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Abstract: Lung cancer is classified into small-cell carcinoma (SCLC) and non-small-cell carcinoma (NSCLC). The pro-
file of molecular and genetic alterations considerably differs between SCLC and NSCLC, as well as among the subtypes
of NSCLC. Tp53 is inactivated in nearly 50% of NSCLC, while its mutations with functional inactivation are greatly
prevalent in SCLC (70-100%). Rb gene alterations and protein loss are found in virtually all SCLC, but rarely in NSCLC.
Instead, the Rb function is abrogated due to dysfunction of the upstream regulators of the Rb pathway. Tp53 alterations
are later events in adenocarcinoma, while they occur early in squamous cell carcinoma carcinogenesis. Recent studies
demonstrated activating mutations of the epidermal growth factor receptor (EGFR) gene play a significantly important
role in adenocarcinoma carcinogenesis. Activation of PIK3 catalytic alpha gene was recently found in nearly half of
squamous cell carcinoma cases. Smoking is associated strongly with alterations of Tp53, K-ras, and PIK3 catalytic alpha,
but weakly with EGFR gene mutations. Taken together silencing alterations of both the Rb and Tp53 genes are most
likely to be important and early events in the development of SCLC, whereas alterations of the EGFR signaling pathway
play significant and important roles in NSCLC carcinogenesis. The biological behavior and phenotype of the respective
types of lung cancer would be attributable to these molecular and genetic alterations, but also reflect the difference in the
ability of their precursor cells. Identifying the airway stem cell(s) and elucidating the molecular mechanism of its mainte-

nance and activation are required.
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INTRODUCTION

Lung cancer is one of the most common malignancies
worldwide and a leading cause of cancer-related deaths. It is
increasing year by year in almost all areas of the world, ex-
cept for a slight decrease in certain countries [1]. Lung can-
cer consists of heterogeneous groups in terms of pathological
features and is commonly classified into the following two
major types, small-cell lung carcinoma (SCLC) and non-
small-cell lung carcinoma (NSCLC). NSCLC also is a group
of heterogeneous histological types, the majority of which
are squamous cell carcinoma (SCC) and adenocarcinoma
(ADC) with roughly similar frequencies (30-40% each), and
large cell carcinoma (LCC) with a lower frequency (< 10%).
SCLC comprises nearly 20% of lung cancer. ADC and LCC
are further subclassified into several categories, respectively.
The classification of lung cancer is not only of academic
interest but also of practical necessity, because the biological
aggressiveness, responsiveness to therapeutic intervention
and patients’ prognosis are greatly different among the re-
spective types [2].

Lung cancer originates from the airway epithelia of
larger and smaller bronchi as well as of alveoli. While it is
generally accepted that cancer cells are derived from
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progenitor or tissue stem cells, relatively little has been elu-
cidated with regard to the identification of airway stem
cell(s) and the molecular mechanisms underlying their self-
renewal and differentiation abilities [3], in contrast to other
epithelial tissues such as the intestine, mammary gland, and
skin [4]. The heterogeneity of lung cancer likely reflects dif-
ferences in the site of origin (proximal versus peripheral),
and, more importantly, in the type of cell of origin, i.e., pro-
genitor tissue stem cell. Cancer stem cell theory has pro-
posed that a tumor cell subpopulation possessing self-
renewal capacity which forms only a small fraction of tumor
tissue is central in sustaining neoplastic lesions and is a po-
tentially crucial target of cancer therapy [5]. Cancer stem cell
is possibly produced by multistep dedifferentiation of spe-
cialized epithelial cells through progressive accumulation of
genetic aberrations [6].

