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Abstract

The concept of field cancerization was first introduced over six decades ago in the setting of oral
cancer. Later, field cancerization involving histologic and molecular changes of neoplasms and
adjacent tissue began to be characterized in smokers with or without lung cancer. Investigators also
described a diffuse, non-neoplastic field of molecular injury throughout the respiratory tract that is
attributable to cigarette smoking and susceptibility to smoking-induced lung disease. The potential
molecular origins of field cancerization and the field of injury following cigarette smoke exposure
in lung and airway epithelia are critical to understanding the impact of the field of injury on clinical
diagnostics and therapeutics for smoking-induced lung disease.
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“In all resected oral tumors it was found that the benign epithelium, beyond the
confines of the malignant tumor, was abnormal.” — Danely P. Slaughter, 1953 (1)

Slaughter originated the concept of field cancerization in 1944 (2) and later observed its
manifestation in epithelial hyperplasia and dysplasia in 783 patients with oral cancer (1). Field
cancerization describes the site or sites of neoplasia and adjacent histologically normal-
appearing tissue with molecular abnormalities in common with the neoplasm. The neoplasm
and its adjacent tissue represent regional carcinogenesis, or a clonal patch, and may occur
anywhere within the epithelial field (e.g., the airway and lung) exposed to a carcinogen. A
distinct but related concept is “the field of injury,” which includes the molecular changes
occurring throughout the tissue exposed to a carcinogen. The field of injury reflects host
response to and damage from the carcinogen and may or may not be a precursor to premalignant
lesions and frank malignancy. Field cancerization and the field of injury have both been
implicated in many malignancies (including all epithelial cancers; reviewed in ref. 3) and
potentially hold the keys to preventing and curing lung and other major epithelial cancers and
to understanding in vivo epithelial carcinogenesis.

The concepts of field of injury and field cancerization are particularly relevant to the clinical
settings of lung-cancer early detection and prevention. Eighty-five percent to 90% of lung
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cancer patients are current or former smokers, yet only 10%-20% of heavy smokers develop
a primary lung malignancy (4). Lung-cancer—related mortality rates are high (80%—-85% in
five years) and result largely from the lack of effective lung-cancer chemoprevention or tools
to diagnose the disease at an early stage. Furthermore, we are unable to identify which current
and former smokers (of which there are 90 million in the United States) are at greatest risk for
developing lung cancer and so would be most suitable for chemoprevention or early-detection
approaches. Tissue injury changes occur in the respiratory tract of healthy smokers and can
precede the development of smoking-induced lung cancer. This field of injury allows sampling
of more accessible tissue (e.g., of the nasal passages or bronchial airway versus of the lung)
that provides potential opportunities for risk assessment, early disease detection, therapeutic
monitoring, and biologic insight into the mechanism of disease. The detection of dysplastic
airway lesions on autofluorescent bronchoscopy, for example, is one method for identification
of high-risk smokers who may benefit from ongoing trials with potential chemopreventive
agents (5).

Although field cancerization and the field of injury have been studied most extensively in head
and neck cancers and cigarette smokers, these effects also have been described in former
uranium miners with radon exposure (6) and in esophageal, colorectal and other epithelial
cancers (3,7-9). Itis conceivable that other inhaled carcinogenic agents such as unvented smoky
coal would create a similar field of molecular injury (10-12).

In this article, we will discuss the potential biologic origins of molecular tissue injury and the
relevance of the field of injury created by cigarette smoke to smoking-induced lung disease in
humans. We also will discuss work from our and others’ laboratories in utilizing genomic and
computational methodologies to leverage the concept of field tissue injury in developing
clinical tools for risk assessment, diagnosis, treatment and prevention of smoking-induced lung
disease.

Basis

In some cancers, the agent causing the diffuse field of epithelial cell injury is obvious. In the
lung, it has been shown that all airway epithelial cells exposed to cigarette smoke develop
genomic and epigenomic changes that are similar to some extent to molecular changes in the
cancer in the distal lung (3,13-24). The same is true for head and neck cancers. In skin cancer,
exposure to sunlight is the common causal agent, and its mutagenic effects are evident in
epithelial cells of skin distant from the site of melanoma (3). In colon, prostate and breast cancer
the agent producing the field of injury is less clear, but in each case molecular changes similar
to those that occur in the primary cancer have been demonstrated in normal-appearing cells of
the same organ site (3,25).

