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Abstract

Lung cancer is the leading cause of cancer death worldwide, and the need to develop better diagnostic
techniques and therapies is urgent. Mouse models have been utilized for studying carcinogenesis of
human lung cancers, and many of the major genetic alterations detected in human lung cancers have
also been identified in mouse lung tumors. The importance of mouse models for understanding human
lung carcinogenic processes and in developing early diagnostic techniques, preventive measures and
therapies cannot be overstated. In this report, the major known molecular alterations in lung
tumorigenesis of mice are reviewed and compared to those in humans.

Keywords
Lung tumor; oncogenes; tumor suppressor genes; K-ras; p53

Introduction

Human lung cancer can be divided into non-small-cell lung cancer (NSCLC) and small-cell
lung cancer (SCLC) based on histopathological features. About 80% of human lung cancers
are NSCLC, and they are subdivided broadly into adenocarcinoma, squamous cell carcinoma
(SCC), and large-cell carcinoma, of which adenocarcinoma is the most prevalent and appears
to be increasing in frequency, especially in women and nonsmokers (Husain and Kumar,
2005).

Mouse models have been used for studying human carcinogenesis processes of both NSCLC
and SCLC (Meuwissen and Berns, 2005). Most of the earlier models of spontaneous and
chemically induced mouse lung tumors more closely resemble human lung adenocarcinoma
than other subtypes in morphology and molecular characteristics (Nikitin et al., 2004).
Squamous cell and neuroendocrine cell tumor models have also been developed, but they do
not develop spontaneously and are discussed later.

Mice of different strains vary markedly in their sensitivity to develop pulmonary tumors. Lung
tumor susceptible mice such as strains A and 129 develop a large number of tumors
spontaneously with age and produce a strong lung tumor response after treatment with certain
carcinogens. B6 (C57BL/6) and C3H mice are relatively resistant to spontaneous development
of lung tumors, and BALB/c is considered intermediate in susceptibility (Malkinson, 1985).
The B6C3F1 hybrid strain that is commonly used in the National Toxicology Program (NTP)
carcinogenesis bioassay has exhibited a strong lung tumor response to certain chemicals, for

Address correspondence to: Robert C. Sills, Laboratory of Experimental Pathology, National Institute of Environmental Health Sciences,
MD B3-06, 111 Alexander Drive, Research Triangle Park, North Carolina 27709, USA; e-mail: sills@niehs.nih.gov.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wakamatsu et al.

Page 2

example methylene chloride, chloroprene, and vanadium pentoxide (Kari et al., 1993; National
Toxicology Program, 1996, 2001).

The molecular alterations responsible for the chemically induced lung tumor response in
B6C3F1 mice have been studied extensively in our laboratories, while other labs have focused
on different models. These studies have identified genetic alterations that play a role in lung
tumorigenesis and provided clues to mechanisms of carcinogenesis. In addition, epigenetic
events that alter the expression of cancer genes have also been studied in these mouse models
(Belinsky, 2005).

The carcinogenesis studies that have investigated molecular alterations in mouse lung tumors
have provided the basis for new hypothesis driven studies that utilize a gene-targeted approach
to induce mouse lung tumors. In recent years transgenic and knockout mice have been created
in which lung tumors arise as a result of distinct introduced genetic lesions (Meuwissen and
Berns, 2005). Recently, sophisticated site- and stage- specific expression regulated transgenic
or knockout mice have been engineered to further understand which genes are specifically
responsible for lung tumor formation and progression and how these genes function. Important
molecular pathways underlying mechanisms of carcinogenesis in the lung have been revealed
and better understood through these targeted transgenic and gene knockout technologies.

Defined mouse models of chemical carcinogenesis have been used to study potential
chemoprevention treatments and understand how they work (Yao et al., 2004; Lu et al.,
2006). The A/J strain has been utilized primarily for these studies since these mice develop
lung tumors rapidly after treatment with certain carcinogens (Mostofi and Larsen, 1951;
Dumbell and Rous, 1955; Shimkin and Polissar, 1958). An overview of recent studies is
discussed later.

Recently, there is a growing body of gene expression array studies that are adding to our
understanding of the molecular mechanisms of human and mouse lung carcinogenesis.
Comparisons of gene expression changes in mouse lung tumors and human cancers have
revealed some similarities (Bonner et al., 2004). These studies can give strong insights into
molecular mechanisms of carcinogenesis. However, they are complicated by the number of
different cell populations in the lung that are usually a mixture of cell types in the analysis,
while only a small fraction of the cells may be transformed into cancer cells.

K-RAS Mutations

For about 2 decades, scientists have been examining tumors for the molecular alterations that
are the basis for cancer formation, and KRAS was one of the first oncogenes identified. RAS
is a critical member of a pathway that transports signals from membrane bound receptor
tyrosine kinases to transcription factors that up-regulate growth promotion genes in the cell
nucleus. The RAS genes consist of a gene family that encode GTPase enzymes, and mutations
at critical sites in RAS lead to uncontrolled up-regulation of the signaling pathway. Mutations
in the KRAS proto-oncogene have been identified in about 30% of human lung
adenocarcinomas (Reynolds and Anderson, 1991; Reynolds et al., 1992) but are rare in other
lung cancer subtypes. Similarly, one of the first molecular alterations to be identified in mouse
lung tumors was mutation of K-ras, suggesting that mouse lung tumorigenesis may at least
partly model human lung cancer. An activating mutation of K-ras is a major early event that
often occurs in the carcinogenic process of both spontaneous and chemically induced mouse
lung tumors, and there is some evidence that it may be a relatively early event in human lung
adenocarcinoma formation also (Spivack et al., 1997).