The diversity of etiologic factors and target genes, the
types of genetic insults, and the ensuing effects, activation or
inactivation, on the genes involved, would also be responsi-
ble for the heterogeneity of lung cancer. In fact, tobacco
smoke, containing more than 60 carcinogens, is generally
accepted as the most important cause of almost all types of
lung cancer, among which the genetic and molecular mecha-
nisms of carcinogenesis differ considerably. The ensuing
genetic alteration and epigenetic changes as well, could lead
to dysfunction of molecular signal transduction pathways,
which relate directly or indirectly to proliferation, differen-
tiation, and death of the cell.
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Recent advances in biomedical technologies have signifi-
cantly disclosed the mechanisms behind the pathogenesis of
malignant neoplasia at the molecular and genetic levels. In
brief, a malignant neoplasia originates from a single somatic
cell (monoclonal) and progresses. The neoplastic cells even-
tually show an autonomous proliferative capability, a re-
duced sensitivity to growth inhibitory signals, evasion of
programmed cell death such as apoptosis, unlimited replica-
tion, angiogenic activity, and invasive and metastatic capa-
bilities, all of which are brought about through alterations of
related genetic factors [7]. When established, clinically
manifested, cancers are examined, neoplastic cells including
lung cancer cells unexceptionally show alterations in several
genes, most likely reflecting an accumulation of genetic al-
terations which occurred during the development and pro-
gression of the neoplasia [8]. Cancer cells are prone to un-
dergo genetic alterations during replication compared to
normal cells, a phenomenon termed genetic instability [9].
Owing to this genetic instability, gene alterations occur more
frequently, at random, in cancer cells than in normal cells,
resulting by chance in the production of progeny cells given
with more advantageous growth activity than not only nor-
mal cells but also other cancer cells. Such cells exhibit
greater population expansion and finally occupy most or
even all of the neoplastic tissue. This process is termed sub-
clonal evolution and represents the multistep carcinogenesis
seen in many types of cancers including lung cancer. Sub-
clonal evolution has been considered to occur stochastically
under a variety of selective pressures. Genetic instability
may be per se an initial step in the carcinogenesis.

This review focuses primarily upon recent studies in the
field of research into lung cancer, which have newly dis-
closed genetic and molecular mechanisms, and attempts to
correlate them with the classically denoted phenotypic fea-
tures of lung cancer. Some studies on progenitor cells or
tissue stem cells of the airway epithelia are also briefly re-
viewed.

GENETIC ALTERATIONS IN LUNG CANCER

Lung cancers exhibit not only common but also type-
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specific molecular and genetic alterations [2, 8]. Well-
documented genetic and molecular alterations in lung cancer
are listed in Table 1 (from the data described in Reference 2
and other studies).

Genetic Alterations Frequent in All Major Histological
Types of Lung Cancer

Mutation in the tumor suppressor gene TpS53 is one of the
most frequent alterations. Inactivating mutations (mostly
missense mutations) of the Tp53 gene are found in approxi-
mately 50% of NSCLC and more than 70% of SCLC.

Activation of Tp53 is induced by DNA damage and/or
carcinogenesis stresses through transcriptional activation of
the gene and stability of the protein by phosphorylation that
leads to cell cycle arrest and the repair of damaged DNA,
and apoptosis of DNA-damaged cells through transcriptional
activation of many related genes [10] (Fig. 1). The Tp53
network and its machinery are elaborate [10]. Tp53 function
is repressed by a variety of factors, including alterations of
the gene itself, and the binding of the oncogenic adenoviral
protein E1B, human papilloma viral protein E6, and SV40-
large T antigen, as well as endogenous Mdm?2 protein. An
ensuing effect of Tp53 inactivation that is important in car-
cinogenesis is the evasion by neoplastic cells of apoptosis
and cell cycle arrest.

While alterations of Tp53 gene occur in the advanced
stages of lung ADC, it is an early event in the multistep car-
cinogenesis of bronchogenic SCC. During the developmental
sequence from atypical adenomatous hyperplasia (AAH) to
bronchioloalveolar carcinoma (BAC), Tp53 gene alterations
significantly increase at the step of malignant conversion and
emergence of invasive growth [11, 12]. In contrast, in SCC,
Tp53 gene alterations are detected as early as in squamous
metaplasia and dysplasia during the developmental sequence
[13].

We have no idea when alterations of the Tp53 gene occur
during the carcinogenesis of SCLC since the putative precur-
sor lesion of human SCLC is still unknown. However, it may
be a very early event as suggested by findings in a mouse

@

Table 1. Representative Profile of Molecular and Genetic Alterations in Major Histological Types of Lung Cancer
Cyclin
Histological TpS3 Rb . E2F1 K-Ras EGF.R Muta- PIK3.C A c-My? D1 p16/Ink4
R Inacti- Over- . tions/ Mutations/ | Ampli- s
Type Inactivation*® s e .| Mutations . . . . . Over- |Inactivation®**
vation** | expression Amplification | Amplification | fication .
exprssion
SCLC >70% ~100% | ~100% ~0% ~0% ~30% ~0% ~0%
SCC ~50% <15% ~20% ~0% (> 85%) ~50% ~50% ~80%
(Dyslasia) yes (yes) (yes) ~0% (yes) (yes)
ADC ~50% <15% ~10% 10-30% 40-60% ~10% ~45% ~70%
BAC ~30% ~0% 10-30% 10-30%
(AAH) ~0% ~0% 10-30% 3-25%
Lcc! ~50% <15% (yes)
(LCNEC®) ~50% 50-70% | ~50% ~0%