There are three major theories for the origin of the field of smoking-related injury, or how cells
in the entire respiratory tract develop altered genomic, epigenomic, transcriptomic and
proteomic modifications (Fig. 1). A single mutant epithelial cell clone could expand and extend
into widespread areas of the organ’s epithelium, for example, the respiratory lining.
Alternatively, tumors may arise from polyclonal tumor stem cells, as suggested by patients
with multiple primary lung tumors each with different genetic alterations. This theory suggests
that exposure to carcinogens in cigarette smoke damages the entire field and leads to stochastic
genetic mutations at widely separated sites. This idea implies in turn that the field of injury
actually reflects host response to and damage from the toxins in cigarette smoke. It has also
been proposed that the cancer itself affects the surrounding tissue, contributing to genetic
alterations and in turn malignancy, perhaps through tumor-associated macrophages. These
theories likely are not entirely independent of each other and reflect phenomena that probably
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occur in combination. They demonstrate the multi-step process involved in carcinogenesis and
provide some understanding of the molecular basis for the development of malignancy.

Clonal Expansion

The idea that a single mutant epithelial cell clone expands and extends into widespread areas
of the lung’s epithelium (Fig. 1A) is supported by the report of a smoker without overt lung
cancer who had the same p53 mutation in numerous sites of the lower respiratory tract (14).
Other observations potentially argue against clonal expansion as the sole mechanism of lung
field injury. First, patients initially diagnosed with multiple primary lung tumors (albeit a rare
occurrence) often have different genetic alterations in each tumor (26). Second, autopsy studies
of paraffin-embedded tissues from patients with multiple synchronous primary lung cancers
found that only 37.9% had the same clonality as measured by p53 and epidermal growth factor
receptor (EGFR) somatic mutations (26). Other studies in patients with multiple primary lung
tumors have shown that many tumors have discordant p53 or K-ras mutations (27,28).
Although the discordant p53 and K-ras mutations may occur after clonal expansion and may
be allowed by an as yet unidentified mutation, they might also indicate that exposure to tobacco
smoke carcinogens damages the entire respiratory epithelium and leads to different genetic
mutations at different sites.

Tumor Effects on the Microenvironment

The idea that the cancer itself has an effect on the surrounding tissue, contributing to genetic
alterations and in turn promoting carcinogenesis (Fig. 1B), is supported by several lines of
evidence. Virchow first proposed in 1863 that cancer occurs at sites of chronic inflammation
(7), and Dvorak later characterized tumors as “wounds that do not heal” (29). There is
increasing molecular evidence that supports chronic inflammation as a critical oncogenic
pathway and as the most-likely explanation for the diffuse nature of the field of injury (7).
Therefore, inflammation likely is the inciting process in esophageal cancer (incited by chronic
gastric reflux; ref. 9), many forms of colon cancer (inflammatory bowel disease; ref. 30), gastric
cancer (infection with Helicobacter pylori; ref. 8), liver cancer (chronic hepatitis; ref. 7),
prostate cancer (prostatitis; ref. 30), and cervical cancer (papilloma virus; ref. 8). The link
between chronic inflammation and cancer has further been explored by Verma et al., who
focused on inflammation induced by nuclear factor kappa B, or NF-«kB, signaling as the “lynch-
pin” of cancer and focal point of possible therapeutic strategies to treat and prevent
inflammation-related cancer (9).

Tumors themselves can secrete pro-inflammatory cytokines that can lead to DNA damage
(7). Inflammatory cells and cytokines act on epithelial cells, stromal cells, and the extracellular
matrix to perpetuate inflammation (8) and may promote carcinogenesis through the production
of reactive oxygen species causing additional DNA damage. In support of this concept, loss
of heterozygosity (LOH) is more severe at locations closer to the primary lung tumor than at
distal sites or in the contralateral airways (31). This phenomenon suggests that the field effect,
while present throughout the lung epithelia, may have a gradient that emanates from the tumor.
Like the LOH studies, EGFR mutations were present in a gradient with mutations occurring
at higher frequencies at sites more proximal to the tumor(17).