In humans KRAS mutations were detected in 25-40% of atypical adenomatous hyperplasia
(Cooper et al., 1997), which is a potential precancerous lesion of adenocarcinoma. Thus,
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KRAS mutation appears to be an early event in human lung cancer development. K-ras mutation
occurs in greater than 80% of lung tumors from aging untreated A/J mice and virtually all
treated A/J mice, and it has been detected in hyperplasias from these mice (Belinsky et al.,
1992; Horio et al., 1996). In contrast, K-ras mutations have been identified in only 20% of
spontaneous lung tumors from B6C3F1 mice (Sills et al., 1999), and its frequency varies from
20% to near 100% in tumors from treated B6C3F1 mice (Sills et al., 1999) depending on
chemical treatment.

Most KRAS mutations identified in human lung cancers have been G to T transversions at
codon 12, suggesting that benzo(a)pyrene and other carcinogens in tobacco smoke caused
specific adduct formation that resulted in the fixation of this mutation pattern in the DNA.
Indeed, mouse lung tumors induced by benzo(a)pyrene treatment also exhibited a high
proportion of codon 12 G to T mutations in K-ras (You et al., 1989; Massey et al., 1995; Sills
etal., 1999). It was further revealed that K-ras mutation profiles in lung tumors from mice
treated with a variety of carcinogens were chemical selective and were often consistent with
specific DNA adduct formation by the different chemicals (You et al., 1989; Massey et al.,
1995; Sills et al., 1999) or suggested that the tumors might have arisen as a result of indirect
DNA damage, oxidative stress, or genomic instability (Sills et al., 1995; Hong et al., 2006).

Interestingly, numerous studies have demonstrated that exposure of pregnant mice to certain
chemicals, such as 3’-azido-3'-deoxythymidine (AZT) or 3-methylcholanthrene (3-MC) can
increase the incidence of lung tumors in the offspring (Miller et al., 2000; Hong et al., 2006).
In the case of the AZT study 25 of 38 (66%) of Swiss (CD-1) mice exposed in utero to AZT
had K-ras mutations, and they were predominantly G to T transversions in codon 12. This
pattern of mutations suggested that exposure to AZT or its metabolites resulted in the formation
of specific DNA adducts and mutation fixation in the K-ras gene in the offspring.

The importance of K-ras mutations in the initiation phase of carcinogenesis has been
demonstrated by experiments that created transgenic mice carrying a mutant K-ras allele
(Johnson et al., 2001). These mice developed a range of tumor types, especially early onset
lung tumors, suggesting that K-ras mutation can initiate mouse lung carcinogenesis. Another
transgenic mouse lung cancer model that expressed mutant K-ras under the control of
doxycycline specifically in pulmonary alveolar type I1 cells revealed that continued production
of the mutant K-ras was required to maintain the malignant phenotype even in animals with
deficient p53 or p16 tumor suppressors (Fisher et al., 2001). K-ras mutations have been
identified in early lesions, but metastatic lesions have not been detected commonly in these
studies, suggesting that alterations in other cancer genes are required for progression and
metastasis.

While K-ras appears to play a critical role in mouse and human lung adenocarcinoma
formation, its function is complex and its role is only beginning to come to light. In 2001,
Zhang etal. (2001) proposed that wild-type K-ras may be a mouse lung tumor suppressor gene.
In that study chemical-treated mice carrying one disrupted allele of K-ras developed a high
incidence of lung tumors, and the remaining K-ras allele in the lung tumors was mutated. One
of the clues that led to these experiments was the finding of loss of heterozygosity (LOH) on
chromosome 6 in the region of K-ras in lung tumors from B6C3F1 mice with K-ras mutations
(Hegi et al., 1994; Zhang et al., 2001). In addition, K-ras map kinase activation correlated
strongly with K-ras mutation and LOH in a set of lung tumors from B6C3F1 mice (Devereux
etal., 2002).

K-ras is known to map closely to the mouse Pasl (pulmonary adenoma susceptibility) gene,

and genetic polymorphisms in the 2nd intron between inbred mouse strains correlate with
susceptibility (You et al., 1992). However, this small region of mouse chromosome 6 is very
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complex, and other candidates for Pas1 have also been identified (Wang et al., 2005). At this
time, the role of K-ras in mouse lung tumor susceptibility and tumor formation has not been
entirely deciphered.

p53 Mutation

Inactivation of the p53 gene plays a fundamentally important role in the pathogenesis of lung
cancer. The p53 tumor suppressor functions in a network of pathways, playing critical roles in
cell cycle checkpoints, apoptosis, DNA repair and recombination (Sengupta and Harris,
2005). It is induced following cellular stress to maintain genomic stability and is lost or
rendered dysfunctional during carcinogenesis in many systems. Mutation of p53 has been
frequently reported in both SCLC (75%) and NSCLC (50%) (Takahashi et al., 1989), but
adenocarcinomas exhibit p53 mutations less frequently than SCC or other histological types
of lung tumors (Calvez et al., 2005).

