamous cell carcinoma (50–80%)
(88, 92), which occurs more frequently in smokers and men (93).
EGFR overexpression is observed in tumors from more than
60% of patients with metastatic non–small cell lung carcinoma
(NSCLC) and is correlated with poor prognosis (94). These
findings have provided a rationale for the development of novel
anticancer agents that target EGFR.
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The Canonical Mechanism of EGFR Activation

The intracellular TK activity of EGFR is increased as a result of
the binding of various cognate ligands, which include EGF,
transforming growth factor-a, amphiregulin, and others, leading
to the homodimerization of two EGFRs or the heterodimeriza-
tion of EGFR with other family members, most commonly
HER2 (95). Heterodimerization with HER2, which is overex-
pressed in some tumors, is a more potent activator of EGFR TK
than is EGFR homodimerization (96). The activation of receptor
TK leads to the autophosphorylation of the intracellular domain
of EGFR, and the phosphotyrosine residues that are formed act
as docking sites for various adaptor molecules, resulting in the
activation of the rat sarcoma (Ras)/MAPK pathway, the phos-
phoinositide 3-kinases (PI3K)/protein kinases B (PKB/Akt)
pathway, and the signal transducers and activators of transcrip-
tion (STAT) signaling pathways (97). In tumor cells, the TK
activity of EGFR may be up-regulated by several oncogenic
mechanisms, such as EGFR gene mutation and increased gene
copy number and EGFR protein overexpression (98). Aberrant
activation of EGFR TK results in increased malignant cell
survival, proliferation, invasion, and metastasis (99).

Cigarette Smoke, Lung Cancer, and Aberrant

Activation of EGFR

Among the plethora of deleterious chemicals found in cigarette
smoke, H2O2 has been reported to be a significant constituent of
the gas phase (100). It was thus hypothesized by Khan and
coworkers that if mainstream cigarette smoke does indeed
contain high amounts of H2O2, the effects of exposure on
EGFR activation and stability could parallel those of H2O2

alone (17). As shown by our recent studies, exposure of
epithelial cells to H2O2 induced aberrant phosphorylation of
the EGFR, resulting in the lack of ubiquitination by the E3
ubiquitin ligase, c-Cbl, and impaired EGFR degradation.
EGFR activation without the feedback regulation of normal
degradation leads to uncontrolled cell growth and tumor pro-
motion (19–21). Indeed, the pattern of EGFR activation by
cigarette smoke was found to be similar to that of H2O2. The
exposure of HAE cells to cigarette smoke, as well as to H2O2,
not only resulted in an increase in EGFR activation over time,
but the EGFR activated by H2O2 or cigarette smoke was
neither ubiquitinated nor subsequently degraded due to its
inability to bind c-Cbl. Moreover, the stabilized H2O2- and
cigarette smoke–activated EGFR remained plasma membrane–
bound, while a population of the receptor was trafficked to
a perinuclear region via a caveolae-mediated mechanism. Con-
comitantly, cigarette smoke exposure induced the caveolae-
mediated trafficking of the EGFR to the perinuclear region,
where it can remain active and contribute to prolonged down-
stream signaling through the activation of Akt and extracellular
signal regulated kinases (ERK1/2)-survival and proliferation
pathways (Figure 3). Interestingly, it has been recently demon-
strated (101) that ionizing radiation is also able to induce EGFR
nuclear localization, where it may be required for repair.

Somatic Mutations in EGFR and EGFR TK Inhibitors

Since EGFR is often deregulated in NSCLC, it was logical to
choose EGFR as a target for therapy. The first targeted strategies
used a monoclonal antibody (cetuximab) (93). However, many
oncologists found dramatic responses after treating patients
with small molecule reversible tyrosine kinase inhibitors (TKIs,
gefitinib or erlotinib). At the same time, the repeated remarkable
responses were restricted to a subset of patients. The high
response rate was frequent in women and in never-smokers with
adenocarcinoma and in the Japanese population (93). Then,

EGFR mutations were discovered in the TK domain, and these
mutations were believed to present a selective growth advantage
to the affected lung cells (102–106). Several inhibitors of this
pathway are already in clinical studies in patients with lung
cancer (88). Of note is that gefitinib and erlotinib inhibit EGFR
TK activity via binding reversibly its ADP/ATP binding site.

