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Lungcancer, ofwhichnon–small cell lungcancer (NSCLC) composes
the majority, is the leading cause of cancer-related deaths in the
United States and worldwide. NSCLCs are tumors with complex bi-
ology that we have recently started to understand with the advent
of various histological, transcriptomic, genomic, and proteomic
technologies. However, the histological and molecular pathogene-
sis of this malignancy, in particular of adenocarcinomas, is still
largely unknown. Earlier studies have highlighted a field canceriza-
tion phenomenon in which histologically normal-appearing tissue
adjacent to neoplastic and pre-neoplastic lesions display molecular
abnormalities, some of which are in common with those in the
tumors. This review will summarize advances in understanding the
field cancerization phenomenon and the potential relevance of this
knowledge to gain important and novel insights into themolecular
pathogenesis of NSCLC as well as to subsequent development of
biomarkers for early detection of lung cancers and possibly person-
alized prevention.

Keywords: lung cancer; field cancerization; pathogenesis; airway epi-

thelium

Lung cancer is the leading cause of cancer deaths in the United
States and worldwide in both developing and developed regions
(1). The high mortality of this disease is in part due to our
lacking knowledge of the molecular mechanisms governing lung
cancer pathogenesis as well as the late diagnosis of the majority
of lung cancers after regional or distant spread of the malig-
nancy (2). Non–small cell lung cancer (NSCLC) represents the
majority of diagnosed lung cancers (2) and is mainly composed
of squamous cell carcinomas (SCCs) and lung adenocarcinomas
(2, 3). Several major differences exist between adenocarcinomas
and SCCs. For example, compared with SCCs that arise from
the major bronchi and are mainly centrally located, pulmonary
adenocarcinomas arise from small bronchi, bronchioles, or al-
veolar epithelial cells and are typically peripherally located, as
reviewed elsewhere (2–5). Moreover, whereas SCC pathogenesis
is strongly linked to smoking, lung adenocarcinoma is the more
common histological subtype in never-smoker patients (6–9). Al-
though the sequence of lesions in the pathogenesis leading to
SCCs is well described, little is known about the sequential de-
velopment of adenocarcinomas. Moreover, we are still lacking in
our knowledge of differential mechanisms of molecular patho-
genesis among both subtypes of NSCLC.

In light of the postulated period of time and multiple stages re-
quired for the development of overt epithelial tumors, it is plau-
sible to assume that early diagnosis of lung cancer or intraepithelial
lesions coupled with effective prevention strategies will reduce the
significant health burden associated with this disease (10). Despite
recent encouraging findings from the National Lung Screening
Trial (NLST) (11), early detection and prevention of lung cancer
is challenging due to the lack of biomarkers for early diagnosis of
the disease and to the presence of multiple neoplastic molecular
pathways that mediate lung carcinogenesis. Earlier studies have
highlighted a field cancerization phenomenon in which histolog-
ically normal-appearing tissue adjacent to neoplastic and pre-
neoplastic lesions displays molecular abnormalities, some of which
are in common with those in the tumors. It is plausible to assume
that understanding early events in tumor development that com-
mence in histologically normal epithelium would pave the way for
unmet effective and personalized strategies for lung cancer pre-
vention and treatment. This review mainly summarizes advances
in understanding the field cancerization phenomenon and the po-
tential relevance of this knowledge to gain important and novel
insights into the molecular pathogenesis of NSCLC as well as to
subsequent development of biomarkers for early detection of lung
cancers and possibly personalized prevention.

NSCLC PRE-NEOPLASIA AND
MOLECULAR PATHOGENESIS

From biological and histopathological perspectives, NSCLC is
a complexmalignancy that develops throughmultiple pre-neoplastic
pathways. Lung adenocarcinoma, a major subtype of NSCLC, has
been increasing in incidence globally in both smokers and non-
smokers (9), with a concurrent decrease in SCC frequency. It
has been suggested that the increasing incidence of lung adeno-
carcinomas compared with SCCs is in part due to the change in
the type of cigarettes used (lower nicotine and tar) and smoking
habits and behavior (7). Anatomical differences in the location of
diagnosed lung adenocarcinomas and SCCs strongly suggest that
both NSCLC subtypes develop through different histopathologi-
cal and molecular pathways and have different cells of origin;
however, the specific respiratory epithelial cell type from which
each lung cancer type develops has not been established with
certainty (3). However, it is noteworthy that Clara cells and the
type II pneumocytes are believed to be the progenitor cells of the
peripheral airways, and peripherally arising adenocarcinomas of-
ten express markers of these cell types (12, 13).