Association between smoking and mutation patterns of p53 has been reported for lung cancers
(Calvezetal., 2005), suggesting that there may be different mechanisms or pathways depending
on exposure to tobacco. In spontaneous and chemically induced mouse lung tumors, p53 is not
commonly mutated (Hegi et al., 1993), and when it is mutated, it is a late event (Horio et al.,
1996). Hegi et al. (1993) identified p53 mutations in only 4/54 methylene chloride induced
lung carcinomas examined from B6C3F1 mice, and those tumors also exhibited LOH at the
p53 locus.

Overexpression of p53 by immunochemical staining was heterogeneous and was found in those
4 tumors and in a focal area of 1 other tumor. In another study p53 overexpression in aflatoxin
B1 induced AC3F1 mouse lung tumors was found to be highly heterogeneous (39). Laser
capture microdissection of immunohistochemically positive cells was utilized to identify
p53 mutations. Twenty-six mutations were identified in the microdissected regions, and
concordance between staining and mutation was 72%. In addition, the p53 mutations detected
did not occur specifically at G:C basepairs as was found for all K-ras mutations in these tumors
(Donnelly et al., 1996).

These studies provide evidence that p53 mutations are late events in mouse lung carcinogenesis
and most likely result from indirect DNA damage or genomic instability. In a recent study
utilizing p53 mutant mouse models, p53 was found to play an important role in progression,
especially in K-ras induced lung carcinogenesis (Jackson et al., 2005).

Other Cancer Genes May Influence Development of Mouse Lung Tumors

The p16-Ink4a CDK4 inhibitor encoded by CDNK2A plays a critical role in the G1/S cell cycle
checkpoint by controlling the CDK4-cyclin D1 complex that regulates RB expression. It is
thought that most cancers have a disruption in the RB pathway that results in acceleration of
cell cycle progression. Loss of RB protein occurs in 15-30% NSCLC with a higher frequency
in late-stage NSCLC than in early-stage tumors, suggesting a possible association with tumor
progression (Xu et al., 1996). However, loss of p16 function appears to be a more common
occurrence in tumors, and it is an early event in lung cancer (Belinsky et al., 1998).

Allele loss, mutation and methylation of p16 have been detected in many human cancers.
However, while mutations of p16 are common in melanomas, in human lung cancers promoter
methylation and allele loss predominate in those tumors where p16 loss has been identified.
That also appears to be the case for mouse lung tumors (Patel et al., 2000; Tam et al., 2003).
In a study of spontaneous and methylene chloride-induced lung adenocarcinomas from
B6C3F1 mice, Cdkn2a promoter region methylation was detected in DNAs from 12 of 17
tumors, but not from normal lung (Patel et al., 2000). In a similar study on lung tumors from
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AC3F1 mice treated with aflatoxin B1, LOH in the region of the Cdkn2a/p19Arf gene loci on
chromosome 4 occurred in 22/74 (30%) of the tumors.

In addition, 51/61 (83%) of the tumors showed at least partial methylation of CpG sites in the
Cdkn2a promoter and 43 of 49 (88%) exhibited at least partial methylation of the p19Arf
promoter (Tam et al., 2003). Interestingly, disruption of p16Ink4a, p19Arf, and p53 did not
show strong correlations, suggesting inactivation of these genes is independent and that they
may function in independent as well as cooperative pathways. In other studies the incidence
of spontaneous lung tumors was not increased in p53, Rb or p16 Ink4a mutant mice, although
combinations of these genetically targeted mice with mutant K-ras did show increased
incidences of lung tumors (Fisher et al., 2001; Wang et al., 2006).

The death associated protein (DAP)-kinase appears to play a role in apoptosis by activating
p53 in a p19 ARF-dependent manner to inhibit cell transformation (Raveh et al., 2001). Loss
of expression of DAP-kinase by promoter methylation may play a role in early (Tang et al.,
2000) and late stages of (Kim et al., 2001) human NSCLC and in early steps in mouse lung
tumorigenesis (Pulling et al., 2004). Methylation was observed in 40-60% of mouse lung
tumors induced by cigarette smoke, 4-methylnitrosamino-1-(3-pyridyl)-1-butanone (NNK),
vinyl carbamate, or methylene chloride as well as in hyperplasias associated with NNK
exposure. The frequency of methylation in the mouse lung tumors was comparable to that
reported for smoking-associated human lung cancer (Belinsky, 2005).

Enhanced expression of cyclooxygenase 2 (COX2) has been observed in human lung
adenocarcinomas (Hida et al., 1998), and epidemiological studies have shown that NSAIDS
such as aspirin that inhibit COX activity significantly reduce the risk of lung cancer
(Schreinemachers and Everson, 1994). Two studies have followed the expression of Cox2 (and/
or Cox1) during lung carcinogenesis in A/J mice (Bauer et al., 2000; Wardlaw et al., 2000).
Immunostaining was detected in normal alveolar and bronchial cells and in some but not all
adenomas and carcinomas in lung tumor susceptible mice.