The specific types of activating mutations that confer sensitivity
to EGFR TKIs are present in the TK domain of the EGFR gene.
Exon 19 deletion mutations and the single-point substitution
mutation L858R in exon 21 are the most frequent in NSCLC and
are termed ‘‘classical’’ mutations. The NSCLC tumors insensitive to
EGFR TKIs include those driven by the V-Ki-ras2 Kirsten rat
sarcoma (KRAS) and N-methyl-N9-nitro-N-nitroso-guanidine
transforming (MET) oncogenes. However, most patients who in-
itially respond to gefitinib and erlotinib eventually become resistant
and experience progressive disease (99).

Lung Cancer in Nonsmokers

Even though cigarette smoking has been established as the most
important cause of lung cancer, approximately 10 to 25% of all
patients with lung cancer have no history of smoking (107, 108).
Interestingly, the somatic mutations of EGFR in lung cancer,
discussed above, are usually found in nonsmoking patients.
Recent studies that pay specific attention to lung cancers in
never-smokers have suggested that these cancers have charac-
teristics distinct from those in smokers (108). These studies
describe the best-characterized signaling pathways implicated in
the transduction of proliferative signals and discuss the activity of
these pathways in smokers and never-smokers. Of special interest
are the recent findings that the mutants’ phenotype at the
molecular level resembles that of the wild-type EGFR exposed
to cigarette smoke (17). Studies performed by the group of
Yarden showed (109) that the EGFR mutant L858R presented
an impaired association with c-Cbl and ubiquitinilation as had
been reported for the wild-type EGFR under oxidative stress (17,
21). Moreover, a recent publication by Band’s group (110)
demonstrated that the mutant EGFR, but not wild-type EGFR,
undergoes perinuclear accumulation and colocalization with
recycling endosomal markers such as Rab 11, suggesting that
mutant EGFRs display a different pattern of endocytosis, similar
to what had been described before by our group for the wild-type
EGFR under cigarette smoke–induced oxidative stress exposure
(17, 19). This may suggest a unique similarity in conformational
changes induced in the EGFR by somatic mutations (111, 112)
and by exposure of wild-type EGFR to cigarette smoke.

nSMase2 AND EXOSOME GENERATION: A VEICLE FOR
ONCOGENES PROPAGATION AND miRNA SECRETION

Ceramide and Cell Membrane Structure

Studies in recent years demonstrated that lipids in cell mem-
branes do not form a homogenous liquid phase, but are ordered
into domains mediated by interactions of sphingolipids and
cholesterol (113). The ceramide moiety of sphingomyelin binds
to cholesterol via hydrophobic van der Waal interactions (114).
The strong hydrophobic interactions and the high local concen-
tration of sphingolipids and cholesterol mediate an association of
these lipids in the cell membrane and separation from other
phospholipids, thereby forming distinct domains (113–115).
These very small, tightly packed sphingolipid- and cholesterol-
enriched membrane domains are named lipid rafts. Cholesterol
and some cholesterol precursors not only interact with sphingo-
lipids in these rafts, but also stabilize the structure of rafts by
filling empty spaces between the massive sphingolipids (116).
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Since ceramide displaces cholesterol from rafts (117), the gener-
ation of ceramide within rafts may also totally change their
structure. Ceramide-enriched microdomains have the tendency
to fuse and to form ceramide-enriched macrodomains, also
named ceramide-enriched membrane platforms, with a diameter

from a few hundred nanometers up to several micrometers (118).
These ceramide-enriched membrane platforms show altered
biophysical properties, and therefore are ideal structures for
sorting proteins in cells and for supporting reorganization of
receptors. Furthermore, ceramide-enriched membrane platforms
were shown to trap and to cluster receptor molecules (118–120).