The multistage stepwise fashion of tumor development has been
demonstrated in various anatomical organs exemplified by the op-
erational stages occurring during skin carcinogenesis (14). Carcino-
genesis of the skin is initiated by a carcinogen-induced mutational
event, promoted by clonal outgrowth, which may be dependent on
tumor promoters, followed by progression of premalignant lesions
(e.g., papillomas) and their conversion to malignant tumors (14).
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Importantly, earlier genetic studies indicate that nonrandom,
sequential chromosomal aberrations (trisomies of chromosomes 6
and 7) are associated with premalignant progression of mouse skin
papillomas (14–17). The sequence of histopathological and molec-
ular changes in bronchial epithelia that precede the development
of lung SCCs have been characterized, demonstrating that sequen-
tially occurring allele-specific molecular changes commence in dis-
persed foci signifying a multistage fashion of squamous lung
cancer pathogenesis (4, 18). At least in this subtype of NSCLC,
it has been shown that specific genomic alterations (mainly 3p21,
3p22–24, 3p25, and 9p21) occur in histologically normal bronchial
epithelia from resected specimens (18). Moreover, and notably,
these alterations persisted in hyperplasias, dysplasias, carcinomas
in situ, and tumors that exhibited different commencing genomic
aberrations (18). In addition, loss of heterozygosity (LOH) in
the 3p region was demonstrated in normal bronchial epithelia of
cancer-free smokers, further highlighting the early role this specific
genomic alteration exerts in lung cancer pathogenesis (19, 20).
It is noteworthy that McCaughan and colleagues demon-
strated that no low-grade lesions, but all high-grade lesions,
exhibited 3q amplification targeting the sex determining re-
gion Y-box 2 (SOX2) lineage-specific oncogene (21). These
previous findings and reports, through highlighting associations
between histopathological sequences and specific molecular
aberrations, pinpoint to a multistage and multistep manner of
lung carcinogenesis.

On the other hand, one cannot neglect the alternative hypoth-
esis that the sequence of genetic and epigenetic alterations is
irrelevant to lung cancer pathogenesis, but rather the accumula-
tion of molecular abnormalities beyond a certain threshold medi-
ates development of the malignant phenotype. It has been
suggested that at least two molecular pathways, the Kirsten rat
sarcoma viral oncogene (KRAS) and epidermal growth factor
receptor (EGFR) pathways, are involved in the development
of smoker and never-smoker adenocarcinomas, respectively (2,
9). Moreover, and as reviewed by Yatabe and colleagues, atyp-
ical adenomatous hyperplasias (AAHs), which are considered to
be precursor lesions for peripheral lung adenocarcinomas (3, 5)
and the only sequence of morphologic change identified so far
for the development of invasive lung adenocarcinomas, exhibit
KRAS mutations more frequently than invasive adenocarcino-
mas (5). Conversely, our group has previously demonstrated that
EGFR mutations commence in histologically normal bronchial
epithelia adjacent to lung adenocarcinomas and precede copy
number increase of the oncogene (22, 23). EGFR mutations also
are persistent throughout the different phases of lung adenocar-
cinoma development (5), which harbor different genomic alter-
ations (24). It is plausible to surmise that only after increasing
our knowledge of the pre-neoplastic changes as well as the cor-
responding molecular abnormalities leading to the development
of lung adenocarcinomas would we then be able to more confi-
dently determine whether adenocarcinomas follow a linear pro-
gression mechanism or not (5). However, and based on the
aforementioned previously reported observations by our group
and others, we believe that it is not counterintuitive to speculate
that development of lung malignant phenotype, including that of
adenocarcinomas, is due to stepwise, sequence-specific, and mul-
tistage molecular pathogenesis as well as accumulation and com-
bination of genetic and epigenetic abnormalities.