In addition to a generalized inflammatory process incited by lung cancer, tumor-associated
macrophages (TAMs) appear to promote inflammation-related carcinogenesis (8). In a mouse
model of urethane-induced lung cancer, the lung tumor microenvironment modulated 46 genes,
many of which were highly expressed in TAMs (32). Moreover, these genes were strongly
predictive of lung cancer in macrophages isolated from bronchoalveolar lavage (32). TAMs,
when appropriately activated, can kill tumor cells or can facilitate tumor growth, angiogenesis
and local invasion (7).

Cancer Prev Res (Phila). Author manuscript; available in PMC 2009 November 1.



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

1duasnuey Joyiny vd-HIN

Steiling et al.

Page 4

Despite the growing evidence that chronic inflammation plays a key role in many cancers
(9), not all subjects with predisposing inflammation develop cancer. There is evidence that
heritable differences in genes protect against inducers of inflammation; in the case of smoking,
these may include tobacco-metabolizing genes or genes that counteract the effects of the myriad
of toxic products in tobacco smoke. Furthermore, there may be genetic differences in
inflammatory pathway genes such as specific single-nucleotide polymorphisms, or SNPs, in
interleukin genes associated with the occurrence of lung cancer (in smokers) possibly resulting
from deregulated inflammatory responses to tobacco-induced lung damage (33).

Host Response to Toxins

Although the concept of a field of airway epithelial injury related to smoking was initially
described in the setting of lung cancer (13), it has also been described in apparently healthy
current and former smokers without known underlying lung cancer or chronic obstructive
pulmonary disease (COPD; refs. 14-16,34-39). This observation introduces the possibility that
the field of epithelial injury reflects the host’s response to toxins contained in cigarette smoke
independent of smoking-induced lung disease (Fig. 1C) and might reflect a subject’s risk for
developing disease.

The concept of an epithelial field of injury induced by smoking alone is supported by studies
of LOH (16) and from by our work showing alterations in gene expression (35) in the airway
epithelium of apparently healthy smokers. Our group also found microRNA changes in the
airway epithelium in response to smoking and that some of these microRNA modulate the
impact of smoking on gene expression. Studies showing a relationship between bronchial and
oral epithelial methylation (24) and gene expression (36) support the concept of a field of injury
throughout the respiratory tract in response to cigarette smoke. Furthermore, our group found
that lung tumor location had no effect on the accuracy of a lung-cancer—specific airway gene
expression signature (40) in smokers suspected of (but not diagnosed with) lung cancer, further
supporting the idea that this field reflects a generalized response to tobacco smoke rather than
an effect of the tumor itself. Studies of patients with synchronous or metachronous lung tumors
also suggest stochastic molecular changes at multiple sites throughout the respiratory tract
(26-28,41).

Biologic Implications

Numerous studies have begun to characterize the molecular changes that occur in the field of
injury in healthy smokers and smokers with lung cancer. Auerbach et al. first described
multicentric non-invasive lung tumors, observing them in dogs exposed to cigarette smoke
(42). However, it was not until 1996 that studies described field cancerization and the field of
injury with respect to smoking and lung cancer in humans. Since that time, rapid advances in
biotechnology have driven our insights into the mechanism of the field of injury,
characterization of specific changes in the respiratory tract exposed to cigarette smoking, and
correlation of these changes to smoking-induced lung disease (Fig. 2).