Exosome Generation

Exosomes were first described as removing excess transferrin
receptor from reticulocytes during red blood cell formation
(121). They are small (50–100 nm in diameter) membrane-
bound vesicles released by various cells (122), and are now
known to play important roles in cell-to-cell communication,
antigen presentation, and in the pathogenesis of retroviral
infections (including HIV) and prion diseases (123, 124).
Exosomes are formed by invagination of the membrane of
endosomes to produce intraluminal vesicles, thereby altering
these organelles into multivesicular bodies (125). Exosomes are
then secreted when these multivesicular bodies fuse with the
plasma membrane and release their contents. Exosomes can
also form directly at the plasma membrane in some cell types
(126). The association between exosomes and multivesicular
bodies was supported further by the finding of the ESCRT
(endosomal sorting complex required for transport) machinery
(127). This very conserved set of protein complexes identifies
membrane proteins that are ubiquitinated and thereby targeted
for sorting to lysosomes. Cells that lack components of the
ESCRT machinery frequently fail to convey cargo to lysosomes
(122, 125). The presence of ceramide in exosomes may suggest
its direct function in the lipid-phase organization of the endo-
somal membranes, through which the ceramide-enriched phase
results in the budding vesicles. This is supported by the presence
of a typical membrane raft component in exosomes. Moreover,
the molecular mechanism by which a change in lipid composi-
tion drives vesicle budding was demonstrated by Trajkovic and
coworkers to be regulated via nSMase2 (128). These recent
studies provide intriguing insights into exosome formation,
making these microvesicles a bit less puzzling. Using mass
spectrometric analysis, Trajkovic and colleagues demonstrated
that ceramide levels were increased in secreted proteolipid
protein-containing exosomes purified from cell culture medium.
Moreover, disrupting the expression of nSMase2 by RNA
interference or the use of specific inhibitors reduced secretion
of these exosomes. This led to their suggestion that ceramide-
induced aggregation of lipid microdomains causes inner grow-
ing of intraluminal vesicles (Figure 4).

Figure 1. (A) Sphingomyelinase (SMase) hydrolyses sphingomyelin
(SM) to ceramide (and phosphocholine). (B) Working hypothesis: lung

nSMase2 is upregulated by cigarette smoke (CS), which generates

H2O2 and elevates ceramide, thereby enhancing apoptosis and lung
injury.

Figure 2. Proposed model of nSMase2 mech-
anism of function under oxidative stress.

nSMase2 is a protein constitutively phosphory-

lated on serine residues downstream of p38
MAPK and PKC; calcineurin (CaN) binds to

nSMase2, dephosphorylates it, and reduces its

activity. Oxidative stress (H2O2) abolishes the

binding of CaN to nSMase2, thus triggering
elevated phosphorylation and activation of

nSMase2.
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Cancer Cells Communicate via Microvesicles

The conventional view is that cellular communications occur
mainly through gradients of soluble ligands, identified by the
cell-associated receptors. Recent findings, however, suggest the
existence of another form of intercellular communication,

where the ‘‘units’’ of information are microvesicles containing
a mass of biologically active protein and RNA species, including
oncogenic receptors such as mutated forms of EGFR or micro
RNAs (miRNAs). Importantly, such microvesicles could be
recovered from blood samples of patients, thus potentially
serving as prognostic biomarkers by revealing the existence of
as yet undiagnosed tumor oncogenes (129).

Exosomes and Propagation of Oncogenes

Many tumors have a remarkable ability to shape their stromal
vicinity to their own benefit (130). Recent studies showed the
importance of interaction between cancer cells and their
environment through shedding of membrane exosomes, which
can fuse to cells in the surrounding area (131, 132). For
example, aggressive human brain tumors (gliomas) express
a truncated and oncogenic form of the EGFR, known as
EGFRvIII, and it was recently shown that EGFRvIII proteins
were transmitted into glioma cells deficient in EGFRvIII via
secretory membrane microvesicles (132). This was suggested to
initiate transfer of oncogenic activity and supported the new
idea that membrane microvesicles or exosomes of cancer cells
can play a role in a direct spread of oncogenes and their
transforming phenotype between subsets of cancer cells.

miRNA in Lung Cancer and Secretion by Exosomes

miRNAs are short, noncoding RNAs of cellular and viral origin,
which control gene expression by repressing the translation of
mRNAs into protein (133, 134). In animals they inhibit trans-

Figure 3. Proposed model of epidermal growth factor receptor (EGFR)

aberrant activation and trafficking in the setting of cigarette smoke
(CS). (A) 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. (B) Under cigarette smoke exposure, EGFR Tyr-1045 is not
phosphorylated and c-Cbl 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 trafficks to a perinuclear compartment where it
remains active and contributes to prolonged signaling.