FIELD CANCERIZATION

Smoking-Damaged Epithelium and the Field

Cancerization Phenomenon

Although the majority of lung cancer patients are current or for-
mer smokers, a relatively small proportion of these smokers

(approximately 15%) develop primary lung tumors. Patients with
early-stage NSCLC commonly exhibit recurrence or second pri-
mary tumor development after definitive treatment by resective
surgery. There is a large body of evidence that heavy smokers
and patients who have survived lung cancer compose a high-
risk population that may be targeted for early detection and che-
moprevention efforts (4). Although the risk of developing lung
cancer decreases after smoking cessation, the risk never returns
to baseline. Pre-neoplastic changes have been used as surrogate
endpoints for chemopreventive studies. However, it was sug-
gested that this “shooting in the dark” approach may explain
the reasons behind the general failures of clinical chemopreven-
tion studies (10). Therefore, novel approaches to identify the best
population to be targeted for early detection and chemopreven-
tion should be devised, and risk factors for lung cancer develop-
ment or relapse need to be better defined. For these important
purposes, a better understanding of the biology and molecular
origins of lung cancer is warranted.

Earlier work by Danely Slaughter in patients with oral cancer
and oral premalignant lesions has suggested that histologically
normal-appearing tissue adjacent to neoplastic and pre-neoplastic
lesions display molecular abnormalities, some of which are in
common with those in the tumors (25). In 1961, a seminal report
by Auerbach and colleagues suggested that cigarette smoke
induces extensive histological changes in the bronchial epithelia
in the lungs of smokers and that premalignant lesions are wide-
spread and multifocal throughout the respiratory epithelium,
suggestive of a field effect (26). This phenomenon, coined “field
of cancerization,” was later shown to be evident in various
epithelial cell malignancies, including lung cancer. Some degree
of inflammation and inflammatory-related damage is almost in-
variably present in the central and peripheral airways of smok-
ers and may precede the development of lung cancer (4). Thus,
the field of cancerization may also be explained by both the
direct effect of tobacco carcinogens and the initiation of inflam-
matory response. In this context, different theories for the ori-
gin of the field cancerization or smoking-related field of injury
have been put forward and extensively reviewed elsewhere by
Steiling and coworkers (27).

Multiple altered foci of bronchial epithelium are present
throughout the airway in patients with lung cancer and smokers
(18, 28, 29). As mentioned before, detailed analysis of histol-
ogically normal, premalignant, and malignant epithelia from
patients with lung SCC indicated that multiple, sequentially oc-
curring allele-specific chromosomal deletions of LOH commence
in clonally independent foci early in the multistage pathogenesis
of SCCs (18, 28). Notably, 31% percent of histologically normal
epithelium and 42% of mildly abnormal (hyperplasia/metaplasia)
specimens had clones of cells with allelic loss at one or more
regions examined. Moreover, these molecular aberrations were
also found in carcinomas in situ and SCCs and at a more ad-
vanced level (18). Molecular changes involving LOH of chromo-
somal regions 3p (e.g., fragile histidine triad gene/FHIT), 9p
(e.g., CDKN2A/p16), genomic instability (increased microsatel-
lite repeats), and p16 methylation have been demonstrated in
histologically normal bronchial epithelia in patients with SCC
and in the sequence of pathogenesis of the disease (3). Moreover,
Nelson and colleagues demonstrated that KRAS is also mutated
in histologically normal lung tissue adjacent to lung tumors (30).
In addition, similar epigenetic and gene methylation patterns
between tumors and adjacent histologically normal epithelia
were described. Belinsky and colleagues reported aberrant pro-
moter methylation of p16, which was described to be commonly
methylated in lung tumors (31), in at least one bronchial epithe-
lial site from 44% of lung cancer cases examined (32). Moreover,
p16 and death-associated protein kinase (DAPK) promoter
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methylation were frequently observed in bronchial epithelium
from smoker but not from never-smoker patients with lung can-
cer and persisted after smoking cessation (32).