Another study demonstrated that NSAID inhibitors of Cox2 inhibited mouse lung tumor
formation and involved both induction of apoptosis and inhibition of Cox2 expression (Yao et
al., 2000). Overexpression of Cox2 does not seem to be obligatory for progression to
malignancy in this model, although it may be important in early stages of mouse lung tumor
formation as well as play a prognostic role at early stages of human lung cancer (Maxcaus et
al., 2006).

Up-regulation of telomerase occurs frequently in both NSCLC (80%) and in SCLC (100%)
and has been detected in precancerous lung tissue (Osada and Takahashi, 2002). Telomerase
activation also occurs during mouse lung carcinogenesis (Ohno et al., 2001). Increased
telomerase activity was detected during early and late urethane-induced tumorigenesis in A/J
mice and was independent of p53 gene alterations.

The allelic loss of chromosome 3p is one of the most frequent genetic alterations in both SCLC
(90%) and NSCLC (70%). It is detectable even in histologically normal or mildly abnormal
lung epithelium in lung cancer patients and healthy former or current smokers. The region of
3p21.3 harbors a number of candidate tumor suppressor genes including a RAS-related gene,
RASSF1A, the loss of which may be important in early stages of human lung carcinogenesis
(Li et al., 2003). Methylation of the RASSF1A promoter was detected in 55% of lung
adenocarcinomas, 25% of large cell carcinomas, and 25% of squamous cell carcinomas (L. et
al., 2003). That study also found that the majority of tumors with KRAS mutations lacked
RASSF1A inactivation. To date there are no reports of Rassfla mutation or promoter
methylation in lung tumors in mice. However, Rassfla knockout mice were susceptible to
spontaneous tumor formation in old age, and when treated with the lung carcinogen urethane,
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exhibited and increased tumor multiplicity and tumor size relative to control mice (Tommasi
et al., 2005). These data support a role for Rassfla in lung tumor suppression.

Besides the studies on individual major cancer genes that have uncovered important clues to
molecular mechanisms of lung cancer, advances in global gene expression analysis and
bioinformatics have enabled scientists to examine changes in expression of thousands of genes
and many pathways in single experiments. Many studies on lung cancers have been able to
dissect patterns of gene expression that were specific to tumor subtypes, smoking status, and
prognosis (Miura et al., 2002). There have been a number of recent studies that have compared
global gene expression changes in mouse lung tumors and human lung cancers.

For example, one study found a similarity of gene-expression patterns of many cancer-
associated genes between mouse lung tumors and human lung adenocarcinomas (Bonner et
al., 2004). In another study a gene expression signature of K-ras activation in a mouse model
of lung tumors uncovered a KRAS gene expression profile in human lung cancer that was not
revealed when analyzing the human tumors alone (Sweet-Cordero et al., 2005). Thus, mouse
models are providing valuable information that will help in understanding human lung cancer.

Squamous and Small Cell Models of Lung Cancer

Each type of tumor appears to have not only preferential etiology but also proceed from
different mechanisms of carcinogenesis associated with distinct patterns of genetic lesions.
Until recently few models of lung cancer other than adenocarcinoma existed. Models of
squamous cell lung carcinoma have been developed after intubation with methyl carbamate
(Nettesheim and Hammons, 1971) or skin painting of mice with N-nitroso-tris-
chloroethylureas (Rehm et al., 1991). Skin-painting with these compounds induced squamous
cell carcinomas of the lung in susceptible strains of mice including SWR/J, NIH Swiss, BALB/
¢, A/J and FVB/J but not in resistant strains (Wang et al., 2004). Meuwissen et al. (2003) have
induced a SCLC model by conditional knockout of p53 and Rb. Recently, several other mouse
models of human lung cancer have been developed, especially by transgenic technologies and
these models are reviewed in detail elsewhere (Meuwissen and Berns, 2005).

Identification of Human Carinogens and Chemoprevention Models

Mouse models have been utilized by the National Toxicology Program and other groups to
identify human carinogens and understand risks of exposure. Many chemicals in the Report
on Carcinogens (NTP) are listed as known human carcinogens based in part on supporting
evidence from NTP carcinogenicity tests in mouse models. One criticism of the animal tests
has been the inability to demonstrate carcinogenicity of tobacco smoke in mice. However, a
new study has shown that lifetime exposure of high doses of cigarette smoke strongly increases
the lung tumor incidence in B6C3F1 mice (Hutt et al., 2005).

Mouse lung tumor models have also been utilized to test chemopreventive strategies (You and
Bergman, 1998; Chung, 2001), and recently gene expression profile studies have been
conducted to understand the observed effects. For example, budesonide, a glucocorticoid,
inhibited tumor multiplicity by 70% and total tumor load by 94% in A/J mice treated with
benzo(a)pyrene (Yao et al., 2004). Gene expression analysis indicated that budesonide
modulated growth arrest, apoptosis, and interference pathways that likely resulted in its
chemopreventive effect. In another study green tea was found to be a strong chemopreventive
agent against lung tumors in A/J mice (Xu etal., 1991). Gene expression studies have suggested
that major pathways involved in cell signaling, cell proliferation, and transcription in the lungs
and lung tumors are affected by the green tea consumption (Lu et al., 2006).

Toxicol Pathol. Author manuscript; available in PMC 2007 November 26.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wakamatsu et al.