Y. Summarized data derived from the reference [2] and other studies.

SCLC: small-cell lung carcinoma, SCC: Squamous cell carcinoma, ADC: Adenocarcinoma (including advanced BAC in some studies), BAC: Bronchioloalveolar carcinoma, AAH:
Atypical adenomatous hyperplasia, LCC: Large cell carcinoma, LCNEC: Large cell neuroendocrine carcinoma, yes: Some studies reported positive results, but the number of cases
studied were too small to register exact frequencies; *: Mutations/deletions and loss of function, **: mutations/deletions and loss of protein, ***: Mainly promoter hypermethylation,
(): Immunohistochemistry results, *: Similar to other NSCLC, *: Overall similar to SCLC or intermediate between NSCLC and SCLC.
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Fig. (1). Simplified and classical schema illustrating the role of Tp53 protein in either repair of damaged DNA of the cell or elimination of
cells with severely damaged DNA through apoptosis in response to DNA injuries and in some instance to oncogenic stress.

SCLC model [14]. In addition, it is strongly suggested that
Tp53 gene alterations are essential to the occurrence of
SCLC based on results obtained from human cases [8] as
well as the mouse model [14].

The second most common alteration is inactivation of the
tumor suppressor retinoblastoma (Rb). The mechanism of
inactivation of the Rb-controlling pathway is either a loss or
a constitutional alteration of Rb protein due to genetic ab-
normalities, or the protein inactivation by hyperphosphoryla-
tion due to silencing of the p16/Ink4 gene through a genetic
(homozygous deletions/mutations) or epigenetic (promoter
hypermethylation) mechanism, and overexpression of cyclin
D1 due to gene amplification [15, 16] (Fig. 2). It is of great
significance that loss of Rb protein mostly owing to muta-
tions and/or deletions of the Rb gene are detectable in almost
all SCLC, along with a normal p16/Ink4 gene and cyclin D1
protein expression. In contrast, alterations of the Rb gene are
found in only about 15% of NSCLC, while silencing of the
pl6/Ink4 gene through homozygous deletions and/or muta-
tions and promoter hypermethylation is detected in up to
80% of NSCLC, and overexpression of cyclin D1 protein
due to gene amplification or by other mechanisms in nearly
50% [8, 15-18].

Rb protein is one of the regulators of the critical G1 to S-
phase cell cycle transition [19, 20]. Rb protein is functionally
inactivated through phosphorylation by cyclin dependent
kinase (Cdk) 4/6/cyclin D1, Cdk2/cyclin E, and Cdk2/cyclin
A, whose activities are controlled and repressed by the
members of the Kip and Ink4 families [15, 16]. Inactivated
Rb protein releases E2Fs that are indispensable to the tran-
scriptional activation of a number of genes whose products
are necessary for cell cycle progression, cell differentiation,
and cell survival (Fig. 2). In the vast majority of SCLC, Rb
activity would be abraded nearly completely due to either the
loss or constitutional alterations of Rb protein due to Rb
gene alterations (Fig. 2A). In contrast, only a small fraction
of NSCLC harbor mutated or deleted Rb genes, thus, dys-
function of the Rb pathway in NSCLC could ensue from
inactivation of multiple upstream components including the
Kip and Ink4 families as well as from overexpression of cy-
clin D1 (Fig. 2B). Accordingly, the repression of Rb func-
tion, even if it does occur, would not be complete because

putative compensatory functions potentially work through
other preserved collateral pathways. Some studies indicate
that Rb protein also induces apoptosis [19, 20] and its inacti-
vation would also be important in this regard for carcino-
genesis (Fig. 2).

Loss of heterozygosity (LOH) in 3p is the third most
common genetic alteration detected in almost all types of
lung cancer. This region contains several putative tumor
suppressor genes, but the contribution of LOH at 3p to lung
cancer has yet to be clarified [8].