The aforementioned molecular abnormalities were detected
in histologically normal epithelia adjacent to archival surgically
resected tumors from patients with primary lung cancer. LOH
and microsatellite alterations in multiple foci were also detected
in distal histological normal bronchial epithelia of smokers with-
out cancer (19, 20). Moreover, and importantly, these molecular
abnormalities were detected in bronchial epithelia of cancer-
free former smokers and appeared to have persisted for many
years after smoking cessation. In addition, LOH was detected in
DNA obtained from bronchial brushings of normal and abnor-
mal lungs from patients undergoing diagnostic bronchoscopy
and was detected in cells from the ipsilateral and contralateral
lung (33). Mutations in TP53 were also described to occur in
bronchial epithelia of cancer-free smokers in a widely dispersed
manner (34). Similar evidence also exists for promoter methyl-
ation and epigenetic changes in smoking-damaged lung epithe-
lium of cancer-free patients. Methylation of various genes,
including retinoic acid receptor 2 b (RAR-b2), H-cadherin, ad-
enomatous polyposis coli (APC), p16, and Ras association
(RalGDS/AF-6) domain family member 1 (RASSFF1A) has
been described in bronchial epithelial cells of heavy smokers
(35). Moreover, methylation of p16, glutathione S-transferase
pi 1 (GSTP1), and DAPK was reported to be evident in bron-
chial brushings of one-third of cancer-free smokers examined
(36). In the study by Belinsky and colleagues, as mentioned be-
fore, methylation of p16 was detected in epithelia of cancer-free
smokers (32). A more detailed list of aberrant gene promoter
methylation in patients with lung cancer and cancer-free smok-
ers is well summarized and explained in the review by Heller
and coworkers (37).

Transcriptomic Studies of Lung Field Cancerization

High-throughput microarray profiling was shown to be useful to
study the transcriptome of lung airways. Hackett and colleagues
studied the expression of 44 antioxidant-related genes using
bronchial brushings from cancer-free current smokers and
never-smokers and found significant up-regulation of 16 of the
antioxidant genes in the airways of smokers compared with non-
smokers (38). Later, Spira and colleagues described global alter-
ations in gene expression between normal-appearing bronchial
epithelium of healthy cancer-free smokers and that of non-
smokers (39). Importantly, irreversible changes in expression
in airways of former smokers after years of smoking cessation
were described that were believed to underlay the increased risk
former smokers exhibit for developing lung cancer (39, 40).
Alterations in the expression of microRNAs were also demon-
strated between large airways of current and never-smokers
(41). Notably, an 80-gene signature was derived from the tran-
scriptome of large airway epithelial cells that can distinguish
smokers without overt cancer from smokers with lung cancer
despite originating from normal bronchial epithelia (42). More
recently, Gustafson and coworkers derived a phosphoinositide-
3-kinase (PI3K) pathway activation signature by using recombi-
nant adenoviruses to express the 110a subunit of PI3K in primary
human epithelial cells (43). The PI3K pathway activation sig-
nature was elevated in cytologically normal bronchial airways of
smokers with lung cancer and, importantly, was decreased in the
airways of high-risk smokers whose dysplastic lesions regressed
after treatment with the PI3K inhibitor myoinositol (43). Micro-
array and gene expression profiling methodologies were also
used to demonstrate the wide anatomical spread of the lung
field cancerization. Common gene expression alterations were
identified in bronchial, nasal, and buccal epithelia of smokers
(44), and in a separate study, the expression of 119 genes was

Figure 1. Molecular mapping

analysis of the field canceriza-

tion in non–small cell lung can-
cer (NSCLC). The relevance of

the lung field cancerization to

the development of a partic-

ular subtype of NSCLC (i.e.,
adenocarcinoma compared with

squamous cell carcinoma [SCC]),

is still unknown, yet possible. An-

alyzing local and distant field of
cancerization by analysis of the

transcriptome of airway brush-

ings from multiple sites indepen-

dently for lung adenocarcinoma
(yellow spots) and SCC (red spots)

cases may shed light on events

common or unique to the mo-
lecular pathogenesis of the two

major subtypes of NSCLC. A

“compartmental” approach cou-

pled to a gradient or detailed
molecular mapping method,

which spans the tumor up to

the nasal or buccal epithelium,

to studying the field of canceriza-
tion may unravel biomarkers that

can guide personalized preven-

tion strategies suitable for each different NSCLC subtype. In addition, a comparison of the distant field cancerization in patients with cancer (left) to the
expression patterns of the corresponding anatomical location in disease-free individuals (e.g., high-risk heavy smokers; right) would facilitate the development

of efficacious markers for the detection of NSCLC. ADC ¼ adenocarcinoma; miRNA ¼ microRNA.
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demonstrated to be affected by smoking similarly in both bron-
chial and nasal epithelium (45).