Genomics of the Field Effect

In 1996, Nelson and others reported the first descriptions of K-ras mutations in nonmalignant
lung tissue adjacent to resected lung tumors (13), suggesting that field cancerization might also
occur in the lung. P53 mutations, LOH and microsatellite alterations were subsequently
described in the dysplastic and normal bronchial epithelium of smokers (14-16). Although
these smokers did not have overt lung cancer, the changes paralleled what had been previously
described in lung tumors. EGFR mutations were later described in the histologically normal
bronchial epithelium of smokers without overt lung cancer (17).
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In addition to somatic mutations and allelic loss, the field of injury within the respiratory tract
has also been shown to include the DNA of mitochondria (mtDNA), an organelle that is
particularly susceptible to oxidative damage (18). In a cross-sectional study of smokers and
nonsmokers, mtDNA content of saliva was higher in smokers than nonsmokers independently
of age, and there was no correlation with duration of smoking cessation (18). In another study,
the same mutations occurred in small amounts of mtDNA obtained from bronchoalveolar
lavage fluid and paired tumor samples of lung cancer patients (19).

Epigenetic Alterations in the Field of Smoking-Induced Injury

The epigenome serves a critical role in the differential expression of genes and in the
specification of cellular functions. Deregulation of telomerase activity and aberrant
methylation at CpG islands have been linked to field cancerization and the field of injury.

The enzyme telomerase functions to lengthen the telomere after cell division; therefore,
deregulated telomerase activity contributes to carcinogenesis by causing chromosomal
instability. In addition to deregulation in lung tumors themselves, telomerase is also
deregulated in the nonmalignant adjacent bronchial epithelium of patients who later developed
a recurrence or second primary lung malignancy (20). Telomerase activity has been found to
be increased in preinvasive bronchial lesions (21).

Changes in gene methylation have also been found in both lung cancer and surrounding
noncancerous lung tissue. Methylation-specific polymerase chain reaction (PCR) showed that
the histologically negative margins of resected lung cancers have abnormal methylation of at
least one gene and 85% concordance with the changes observed in matched tumor tissue
(22). A later study found aberrant methylation of p16 in the nonmalignant bronchial epithelium
of smokers (23), although most of these samples had dysplasia or metaplasia. More recent
studies have identified changes in methylation in the oral epithelium of smokers (24,43) and
linked these changes to bronchial epithelium (24). Similar changes in methylation have been
found in the sputum of smokers at a high lung-cancer risk and have the potential to become a
tool for early lung-cancer detection (23,44).

Alterations in Gene Expression

The development of high-throughput whole-genome expression arrays in the 1990s introduced
anovel way to investigate large-scale alterations associated with smoking. Using this platform,
our group and others found alterations in gene expression in the normal-appearing bronchial
epithelium of healthy and phenotypically normal smokers (34,35). The extent of gene
expression changes seems to be similar in the large and small airway epithelium (34,39), and
we have recently found similar smoking-induced alterations in gene expression in the epithelia
of the mainstem bronchus, mouth and nose (36). The degree of reversibility among smoking-
altered genes in former smokers has been analyzed by whole-gene expression arrays in our
laboratory and by Serial Analysis of Gene Expression (SAGE) libraries (37,38). The presence
of gene expression alterations despite smoking cessation suggests that smoking-induced
damage may confer a survival advantage to the affected cells and that clonal growth of these
cells may explain the persistence of gene expression changes.

Our ability to use gene expression in large-airway epithelium to determine the host response
to tobacco smoke in healthy smokers led us to question whether smokers who developed lung
cancer differ in host response from smokers who do not. Using bronchial brushings of normal-
appearing large-airway epithelial cells, we have described an 80-gene—expression signature
that can serve as both a sensitive and specific diagnostic biomarker for lung cancer in smokers
(40). Our gene expression signature also accurately distinguished normal lung tissue in smokers
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from lung cancer tissue in previously published microarray datasets (40), suggesting that
cancer-specific airway gene-expression differences are, at least in part, reflected in lung tumors.

Proteins and Proteomics

The available data on changes in protein expression that occur in smoking and smoking-
induced lung diseases are limited. Some studies have validated changes in gene expression
using immunohistochemistry (21,40,45,46). Our group has begun to correlate gene expression
changes in the airway epithelium of healthy smokers with proteomic changes measured by
mass spectrometry (unpublished data). This work suggests that gene expression changes might
be reflected in altered protein levels.