Genetic Alterations Specific for Respective Histological
Types of Lung Cancer

Small-Cell Lung Carcinoma (SCLC)

SCLC is the most aggressive lung cancer and almost fatal
despite a good initial response to chemo-radiation therapy
[21]. The neoplastic cells exhibit neuroendocrine (NE) fea-
tures as evidenced by the expression of a variety of NE cell
markers. In addition, interestingly, they express thyroid tran-
scription factor 1 (TTF1) that is very specific to the periph-
eral airway epithelia and the majority of lung ADC, particu-
larly BAC, though neither the significance nor the mecha-
nism of TTF1 expression in SCLC has been elucidated yet.

As mentioned above, inactivation of the Tp53 gene and
Rb gene (missense mutations and LOH) occurs in the vast
majority of SCLC cases [15, 16, 21]. Other molecular altera-
tions usually found in SCLC include E2Fs’ overexpression
[22, 23] and Myc family gene amplification [24, 25] that are
responsible for an acceleration of cell replication. On the
other hand, the apoptotic signal pathways are also disrupted
in most SCLC through not only Tp53 gene inactivation but
also dysfunction of E2Fs and Myc family members [25, 26].
EGFR protein overexpression and K-ras gene mutations are
virtually absent in SCLC [21].

Meuwissen et al. [14] have developed an experimental
model of SCLC in mice in which the Rb and Tp53 genes can
be conditionally deleted in the airway epithelia. Mice having
homozygous deletions of both the Tp53 and Rb genes devel-
oped a highly aggressive and widely metastatic neoplasia
consisting of small cells with scanty cytoplasm, the features
indistinguishable from those of human SCLC. It was con-
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Fig. (2). The mechanisms of Rb function loss and its role in carcinogenesis of small-cell lung carcinoma (SCLC) (A) and non-small-cell lung
carcinoma (NSCLC) (B). When hyperphosphorylated by the cyclin dependent kinases (Cdks), Rb protein is inactivated and releases E2Fs.
The activities of Cdks are controlled by upstream factors such as p16/Ink4 and cyclin D1, and so on. Free E2Fs transactivate genes necessary
for cell cycle progression and in certain instances mediate Tp53 dependent apoptosis. (A) In addition to an increase of free E2Fs due to Rb
protein loss, overexpression of E2Fs is also frequent in SCLC. Furthermore, Myc family members are not uncommonly overexpressed
through gene amplification. Tp53 dependent apoptosis mediated by free E2Fs is inhibited by loss of function of Tp53 in >70% of cases, as
well as by activation of anti-apoptotic pathway, such as Bcl-2 overexpression (not shown here). (B) In NSCLC, Rb function is inactivated by
accelerated phosphorylation of constitutionally normal Rb protein through increased activity of cyclin dependent kinases (Cdks) that is
brought about by p16/Ink4 inactivation, cyclin D1 overexpression, and other mechanisms (not shown here). Free E2Fs released from inacti-
vated Rb protein mediate cell cycle progression. E2Fs-mediated Tp53 dependent apoptosis could be inhibited due to Tp53 inactivation in
around 50% of NSCLC.

of both Tp53 and Rb genes. Genetic analysis of tumors in
mice with homozygous Tp53 gene deletions and heterozy-
gous Rb gene deletions demonstrated homozygous deletions
of both Tp53 and Rb genes, the results implicating that the
originally normal Rb gene on one allele was deleted during
tumor development. From these results homozygous dele-

firmed that these cells differentiate toward the NE lineage by
demonstrating the expression of NE markers, TTF1, and the
mouse homolog of human achaete-scute complex homolog-
like 1 (MASH1). This neoplasia was termed mouse SCLC.
In mice with homozygous Tp53 gene deletions and het-
erozygous Rb gene deletions SCLC also occurred, but the

tumor incidence was lower, the time required for tumor de-
velopment was longer, and the size of developed tumor was
smaller than those seen in mice with homozygous deletions

tions of both Tp53 and Rb genes were supposed to be essen-
tial for the development of mouse SCLC.
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Hyperplastic and dysplastic lesions with high cell prolif-
eration activity also were observed in the bronchial epithelia
of this mouse model. Cells comprising these lesions ex-
pressed NE markers, TTF1 and MASHI1, and were consid-
ered to be the precursor lesions of mouse SCLC. A micro-
dissection study coupled with polymerase chain reaction
demonstrated homozygous deletions of Tp53 and Rb genes
in the cells comprising hyperplastic and dysplastic lesions. It
was thus considered that homozygous deletions of both
genes are not sufficient for the full development of mouse
SCLC and additional genetic alterations are required. It is
assumed that Rb gene deletions are essential for promoting
the proliferation and retaining the differentiation of the cells
committed toward the NE lineage. Evasion of apoptosis
caused by Tp53 gene deletion is likely more important in the
propagation of such altered preneoplastic cells. These obser-
vations are overall consistent with the results of genetic and
molecular analyses of human SCLC.