Page 7

Conclusions

Lung cancer is currently the most frequently diagnosed major cancer in the world and the most
common cause of the cancer mortality worldwide. The high mortality is largely due to the late
stage of diagnosis and the poor response to therapy. Mouse lung tumors are not identical to
human lung cancers, but they share many genes and pathways for lung cancer development.
Since human lung cancers have a wide range of gene-expression patterns depending on the
type, it is important to find proper mouse models for each type of human lung cancer. The use
of mouse models is adding to our understanding of lung cancer biology by uncovering the
critical molecular pathways responsible for each stage of tumor formation and progression. A
better understanding of the carcinogenesis process will lay a foundation for future development
of prevention and therapy for lung cancer as well as tools providing sensitive diagnosis and
reliable prognosis.

References

Bauer AK, Dwyer-Nield LD, Malkinson A. High cyclooxygenase 1 (COX-1) and cyclooxygenase 2
(COX-2) contents in mouse lung tumors. Carcinogenesis 2000;21:543-50. [PubMed: 10753183]

Belinsky SA. Silencing of genes by promoter hypermethylation: key event in rodent and human lung
cancer. Carcinogenesis 2005;26:1481-7. [PubMed: 15661809]

Belinsky SA, Devereux TR, Foley JF, Maronpot RR, Anderson MW. Role of the alveolar type Il cell in
the development and progression of pulmonary tumors induced by 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone in the A/J mouse. Cancer Res 1992;52:3164-73. [PubMed: 1591728]

Belinsky SA, Nikula KJ, Palmisano WA, Michels R, Saccomanno G, Gabrielson E, Baylin SB, Herman
JG. Aberrant methylation of p16(INK4a) is an early event in lung cancer and a potential biomarker
for early diagnosis. Proc Natl Acad Sci USA 1998;95:11891-6. [PubMed: 9751761]

Bonner AE, Lemon WJ, Devereux TR, Lubet RA, You M. Molecular profiling of mouse lung tumors:
association with tumor progression, lung development, and human lung adenocarcinomas. Oncogene
2004;23:1166-76. [PubMed: 14647414]

Calvez FL, Mukeria A, Hunt JD, Kelm O, Hung RJ, Taniere P, Brennan P, Boffetta P, Zaridze DG,
Hainaut P. TP53 and KRAS mutation load and types in lung cancers in relation to tobacco smoke:
distinct patterns in never, former, and current smokers. Cancer Res 2005;65:5076-83. [PubMed:
15958551]

Chung EL. Chemoprevention of lung cancer by isothiocyanates and their conjugates in A/J mouse. Exp
Lung Res 2001;27:319-30. [PubMed: 11293331]

Cooper CA, Carby FA, Bubb VJ, Lamb D, Kerr KM, Wyllie AH. The pattern of K-ras mutation in
pulmonary adenocarcinoma defines a new pathway of tumor development in the human lung. J Pathol
1997;181:401-4. [PubMed: 9196437]

Devereux TR, Holliday W, Anna C, Ress N, Roycroft J, Sills RC. Map kinase activation correlates with
K-ras mutation and loss of heterozygosity on chromosome 6 in alveolar bronchiolar carcinomas from
B6C3F1 mice exposed to vanadium pentoxide for 2 years. Carcinogenesis 2002;23:1737-43.
[PubMed: 12376484]

Donnelly PJ, Devereux TR, Foley JF, Maronpot RR, Anderson MW, Massey TE. Activation of K-ras in
aflatoxin B1-induced lung tumors from AC3F1 (A/J x C3H/HeJ) mice. Carcinogenesis
1996;17:1735-40. [PubMed: 8761434]

Dumbell K, Rous P. Are carcinogens responsible for the superimposed neoplastic changes occurring in
mouse tumor cells? J Exp Med 1955;102:517-44. [PubMed: 13271668]

Fisher GH, Wellen SL, Klimstra D, Lenczowski JM, Tichelaar JW, Lizak MJ, Whitsett JA, Koretsky A,
Varmus H. Induction and apoptotic regression of lung adenocarcinomas by regulation of a K-ras
transgene in the presence and absence of tumor suppressor genes. Genes Develop 2001;15:3249-62.
[PubMed: 11751631]

Hegi ME, Devereux TR, Dietrich WF, Cochran CJ, Lander ES, Foley JF, Maronpot RR, Anderson MW,
Wiseman RW. Allelotype analysis of mouse lung carcinomas reveals frequent allelic losses on

Toxicol Pathol. Author manuscript; available in PMC 2007 November 26.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wakamatsu et al.

Page 8

chromosome 4 and an association between allelic imbalances on chromosome 6 and K-ras activation.
Cancer Res 1994;54:6257-64. [PubMed: 7954475]

Hegi ME, Soderkvist P, Foley JF, Schoonhoven R, Swenberg JA, Kari F, Maronpot R, Anderson MW,
Wiseman RW. Characterization of p53 mutations in methylene chloride-induced lung tumors from
B6C3F1 mice. Carcinogenesis 1993;14:803-10. [PubMed: 8504472]

Hida T, Yatabe Y, Achiwa H, Muramatsu H, Kozaki K, Nakamura S, Ogawa M, Mitsudomi T, Sugiura
T, Takahashi T. Increased expression of cyclooygenase 2 occurs frequently in human lung cancer,
specifically in adenocarcinomas. Cancer Res 1998;58:3761-4. [PubMed: 9731479]