Field Cancerization Compartmentalization

In light of the prevalence of mutations in the EGFR oncogene in
adenocarcinomas and in particular those occurring in never-
smokers, Tang and colleagues investigated the presence of
EGFR mutations in normal bronchial and bronchiolar epithe-
lium adjacent to EGFR mutant tumors (22). EGFR mutations
were detected in histologically normal peripheral epithelia in
44% of patients with lung adenocarcinoma with mutations but
none in patients lacking mutations in the oncogene (22). More-
over, the same study highlighted more frequent EGFR muta-
tions in normal epithelium within the tumor (43%) than in
adjacent sites (24%), suggesting a localized field effect phenom-
enon for this abnormality in the respiratory epithelium of the
lung (22). In addition, a higher frequency of mutations in cells
obtained from small bronchi (35%) compared with bronchioles
(18%) was detected (22). More recently, EGFR protein over-
expression, similar to mutation of the gene, also exhibited a lo-
calized field effect, as it was more frequent in normal bronchial
epithelia sites within tumors than in sites adjacent to and distant
from tumors (23). Interestingly, EGFR copy number alteration
was not evident in normal bronchial epithelia, which is in ac-
cordance with findings that EGFR copy number is a relatively
late event in pathogenesis of adenocarcinomas (5, 23). These
findings suggest that adenocarcinomas may be associated with
a field cancerization dissimilar from that linked to SCCs.

The low frequency of molecular abnormalities detected in the
centrally located bronchial respiratory epithelium in patients
with peripheral lung adenocarcinomas, compared with specimens
from patients with SCCs (28), suggests the presence of two com-
partments in the lung with different degrees of smoking-related
genetic damage. Thus, smokers who develop SCCs display more
smoking-related genetic damage in the respiratory epithelium of
the central airway, whereas patients who develop adenocarci-
nomas exhibit molecular and histological damage mainly in the
peripheral airways. Although some molecular changes (e.g.,
inflammation and signaling pathways activation) have been
detected throughout the lung airway and include both compart-
ments (central and peripheral airway), other aberrations have
been more frequently altered in either central (e.g., LOH, ge-
netic instability evidenced by microsatellite repeats) or periph-
eral (e.g., EGFR mutations as mentioned above) airways. These
interesting observations indicate a possible compartmentaliza-
tion of field cancerization and its dissimilarity between adeno-
carcinomas and SCCs, which may well reflect the differential
mechanisms of pathogenesis of both NSCLC subtypes.

FUTURE DIRECTIONS AND CONCLUSION

Applying the same advanced high-throughput methodologies
currently used in studying established tumors for the genetic
analysis of lung NSCLC pre-neoplasia and histologically normal
adjacent regions is expected to expand our understanding of the
biology of this prevalent disease. Next-generation sequencing
technology, through whole-genome, whole-exome, and whole-
transcriptome approaches, holds great promise for providing in-
valuable insights intoNSCLC biology, diagnosis, prevention, and
therapy (46). An important step in this direction was a recent
study in which RNA of bronchial airway epithelial cell brush-
ings from healthy never-smokers and smokers with and without
lung cancer was analyzed by RNA sequencing (47) and provided
additional insight besides that provided when using microarray
technology.

Earlier findings demonstrated that centrally located lung
SCCs and peripherally located lung adenocarcinomas elicit
and perpetuate differential effects on the airway epithelia (4).
Changes in expression in the lung field of injury have been shown
to be similar in the large and small airways, and it is unknown
whether they are associated with the development of the partic-
ular subtype of NSCLC. Addressing this question may be highly
important, because both NSCLC subtypes display different ge-
nomic features (2) and, therefore, are clinically managed by sig-
nificantly dissimilar treatment strategies, let alone differences
among various subtypes of lung adenocarcinomas. Moreover,
revisiting the field cancerization effect using a compartmental
coupled with a gradient or detailed molecular mapping approach
in patients with cancer and disease-free individuals (Figure 1)
will shed light on events in the early pathogenesis of lung adeno-
carcinomas and SCCs and unravel biomarkers that can guide
targeted and personalized chemoprevention strategies suitable
for each different NSCLC subtype as well as detection efforts,
in particular using less invasive sites.