Another study using a mouse model of conditional dele-
tion of the Rb gene demonstrated that Rb controls the fate of
airway epithelial cells [27]. In the embryonic stage, Rb dele-
tion resulted in prominent proliferation of airway epithelial
cells of non-characterized type. Natal and postnatal mice
with Rb deletion exhibited a conspicuous increase of airway
NE cells, perhaps due to induction into the NE cell lineage
together with enhancement of cell proliferation. Non-NE
airway cells such as Clara cells and type 2 cells appeared to
normally develop. From these results, the author concluded
that Rb has cell lineage-specific role that is essential for the
regulation of NE cell fate.

Considering the results from these two experimental
studies, it is supposed that Rb loss in SCSL has a role not
only in NE lineage cell specification but also in enhancement
of cell cycle progression preferentially of these cells (Fig. 3).
Tp53 loss potentially functions in evasion of apoptosis, es-
cape from cell cycle arrest, and induction of genetic instabil-
ity.

Squamous Cell Carcinoma (SCC)

Overexpression of the epidermal growth factor receptor
(EGFR) protein assessed by immunohistochemistry is more
frequent in SCC (80% to 90%) than in other types of
NSCLC [17]. A recent study showed that EGFR immunore-
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activity was correlated with EGFR tyrosine kinase domain
mutations in lung cancer, but this trend was rather strong in
ADC [28]. K-ras gene mutations are rare in SCC as in other
NSCLC except ADC [13]. Okudela ef al. [29] recently dem-
onstrated activating mutations and amplification of the PIK3
catalytic, alpha (PIK3CA) gene in about 50% of lung SCC
and stressed that the activation of downstream components
in the EGFR signaling pathway is important for the devel-
opment of lung SCC. They also noticed that PIK3CA gene
activation and amplification were strongly associated with
smoking. Tp53 gene inactivation also is frequent in SCC as
in other types of NSCLC (approximately 50%). While Rb
gene mutations are rare, the upstream components of the Rb
pathway are disrupted in SCC as in other NSCLC, either by
overexpression of cyclin D1 protein (gene amplification or
by other mechanisms) or through p16/Ink4 gene silencing
due to genetic (homozygous deletions/mutations) or epige-
netic (promoter methylation) mechanisms [17].

Adenocarcinoma (ADC)

While lung ADC is a group of heterogeneous histological
subtypes, the majority of tumors occur in the lung periphery.
Lung ADC is unique in having frequent mutations of the K-
ras gene, most of which are in codon 12, in contrast to SCC
and SCLC which hardly show any K-ras gene mutations.
However, the frequency of K-ras gene mutations has been
reported to be up to 30% in lung ADC. K-ras gene mutations
are detectable in AAH lesions, a putative precursor of pe-
ripheral lung AC, particularly BAC [30]. As in other types of
NSCLC, inactivation of the Tp53 gene is frequent (approxi-
mately 50% of cases) and is detectable preferentially in ad-
vanced lung ADC including those with the BAC pattern (ad-
vanced BAC) [30].

Recent studies demonstrated activating mutations of the
EGFR gene in 40-50% of lung ADC and these cases showed
no K-ras gene mutations. Thus, EGFR gene mutations and
K-ras gene mutations are mutually exclusive in lung ADC
[31-33] These investigators also detected EGFR gene muta-
tions at a high frequency in AAH lesions without K-ras gene
mutations and reported that the proportion of lesions with
EGFR gene mutations increased with the progression of dis-
ease whereas the proportion of lesions with K-ras gene muta-
tions was unchanged or even decreased. They concluded that

Non-NE cell differentiation and proliferatio

NE cell differentiation and proliferation

Non-NE cell differentiation and proliferation
Rb (-) 4|
K NE cell differentiation and proliferation J

Fig. (3). The role of Rb in airway epithelial cell fate determination during development and pulmonary carcinogenesis. Non-neuroendocrine
(non-NE) cell differentiation and proliferation are not affected by the presence or absence of Rb function. Rb regulates differentiation and
proliferation of cells in the NE lineage, and Rb function loss enhances NE cell differentiation and proliferation, not only during development

perhaps but also in SCLC carcinogenesis.
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EGFR gene mutations are more important for the develop-
ment and progression of lung ADC than K-ras gene muta-
tions. Okudela ef al. detected PIK3CA gene mutations in
12% of lung ADC [29]. They augured that the activation of
the EGFR signaling pathway, including activation of the
downstream mediators, is essential for the development of
SCC and ADC, though the main downstream pathway ap-
pears to differ between the two.