Hong HH, Dunnick J, Herbert R, Devereux TR, Kim Y, Sills RC. Genetic alterations in K-ras and p53
cancer genes in lung neoplasms from Swiss (CD-1) male mice exposed transplacentally to AZT.
Environ Mol Mutagen. 2006in press

Horio Y, Chen A, Rice P, Roth JA, Malkinson AM, Schrump DS. Ki-ras and p53 mutations are early and
late events, respectively, in urethane-induced pulmonary carcinogenesis in A/J mice. Mol Carcinog
1996;17:217-23. [PubMed: 8989915]

Husain, AN.; Kumar, V. The lung. In: Kumar, V.; Abbas, AK.; Fausto, N., editors. Pathologic Basis of
Disease. Elsevier; Philadelphia, PA: 2005. p. 711-72.

Hutt JA, Vuillemenot BR, Barr EB, Grimes MJ, Hahn FF, Hobbs CH, March TH, Giliotti AP, Seilkop
SK, Finch GL, Mauderl JL, Belinsky SA. Life-span inhalation exposure to mainstream cigarette
smoke induces lung cancer in B6C3F1 mice through genetic and epigenetic pathways. Carcinogenesis
2005;26:1999-2009. [PubMed: 15944214]

Jackson EL, Olive KP, Tuveson DA, Bronson RT, Crowley D, Brown M, Jacks T. The differential effects
of mutant p53 alleles on advanced murine lung cancer. Cancer Res 2005;65:10280-8. [PubMed:
16288016]

Johnson L, Mercer K, Greenbaum D, Bronson RT, Crowley D, Tuveson DA, Jacks T. Somatic activation
of the K-ras oncogene causes early onset lung cancer in mice. Nature 2001;410:1111-6. [PubMed:
11323676]

Kari F, Foley JF, Seilkop SK, Maronpot RR, Anderson MW. Effect of varying exposure regimens on
methylene chloride-induced lung and liver tumors in female B6C3F1 mice. Carcinogenesis
1993;14:819-26. [PubMed: 8504473]

Kim DH, Nelson HH, Wiencke JK, Christiani DC, Wain JC, Mark EJ, Kelsey KT. Promoter methylation
of DAP-kinase: association with advanced stage in non-small cell lung cancer. Oncogene
2001;20:1765-70. [PubMed: 11313923]

LiJ, Zhang Z, Dai Z, Popkie AP, Plass C, Morrison C, Yang Y, You M. RASSF1A promoter methylation
and Kras2 mutations in non- small-cell lung cancer. Neoplasia 2003;5:362-6. [PubMed: 14511407]

LuY, YaoR, Yan Y, Wang Y, Hara Y, Lubet RA, You M. A gene expression signature that can predict
green tea exposure and chemopreventive efficacy of lung cancer in mice. Cancer Res 2006;66:1956—
63. [PubMed: 16488994]

Malkinson A. The genetic basis of susceptibility to lung tumors in mice. Toxicology 1985;54:241-71.
[PubMed: 2650016]

Massey TE, Devereux TR, Maronpot RR, Foley JF, Anderson MW. High frequency of K-ras mutations
in spontaneous and vinyl carbamate-induced lung tumors of relatively resistant B6CF1 (C57BL/6J
x BALB/cJ) mice. Carcinogenesis 1995;16:1065-9. [PubMed: 7767966]

Maxcaus C, Martin B, Paesmans M, Berghmans T, Dusart M, Haller A, Lothaire P, Meert AP, Lafitte
JJ, Sculier JP. Has Cox-2 a prognostic role in non-small-cell lung cancer? A systematic review of
the literature with meta-analysis of the survival results. Br J Cancer 2006;95:139-45. [PubMed:
16786043]

Meuwissen R, Berns A. Mouse models for human lung cancer. Genes Develop 2005;19:643-64.
[PubMed: 15769940]

Meuwissen R, Linn SC, Linnoila RI, Zevenhoven J, Mooi WJ, Berns A. Induction of small cell lung
cancer by somatic inactivation of both Trp53 and Rb1 in a conditional mouse model. Cancer Cell
2003;4:181-9. [PubMed: 14522252]

Miller MS, Gressani KM, Leone-Kabler S, Townsend AJ, Malkinson AM, O’Sullivan MG. Differential
sensitivity to lung tumorigenesis following transplacental exposure of mice to polycyclic

Toxicol Pathol. Author manuscript; available in PMC 2007 November 26.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wakamatsu et al.

Page 9

hydrocarbons, heterocyclic amines, and lung tumor promoters. Exp Lung Res 2000;26:709-30.
[PubMed: 11195466]

Miura K, Bowman ED, Simon R, Peng AC, Robles Al, Jones RT, Katagiri T, He P, Mizukami H,
Charboneau L, Kikuchi T, Liotta LA, Nakamura Y, Harris CC. Laser capture microdissection and
microarray expression analysis of lung adenocarcinoma reveals tobacco smoking- and prognosis-
related molecular profiles. Cancer Res 2002;62:3244-50. [PubMed: 12036940]

Mostofi FK, Larsen CD. The histopathogenesis of pulmonary tumors induced in strain A mice by
urethane. J Natl Cancer Inst 1951;11:1187-221. [PubMed: 14861648]

National Toxicology Program. NTP Technical Report 467. NIH Publication no. 96-3957, NIEHS;
Research Triangle Park, NC: 1996. Toxicology and carcinogenesis studies of chloroprene (CAS no.
126-99-8) in F344/N and B6C3F1 mice (inhalation studies).