Despite numerous efforts that have centered on increasing our
understanding of the biology of lung cancer, this malignancy still
composes the biggest share of cancer-related deaths in the United
States andworldwide. Comparedwith advances in targeted and per-
sonalized therapy of NSCLC, little progress has been made in the
tailored prevention of this fatal malignancy. This may change with
the recent encouraging and significant findings of the National Lung
Screening Trial (11). Various molecular markers and expression
classifiers previously described in the lung airways and in less-
invasive sites of field cancerization (e.g., nasal epithelium) can aid
in selecting high-risk individuals best suited for computed tomog-
raphy screening, for example. A comprehensive analysis of early
molecular events in NSCLC pathogenesis will undoubtedly unravel
biomarkers that can guide future chemoprevention strategies.

Author disclosures are available with the text of this article at www.atsjournals.org.

References

1. Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. Global

cancer statistics. CA Cancer J Clin 2011;61:69–90.

2. Herbst RS, Heymach JV, Lippman SM. Lung cancer. N Engl J Med

2008;359:1367–1380.

3. Wistuba II, Gazdar AF. Lung cancer preneoplasia. Annu Rev Pathol

2006;1:331–348.

4. Wistuba II. Genetics of preneoplasia: lessons from lung cancer. Curr Mol

Med 2007;7:3–14.

5. Yatabe Y, Borczuk AC, Powell CA. Do all lung adenocarcinomas follow

a stepwise progression? Lung Cancer 2011;74:7–11.

6. Kabat GC, Wynder EL. Lung cancer in nonsmokers. Cancer 1984;53:

1214–1221.

7. Khuder SA. Effect of cigarette smoking on major histological types of

lung cancer: a meta-analysis. Lung Cancer 2001;31:139–148.

8. Rudin CM, Avila-Tang E, Harris CC, Herman JG, Hirsch FR, Pao W,

Schwartz AG, Vahakangas KH, Samet JM. Lung cancer in never

smokers: molecular profiles and therapeutic implications. Clin Cancer

Res 2009;15:5646–5661.

9. Sun S, Schiller JH, Gazdar AF. Lung cancer in never smokers–a differ-

ent disease. Nat Rev Cancer 2007;7:778–790.

10. Gold KA, Kim ES, Lee JJ, Wistuba II, Farhangfar CJ, Hong WK. The

battle to personalize lung cancer prevention through reverse migra-

tion. Cancer Prev Res (Phila) 2011;4:962–972.

11. Aberle DR, Adams AM, Berg CD, BlackWC, Clapp JD, Fagerstrom RM,

Gareen IF, Gatsonis C, Marcus PM, Sicks JD. Reduced lung-cancer

mortality with low-dose computed tomographic screening. N Engl

J Med 2011;365:395–409.

12. Yatabe Y. EGFR mutations and the terminal respiratory unit. Cancer

Metastasis Rev 2010;29:23–36.

13. Yatabe Y, Mitsudomi T, Takahashi T. TTF-1 expression in pulmonary

adenocarcinomas. Am J Surg Pathol 2002;26:767–773.

Kadara and Wistuba: NSCLC Field Cancerization 41

http://pats.atsjournals.org/cgi/data/9/2/38/DC1/1
www.atsjournals.org


14. Yuspa SH. The pathogenesis of squamous cell cancer: lessons learned

from studies of skin carcinogenesis–thirty-third G. H. A. Clowes

Memorial Award Lecture. Cancer Res 1994;54:1178–1189.

15. Aldaz CM, Conti CJ, Larcher F, Trono D, Roop DR, Chesner J,

Whitehead T, Slaga TJ. Sequential development of aneuploidy, ker-

atin modifications, and gamma-glutamyltransferase expression in

mouse skin papillomas. Cancer Res 1988;48:3253–3257.

16. Aldaz CM, Trono D, Larcher F, Slaga TJ, Conti CJ. Sequential trisom-

ization of chromosomes 6 and 7 in mouse skin premalignant lesions.