It has been assumed that the type 2 pneumocyte, Clara
cell, and/or, precursor cell common to these two cell types is
the cell of origin for peripheral lung ADC, particularly for
BAC [3].

Kim et al. [34] identified bronchioalveolar (tissue) stem
cells coexpressing Clara cell specific antigen CCA and type
2 pneumocyte specific SP-C in the niche of the bronchioal-
veolar junction of the mouse lung. These cells actively pro-
liferated to repair injured bronchial and alveolar epithelia.
Isolated cells from this population were capable of proliferat-
ing in vitro and forming colonies composed of type 2 pneu-
mocytes, type 1 pneumocytes and Clara cells. A single cell
isolated from these colonies also exhibited the capability to
propagate in vitro and to produce similar progeny cells as
mentioned above. From these results, it is evident that the
cells are capable of both self-renewal and pluripotent differ-
entiation, being consistent with the definition of a stem cell.
Furthermore, it is of interest that these cells enhanced clonal
expansion in vitro and formed adenomatous hyperplasia le-

smoke
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sions (the precursor of ADC) in vivo in response to activa-
tion of the K-ras gene. They considered that pulmonary ADC
originates from these cells.

Ventura et al. [35] produced Cre-mediated recombinant
mice in which MAPK14 (p38a) alleles could be condition-
ally inactivated with tamoxifen. The most pronounced phe-
notypic change in mice with a conditionally deleted
MAPK14 (p38a) gene was lung mal-development, character-
ized by a prominent increase in cycling peripheral lung
epithelial cells, an increase in the number of SP-C positive
cells, and a decrease in the number of E-cadherin positive
cells. They considered that these phenomena reflect an ex-
cess proliferation of peripheral lung stem cells accompanied
by an inability to differentiate. It is likely that p38a helps to
prevent the excess proliferation of peripheral lung stem cells
and to control pneumocyte differentiation (Fig. 4). They
demonstrated that p38a controls the proliferation and self-
renewal of peripheral lung stem cells by mediating such fac-
tors as CCAAT/enhancer protein that induce pneumocyte
differentiation and inhibit cell replication signals, particu-
larly those of the EGFR signaling pathway. The Clara cell
showed no abnormalities. It is interesting that mice with ho-
mozygous p38a gene deletions formed larger and more nu-
merous K-ras gene induced pulmonary tumors than either
wild type mice or in mice with heterozygous p38agene dele-
tions. These results indicate that p38a is important not only
for control of the self-renewal and differentiation of periph-
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Fig. (4). The role of EGFR signaling pathway involving the ras-rat-MEK-MAPK and PI3K-AKT pathways in coordinating cell cycle pro-
gression, cell motility, apoptosis, and alveolar stem cell activity. Activation of EGFR signaling pathway is crucial for carcinogenesis of
NSCLC, especially ADC. Smoke carcinogens cause activating mutations of K-ras and PI3K catalytic alpha (PI3KCA) genes, while the etiol-

ogy of EGFR gene mutations has not been clarified yet.
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eral lung stem cells but also in pulmonary carcinogenesis as
a tumor suppressor gene.

In this line, it is of interest that p38-regulated/activated
protein kinase (PRAK), a substrate of p38MAPK, is acti-
vated by p38 in response to the K-ras gene activation in a
dimethylbenz[a]-anthracene (DMBA)-induced model of skin
carcinogenesis in mice [36]. The activated PRAK induces
cell senescence and as a result inhibits the formation of tu-
mors through functional activation of the Tp53 protein due
to direct phosphorylation by this kinase. In addition, LOH of
Dimpl, which is activated through ras-raf signaling and in-
duces cell cycle arrest in a pl4/Arf- or Tp53-independent
manner, is detected in 35% of human NSCLC and in 40% of
K-ras gene induced mouse pulmonary ADC, suggesting that
Dimpl is a tumor suppressor [37]. In summary, activation of
EGFR signaling pathway is important in the development of
ADC (see below).