Only one study has examined proteomic profiles in fresh-frozen bronchial epithelial and lung
tissue samples. Investigators using matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF) developed a proteomic profile based on a training subset
of fresh-frozen samples of normal bronchial epithelial, premalignant and cancer tissues from
53 lung-cancer patients. This profile predicted tumor status of the entire blinded set of samples
from the 53 patients and of a previously published dataset with a high degree of accuracy (74%
overall; ref. 47).

Clinical Applications

Our improved understanding of the origins of and changes within the field of injury can be
applied clinically and may fundamentally change the risk assessment, screening, diagnosis,
and treatment of patients with or at risk for lung disease.

Early Diagnostic Biomarkers

The epithelial field of injury created by cigarette smoking can be used as an early diagnostic
biomarker for lung cancer. We previously profiled gene expression in histologically normal
large-airway epithelial cell brushings obtained from current and former smokers undergoing
flexible bronchoscopy for suspected lung cancer (40). We identified an 80-gene biomarker that
distinguishes smokers with and without lung cancer. The biomarker had an accuracy of 83%
(80% sensitive, 84% specific) in an independent test set, and was subsequently validated on
an independent prospective series (40). Our biomarker had ~90% sensitivity for stage-1 cancer
across all subjects (40). Combined with cytopathology of lower-airway cells, the biomarker
yielded 95% sensitivity and a 95% predictive value. We subsequently demonstrated that the
biomarker gave indications of the presence or absence of cancer independently of other clinical
risk factors (48). The biomarker’s overall accuracy improved when used in combination with
clinical features, providing a paradigm for a clinicogenomic approach to comprehensive lung-
cancer diagnosis and treatment (48).

Screening and Chemoprevention

Even in early-stage disease, the incidence of recurrence and second primary lung cancers
remain high following resection (49). An important implication of the field cancerization
hypothesis is that part of the field of injury may remain after complete removal of the tumor
and wide areas of negative margins, potentially increasing the likelihood of recurrence or a
second primary tumor. Changes in promoter hypermethylation of tumor suppressor genes have
been found in the noncancerous margins of resected non-small cell lung carcinoma (22) and
resected squamous-cell carcinoma of the head and neck (50), suggesting that the field of injury
might persist in vivo after surgical resection of the primary tumor. The field of injury might
reflect prognosis in addition to the risk of a new cancer. A cytokine gene expression profile
derived from lung tumor tissue and normal-appearing adjacent tissue has been linked to
prognosis of stage | lung adenocarcinoma (51).

Cancer Prev Res (Phila). Author manuscript; available in PMC 2009 November 1.



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

1duasnuey Joyiny vd-HIN

Steiling et al.

Page 7

Molecular alterations in the field of injury of otherwise healthy smokers may also reflect
susceptibility to future lung cancer development. In a large screening program, changes in
methylation of key tumor suppressor genes previously described as methylated in lung tumors
were also methylated in the sputum of cancer-free heavy smokers (52). Similar changes were
found in BAL and biopsy specimens from these patients (52). One of the smokers with p53
mutations in sputum went on to develop lung cancer (52), and a subsequent study of this high-
risk cohort found increased lung-cancer risk among smokers with promoter hypermethylation
of these tumor suppressor genes (44).

Trials conducted thus far to prevent lung cancer have not been effective (5). However, the
ability to identify the subset of smokers at high risk for developing lung cancer or recurrence
of lung cancer based on changes in the field of injury might allow not only for more intensive
surveillance but also for early targeted chemoprevention based on deregulated molecular
pathways in the field of injury. Analysis of c-ErbB1/EGFR and c-ErbB1/HER-2 expression in
bronchial dysplasia has already shown an association between EGFR expression and severity
of bronchial dysplasia (53). If the proliferative state is mediated by EGFR, this provides a
potential pathway for pharmacologic intervention. Also, chronic inflammation caused by
cigarette smoking promotes tissue repair, production of reactive oxygen species causing further
DNA damage, and cell proliferation, which may increase lung cancer risk in certain smokers
(54). Nonsteroidal anti-inflammatory drugs (NSAIDs) such as aspirin can decrease colon
cancer development among subjects with cyclooxygenase-2 (COX-2) overexpression in
colorectal tumor specimens (55). Although cancer chemoprevention studies of COX-2—
inhibiting NSAIDs in the lung have not been completed, there appears to be an interaction
between a COX-2 polymorphism and NSAID use, suggesting that NSAID use may decrease
the risk of lung cancer in a targeted at-risk population (56). Other medications with anti-
inflammatory properties, such as lovastatin, have also shown potential as chemopreventive
agents (57). Our group recently identified increased PI3K activity in the cytologically normal
proximal airway of smokers with lung cancer and high-risk smokers with dysplastic airway
lesions, providing a target and intermediate endpoint for evaluating the efficacy of
chemopreventive strategies (58).