Mol Carcinog 1989;2:22–26.

17. Bianchi AB, Aldaz CM, Conti CJ. Nonrandom duplication of the

chromosome bearing a mutated Ha-ras-1 allele in mouse skin tumors.

Proc Natl Acad Sci USA 1990;87:6902–6906.

18. Wistuba II, Behrens C, Milchgrub S, Bryant D, Hung J, Minna JD, Gazdar

AF. Sequential molecular abnormalities are involved in the multistage

development of squamous cell lung carcinoma.Oncogene 1999;18:643–650.

19. Mao L, Lee JS, Kurie JM, Fan YH, Lippman SM, Lee JJ, Ro JY, Broxson

A, Yu R, Morice RC, et al. Clonal genetic alterations in the lungs of

current and former smokers. J Natl Cancer Inst 1997;89:857–862.

20. Wistuba II, Lam S, Behrens C, Virmani AK, Fong KM, LeRiche J, Samet

JM, Srivastava S, Minna JD, Gazdar AF. Molecular damage in the

bronchial epithelium of current and former smokers. J Natl Cancer Inst

1997;89:1366–1373.

21. McCaughan F, Pole JC, Bankier AT, Konfortov BA, Carroll B, Falzon

M, Rabbitts TH, George PJ, Dear PH, Rabbitts PH. Progressive 3q

amplification consistently targets SOX2 in preinvasive squamous lung

cancer. Am J Respir Crit Care Med 2010;182:83–91.

22. Tang X, Shigematsu H, Bekele BN, Roth JA, Minna JD, Hong WK,

Gazdar AF, Wistuba II. EGFR tyrosine kinase domain mutations are

detected in histologically normal respiratory epithelium in lung can-

cer patients. Cancer Res 2005;65:7568–7572.

23. Tang X, Varella-Garcia M, Xavier AC, Massarelli E, Ozburn N, Moran

C, Wistuba II. Epidermal growth factor receptor abnormalities in the

pathogenesis and progression of lung adenocarcinomas. Cancer Prev

Res (Phila) 2008;1:192–200.

24. Noguchi M. Stepwise progression of pulmonary adenocarcinoma–clinical

and molecular implications. Cancer Metastasis Rev 2010;29:15–21.

25. Slaughter DP, Southwick HW, Smejkal W. Field cancerization in oral

stratified squamous epithelium; clinical implications of multicentric

origin. Cancer 1953;6:963–968.

26. Auerbach O, Stout AP, Hammond EC, Garfinkel L. Changes in bron-

chial epithelium in relation to cigarette smoking and in relation to

lung cancer. N Engl J Med 1961;265:253–267.

27. Steiling K, Ryan J, Brody JS, Spira A. The field of tissue injury in the

lung and airway. Cancer Prev Res (Phila) 2008;1:396–403.

28. Wistuba II, Behrens C, Virmani AK,Mele G, Milchgrub S, Girard L, Fondon

JW III, Garner HR, McKay B, Latif F, et al. High resolution chromosome

3p allelotyping of human lung cancer and preneoplastic/preinvasive

bronchial epithelium reveals multiple, discontinuous sites of 3p allele loss

and three regions of frequent breakpoints. Cancer Res 2000;60:1949–1960.

29. Wistuba II, Berry J, Behrens C, Maitra A, Shivapurkar N, Milchgrub S,

Mackay B, Minna JD, Gazdar AF. Molecular changes in the bron-

chial epithelium of patients with small cell lung cancer. Clin Cancer

Res 2000;6:2604–2610.

30. Nelson MA, Wymer J, Clements N Jr. Detection of K-ras gene muta-

tions in non-neoplastic lung tissue and lung cancers. Cancer Lett 1996;

103:115–121.

31. 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;95:11891–11896.

32. Belinsky SA, Palmisano WA, Gilliland FD, Crooks LA, Divine KK,

Winters SA, Grimes MJ, Harms HJ, Tellez CS, Smith TM, et al.

Aberrant promoter methylation in bronchial epithelium and sputum

from current and former smokers. Cancer Res 2002;62:2370–2377.