In human lung ADC, Tp53 gene inactivation occurs fre-
quently as in other NSCLC, particularly in advanced tumors.
On the other hand, Rb gene inactivation is a rare event. In
the study by Ventura et al. [35], the mice with homozygous
Rb gene deletions and normal Tp53 alleles did not develop
any ADC. In mice having homozygous deletion of the Tp53
genes, either with normal Rb genes, heterozygous Rb gene
deletions, or homozygous Rb gene deletions, lung ADC oc-
curred but there were no differences in incidence among any
of the groups. As in human cases, therefore, Rb gene dele-
tions are not responsible for the development of lung ADC,
but Tp53 gene deletions play a crucial role in this mouse
model.

Large Cell Carcinoma (LCC)

LCC is an undifferentiated NSCLC and likely a waste-
basket of very poorly differentiated ADC and SCC, and lit-
erally undifferentiated carcinomas. It accounts for less than
10% of all lung cancers. No precursor lesion has been identi-
fied yet and the cell of origin is unknown. LCC shares the
molecular and genetic alterations seen in other NSCLC [38].
Large cell NE carcinoma (LCNEC) is a unique but still con-
troversial subtype of LCC as it expresses NE markers and
partly shares genetic alterations including inactivation of the
Rb and Tp53 genes with SCLC [38, 39].

SIGNIFICANCE OF EGFR SIGNALING PATHWAY
IN NSCLC

Activation of the EGFR signaling pathway has a crucial
role in NSCLC development [40], in addition to alterations
of the pl6/INK4-cyclinD1-Rb pathway. A simplified illus-
tration of the EGFR signaling pathway is shown in Fig. (4).
As mentioned above, activation of the EGFR gene likely
contributes to the development of lung ADC without K-ras
gene mutations. Activation of either the K-ras gene or EGFR
gene endows cells with the same growth stimuli through the
EGFR-ras-raf-MAPK signal transduction cascade. It thus
appears that mutations of the K-ras gene and activation of
the EGFR gene could work in a complementary manner in
the development of lung ADC. Moreover, a downstream
component, the PIK3CA gene activation is demonstrated in
certain, but rather small proportion of lung ADC. Activation
of PIK3CA gene is a significantly frequent event in lung
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SCC. In addition, the majority of lung SCC shows overex-
pression of EGFR, which potentially brings about growth
stimulation through the EGFR signaling pathway. Thus, the
genes related to EGFR signaling pathway are candidates for
targeted therapies, as exemplified by the treatment of lung
ADC having EGFR mutations with tyrosine kinase inhibitors
[40, 41].

EVASION OF FEEDBACK SYSTEM PREVENTING EX-
CESSIVE GROWTH BY CARCINOGENIC STRESSES

As shown in many studies [42-44], the normal cell has a
potent to prevent itself from undergoing neoplastic transfor-
mation in response to oncogenic stresses. One of the preven-
tive mechanisms is that of so-called tumor suppressor genes,
and the most representative one is Tp53 gene whose product
induces cell cycle arrest for repairing DNA damages and
eliminates cells with unrecoverable DNA damages by apop-
tosis [10]. It is thus most likely that disruption of these anti-
carcinogenic, preventive mechanisms results in neoplastic
transformation of the cells, especially when growth-
promoting effects by carcinogenic stimuli are accompanied.

We recently showed that mutated K-ras gene transduc-
tion in normal epithelial cells derived from the peripheral
lung evoked strong expression of insulin-like growth factor
(IGF) binding protein-4 and -2 which inhibit cell growth
effects of IGF, while many lung carcinoma cell lines ex-
pressed these proteins significantly weaker than the normal
cells. It was shown that this disruption of IGF binding pro-
tein expression in cancer cells was caused by promoter hy-
permethylation of the IGF binding protein-4 and -2 genes
[45]. This study clearly demonstrated that evasion of the
growth-preventive feedback system working in the normal
cell is one important mechanism of enhancement of tumor
development and that an epigenetic change such as promoter
hypermethylation is one of the mechanisms inactivating the
genes involved in carcinogenesis.

CONCLUDING REMARKS

It is undoubtedly rational to divide lung cancers into
SCLC and NSCLC, not only from the point of view of clini-
copathological characteristics but also with regard to the
molecular and genetic pathogenesis.