National Toxicology Program. NTP Technical Report 507. NIH Publication No. 01-4441; Research
Triangle Park, NC: 2001. Toxicology and carcinogenicity studies of vanadium pentoxide (CAS no.
1314-62-1) in F344/N rats and B6C3F1mice (inhalation studies).

Nettesheim P, Hammons AS. Induction of squamous cell carcinoma in the respiratory tract of mice. J
Natl Cancer Inst 1971;47:697-701. [PubMed: 5157586]

Nikitin AY, Alcaraz A, Anver MR, Bronson RT, Cardiff RD, Dixon D, Fraire AE, Gabrielson EW,
Gunning WT, Haines DC, Kaufman MH, Linnoila RI, Maronpot RR, Rabson AS, Reddick RL, Rehm
S, Rozengurt N, Schuller HM, Shmidt EN, Travis WD, Ward JM, Jacks T. Classification of
proliferative pulmonary lesions of the mouse: recommendations of the mouse models of human
cancers consortium. Cancer Res 2004;64:2307-16. [PubMed: 15059877]

Ohno J, Horia Y, Sekido Y, Hasegawa Y, Takahashi Y, Takahashi M, Nishizawa J, Saito H, Ishikawa F,
Shimokata K. Telomerase activation and p53 mutations in urethane-induced A/J mouse lung tumor
development. Carinogenesis 2001;22:751-6.

Osada H, Takahashi T. Genetic alterations of multiple tumor suppressors and oncogenes in the
carcinogenesis and progression of lung cancer. Oncogene 2002;21:7421-34. [PubMed: 12379883]

Patel AC, Anna CH, Foley JF, Stockton PS, Tyson FL, Barrett JC, Devereux TR. Hypermethylation of
the p16 (Ink4a) promoter in B6C3F1 mouse primary lung adenocarcinomas and mouse lung cell
lines. Carcinogenesis 2000;21:1691-700. [PubMed: 10964101]

Pulling LC, Vuillemenot BR, Hutt JA, Devereux TR, Belinsky SA. Aberrant promoter hypermethylation
of the death-associated protein kinase gene is early and frequent in murine lung tumors induced by
cigarette smoke and tobacco carcinogens. Cancer Res 2004;64:3844-8. [PubMed: 15172992]

Raveh T, Droguett G, Horwitz MS, DePinho RA, Kimchi A. DAP kinase activates a p19ARF/p53-
mediated apoptotic checkpoint to suppress oncogenic transformation. Nat Cell Biol 2001;3:1-7.
[PubMed: 11146619]

Rehm S, Lijinsky W, Singh G, Katyal SL. Mouse bronchiolar cell carcinogenesis. Histologic
characterization and expression of Clara cell antigen in lesions induced by N-nitrosobis-(2-
chloroethyl) ureas. Am J Pathol 1991;139:413-22. [PubMed: 1651059]

Reynolds SH, Anderson MW. Activation of proto-oncogenes in human and mouse lung tumors. Environ
Health Perspect 1991;93:145-8. [PubMed: 1773785]

Reynolds SH, Wiest JS, Devereux TR, Anderson MW, You M. Protooncogene activation in
spontaneously occurring and chemically induced rodent and human lung tumors. Prog Clin Biol Res
1992;376:303-20. [PubMed: 1528924]

Schreinemachers DM, Everson RR. Aspirin use and lung, colon and breast cancer incidence in a
prospective study. Epidemiology 1994;5:138-46. [PubMed: 8172988]

Sengupta S, Harris CC. p53: traffic cop at the crossroads of DNA repair and recombination. Nat Rev Mol
Cell Biol 2005;6:44-55. [PubMed: 15688066]

Shimkin MB, Polissar MJ. Growth of pulmonary tumors in mice of strains A and C3H. J Natl Cancer
Inst 1958;21:595-610. [PubMed: 13576111]

SillsRC, Boorman GA, Neal JE, Hong HL, Devereux TR. Mutations in ras genes in experimental tumours
of rodents. IARC Sci Publ 1999:55-86. [PubMed: 10353384]

Sills RC, Hong HL, Greenwell A, Herbert RA, Boorman GA, Devereux TR. Increased frequency of K-
ras mutations in lung neoplasms from female B6C3F1 mice exposed to ozone for 24 or 30 months.
Carcinogenesis 1995;16:1623-8. [PubMed: 7614698]

Toxicol Pathol. Author manuscript; available in PMC 2007 November 26.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wakamatsu et al.