Figure 4. Proposed model for sorting out exosomes. The ESCRT
machinery is largely involved in sorting the ubiquitinated protein (such

as EGFR) for degradation in the lysosomes. On the other hand,

nSMase2 is essential for the formation of secretory exosomes, under-

scoring the structural/functional role of ceramide generation in exo-
somes (122).
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lation of their target genes, and can lead the mRNAs to
degradation through binding to partial complementary sites,
usually located in the 39 untranslated regions (39-UTR) of the
target mRNAs, providing miRNAs the ability to control several
biological processes. Over the past several years, it has become
clear that deregulation of many kinds of miRNAs are associated
with the initiation and progression of human cancer (135).

It was found in the lung that some miRNAs are deregulated
in cancers. For example, low expression of let-7a and high
expression of miR-155 miRNA were associated with poor
clinical outcome (136). At the same time, there are miRNAs
overexpressed in lung cancer that have key roles in modulating
cancerous cell growth and tumorigenicity (137). A recent study
reported that the expression of some specific miRNAs may be
linked to EGFR activation (138), and it is remarkable that the
amounts of secretory miRNAs were found to be elevated in the
plasma of patients with tumors, including patients with lung
cancer (139, 140). A recent publication by Kosaka and co-
workers reported that exosomes may be used as a means for
secretion of miRNAs (141). Interestingly, this group demon-
strated that miRNAs secreted from donor cells could be
absorbed and remain functional in recipient cells, which sug-
gested an innovative mechanism of intercellular communication
by miRNAs release. Since miRNAs are secreted actively
through the exosomes, it is clear that they are protected from
degradation by RNases, thus suggesting that these miRNAs
may function outside the cell in which they were produced.
Indeed, Pegtel and colleagues demonstrated recently that
miRNAs secreted by Epstein-Barr Virus (EBV)-infected cells
were transferred to and acted in uninfected recipient cells (142).
Kosaka and coworkers also demonstrated that miRNAs could
be incorporated into exosomes and released via the ceramide/
nSMase2-dependent pathway, independently of the machinery
that requires the endosomal sorting complex for transport

(ESCRT) (141), which underscores a novel and critical role
of nSMase2 in regulating exosomes-dependent miRNA dispersal.

CONCLUSIONS

New exciting observations have recently demonstrated that
cigarette smoke not only aberrantly stimulates EGFR to induce
hyperplasia, but also activates nSMase2 to generate ceramide
and induce apoptosis, thereby leading to tissue injury. Further-
more, nSMase2 is overexpressed both in mice chronically
exposed to cigarette smoke and in patients with COPD. New
findings revealed that nSMase2 is critical for generation of
exosomes, which may be instrumental as vehicles spreading
activated oncogenes (such as EGFR) and miRNA, thereby
leading to tumorigenesis. This could position nSMase2 at
a unique crossroads, playing an important role in both lung
injury and lung cancer. On one hand, via the generation of
ceramide, it clearly enhances apoptosis and injury in the lung. On
the other hand, its function may also be crucial for the generation
of exosomes, which may turn out to be obligatory in the
trafficking and spreading of oncogenes and miRNAs, thereby
affecting lung tumorigenesis. In conclusion, nSMase2 functions
not only in apoptosis/injury but also indirectly in aberrant
proliferation/cancer. Therefore, extensive additional studies in-
vestigating both nSMase2 and aberrantly activated oncogenes
(such as EGFR) will be required to address the respective
potential importance of nSMase2 in apoptosis and lung injury
as well as in exosome generation and progression of lung
tumorigenesis (Figure 5). Perhaps nSMase2 participates in one
of the common signaling pathways, playing a role both in COPD
and in the enhanced cancer incidence in patients with COPD.

Author Disclosure: None of the authors has a financial relationship with
a commercial entity that has an interest in the subject of this manuscript.

Figure 5. Proposed model of nSMase2 dual

role in lung injury and in exosomal sorting.
nSMase2 is involved in lung injury through

enhancing apoptosis, and it also could be in-

volved in lung cancer through its role in exoso-
mal sorting.
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