In SCLC, the Tp53 and Rb genes are intrinsically and
constitutionally inactivated through mutations and/or dele-
tions in virtually all cases, and inactivation of both genes
probably is an essential, and presumably early, event. In the
vast majority of SCLC, Rb activity should be abraded almost
completely due to either loss or constitutional alterations of
Rb protein.

In NSCLC, dysfunction of the Rb pathway ensues from
inactivation of multiple upstream regulators, thus repression
of Rb function is assumed not to be complete as in SCLC
because putative complementary functions could work
through preserved collateral pathways. However, contribu-
tions of other Rb family member pocket proteins, p107 and
p130, should also be kept in mind, since these Rb family
proteins show functional redundancy in regulation of prolif-
eration, survival and differentiation of the airway epithelial
cells, especially in the NE lineage [27]. With regard to the
alterations of the Tp53 gene, we currently have no informa-
tion on at which step they occur during the carcinogenesis of
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SCLC. We speculate that TpS53 gene alterations are early
events as suggested by the findings in the mouse SCLC
model.

On the other hand, activation of the EGFR signaling
pathway is a main, and possibly an early event in NSCLC. In
ADC, activating mutations of the K-ras gene and EGFR gene
are demonstrated in a mutually exclusive fashion as early as
in AAH lesions, and advanced ADC lesions as well. In the
majority of SCC, EGFR protein is upregulated by a still un-
known mechanism. In addition, PIK3CA, a subunit of the
intermediate component PI3K of the EGFR signaling path-
way, is frequently activated by mutations and amplification
in SCC.

It would be right to say that the notion mentioned above
is too simplified, as there would be extensive overlap and
interaction within the pathways. If correct, however, the next
question is what factors are responsible for the differences in
molecular carcinogenesis between SCLC and NSCLC. Are
etiological factors, the sensitivity of target genes to carcino-
genic insults, or the degree of disruption of DNA damage
repairing capability different? Are the types of precursor
cells targeted by genetic insults different? One plausible the-
ory is that the target precursor cells differ and that the genes
functionally important in these cells are sensitive and prone
to alteration by carcinogenic insults. In addition, the kinds of
carcinogenic insults that induce such alterations could be
different and specific for the genes involved depending upon
the structure of DNA strands. Tobacco smoke contains over
60 carcinogens such as benzo[a]pyrene, most of which form
DNA adducts after metabolic activation in the target cells.
The ensuing gene mutational spectra, plausibly involving
genes as well, are significantly different depending upon the
type of carcinogen. For example, the pattern of Tp53 gene
mutations in lung cancers of smokers represents
benzo[a]pyrene-induced mutational spectra [8]. In this regard
it is interesting that the distribution of frequency of his-
tological types of lung cancer differs significantly between
smokers and non-smokers. SCLC and SCC are closely corre-
lated with smoking. ADCs with K-ras mutations are also
associated with smoking, while there is little association be-
tween smoking and EGFR mutations in ADC, particularly
BAC (Fig. 4). In regard to Rb gene alterations, what roles
smoke does play are not known.

The link of lung cancer development to exogenous car-
cinogen exposure is strong; however, the difference in sus-
ceptibility also has to be considered. The study of genetic
polymorphisms relating to xenobiotic metabolism and DNA-
repair has identified many candidate genes, and it is plausi-
ble that some of these genes influence the risk of lung can-
cer, either by themselves or in combination, as well as life-
style factors [46].

The phenotypes of cancer cells, for example NE features
of SCLC, epidermoid features of SCC, and type 2 pneumo-
cytes and/or Clara cell features of ADC, may be determined
by the commitment status of the respective precursor cells.
The airway epithelial cell lineage and the molecular mecha-
nism controlling the differentiation and self-renewal of tissue
stem cells are still controversial and little understood. Eluci-
dation of the signal transduction pathway and genetic
mechanism in the maintenance and activation of lung epithe-
lial stem cells is essential for understanding the molecular
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pathogenesis of lung cancer. Finally, we would like to stress
the importance of epigenetic mechanisms in the functional
alterations of genes during carcinogenesis.
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Bcl-2 = B cell leukaemia/lymphoma-2
Cdk =  Cycling dependent kinase

E2F = E2 promoter-binding factor
EGFR =  Epidermal growth factor receptor
MAPK =  Mitogen-activated protein kinase
Mdm?2 = Murine double minute 2

NE = Neuroendocrine

PI3K = Phosphatidylinositol-3-kinase
Rb = Retinoblastoma

Tp53 = Tumor protein 53
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