Page 10

Sills RC, Hong HL, Melnick RL, Boorman GA, Devereux TR. High frequency of codon 61 K-ras A —
T transversions in lung and Harderian gland neoplasms of B6C3F1 mice exposed to chloroprene (2-
chloro-1,3-butadiene) for 2 years, and comparisons with the structurally related chemicals isoprene
and 1,3-butadiene. Carcinogenesis 1999;20:657-62. [PubMed: 10223196]

Spivack SD, Fasco MJ, Walker VE, Kaminsky LS. The molecular epidemiology of lung cancer. Crit Rev
Toxicol 1997;27:319-65. [PubMed: 9263643]

Sweet-Cordero A, Mukherjee S, Subramanian A, You H, Roix JJ, Ladd-Acosta C, Mesirov J, Golub TR,
Jacks T. An oncogenic KRAS2 expression signature identified by cross-species gene-expression
analysis. Nat Genet 2005;37:48-55. [PubMed: 15608639]

Takahashi T, Nau MM, Chiba I, Birrer MJ, Rosenberg RK, Vinocour M, Levitt M, Pass H, Gazdar AF,
Minna JD. p53: a frequent target for genetic abnormalities in lung cancer. Science 1989;246:491-4.
[PubMed: 2554494]

Tam AS, Devereux TR, Patel AC, Foley JF, Maronpot RR, Massey TE. Perturbations of the Ink4a/Arf
gene locus in aflatoxin B1-induced mouse lung tumors. Carcinogenesis 2003;24:121-32. [PubMed:
12538357]

Tam AS, Foley JF, Devereux TR, Maronpot RR, Massey TE. High frequency and heterogeneous
distribution of p53 mutations in aflatoxin B1-induced mouse lung tumors. Cancer Res 1999;59:3634—
40. [PubMed: 10446974]

Tang X, Fadlo R, Khuri J, Lee JC, Kemp BL, Liu D, Hong WK, Mao L. Hypermethylation of the death-
associated protein (DAP) kinase promoter and aggressiveness in stage | non-small cell lung cancer.
J Natl Cancer Inst 2000;92:1511-16. [PubMed: 10995806]

Tommasi S, Dammann R, Zhang Z, Wang Y, Liu L, Tsark WM, Wilczynski SP, Li J, You M, Pfeifer
GP. Tumor susceptibility of Rassfla knockout mice. Cancer Res 2005;65:92-8. [PubMed: 15665283]

Wang M, Futamura M, Wang Y, You M. Paslcl is a candidate for the mouse pulmonary adenoma
susceptibility 1 locus. Oncogene 2005;24:1958-63. [PubMed: 15688036]

Wang Y, Zhang Z, Lubet R, You M. A mouse model for tumor progression of lung cancer in ras and
p53 transgenic mice. Oncogene 2006;25:1277-80. [PubMed: 16247444]

Wang Y, Zhang Z, Yan Y, Lemon WJ, LaRegina M, Morrison C, Lubet R, You M. A chemically induced
model for squamous cell carcinoma of the lung in mice: histopathology and strain susceptibility.
Cancer Res 2004;64:1647-54. [PubMed: 14996723]

Wardlaw SA, March TH, Belinsky SA. Cyclooxygenase-2 is abundant in alveolar type Il cells in lung
cancer-censitive mouse strains and in premalignant lesions. Carcinogenesis 2000;21:1371-7.
[PubMed: 10874016]

Xu HJ, Cagle PT, Hu SH, Li J, Benedict WF. Altered retinoblastoma and p53 status in non-small cell
carcinoma of the lung: potential synergistic effects on prognosis. Clin Cancer Res 1996;2:1169-76.
[PubMed: 9816284]

Xu'Y, Ho CT, Amin SGHC, Chung FL. Inhibition of tobacco-specific nitrosamine-induced lung
tumorigenesis in A/J mice by green tea and its major polyphenol as antioxidants. Cancer Res
1992;52:3875-9. [PubMed: 1617663]

Yao R, Rioux N, Castonguay A, You M. Inhibition of COX-2 and induction of apoptosis: two
determinants of nonsteroidal anti-inflammatory drugs’ chemopreventive efficacies in mouse lung
tumorigenesis. Exp Lung Res 2000;26:731-42. [PubMed: 11195467]

Yao R, Wang Y, Lemon WJ, Lubet RA, You M. Budesonide exerts its chemopreventive efficacy during
mouse lung tumorigenesis by modulating gene expressions. Oncogene 2004;23:7746-52. [PubMed:
15361829]

You M, Bergman G. Preclinical and clinical models of lung cancer chemoprevention. Hematol Oncol
Clin North Am 1998;12:1037-53. [PubMed: 9888020]

You M, Candrian U, Maronpot RR, Stoner GD, Anderson MW. Activation of the Ki-ras protooncogene
in spontaneously occurring and chemically induced lung tumors of the strain A mouse. Proc Natl
Acad Sci USA 1989;86:3070-4. [PubMed: 2654935]

You M, Wang Y, Stoner G, You L, Maronpot R, Reynolds SH, Anderson MW. Parental bias of Ki-ras
oncogenes detected in lung tumors from mouse hybrids. Proc Natl Acad Sci USA 1992;89:5804-8.
[PubMed: 1352876]

Toxicol Pathol. Author manuscript; available in PMC 2007 November 26.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wakamatsu et al.

Page 11

Zhang Z, Wang Y, Vikis HG, Johnson L, Liu G, Li J, Anderson MW, Sills RC, Hong HL, Devereux TR,
Jacks T, Guan KL, You M. Wild-type Kras2 can inhibit lung carcinogenesis in mice. Nat Genet
2001;29:25-33. [PubMed: 11528387]

Toxicol Pathol. Author manuscript; available in PMC 2007 November 26.