Extending the Field of Injury to Less Invasive Sites

Tissues in the field of injury used to determine lung cancer risk should be in an easily accessible
site and obtained via a non-invasive collection method. Although several studies have screened
for lung cancer in samples of bronchial epithelial cells obtained during fiberoptic
bronchoscopy, this procedure cannot be used as a large-scale screening tool for smokers
because of the invasiveness of the procedure.

Given that the smoking-induced field of injury to the airway epithelial lining extends to
cytologically normal bronchial epithelial cells, it is logical to question whether upper airway
epithelial cells of the mouth or nose might also reflect these changes. Hypermethylation of
pl16 (43), p53 overexpression (59), and p53 mutations (60) have been described in the normal
oral mucosa of heavy smokers. Gene expression studies using oral epithelium are challenging
because of the degree of RNA degradation that occurs in the mouth due to RNAses, but methods
for collecting oral epithelial cells for gene expression analysis have been described (61). As
an alternative, nasal epithelium may provide a non-invasive source of airway epithelial cells
reflecting the field of smoking-induced molecular injury given their exposure to both exhaled
and sidestream smoke. Alterations in methylation and gene expression in both the oral and
nasal epithelium have been linked to similar changes in the bronchial epithelium (24,36,62,
63).
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The Future of the Field

Studies are currently underway to further characterize the molecular changes that occur in the
airway epithelium in response to smoking and in smoking-induced lung disease. New classes
of molecules, such as microRNAs, may be altered in this field of injury and serve to modulate
the downstream gene expression changes. The role of alternative splice events in the field of
injury remains undefined, and detailed proteomic studies of tissues in the field remain on the
horizon. Several questions regarding the origins of the field effect and how this might change
in various disease states remain unanswered. It is not clear if the field remains affected or if it
reverts to a more normal molecular profile in patients with lung cancer that is resected or treated
with chemotherapy or radiation therapy. In addition, the accuracy of our airway gene
expression biomarker for lung cancer has not been tested in nonsmokers with lung cancer, and
doing so might better characterize whether this gene expression signature is a host response to
cigarette smoking or represents the host response to the lung tumor itself. The field of injury
induced by second-hand smoke and other environmental pollutants also remains
uncharacterized.

Our group and others have begun to integrate clinical markers of lung-cancer risk with
alterations in gene expression (48) or DNA repair capacity (64) in constructing comprehensive
models for lung-cancer diagnosis. A similar approach can improve lung cancer screening.
Molecular alterations in the field of injury that persist after smoking cessation (37,38,65) may
help explain persistent lung-cancer risk in former smokers, and risk-related enzymes that
metabolize carcinogens in cigarette smoke (65-67) suggest possible targets for lung cancer
chemoprevention.

Just as we have begun to apply our knowledge of the field effect to lung cancer, this knowledge
might also be applied to other smoking-induced lung diseases such as COPD (68). An improved
understanding of the molecular changes that occur in heterogeneous and phenotypically
complex diseases such as lung cancer and COPD might lead to improved treatments for these
diseases. Work to characterize the relationship between alterations in nasal and buccal gene
expression and changes in the bronchial epithelium may help extend the field of epithelial
injury to the more accessible sites of the nasal passages and oral cavity and thus allow minimally
invasive screening and early targeted intervention for lung cancer and possibly COPD.