33. Powell CA, Klares S, O’Connor G, Brody JS. Loss of heterozygosity in

epithelial cells obtained by bronchial brushing: clinical utility in lung

cancer. Clin Cancer Res 1999;5:2025–2034.

34. Franklin WA, Gazdar AF, Haney J, Wistuba II, La Rosa FG, Kennedy

T, Ritchey DM, Miller YE. Widely dispersed p53 mutation in respi-

ratory epithelium: a novel mechanism for field carcinogenesis. J Clin

Invest 1997;100:2133–2137.

35. Zochbauer-Muller S, Lam S, Toyooka S, Virmani AK, Toyooka KO,

Seidl S, Minna JD, Gazdar AF. Aberrant methylation of multiple

genes in the upper aerodigestive tract epithelium of heavy smokers.

Int J Cancer 2003;107:612–616.

36. Soria JC, Rodriguez M, Liu DD, Lee JJ, Hong WK, Mao L. Aberrant

promoter methylation of multiple genes in bronchial brush samples

from former cigarette smokers. Cancer Res 2002;62:351–355.

37. Heller G, Zielinski CC, Zochbauer-Muller S. Lung cancer: from single-gene

methylation to methylome profiling. Cancer Metastasis Rev 2010;29:95–107.

38. Hackett NR, Heguy A, Harvey BG, O’Connor TP, Luettich K, Flieder

DB, Kaplan R, Crystal RG. Variability of antioxidant-related gene

expression in the airway epithelium of cigarette smokers. Am J Respir

Cell Mol Biol 2003;29:331–343.

39. Spira A, Beane J, Shah V, Liu G, Schembri F, Yang X, Palma J, Brody

JS. Effects of cigarette smoke on the human airway epithelial cell

transcriptome. Proc Natl Acad Sci USA 2004;101:10143–10148.

40. Beane J, Sebastiani P, Liu G, Brody JS, Lenburg ME, Spira A. Re-

versible and permanent effects of tobacco smoke exposure on airway

epithelial gene expression. Genome Biol 2007;8:R201.

41. Schembri F, Sridhar S, Perdomo C, Gustafson AM, Zhang X, Ergun A,

Lu J, Liu G, Bowers J, Vaziri C, et al. MicroRNAs as modulators of

smoking-induced gene expression changes in human airway epithe-

lium. Proc Natl Acad Sci USA 2009;106:2319–2324.

42. Spira A, Beane JE, Shah V, Steiling K, Liu G, Schembri F, Gilman S,

Dumas YM, Calner P, Sebastiani P, et al. Airway epithelial gene

expression in the diagnostic evaluation of smokers with suspect lung

cancer. Nat Med 2007;13:361–366.

43. Gustafson AM, Soldi R, Anderlind C, Scholand MB, Qian J, Zhang X,

Cooper K, Walker D, McWilliams A, Liu G, et al. Airway PI3K

pathway activation is an early and reversible event in lung cancer

development. Sci Transl Med 2010;2:26ra25.

44. Sridhar S, Schembri F, Zeskind J, Shah V, Gustafson AM, Steiling K,

Liu G, Dumas YM, Zhang X, Brody JS, et al. Smoking-induced gene

expression changes in the bronchial airway are reflected in nasal and

buccal epithelium. BMC Genomics 2008;9:259.

45. Zhang X, Sebastiani P, Liu G, Schembri F, Dumas YM, Langer EM,

Alekseyev Y, O’Connor GT, Brooks DR, Lenburg ME, et al. Simi-

larities and differences between smoking-related gene expression in

nasal and bronchial epithelium. Physiol Genomics 2010;41:1–8.

46. Meyerson M, Gabriel S, Getz G. Advances in understanding cancer

genomes through second-generation sequencing. Nat Rev Genet 2010;

11:685–696.

47. Beane J, Vick J, Schembri F, Anderlind C, Gower A, Campbell J, Luo L,

Zhang XH, Xiao J, Alekseyev YO, et al. Characterizing the impact of

smoking and lung cancer on the airway transcriptome using RNA-seq.

Cancer Prev Res (Phila) 2011;4:803–817.

42 PROCEEDINGS OF THE AMERICAN THORACIC SOCIETY VOL 9 2012


	link2external
	link2external
	link2external