Detailing the molecular changes that occur in the airway epithelium in smoking and lung cancer
using genome-wide approaches has the potential to provide biologic insight into the mechanism
of smoking-induced lung diseases by sampling more accessible sites than the diseased lung
tissue. This would provide not only a less invasive opportunity to diagnose smoking-induced
lung disease, but also provides a potential mechanism for screening high-risk populations. The
ability to characterize the pathways affected in smoking and smoking-induced lung diseases
might allow rational targeted therapy designed to normalize the affected molecules or pathways
(69).
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Fig. 1.

Hypotheses about the origins of the smoking-related field of epithelial injury in the lungs and
airway. A) Based on the observation of p53 mutations throughout the airway epithelium of a
smoker without overt lung cancer, Franklin et al. proposed that a malignant epithelial cell clone
(green) propagates throughout the entire airway epithelium (14). B) Other studies have
suggested that the field of epithelial injury reflects the host response (light blue- and orange-
shaded areas) to the lung tumor itself (dark blue). This is supported by numerous observations
of a gradient of changes radiating from the lung tumor throughout the adjacent noncancerous
lung (17,31), including tumor-associated macrophages (32). C) The field effect has been
described not only in association with smoking-induced lung disease, but also in healthy and
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phenotypically normal smokers (16,24,34-36,39). This suggests that the field effect represents
the host’s response (the purple-to-yellow gradient in the airway) to toxins in cigarette smoke.
It is likely that these mechanisms act together in varying degrees to create the field of injury

observed in numerous studies.
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Permanent and reversible smoking-

induced alterations in gene expression
are described (37-38).

An 80-gene biomarker that is sensitive
and specific for lung cancer is developed
from gene expression profiling of
cytologically normal bronchial

Promoter hyper-

1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

K-ras mutations
described in
nonmalignant
lung tissue
adjacent to
lung tumors (13).

PN

methylation is
observed in lung
tumors and
histologically
normal bronchial
margins (23).

Alterations in the bronchial epithelial
transcriptome are described in
healthy smokers (35).

Hypermethylation of tumor suppressor
genes is found in lung tumors and

epithelium of smokers with suspected
lung cancer (40).

Mitochondrial DNA
mutations detected
in tumor tissue and
matched body fluid
samples (19).

Trisomy 20 observed
in the bronchial
brushings from
smokers and former
uranium miners with
and without lung
cancer (6).

2000 expression described

their histologically negative bronchial
margins (22).

Alterations in anti-
oxidant gene

in the bronchial
epithelium of healthy
smokers (34).

1944-1953: The first descriptions
of field cancerization in patients
with oral cancer (1-2).

1970: The first description of
multifocal lung tumors in dogs

exposed to cigarette smoke (42).

Fig. 2.

LOH and microsatellite alterations
known to occur in lung tumors are
described in dysplastic and
histologically normal bronchial
biopsies of smokers without
lung cancer (15-16).

P53 point mutation is observed in
the metaplastic and atypical
bronchial epithelium of subjects
without lung cancer (14).

2008

Smoking-induced
bronchial gene
expression changes
are related to those
in the nasal and
oral epithelium (36).

v

Allelic loss is found in the
bronchial epithelium
of smokers undergoing
diagnostic bronchoscopy
for lung cancer (31).

EGFR mutations are found more
frequently in normal appearing
bronchial epithelium within
tumor than adjacent sites (17).

Increased telomerase expression
is described in normal bronchial
epithelum adjacent to tumor (21).

Pivotal descriptions of the smoking-related field of injury in the lungs and airway. Although
field cancerization was first described by Slaughter in 1944 for patients with oral cancer, the
smoking-related field of injury in the human lungs and airway was not described until 1996.
Initial studies (shown in red) were aimed at linking genetic changes in tumor tissue to
noncancerous adjacent and peripheral lung. Later studies (shown in blue) described the
epigenetic changes in both tumor tissue and bronchial epithelia. With the advent of microarray
technology, large-scale gene expression studies further characterized the field effect previously
observed and an initial push to move to sites distal from the tumor was made (shown in purple).
The most recent studies (shown in green) have focused on applying this field of injury to a
variety of clinical questions.
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